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a  b  s  t  r  a  c  t

Marine  ecosystems  are  complex  adaptive  systems  with  physical  and  biological  processes  operating  on
multiple  spatial  and temporal  scales.  Here,  we present  an  operational  regional  indicator  for  California’s
continental  shelf  system  and  investigate  its skill in  predicting  a  variety  of biological  responses  across
trophic  levels.  This  updated  Multivariate  Ocean  Climate  Indicator  (MOCI)  version  2 includes  data  that  are
readily available  from  the  Internet  so  the  indicator  can  be  automatically  updated  and  shared  regularly.
MOCIv.2  is a simplified  version  of  MOCIv.1,  but  it captures  ocean-climate  variability  similarly.  MOCIv.2
illustrates  all major  ENSO  events  that occurred  over  the  past  25  years  as  well  as  the  phasing  and  magnitude
alifornia marine ecosystem
iophysical relationships
emperature

of the  most  recent  North  Pacific  marine  heat  wave,  dubbed  ‘The  Blob’.  It also  shows  differences  in the
magnitude  and  timing  of ocean-climate  variability  in  different  regions  off  California.  MOCIv.2  has  skill
in  nowcasting  marine  ecosystem  dynamics,  from  zooplankton  to top predators,  and  therefore  may  be
useful  in  establishing  bio-physical  relationships  important  to ecosystem-based  fisheries  and  wildlife
management  in  California.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Marine ecosystems are complex adaptive systems with phys-
cal and biological processes operating on a vast array of spatial
nd temporal scales (Levin, 1998). In particular, interacting scales
f environmental variation, from seasons to years and decades,
omplicate understanding and forecasting of marine ecosystem
tructure and functions. To deal with complex marine physical-
iological coupling, many indicators of environmental variation
ave been developed and operationalized, the most well-known
f which is the Southern Oscillation Index (SOI), which pro-
ides an indicator of the magnitude and phasing of El Niño
vents (Rasmusson and Wallace, 1983). More recently, other large-
cale indicators of ocean climatic variability have been developed,
ncluding the Pacific Decadal Oscillation (PDO), with a periodicity of
0–60 years (Mantua et al., 1997), and the Madden Julian Oscillation
MJO), with a periodicity of 30–60 days (Zhang, 2013). Each of these
limate indices has been related to local ocean conditions includ-

ng attributes such as water temperature, salinity, and circulation
atterns (e.g., upwelling).

∗ Corresponding author.
E-mail addresses: marisolgr@faralloninstitute.org,  marisolgr@gmail.com

M.  García-Reyes), wsydeman@faralloninstitute.org (W.J. Sydeman).

ttp://dx.doi.org/10.1016/j.ecolind.2016.08.045
470-160X/© 2016 Elsevier Ltd. All rights reserved.
The complexity of oceanic, atmospheric, and climatic inter-
actions, and the large number of indices that can be used to
track them, makes it difficult to identify and select the most
relevant variables for understanding ecosystem structure and
functions. Therefore, there is need to develop regional- to local-
scale indicators that capture and track changes in the ocean and
ecosystem states in a simple, easily understood, and cost effective
yet comprehensive manner. This is particularly important in the
highly variable yet extraordinarily productive eastern boundary
upwelling systems of the world (Messié et al., 2009), which include
the California and Peru/Humboldt systems in the Pacific Ocean and
the Canary and Benguela systems in the Atlantic Ocean. Embedded
in the Pacific’s California Current System (CCS), with more than
1600 km of coastline, California’s continental shelf is responsive to
a range of processes that drive local weather, biological productiv-
ity, and commercial and recreational fisheries. Given its latitudinal
range, there is regional variation in California’s coastal zone. For
example, measurements of water temperature off southern Cali-
fornia, an indicator of climate change (McGowan et al., 1998) used
in sardine management in the region (Jacobson and MacCall, 1995),
often do not coincide with central or northern California ocean
temperatures or variability. Regional and temporal variability in

upwelling-favorable winds adds another layer of complexity − the
relative influence of water temperature and upwelling-favorable
winds on the ecosystem is different in each region and sometimes

dx.doi.org/10.1016/j.ecolind.2016.08.045
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Fig. 1. Map of study region and locations of data included in MOCI. Squares show
the  location of stations recording sea level; stars indicate the location of NDBC buoys
22 M.  García-Reyes, W.J. Sydeman / E

onfounding (Checkley and Barth, 2009; García-Reyes and Largier,
012; Seo et al., 2012). At the same time, all regions are largely

nfluenced by global and regional climate events such as El Niño
McPhaden et al., 2006) and other remote large-scale factors (Di
orenzo et al., 2008, 2013).

For central-northern California, Sydeman et al. (2014) devel-
ped the Multivariate Ocean Climate Indicator (MOCIv.1). This

ndicator synthesized a number of local and regional ocean and
tmospheric variables that represent, in a holistic manner, the state
f the ocean. MOCIv.1 has been useful in summarizing the seasonal
ycle and tracks well-known variability of the central California
arine ecosystem. This integrated indicator was designed to serve

s an environmental baseline to understand ecological changes in
he State of California’s Marine Protected Areas (MPAs). While a
seful tool for historical coastal conditions and ecosystem vari-
bility, MOCIv.1 was already four years old when published. Also,
hough simple and easily understood, it was not operational, a
esired property of any environmental indicator (Aubry and Elliott,
006; Rees et al., 2008). However, as previously demonstrated by
OCIv.1, the physical system varies coherently in different seasons,

nd many of the large-scale to local parameters are highly inter-
orrelated. This allows one to select frequently updated parameters
s proxies for others, and use these data to update MOCI on a more
egular basis.

In this paper, while keeping with the general goal of presenting
n indicator that represents environmental variability that is easy
o interpret, we  have two specific objectives: (i) to provide an easily
pdatable MOCI (v.2) for three different regions of California, and
ii) to show its utility as an indicator of variability of regional biol-
gy, as well as other local environmental variables not included in
OCIv.2. To meet these objectives, we developed and provide three

egional indices over the period 1991 through 2015 and compare
hem to 50 biological variables as well as eight other environmental
ariables at different locations (33 time series in total) to evalu-
te its capability to capture coastal processes relevant to coastal
cosystem processes and productivity.

. Data & methods

Data for this updated version of MOCI were selected based upon
he availability of continuously updated monthly values of the indi-
idual variables since 1991. This criterion resulted in the selection
f ten parameters (Table 1): four climate indices (Multivariate ENSO

ndex, Pacific Decadal Oscillation, North Pacific Gyre Oscillation,
nd Northern Oscillation Index), the Bakun Upwelling Index, sea
evel from shore stations, and four variables measured at NOAA
uoys over the continental shelf (alongshore wind stress, sea sur-
ace temperature, sea air temperature and sea level pressure). The
patial distribution of the data is shown in Fig. 1. Monthly data were
veraged into seasonal values defined as: winter (January-March),
pring (April-June), summer (July-September), and fall (October-
ecember). All data processing and analysis were done in MATLAB
2015a.

.1. Developing MOCIv.2

For the calculation of MOCIv.2, data were stratified by sea-
on and region. The regions were (Table 2): Northern California
38–42◦N), Central California (34.5–38◦N), and Southern California
32–34.5◦N). We selected these regions based on well-established
ifferences in physical coastal dynamics. Between Northern and

entral California there is a clear change in seasonal sea surface
emperature measured around Point Reyes (∼38◦N), which reflects

 change in the wind/temperature relationship there (García-Reyes
nd Largier, 2012). Point Conception (34.5◦N) is a biogeographic
that  record alongshore wind stress, surface air and sea temperature and sea level
pressure; and diamonds show the location of the Upwelling Index data. Divisions
between regional MOCI are delimited by black dashed lines.

boundary due to the shift in the coastline orientation, shadow-
ing the Southern California Bight from the upwelling-favorable,
north-westerly winds (Checkley and Barth, 2009). For each region
and season, we collated data into a single matrix, normalized each
time series, and subjected each matrix to Principal Component
Analysis (Jolliffe, 2002). The resulting leading mode of variability
(PC1) is defined as the MOCIv.2 for each region by season. Last, an
integrated year round MOCIv.2 was obtained by recombining all
seasonal values for each region. The resultant MOCIv.2 time series
has winter-spring-summer-fall values from 1991 to date (in this
manuscript, updated to 2015, with future updates provided online
at: www.faralloninstitute.org/MOCI). Aside from variable selection,
this is the same process used by Sydeman et al. (2014) to develop
MOCIv.1.

2.2. Testing the skill of MOCIv.2

In order to test the skill of MOCIv.2 (hereafter MOCI) to rep-
resent environmental conditions in different regions of California,
we compared each regional MOCI to (i) MOCIv.1 developed by
Sydeman et al. (2014), and (ii) other environmental data (Table 3)
not included in the calculation of MOCI. These data included
local ocean conditions (i.e., water temperature and salinity), atmo-
spheric conditions (coastal fog), and a precipitation statistic (river

runoff). We  also compared the regional MOCI with biological mea-
surements from the California and central Oregon shelf ecosystems.
We included biological measurements from Oregon because there
are no long-term biological measurements available from Northern

http://www.faralloninstitute.org/MOCI
http://www.faralloninstitute.org/MOCI
http://www.faralloninstitute.org/MOCI
http://www.faralloninstitute.org/MOCI
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Table  1
Environmental parameters included in the calculation of the Multivariable Ocean Climate Indicator (MOCI) for California (by identifier, location, and source).

Variable Location/Description Source (as of January 2016)

Climate Indicators Multivariate ENSO Index (MEI) NOAA, http://www.esrl.noaa.gov/psd/enso/mei
Pacific Decadal Oscillation (PDO) University of Washington, JISAO, http://jisao.

washington.edu/pdo/PDO.latest
North Pacific Gyre Oscillation (NPGO) Emanuele Di Lorenzo, http://www.o3d.org/npgo/

npgo.php
Northern Oscillation Index (NOI) NOAA http://www.pfel.noaa.gov/products/PFEL/

modeled/indices/NOIx/data/noix.txt
Bakun Upwelling Index (UI) 33◦N, 36◦N, 39◦N, 42◦N NOAA, http://www.pfeg.noaa.gov/products/

PFELData/upwell/monthly/upindex.mon
Sea Level (SL) Los Angeles (LANG, 9410660), Santa Monica

(SMON, 9410840), Port of San Luis (SLUI, 9412110),
Monterey Bay (MONT, 9413450), San Francisco
(SANF, 9414290), Point Reyes (PREY, 9415020),
Arena Cove (AREN, 9416841), Humboldt (HUMB,
9418767), Crescent City (CRES, 9419750)

NOAA, http://www.co-ops.nos.noaa.gov

Alongshore Wind Stress (AWS), Sea Surface
Temperature (SST), Sea Air Temperature (SAT),
Sea Level Pressure (SLP)

Buoys 46011 (Santa Maria), 46012 (Half Moon
Bay), 46013 (Bodega Bay), 46014 (Point Arena),
46022 (Eel River), 46025 (Santa Monica), 46026
(San Francisco), 46027 (Crescent City), 46028
(Morro Bay), 46042 (Montere

NOAA, http://www.ndbc.noaa.gov

Table 2
Percent explained variance (%) and eigenvalue of seasonal-regional PCA-based
MOCI.

Region Winter Spring Summer Fall
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Northern California (38–42 N) 72%, 18.6 64%, 16.6 45%, 11.6 54%, 13.9
Central California (34.5–38◦N) 70%, 20.3 61%, 17.7 46%, 13.2 54%, 15.6
Southern California (32–34.5◦N) 58%, 6.4 49%, 5.4 49%, 5.4 54%, 5.9

alifornia and biological measurements from Oregon are known to
ovary with biological measurements in Northern/Central Califor-
ia (García-Reyes et al., 2013). These biological datasets expand
n those used by Sydeman et al. (2014), providing a better esti-
ation of MOCI as predictor of ecosystem productivity (Table 3).

iological and environmental comparisons were done using Spear-
an  correlations (�) of MOCI with seasonal or annual biological
easurements. This method was selected as MOCI has high/low

alues driven by climatic events (like El Niño) and rank correla-
ion is robust to outliers and non-linear points. As some biological
arameters may  have delayed responses to environmental varia-
ion, correlations were calculated using current year MOCI values
s well as values from the previous year. Correlations with a p < 0.05
ere considered significant.

. Results

.1. Regional MOCI

Seasonal MOCI explain, on average, 56% of the variability in envi-
onmental conditions, ranging from 72% in winter for Northern
alifornia to 45% in summer for Northern California (Table 2, see SM

or numerical values). The highest explained variance was in North-
rn California in winter and spring, and the lowest values were in
ummer for both Northern and Central California. The explained
ariance in Southern California varied the least between seasons
58% in winter and 49% in spring and summer).

All regional MOCI showed similar interannual variability (Figs. 2
nd SM1), but with different ranges of variability. The Southern Cal-
fornia MOCI showed a smaller standard deviation (� = 2.36) than
he other two regional MOCI (� = 3.84 and � = 4.09 for Northern

nd Central California, respectively). A quantitative comparison
mong regional MOCI was done by calculating the correlations
etween regions (Table SM1). In all cases, regional MOCI were
ighly correlated and showed similarity in interannual variabil-
y Bay)

ity and extreme seasons. The comparison between the regional
MOCIv.2 with MOCIv.1 (Table SM1  and Fig. SM1) showed strong
correlations for all regions, but the Northern and Central California
MOCI (� = 0.91, p < 0.0001) were a little stronger than Southern Cal-
ifornia, as their regions overlap with those of Sydeman et al. (2014)
(Southern California � = 0.79, p < 0.0001).

3.2. MOCI loadings

For the Central and Northern California regional MOCI, the same
parameters had high loadings (Fig. 3). For all seasons and regions,
sea level, sea surface temperature, and air temperature were most
relevant (loadings > 0.15). Local alongshore wind stress, upwelling
index, and sea level pressure were more important in winter
and spring than summer and fall. For Southern California MOCI,
however, winds were less relevant in all seasons except summer
(although the upwelling index showed high relevance in spring).
Loadings for Southern California were higher than in other regions
due to the smaller number of parameters included. Northern Oscil-
lation Index (NOI), Multivariate ENSO Index (MEI), and PDO were
relevant in all seasons, with little variation between regions. The
North Pacific Gyre Oscillation (NPGO) was most relevant for spring
and summer conditions, and had little relevance in winter and fall
for Northern and Central MOCI.

3.3. Regional MOCI and other environmental indicators

Shore station salinities were negatively correlated with MOCI in
all seasons except fall, while shore station temperatures were posi-
tively correlated, with some minor regional differences (Fig. 4). For
example, in fall, Northern California MOCI showed no significant
correlation with temperatures, although this correlation was  strong
in other seasons. Fall Northern California MOCI was correlated with
fall river discharge for all regional rivers, but showed negative cor-
relations in the summer. Notably, summer fog at the Arcata and
Monterey airports (combined index, Johnstone and Dawson, 2010)
was significantly negatively correlated with the Northern and Cen-
tral California MOCI. In central California, CalCOFI data from line 67
off Monterey (temperature, salinity and nitrates within 30 m of the

surface) showed good correlations with winter and spring MOCI,
but not with summer (no data in the fall). Surface flow, obtained
from HF Radar in central California (Halle and Largier, 2011; data
from J. Largier/UC Davis), only showed significant correlation in the

http://www.esrl.noaa.gov/psd/enso/mei
http://www.esrl.noaa.gov/psd/enso/mei
http://www.esrl.noaa.gov/psd/enso/mei
http://www.esrl.noaa.gov/psd/enso/mei
http://www.esrl.noaa.gov/psd/enso/mei
http://www.esrl.noaa.gov/psd/enso/mei
http://www.esrl.noaa.gov/psd/enso/mei
http://www.esrl.noaa.gov/psd/enso/mei
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
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Table 3
Environmental and biological measurements used to evaluate the relevance of regional MOCI.

Variable Period Location and Source (as of January 2016)

Environmental Parameters
Surface temperature (T), Salinity (S), Nitrates 1997–2013 CalCOFI Line 67, Monterey Bay, http://www3.

mbari.org/bog/roadmap/roadmap.htm
Shore temperatures Different periods 1991–2015 Farallon Islands, Granite Canyon, Balboa,

Pacific Grove, Santa Barbara, Scripps Pier, San
Clemente, Point Dume, Trinidad Bay, Trinidad
Beach, http://shorestations.ucsd.edu

Shore salinity Different periods 1991–2015 Farallon Islands, Balboa, Scripps Pier, San
Clemente, Trinidad Beach, http://shorestations.
ucsd.edu

Surface flow 2001–2015 Four locations off Point Reyes, John Largier, UC
Davis, Bodega Marine Lab

River  discharge 1991–2015 Northern California: Smith, Russian, Redwood
Creek, Navarro, Matole, Mad, Klamath, Eel
Rivers, http://waterdata.usgs.gov

Coastal summer fog 1991–2015 Arcata and Monterey Airport, Johnstone and
Dawson (2010)

Biological Indicators
Northern Copepod Index (NCI) 1996–2014 Newport Hydrographic Line, Bill Peterson,

pers. comm.
Trinidad Copepod Index (TCI) 2008–2015 Trinidad Hydrographic Line, Erick Bjorkstedt,

pers. comm.
Krill  abundance 1991–2012 Central California, Ralston et al. (2015)
Herring biomass 1991–2012 San Francisco Bay, California Department of

Fish and Wildlife
Sardine and anchovy adult abundance 1991–2012 Central California, Ralston et al. (2015)
Sardine recruitment 1993–2014 California, Hill et al. (2015)
Anchovy January/April egg/larvae abundance

index, Anchovy combined egg and larvae
index, Anchovy calibrated egg biomass

Different periods from 1991–2012 CalCOFI survey area, Southern California,
MacCall et al. (2015)

Age-0 hake abundance, Age-0 lingcod
abundance, Age-0 rockfish abundance

1991–2012 Central California, Ralston et al. (2015)

Hake number of age-0 recruits 1991–2014 U.S. and Canada west coast, Hake stock
assessment 2014 by the International Joint
Technical Committee for Pacific Hake (2014)

Hake spawning biomass 1991–2014 U.S. and Canada west coast, Hake stock
assessment 2014 by the International Joint
Technical Committee for Pacific Hake (2014)

Splitnose and Yelloweye rockfish growth 1991–2006 Central and Northern California, Bryan Black,
pers. comm.

Aurora rockfish growth 1991–2003 Oregon, Bryan Black, pers. comm.
Chinook salmon Sacramento Index (SI) 1991–2014 Sacramento River, Pacific Fisheries

Management Council (2015) Pre-season Report
Chinook  salmon returns 2000–2013 Russian River, Sonoma County Water Agency,

unpublished
Coho  salmon smolt-to-adult (SAR) Index 1991–2014 Newport, Oregon, Bill Peterson, pers. comm.
Salmon  growth index (SGI) 1991–2001 Central and Northern California, Brian Wells,

pers. comm.
Common murre, Cassin’s auklet, Brandt’s

cormorant, and pigeon guillemot lay date
(LD)

1991–2003/2006 Farallon Island, Schroeder et al. (2009)

Common murre, Cassin’s auklet, Brandt’s
cormorant, rhinoceros auklet, pigeon
guillemot, pelagic cormorant, Western gull,
and ashy storm-petrel reproductive success
(RS)

1991–2014 Farallon Island, Warzybok et al. (2014)

Common murre, Cassin’s auklet, and
rhinoceros auklet survival

Different periods 1991–2001 Farallon Island, Warzybok et al. (2014)

Brandt’s cormorant reproductive success 1995–2009 Alcatraz Island, Julie Thayer pers. comm.
Rhinoceros auklet reproductive success 1993–2012 Año Nuevo Island, Oikonos Group, Beck et al.

(2015)
Brown pelican nest attempts SBI: 1991–2006, ANA: 1991–2002 Santa Barbara Island (SBI), and Anacapa Island

(ANA), SBI: Frank Gress pers. comm., ANA:
Sydeman et al. (2001) and updated by Frank
Gress

Brown  pelican productivity SBI: 1991–2003, ANA: 1991–2004, 2012, 2014 Santa Barbara Island (SBI), and Anacapa Island
(ANA), SBI: Frank Gress pers. comm., ANA:
Sydeman et al. (2001)

California sea lion pup abundance 1991–2008 Southern California, Mark Lowry, pers. comm.
Blue  whale and humpback whale abundance 1992–2006, 1991–2007 U.S. west coast, Calambokidis et al. (2007);

Calambokidis (2009)

http://www3.mbari.org/bog/roadmap/roadmap.htm
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http://shorestations.ucsd.edu
http://shorestations.ucsd.edu
http://shorestations.ucsd.edu
http://shorestations.ucsd.edu
http://shorestations.ucsd.edu
http://shorestations.ucsd.edu
http://waterdata.usgs.gov
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lue  dots represent values 1 standard deviation below the mean (cold conditions an

all for mid-shelf regions. All of the eight environmental parame-
ers compared to regional MOCI showed significant correlations
ith the indicator for at least one season.

.4. Regional MOCI and biology

Thirty-nine of the 50 (78%) biological measurements had signif-
cant correlations with regional MOCI (Figure SM2). We  selected
elationships showing significant (p < 0.05) correlations, of the
ame sign, for at least two seasons (Fig. 5) to illustrate the skill
f MOCI relative to biotic variability (assuming that relationships
ith different signs may  be spurious). Correlations were found at all

rophic levels. The Northern Copepod Index (NCI) and the Trinidad
opepod Index (TCI), both indicators of the relative abundance of
oreal copepod species, were inversely correlated with winter and
pring Northern California MOCI. Similarly, krill abundance was
egatively correlated with winter and spring Central California
OCI. Fish indices also showed significant correlations: anchovy

gg abundance in January was negatively associated and sardine
ecruitment was positively correlated with Southern California
OCI. The annual growth of splitnose rockfish was negatively
orrelated with Central California MOCI. Seabird indices showed
ositive and negative correlations with MOCI. Egg laying dates for
assin’s auklets and common murres at SE Farallon Island were
 standard deviation above the mean (warm conditions and weak upwelling), while
ng upwelling).

strongly positively correlated with winter and spring Central Cal-
ifornia MOCI (later breeding with positive MOCI), and there were
negative correlations between the number of brown pelican nests
on Anacapa Island with winter and spring Southern California MOCI
(fewer nests with more positive MOCI values). Additional signifi-
cant correlations are shown in Figure SM2. In particular, salmon
indices showed some correlations with central California MOCI.
The Salmon Growth Index (SGI) showed a strong negative cor-
relation with spring MOCI, while the Coho smolt-to-adult (SAR)
Index and Chinook Sacramento Index (SI) showed negative lagged
correlations with the previous year MOCI (winter and summer,
respectively). Seabird indices showed strong correlations with Cen-
tral California MOCI, particularly for winter and spring, but there
were also some lagged correlations with the previous summer and
winter MOCI for Cassin’s auklets and pigeon guillemots. California
sea lion pup and humpback whale abundance showed significant
correlations (of opposite signs) with the previous year fall MOCI for
Southern and Northern California, respectively.

4. Discussion
Our goal in developing, publishing, and promoting regional
MOCI for California is to improve the ability of coastal resource
managers to incorporate variable ocean conditions into tactical
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ll  stations/buoy in a region. Absolute value of loadings (positive) shown to facilitat

nd strategic management. To meet this objective, a regionally
elevant, easily interpretable, and frequently updated MOCI is
equired. For this updated MOCI version, we synthesized a number
f physical parameters into an indicator that describes variability

n the coastal environment for three regions in California. Build-
ng from the MOCI developed by Sydeman et al. (2014), this new
ersion includes parameters that track the most important environ-
ental conditions and relevant processes for ecosystem function

nd productivity along the California coast: wind-driven coastal
pwelling and ocean temperatures – the first bringing nutrients to
he euphotic zone, the later modulating its efficacy (Bakun et al.,
015). However, for this version we only included data that are
reely available and frequently updated so regional MOCI can be
hared in near-real time (www.faralloninstitute.org/MOCI).

.1. Comparison of MOCIv.2 and MOCIv.1

MOCIv.2, similar to the MOCIv.1 developed by Sydeman et al.
2014), clearly represents known environmental events, with
he advantage of providing insight into spatial (regional) het-
rogeneity. MOCI is easily interpreted: high MOCI represent
arm temperatures and/or weak upwelling while negative val-

es correspond to strong upwelling and cool temperatures. This
nterpretation is obvious during strong El Niño events (1992–1993,
997–1998) and the marine heat wave of late 2014/early 2015
Bond et al., 2015), followed by the 2015–2016 El Niño (www.ncdc.
oaa.gov/monitoring-references/dyk/elnino-2015-2016). Also evi-
ent is the 2005 weak upwelling event, which impacted all regions
Schwing et al., 2006) and induced biological effects such as an

nprecedented reproductive failure of Cassin’s auklets (Sydeman
t al., 2006). However, there are differences among regions in the
agnitude and persistence of the effects of these events. For exam-

le, the most recent MOCI positive anomalies related to ‘The Blob’
 = summer, Fa = Fall). For each variable, average loadings values were calculated for
rpretation.

combined with El Niño in 2014–2016 are visible in all regions. In
Southern California, MOCI showed consistent high values (above 1
standard deviation) from early 2014 through 2015. However, the
Northern California MOCI showed normal values (within 1 standard
deviation) in early 2014 and early 2015, while the Central California
MOCI showed normal values only in early 2014. It is worth noting
that the anomalously high values started one season earlier (spring
2014) in Southern California than in other regions. This early signal
in Southern California was also observed in the 1997–1998 El Niño,
but this pattern was not evident for the 1992–1993 El Niño event
when all regions showed synchronous anomalies (although with
different magnitudes). The strong upwelling and cooler conditions
of 2007–2008 and early 2013 were mostly evident and persistent
in the Central and Northern California MOCI and not the Southern
MOCI. In contrast, the La Niña event in 1999 was more persistent
(low anomalous values) in Central and Southern California than in
the Northern MOCI.

4.2. Comparison of regional MOCI

The range of interannual variability within regions differs:
Southern California MOCI variability was the smallest, the North
was the most variable, and the Central California MOCI showed
large extremes. These differences in variability may  be related to
differences in conditions, but the relative importance of each vari-
able that goes into each regional MOCI (PC scores) is also important.
For example, in the Southern California MOCI, alongshore wind
stress had a smaller coefficient (was of lesser importance) com-
pared to those of other parameters like temperature or sea level

(Fig. 3). In contrast, for Central or Northern California MOCI, wind
was as prominent as SST or sea level. This difference translates into
milder responses to strong upwelling conditions (blue dots in Fig. 2)
in Southern California than in the other regions where upwelling

http://www.faralloninstitute.org/MOCI
http://www.faralloninstitute.org/MOCI
http://www.faralloninstitute.org/MOCI
http://www.faralloninstitute.org/MOCI
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
http://www.ncdc.noaa.gov/monitoring-references/dyk/elnino-2015-2016
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nd  sign of the ranked correlation. Only significant (p < 0.05) correlations are shown

s a more important process, in agreement with previous regional
escriptions (Checkley and Barth, 2009). In summary, an impor-
ant characteristic of MOCI is that it captures, in a single indicator,
he most relevant physical processes that take place in the Cal-
fornia coastal environment, mainly coastal upwelling and water
emperature variation with climate events, while simultaneously
ighlighting the regional differences in relative influence of those
rocesses.

.3. MOCI as a predictor of local conditions

MOCI captures environmental variability of not only those vari-
bles involved in its calculation, but also for others that cannot
e included due to lack of data continuity or short time series,
uch as coastal fog or water nutrient concentration. This confirms
arge-scale coherence in the variability of the California coastal
nvironment and shows that MOCI is able to capture and quan-
ify change in these diverse and often-dominant factors. Notably,
urface current flow off Point Reyes shows poor correlations with
OCI during most seasons. While unexpected, as surface flow is

riven by wind and MOCI captures wind in that region in most
easons, it is likely due to the effect of a mesoscale eddy in this
egion (Kim et al., 2011), which can show reversed or weak flow
longshore at times depending on the strength and position of the

ddy.

Other multivariate indices in upwelling regions have also shown
ovariability in climate, atmospheric, oceanographic and biogeo-
hemical variables. In the San Francisco Bay estuary, climate indices
ot included in MOCI, listed in Tables 3 and SM2. Color and size show the magnitude
ares indicate seasons with no data available.

and local temperatures covary with water run-off and nutrient con-
tent (Lehman, 2000), while in the Benguela Upwelling System, the
St. Helena Climate Index shows that upwelling-related tempera-
ture, sea level pressure, and precipitation covary as well (Feistel
et al., 2003). Above and beyond our MOCI, these other multivari-
ate indicators show that developing holistic perspectives using this
approach is feasible for many ecosystems.

4.4. MOCI as a predictor of biology

MOCI shows skill as an ecosystem indicator by relating to biolog-
ical measurements across trophic levels, suggesting that it captures
biophysical processes relevant to ecosystem productivity. There
are many examples of environmental indices, based on one or
more parameters, that have been used to track ecosystem vari-
ability in the California Current (Wells et al., 2007; Black et al.,
2014; Schroeder et al., 2013; García-Reyes et al., 2014), but some-
times such correlations break down over time (Miller and Sydeman,
2004). A possible advantage of MOCI is that it captures differ-
ent, and sometimes confounding, physical processes that influence
the ecosystem, and, in doing so, may not be affected by chang-
ing bivariate relationships (Schmidt et al., 2014). In particular,
MOCI captures variability partially due to atmospheric drivers of

upwelling-favorable winds, as well as the oceanic modulation of
upwelled water characteristics (i.e., temperature, nutrient entrain-
ment, oxygen concentrations) that directly impact the coastal
ecosystem. In time, we  will be able to assess if MOCI provides a
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etter indicator of complex biophysical relations than any single
hysical environmental attribute.

Furthermore, MOCI could be used as a predictive tool, in addition
o giving current observations a historical context. Environmental
orrelations (Fig. 4) show that MOCI can help interpret variability
een in fog and river discharge, as well as estimate (predict) these
arameters for (1) the current season or year when data are not yet
vailable, or (2) in hindsight for years and seasons when data were
ot collected. Similarly, MOCI can help estimate biological indi-
ators in real time in cases where biological data are not readily
vailable until after the field season is over and raw data are ana-
yzed. In some cases, it can serve as a predictive indicator, either
ue to the slow response of a biological indicator or to environ-
ental autocorrelations. For example, predictive capabilities are

hown by spring and winter northern California MOCI for the sum-
er  Trinidad Copepod Index (TCI) and spring Northern Copepod

ndex (NCI), as well as previous year fall and current year winter
OCI to predict splitnose rockfish growth and sardine recruitment

Fig. 5). These examples provide insight into the utility of MOCI as
 management tool for near-real time decision-making.

Finally, MOCIv.1, as with other similar multivariate indica-
ors (Lehman, 2000; Feistel et al., 2003; Hemery et al., 2008),
ave shown that is possible to develop integrated and simpli-
ed indicators capable of quantifying and communicating relevant
nvironmental change. MOCIv.2 adds two more desirable proper-

ies (Rees et al., 2008): (1) operational capability, and (2) ability to
erve as an early warning signal of change. The current availability
f data and the simple and accessible methodology used to develop
ith MOCI for two  seasons). Biological indicators details are shown in Tables 3 and

this indicator could be followed to develop similar indicators in
other marine areas.

5. Conclusion

MOCI is a simple yet relevant indicator of environmental con-
ditions important to ecosystem dynamics. We  plan to make an
updated MOCI available quarterly, which would make it applicable
for resource management in California and perhaps motivate its
use or development of similar indicators elsewhere in the world.
End-users of our MOCI for California could include local, state, and
federal marine fisheries and wildlife agencies as well as manage-
ment councils (e.g., the Pacific Fisheries Management Council). It is
our hope that MOCI can be used in the development of harvest con-
trol rules (e.g., fisheries quotas) where the environment is known to
affect population dynamics of harvested species, as well as species
of conservation concern in California and elsewhere.
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