
Fig. 2. Average atmospheric pressure at sea level for (a) January and (b) July (after Huyer, 1983). (c) Summertime (June–September) average wind-stress curl estimated from
satellite-derived winds (after Risien and Chelton, 2008).

Fig. 3. Winds and sea-surface temperature in the California Current System (CCS). (a) Seasonal variation of alongshore winds in three regions of the CCS; (b) sea-surface
temperature from August, 2000; (c) variability of wind forcing as a function of latitude (following Huyer, 1983).
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Mechanisms

•  Local rate of 
change
•  Advection
•  Mixing
•  Surface heat flux

Potentially useful equations
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SI Units

Quantity Unit Abbreviation base units

Force newton N kg m/s2

Energy joule J kg m2/s2

Power watt W kg m2/s3

Pressure pascal Pa kg/(m s2)
Frequency hertz Hz s�1

Constants and conversions

g = 9.81m/s

2

⌦ = 7.29⇥ 10�5
s

�1

Re = 6.34⇥ 106m

⇢0 = 1027kg/m3

↵̂ = 0.15kg/(m3o
C)

�̂ = 0.78kg/(m3)

�̂ = 4.5⇥ 10�3
kg/(m3

dbar)

T0 = 10oC

S0 = 35

1atm = 1.013⇥ 105N/m

2 = 10.13dbar
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•  Atmospheric 
teleconnections
•  Coastally trapped 

waves
•  Advection



California Underwater Glider Network

•  Climate effects on region

•  Lines 90, 80, since 2006

•  Line 66.7, since 2007

•  Data distributed in real 
time, assimilated in 
several models

•  28 glider-years, 200,000 
km, 95,000 dives

•  Gridded climatology

90

66.7



Mean on line 90

•  Cores of poleward undercurrent

•  Equatorward California current

•  Maximum poleward flow at 
surface

TS

Alongshore velocity



Mean on line 66.7

•  Poleward undercurrent

•  Equatorward California 
current

•  Undercurrent 
maximum near 100 m

TS

Alongshore velocity



Annual cycle of temperature on line 90

•  Surface driven by heat flux from atmosphere
•  Thermocline driven by wind stress (curl)
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Table 1

A summary of the observation types, observing platforms, data sources, the nominal measurement errors, and the period

covered.

Observation Type Observing platform Source Instrument error Period covered

SSH Altimeter Aviso, 1 day average 0.04 m 1993–2012

SST AVHRR/ Pathfinder NOAA Coast watch 0.6 °C 1981–2012

SST AMSR-E NOAA Coast watch 0.7 °C 2002–2010

SST MODIS-Terra NASA JPL 0.3 °C 2000–2012

Hydrographic data Various UK Met Office 0.5 °C for T 0.1 for S 1950–2012

Fig. 2. A time series of log10 of the total number of super observations available from EN3 and each satellite observing platform within the ROMS CCS model domain during each

month of the year during the period spanned by WCRA31. Dark blue: In situ observations from EN3; Red: SST from AVHRR/PathFinder; Black: SST from AMSR-E; Green: MODIS-

Terra; Magenta: SSH from AVISO; Light blue: observations rejected. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

error variance in Table 1. The super observations procedure affects
nearly every observation since satellite observations are averaged in
the horizontal and in situ observations in the vertical to match the
model resolution.

Fig. 2 shows a time series of log10 of the total number of super
observations from each observing platform that fall within the ROMS
CCS model domain during each month of the year spanning the full
period of WCRA31. Fig. 2 indicates that the bulk of the observations
available for assimilation are in the form of satellite measurements
of SST. As indicated in Table 1, SST observations are available from
several different platforms. The along track data from each platform
were used, and when multiple platforms are concurrently available,
the super observations from each platform were combined via the
super observation process. Only the number of super observations
for each individual platform are shown in Fig. 2. The individual su-
per observations from each platform were combined, if necessary, by
computing a standard minimum variance estimate using the nomi-
nal errors in Table 1 to compute the weights. While it can be argued
that the formation of super observations effectively reduces the un-
certainty in the assimilated data, no effort was made here to reduce
the error entries in R associated with super observations.

The SSH data used here were from the multi-mission 1/4° global
SSH fields created by the Archiving Validation and Interpretation
of Satellite Oceanographic data center (AVISO), specifically their
Data Unification and Altimeter Combination System (DUACS) ver-
sion DT-2010. These SSH data are produced by objective mapping of
multi-mission altimeter data (Dibarboure et al., 2011), and the data
assimilated into the model was a 1 day gridded composite. Prior to
assimilating the data, the mean dynamic topography of the AVISO
data averaged over the ROMS CCS domain was corrected to match
that of the model. A steric height correction was also applied using
the data of Willis et al. (2004). Rather than using along-track data,
gridded data were used because the version of 4D-Var employed to
compute the analyses does not allow for prior errors or observation
errors that are correlated in time. As a result, information from indi-
vidual along track observations can be quickly lost due to geostrophic
adjustment and becomes ineffective for constraining the model un-
less it persists over time. This issue can be alleviated using the grid-

ded products, which allows the large-scale gyre circulation and eddy
field to geostrophically adjust to the SSH field. However, this is not
an ideal solution because of the limitations of the objective map-
ping technique used to map the altimeter observations onto a regu-
lar grid. Furthermore, since satellite SSH observations near the coast
are known to be unreliable (Saraceno et al., 2008), only observations
more than 50 km from the coast were assimilated.

The in-situ hydrographic profiles of T and S assimilated into the
model were taken from the quality controlled EN3 data archive main-
tained by the UK Met Office as part of the European Union ENSEM-
BLES project (Ingleby and Huddleston, 2007). These observations are
available from a variety of different observing platforms that include:
expendable bathythermographs (XBTs), mechanical bathythermo-
graphs (MBTs), conductivity temperature depth devices (CTDs), free
drifting Argo profiling floats, and autonomous pinneped bathyther-
mographs (APBs) in the form of tagged marine mammals. The ver-
sion of EN3 used here is version 2a which includes the XBT and MBT
temperature error corrections of Levitus et al. (2009). No velocity ob-
servations were assimilated into the model. However, work is under-
way to augment the observations assimilated into the ROMS system
described here with coastal HF radar observations of surface current
that cover the entire U.S. West Coast out to approximately 100 km
offshore (Oke et al., 2015).

3. The incremental 4D-Var system

As noted in Section 1, the circulation of an ocean model is uniquely
determined by the initial conditions, surface forcing and boundary
conditions. In (2) these were identified as the control variables, z,
which we can now write as z = (x(t0)T , fT , bT )T where x(t0) repre-
sents the initial state vector, while f and b are vectors of surface forc-
ing and open boundary conditions at all time steps within the data
assimilation window. Similarly, the vector of prior control variables

is denoted by zb = (xb(t0)T , fbT
, bbT

)T . The prior control vector yields
an estimate that may differ significantly from the observations which,
following (2), are denoted by yo. Variational data assimilation seeks to
identify the control vector za that minimizes the cost function in (2)
which is a measure of the distance, in a Mahalanobis sense, between

Data Assimilative CCS Reanalyses 
1980-2010 (Andy Moore)

16  

!"#$%&' A schematic illustrating the overlapping 8 day data assimilation cycles used in WCRA13 

and WCRA31. The starting time for cycle j is denoted as j
0t  and the mid-point and ending times 

as j 40t �  and j 80t �  respectively. As indicated, the ending time of 4D-Var analysis cycle j cor-

responds to the mid-point of cycle j+1 and the starting time of cycle j+2. The prior circulation 
initial condition for cycle j+1 is taken as the posterior circulation estimate at the mid-point of 
cycle j. 

4.5 Background Quality Control of Observations for WCRA 

Andersson and Järvinen (1999) describe a procedure by which suitable values of 
the threshold parameter � in (9) can be estimated from the frequency distribution 
of the elements of the innovation vector ( computed from historical analyses. In 
our case, no sequence of historical analyses is available, so instead we examined 
the innovations from a randomly chosen year (1999) during which all observations 
were assimilated into the model. The frequency distributions, f, of the innovation 
elements for each observation platform, and the transformed distribution 
ˆ 2ln[ / max( )]f f f� �  were computed for the random year following Andersson 

and Järvinen (1999), where f is the number of data in each bin of the histogram. 
The resulting histogram distributions of f  and f̂  for satellite SST 
(AVHRR/Pathfinder), SSH (Aviso), in situ temperature and in situ salinity (both 
from EN3) are shown in Figs. 4 and 5 respectively. Also shown in Fig. 4 is the 
best fit Gaussian distribution for each histogram. The transformed distribution f̂  
highlights the tails of the distribution and is therefore more convenient for viewing 

CCSRA31 Forcing:
ERA40, ERA-Interim, CCMP (25 km)

•  ROMS 4D-Var  (PSAS)

•  SODA BCs

•  Controls: IC, BCs, Forcing

•  8-day assimilation cycles

•  4-day overlap

•  1 outer, 15 inner loops

Moore et al. (2013), Neveu et al. (2016)

In situ
SST
SSH



Model vs. wind-estimated 
upwelling

Geophysical Research Letters 10.1002/2014GL059589

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 Ne = NΔt∕! , where N is the
number of data points regularly spaced in time at interval Δt and ! 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

JACOX ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3191
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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
regions, with divisions at Cape Mendocino and Point Conception. Mean
upwelling conditions (w > 0) extend ∼200 km from shore (black contour).

domain extends from northern
Washington State in the north to mid-
way down the Baja Peninsula in the
south. In a very similar model configu-
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.
[2009] showed that 4D-Var further
improves the circulation character-
istics in our domain. Figure 1 shows
the coastal band of interest to this
study. We divide the model domain
into northern, central, and southern
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-
culation estimates, the model
assimilates satellite data (Advanced
Very High Resolution Radiome-
ter (AVHRR) Pathfinder, Advanced
Microwave Scanning Radiometer-EOS
(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 CUI 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

JACOX ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3190
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At 50 m Upwelling



What does the CCS look like during El Niño?
•  Coastal averages (2 degree meridionally and 50 km from shore)
•  W: Vertical transport across 40 m depth
•  d26.0: depth of the 26.0 kg m-3 isopycnal
•  ds: a measure of depth of upwelled source water 30 days prior
•  σs: a measure of density of source water 30 days prior

we use a data-assimilative regional ocean
model, and its adjoint formulation, to
determine the ENSO impacts on vertical
transport, water column density, and the
origins and properties of upwelled water.
Passive tracers in an adjoint model have
been used previously to track changes in
upwelling source depth driven by the
Pacific Decadal Oscillation [Chhak and Di
Lorenzo, 2007], the North Pacific Gyre
Oscillation [Di Lorenzo et al., 2008], and
variable surface winds [Song et al., 2011].
Here we expand on these studies by
focusing on ENSO variability while also
diagnosing the density of source waters
as a proxy for nutrient concentration. The
diagnostics, calculated over a 30 year
time period that includes 10 El Ni~no and
10 La Ni~na events, allow us to thoroughly
characterize (i) the canonical upwelling
response to ENSO variability in the CCS,
(ii) the differences between events, and
(iii) anomalous years in the historical
record. While we focus on El Ni~no events,
diagnostics are presented for all years in

the record, including neutral and La Ni~na periods, and our findings apply across the full range of ENSO
variability.

2. Methods

2.1. Numerical Model
A multidecadal (1980–2010) historical analysis of the California Current System was performed using the
Regional Ocean Modeling System (ROMS) with 4D-Variational (4D-Var) data assimilation. Interannual physi-
cal variability in the coastal regime is reliably reproduced by the model [Schroeder et al., 2014], which has
also been used previously to describe upwelling in the CCS as it relates to decadal climate variability [Jacox
et al., 2014]. Since the full model configuration and assimilation system are described in detail elsewhere
[Moore et al., 2013], we provide only a brief summary here.

The model domain spans the west coast of the United States from 30 to 48˚N and 115 to 134˚W at 0.1˚ horizon-
tal resolution with 42 terrain-following levels in the vertical. The present study is focused on the central CCS sub-
region of the domain, depicted in Figure 1. Surface winds are taken from the European Centre for Medium-range
Weather Forecasting (ECMWF) 40 year reanalysis (ERA 40) for 1980–1987 and from the Cross-Calibrated Multiplat-
form (CCMP) [Atlas et al., 2011] wind product for 1988–2010. Heat, freshwater, and radiative surface fluxes are
provided by ERA 40 [Uppala et al., 2005] for 1980–2001 and ERA Interim [Dee et al., 2011] for 2002–2010.

The dual formulation of 4D-Var is used to correct model initial conditions, boundary conditions, and surface
forcing in overlapping 8 day analysis cycles. Assimilated data products include satellite SST (Advanced Very
High Resolution Radiometer (AVHRR) Pathfinder, Advanced Microwave Scanning Radiometer-EOS (AMSR-E),
and Moderate Resolution Imaging Spectroradiometer (MODIS) Terra), satellite SSH (Archiving, Validation, and
Interpretation of Satellite Oceanographic data (AVISO)), and in situ temperature and salinity (expendable bath-
ythermographs, 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].

2.2. Back Trajectories of Passive Tracers
Source waters for central CCS upwelling are characterized using the adjoint of the ROMS tangent linear
model [Moore et al., 2004]. Adjoint methods have been employed in a number of ocean model sensitivity

Figure 1. The central CCS portion of the model domain is shown with bottom
depth (m) in color. The thick black line outlines the region of principal interest
to this study, extending 35–43˚N and 0–50 km from shore. Gray lines separate
the central CCS into 2˚ latitudinal subregions used for the passive tracer back
trajectory calculations.
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At all latitudes, January is the least favorable month for upwelling; the south of the domain sees its weakest
upwelling of the year, while the north of the domain sees its strongest downwelling (Figure 3, black lines).
Conversely, the timing of the peak upwelling season is latitude-dependent, shifting from March/April off
central California to June/July off southern Oregon. Source depth closely tracks vertical transport, with a
marked increase after the spring transition that denotes the onset of seasonal upwelling. However, it should
be noted that the mean source depth is representative of all source waters, not just those that have been
upwelled. The source depth of upwelled waters is therefore greater than the source depth reported here.
Source depths during winter (! 30 m) indicate shallow origins, with nearshore water deriving largely
through lateral advection from adjacent regions (Figure 4). Deeper source depths in spring and summer
indicate a greater contribution from upwelling. Peak source depths are reached earlier in the southern part
of the study region, consistent with the latitudinal progression of the timing of the upwelling season. Pyc-
nocline depth evolves similarly on seasonal timescales, deepest in midwinter and shallowest in late spring
to early summer, although it is not as closely tied to vertical transport as is source depth. The source density
of upwelled water depends on both the magnitude of vertical transport and the water column density pro-
file, and it therefore reflects variability in both. Consequently, peak source density occurs later in the year at
more northern latitudes, coincident with the local timing of strongest upwelling.

While the timing of seasonal upwelling clearly depends on latitude, the same dependence is not seen in
vertical transport anomalies (Figure 3). Peak tropical SST anomalies in November/December (Figure 2) are
followed by the largest central CCS vertical transport anomalies in January. As vertical transport variability
in the study region is strongly correlated to local wind forcing [Jacox et al., 2014], the timing of vertical
transport anomalies likely indicates a rapid atmospheric teleconnection from the tropics to the U. S. west
coast. The atmospheric bridge responds to tropical anomalies in as little as 2 weeks [Alexander et al., 2002],
and we see maximum correlation of the ONI with vertical transport anomalies at 1–2 months lag (Table 1).
As a result, the greatest El Ni~no-related anomalies in vertical transport do not impact the upwelling season
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Figure 3. Monthly climatology of vertical transport (W), pycnocline depth (d26.0), source depth (ds), and source density (rs) for neutral ONI
years (black) and for El Ni~no years (red) in each 2˚ latitude bin from 35–43˚N. Dotted lines indicate 6 one standard deviation of the values
for each month. Colored dots mark upwelling season minima or maxima of each time series. Vertical black lines indicate months of great-
est difference between El Ni~no and neutral years. Note the time axis runs August–July to reflect the typical timing of El Ni~no events and
their impact on coastal upwelling.
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At all latitudes, January is the least favorable month for upwelling; the south of the domain sees its weakest
upwelling of the year, while the north of the domain sees its strongest downwelling (Figure 3, black lines).
Conversely, the timing of the peak upwelling season is latitude-dependent, shifting from March/April off
central California to June/July off southern Oregon. Source depth closely tracks vertical transport, with a
marked increase after the spring transition that denotes the onset of seasonal upwelling. However, it should
be noted that the mean source depth is representative of all source waters, not just those that have been
upwelled. The source depth of upwelled waters is therefore greater than the source depth reported here.
Source depths during winter (! 30 m) indicate shallow origins, with nearshore water deriving largely
through lateral advection from adjacent regions (Figure 4). Deeper source depths in spring and summer
indicate a greater contribution from upwelling. Peak source depths are reached earlier in the southern part
of the study region, consistent with the latitudinal progression of the timing of the upwelling season. Pyc-
nocline depth evolves similarly on seasonal timescales, deepest in midwinter and shallowest in late spring
to early summer, although it is not as closely tied to vertical transport as is source depth. The source density
of upwelled water depends on both the magnitude of vertical transport and the water column density pro-
file, and it therefore reflects variability in both. Consequently, peak source density occurs later in the year at
more northern latitudes, coincident with the local timing of strongest upwelling.

While the timing of seasonal upwelling clearly depends on latitude, the same dependence is not seen in
vertical transport anomalies (Figure 3). Peak tropical SST anomalies in November/December (Figure 2) are
followed by the largest central CCS vertical transport anomalies in January. As vertical transport variability
in the study region is strongly correlated to local wind forcing [Jacox et al., 2014], the timing of vertical
transport anomalies likely indicates a rapid atmospheric teleconnection from the tropics to the U. S. west
coast. The atmospheric bridge responds to tropical anomalies in as little as 2 weeks [Alexander et al., 2002],
and we see maximum correlation of the ONI with vertical transport anomalies at 1–2 months lag (Table 1).
As a result, the greatest El Ni~no-related anomalies in vertical transport do not impact the upwelling season
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Figure 3. Monthly climatology of vertical transport (W), pycnocline depth (d26.0), source depth (ds), and source density (rs) for neutral ONI
years (black) and for El Ni~no years (red) in each 2˚ latitude bin from 35–43˚N. Dotted lines indicate 6 one standard deviation of the values
for each month. Colored dots mark upwelling season minima or maxima of each time series. Vertical black lines indicate months of great-
est difference between El Ni~no and neutral years. Note the time axis runs August–July to reflect the typical timing of El Ni~no events and
their impact on coastal upwelling.
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Interannual variability 
Significant lagged correlations of anomalies with ONI
•  W: 1 months (suggests atmospheric teleconnections)
•  ds: 2 months (suggests indirect atmospheric teleconnections)
•  d26.0: 2 months (suggests indirect atmospheric teleconnections)
•  σs: 3 months (suggests oceanic waveguide)

Jacox et al. (2015)

1991–1992, 1997–1998) are identified by the UEI as having nearly identical influence over upwelling effi-
cacy, though the mechanisms are quite different. The pycnocline depth and resultant source density anom-
aly were exceptional in 1983, while vertical transport was only slightly below average. In 1992 and 1998,
both density and transport anomalies contributed substantially to the low UEI, with a slightly larger trans-
port effect in 1992 and a slightly larger density effect in 1998. The biological impact of different El Ni~no
events could therefore be similar even though the related forcing mechanisms (oceanic versus atmos-
pheric) may be different. On interannual timescales, the UEI is significantly correlated (r 5 0.72) with chloro-
phyll biomass (Figure 7), suggesting bottom-up control of primary productivity in this region.

4. Discussion

We have presented a description of the canonical coastal upwelling response to ENSO variability in the cen-
tral CCS, as well as signatures associated with specific events. Output from a data-assimilative regional
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Figure 6. Upwelling season (March–July) anomalies of vertical transport (W), pycnocline depth (d26.0), source depth, and source density
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The 2015-16 El Niño
•  Among strongest events by tropical Pacific 

surface indices

•  Subsurface signature much weaker

•  Local CCS surface signature much weaker

5 year centered base periods to remove any long-term trends, and 20°C isotherm depth anomalies (Figure 1b),
averaged from 2°S to 2°N, from the Global Ocean Data Assimilation System. We compare SST anomalies in the
CCS during past strong El Niños (Figure 2) using NOAA’s 0.25° optimum interpolation SST product (OISST.v2)
[Reynolds et al., 2007].
2.1.2. Chlorophyll
Surface chlorophyll estimates for 1998–2016 are from the merged 4 km resolution CCS data set described by
Kahru et al. [2012, 2015], which utilizes >12,000 in situ measurements to regionally optimize and combine

Figure 1. (a) Two-year progression of Niño 3.4 Index for each El Niño since 1950. The circles indicate peak amplitude for each
event. The dashed lines mark thresholds used to define El Niño and La Niña events. (b) Hovmöller plots of 20°C isotherm depth
anomalies across the equatorial Pacific, averaged from 2°S to 2°N, for January–February of 1982–1983, 1997–1998, and 2015–2016
(adapted from February 2016 CPC ocean briefing; http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_gif/).
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surface chlorophyll algorithms for five satellite ocean color sensors (Ocean Color and Temperature Scanner,
Sea-Viewing Wide Field-of-View Sensor, Medium-Resolution Imaging Spectrometer, Moderate Resolution
Imaging Spectroradiometer A, and Visible Infrared Imaging Radiometer Suite).
2.1.3. Wind
Wind stress estimates are provided by the European Centre for Medium-Range Weather Forecasts (ECMWF)
Interim reanalysis [Dee et al., 2011]. Monthly means of daily northward and eastward surface wind stress were
rotated parallel to the local coastline orientation to obtain alongshore wind stress.
2.1.4. Underwater Gliders
Since late 2006, the California Underwater Glider Network (CUGN) has used Spray gliders [Sherman et al., 2001;
Rudnick et al., 2004] to occupy lines 66.7, 80, and 90 of the California Cooperative Oceanic Fisheries
Investigations sampling grid (Figure 3). Each glider line extends 350–500km offshore and takes 2–3weeks to
complete. Gliders obtain vertical profiles from the surface to 500m depth at a horizontal spacing of ~3 km
and vertical sampling resolution of ~1m. As in Zaba and Rudnick [2016], we objectively map glider data to

Figure 2. December–Februarymean SST anomalies for the winters of 1982–1983, 1997–1998, and 2015–2016. Anomalies are
calculated using NOAA’s 0.25° OISST product with a 1981–2015 base period.

Figure 3. (left) December–February mean depth of the 26.0 kgm!3 isopycnal (d26.0), computed from the ROMS reanalysis
for the years 1981–2010. The white lines are nominal positions of glider tracks, and a black contourmarks 50 km from shore.
(right) January 1981 to February 2016 time series of d26.0 anomalies from the merged model-glider data.
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2015-2016 El Niño showed weak 
CCS response  

(from combined glider data/model reanalysis)

Jacox et al. (2016)

owing to an aborted El Niño the year prior [McPhaden, 2015]. The net warming in the year preceding the 1997
peak (i.e., November 1996 to November 1997) was a full degree higher than in the year preceding the 2015
peak (2.7°C versus 1.6°C), while the year preceding the 1982 peak saw a 2.3°C increase.

The more rapid physical oceanographic change during past strong El Niños than during the 2015–2016
event was also reflected in the subsurface temperature field, specifically the 20°C isotherm depth (d20C).
The 1982–1983 and 1997–1998 El Niños were characterized by eastward propagation of d20C anomalies and
east-west dipoles with eastern equatorial d20C anomalies >60m persisting from October through February
(Figure 1b). In 2015–2016, however, a much weaker subsurface signal was observed. Eastward propagation
of several Kelvin waves, generated by westerly wind bursts (Climate Prediction Center (CPC) briefing, January
2016; http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_gif/), is evident in d20C anomalies.
However, in contrast to 1982–1983 and 1997–1998, 2015–2016was characterized by a relatively weak east-west
dipole that appears to reflect persistence of existing anomalies rather than a building El Niño. Together, these
observations indicate a partial decoupling of the surface and subsurface temperature fields between the stron-
gest El Niños; while in each event some degree of warming is visible throughout the upper water column in the
eastern tropical Pacific, similar surface warming does not necessarily translate to similar subsurface anomalies.

4. Development of the 2015–2016 El Niño in the CCS Relative to Past Events

In the CCS, physical oceanographic anomalies during the 2015–2016 El Niño departed from those seen during the
strongest historical events, mirroring the previously described tropical subsurface dynamics. During the winters
of 1982–1983 and 1997–1998, CCS SST anomalies were greatest near shore (Figure 2), consistent with a deep
thermocline and anomalously weak upwelling, and marked cross-shore SST gradients extended hundreds of
kilometers offshore. While positive SST anomalies were also observed near shore during the 2015–2016 El Niño,

Figure 4. Annual (July–June) evolution of (left) d26.0 and (right) alongshore wind stress for 1982–1983, 1997–1998, and
2015–2016, as compared to the 1981–2015 climatology. Alongshore wind stress was calculated 50 km from shore and
averaged over 3° of latitude surrounding each line (35–38°N, 33–36°N, and 32–35°N for lines 66.7, 80, and 90, respectively).
Positive wind stress is equatorward (upwelling favorable). All time series are smoothed with a 3month running mean. Gray
shading marks ±1 standard deviation of monthly means.
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event was also reflected in the subsurface temperature field, specifically the 20°C isotherm depth (d20C).
The 1982–1983 and 1997–1998 El Niños were characterized by eastward propagation of d20C anomalies and
east-west dipoles with eastern equatorial d20C anomalies >60m persisting from October through February
(Figure 1b). In 2015–2016, however, a much weaker subsurface signal was observed. Eastward propagation
of several Kelvin waves, generated by westerly wind bursts (Climate Prediction Center (CPC) briefing, January
2016; http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_gif/), is evident in d20C anomalies.
However, in contrast to 1982–1983 and 1997–1998, 2015–2016was characterized by a relatively weak east-west
dipole that appears to reflect persistence of existing anomalies rather than a building El Niño. Together, these
observations indicate a partial decoupling of the surface and subsurface temperature fields between the stron-
gest El Niños; while in each event some degree of warming is visible throughout the upper water column in the
eastern tropical Pacific, similar surface warming does not necessarily translate to similar subsurface anomalies.

4. Development of the 2015–2016 El Niño in the CCS Relative to Past Events

In the CCS, physical oceanographic anomalies during the 2015–2016 El Niño departed from those seen during the
strongest historical events, mirroring the previously described tropical subsurface dynamics. During the winters
of 1982–1983 and 1997–1998, CCS SST anomalies were greatest near shore (Figure 2), consistent with a deep
thermocline and anomalously weak upwelling, and marked cross-shore SST gradients extended hundreds of
kilometers offshore. While positive SST anomalies were also observed near shore during the 2015–2016 El Niño,

Figure 4. Annual (July–June) evolution of (left) d26.0 and (right) alongshore wind stress for 1982–1983, 1997–1998, and
2015–2016, as compared to the 1981–2015 climatology. Alongshore wind stress was calculated 50 km from shore and
averaged over 3° of latitude surrounding each line (35–38°N, 33–36°N, and 32–35°N for lines 66.7, 80, and 90, respectively).
Positive wind stress is equatorward (upwelling favorable). All time series are smoothed with a 3month running mean. Gray
shading marks ±1 standard deviation of monthly means.
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owing to an aborted El Niño the year prior [McPhaden, 2015]. The net warming in the year preceding the 1997
peak (i.e., November 1996 to November 1997) was a full degree higher than in the year preceding the 2015
peak (2.7°C versus 1.6°C), while the year preceding the 1982 peak saw a 2.3°C increase.

The more rapid physical oceanographic change during past strong El Niños than during the 2015–2016
event was also reflected in the subsurface temperature field, specifically the 20°C isotherm depth (d20C).
The 1982–1983 and 1997–1998 El Niños were characterized by eastward propagation of d20C anomalies and
east-west dipoles with eastern equatorial d20C anomalies >60m persisting from October through February
(Figure 1b). In 2015–2016, however, a much weaker subsurface signal was observed. Eastward propagation
of several Kelvin waves, generated by westerly wind bursts (Climate Prediction Center (CPC) briefing, January
2016; http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_gif/), is evident in d20C anomalies.
However, in contrast to 1982–1983 and 1997–1998, 2015–2016was characterized by a relatively weak east-west
dipole that appears to reflect persistence of existing anomalies rather than a building El Niño. Together, these
observations indicate a partial decoupling of the surface and subsurface temperature fields between the stron-
gest El Niños; while in each event some degree of warming is visible throughout the upper water column in the
eastern tropical Pacific, similar surface warming does not necessarily translate to similar subsurface anomalies.

4. Development of the 2015–2016 El Niño in the CCS Relative to Past Events

In the CCS, physical oceanographic anomalies during the 2015–2016 El Niño departed from those seen during the
strongest historical events, mirroring the previously described tropical subsurface dynamics. During the winters
of 1982–1983 and 1997–1998, CCS SST anomalies were greatest near shore (Figure 2), consistent with a deep
thermocline and anomalously weak upwelling, and marked cross-shore SST gradients extended hundreds of
kilometers offshore. While positive SST anomalies were also observed near shore during the 2015–2016 El Niño,

Figure 4. Annual (July–June) evolution of (left) d26.0 and (right) alongshore wind stress for 1982–1983, 1997–1998, and
2015–2016, as compared to the 1981–2015 climatology. Alongshore wind stress was calculated 50 km from shore and
averaged over 3° of latitude surrounding each line (35–38°N, 33–36°N, and 32–35°N for lines 66.7, 80, and 90, respectively).
Positive wind stress is equatorward (upwelling favorable). All time series are smoothed with a 3month running mean. Gray
shading marks ±1 standard deviation of monthly means.
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particularly south of Point Conception,
cross-shore gradients were much less pro-
nounced and the broad-scale temperature
structure appears to be more consistent
with ongoing decay of preexisting north-
east Pacific warm anomalies [Bond et al.,
2015; Zaba and Rudnick, 2016] than with
a warming signature of El Niño.

The subsurface tells a similar story;
anomalies in the 26.0 kgm!3 isopycnal
depth (d26.0) were already established
by mid-2014 [Zaba and Rudnick, 2016]
and remained nearly constant through
late 2015 into 2016 (compare 2015–2016
(blue) to climatology (black) in Figure 4,
left column). In contrast, past strong
El Niños were characterized by a dra-
matic deepening of d26.0 in the latter
half of the year and peak anomalies in
December/January (Figure 4), consistent
with documented lags of 1–2months
from the tropics to the CCS [e.g., Jacox
et al., 2015a]. While our 35 year time series
show considerable correlation between
the Niño 3.4 Index and wintertime d26.0
off central/southern California (r≈ 0.8;
Figure 5), the three strongest El Niños
highlight important variability in this rela-
tionship. In 1982–1983, d26.0 ranged from
~0.5 to 2 standard deviations (σ) deeper
than that predicted by Niño 3.4, and
d26.0 in 1997–1998 was ~2σ deeper than
that predicted by Niño 3.4. In contrast,
d26.0 in 2015–2016 was ~1σ shallower
than that predicted by the Niño 3.4
anomaly (Figure 5). The observed CCS
d26.0 anomalies are consistent with a rela-
tively weak oceanic teleconnection from
the tropics in 2015–2016.

Surface winds in the winter of 2015–2016 were similarly uncharacteristic of El Niño. During 1982–1983
and 1997–1998, alongshore winds were near their climatological means off southern California (line 90)
and anomalously weak or poleward from midwinter through spring off central California (Figure 4).
Increasing upwelling favorable winds from July to November 2015, especially off southern California,
ran counter to climatological patterns and past El Niños. Relatively strong equatorward winds in
November–January 2015 likely contributed to a reduction in d26.0 anomalies during those months (Figure 4).
The divergence of regional wind patterns in 2015–2016 from those seen in 1982–1983 and 1997–1998 sug-
gests that as for d26.0, predictability of CCS conditions based on tropical SST anomalies is limited for any
individual El Niño event.

5. Impacts on Phytoplankton in the Central and Southern CCS

The 1982–1983 and 1997–1998 El Niños were both followed by sharp reductions in spring/summer phyto-
plankton biomass off the California coast [Fiedler, 1984; Kahru and Mitchell, 2000]. These reductions were

Figure 5. December–February mean d26.0 (frommergedmodel-glider data)
plotted against November–January mean Niño 3.4 anomalies for each
winter from 1981–1982 to 2015–2016. Isopycnal depths are averaged
within 50 km of shore. The solid lines are linear fits to the data; the dashed
and dash-dotted lines are ±1 and ±2 standard deviations from the linear fit.
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See Zaba and Rudnick (2016)



Temperature anomalies vs. time, depth

•  Inshore 200 km
•  Line 90: 2009-10 El Niño
•  2014-15 anomalies near surface
•  2015-16 anomalies penetrate deeply, especially on 90

90 66.7



Isopycnal salinity anomalies on line 90 
(evidence of advection)

•  Fresh on 25.3 during 2014-2015
•  Salty on 26.0 during 2015-2016

25.3 26.0



Summary
•  CCS has a robust annual hydrographic cycle at both surface and 

thermocline depths.
o  Driven by local surface fluxes.

•  CCS interannual variability is strongly linked to tropical Pacific 
anomalies.
o  Atmospheric teleconnections (weeks).
o  Oceanic waveguide influences (months).

•  Predictive skill for local impact of ENSO events based on trpical 
Pacific indices is significant, but individual responses do vary.

•  2015-2016 event locally much weaker than expected, in part due to 
pre-warming by 2014-2015 warm blob and in part due to different 
character of this years El Niño.


