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The statistics of sea-surface fronts detected with the automated histogram method
were studied in the California Current using sea-surface temperature (SST) and
chlorophyll-a concentration (Chl) images from various satellite sensors. Daily maps
of fronts were averaged into monthly composites of front frequency (FF) spanning
29 years (1981-2009) for SST and 14 years (1997—2010) for Chl. The large-scale
distributions of frontal frequency of both SST (FTsst) and of Chl (FFchl) had a
500—700 km wide band of elevated values (4—7%) along the coast that roughly
coincided with the area of increased mesoscale eddy activity. FFsst and FFchl were
positively correlated at monthly and seasonal frequencies, but the year-to-year var-
1ations were not significantly correlated. The long-period (1 year and longer) vari-
ability in FFsst is influenced by the large-scale SST gradient, while at shorter
timescales the influence of the Coastal Upwelling Index is evident. In contrast with
FFsst, FTFchl variability is less related to the coherent large-scale forcing and has
stronger sensitivity to local forcings in individual areas. Decadal-scale increasing
trends in the frequency of both SST and Chl fronts were detected in the Ensenada
Front area (general area of the A-Front study) and corresponded to, respectively,
trends towards colder SST and increasing chlorophyll-a concentration.

KEYWORDS: fronts; A-Front; sea surface temperature; phytoplankton; chloro-
phyll; California Current; ocean color; remote sensing

INTRODUCTION

Oceanic fronts, defined as areas of sharp gradients
between adjacent water masses (e.g. Legeckis, 1978;
Mooers et al., 1978), exist at a wide range of spatial and
temporal scales (Belkin, 2009). Fronts are indicators of
many oceanographic processes and are sites of
increased biological activity affecting all oceanic life
forms from microbes to seabirds and marine mammals
(e.g. Pingree et al., 1975; Kahru et al., 1984; DiGiacomo
et al., 2002; Bost et al., 2009). An example of the factors

affecting different marine organisms at fronts is the
aggregation of biogenic surfactants, typically on one
side of a front (Jessup et al., 2009; Ryan et al., 2010).
Spectacular fronts are created in the QCalifornia
Current System (CCS) by wind-driven upwelling and
the subsequent advection of the upwelled water in the
form of cold, chlorophyll-rich filaments and the asso-
ciated eddies (Bernstein e al, 1977; Flament e al.,
1985; Strub et al., 1991; Castelao et al., 2006). As pelagic
communities and the associated biogeochemical fluxes
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in the California Current are often driven by the phys-
ical dynamics associated with mesoscale frontal struc-
tures (papers in this volume), it is important to
understand the long-term dynamics and the statistical
properties of fronts and how these may be affected by
the interannual and interdecadal climate dynamics. For
example, just as upwelling intensity exhibits seasonal
and interannual variation (Bakun, 1973), we may find
corresponding seasonal and interannual variability in
the frontal activity that is associated with upwelling.

The seasonal dynamics of sea-surface temperature
(SST) fronts in the California Current were studied by
(Castelao et al., 2006). Using geostationary satellite data
for the period 2001-04, they showed that the probabil-
ity of detecting a front was associated with the seasonal
development of coastal upwelling: it peaked in the
summer and was at its minimum during the winter.
Here we observe the statistics of SST fronts during a
much longer time period (1981-2009) and try to detect
trends. As SST fronts and the associated physical
dynamics are expected to influence the biology of the
California Current, we compare the spatial, seasonal
and interannual statistics of SST fronts with the fronts
in surface chlorophyll-a concentration detected with
ocean color satellites. In order to overcome the limita-
tions imposed by the missing satellite data due to
clouds, we use compositing front detection results from
multiple images and multiple satellites.

DATA AND METHODS

Automated methods of front detection became import-
ant with the ease of access to satellite data, primarily of
SST (Holyer and Peckinpaugh, 1989). The histogram
method developed by Cayula and Cornillon (Cayula
and Cornillon, 1992) has excelled in tests (Cayula e al.,
1991) and has been applied extensively to objective
mapping of SST fronts (Kahru e al., 1995; Ullman and
Cornillon, 1999; Diehl e/ al., 2002; Belkin e al., 2009).
The basic idea of the histogram method is to search for
bimodality of histograms calculated for overlapping
windows of the image. The method is not limited to
SST and can also be applied to other types of satellite
images, such as of chlorophyll-a concentration (Chl)
(e.g. Bontempi and Yoder, 2004). The spatial variability
structure of Chl and SST images are different. Chl
fronts have been associated with the ‘peak’ model
(where the maximum occurs at the front). In contrast,
SST fronts typically follow the ‘ramp’ or ‘step’ model
(Belkin and O’Reilly, 2009). However, with sufficient
spatial resolution, what looks like a ‘peak’ front at low
resolution often becomes a ‘ramp’ front at high

resolution and is easily detectable with the histogram
method. We used the Cayula and Cornillon (Cayula
and Cornillon, 1992) single-image edge detection
method with a fixed window size of 32 x 32 pixels. We
also tested the variable window size modification (Diehl
et al., 2002), but found it to be too sensitive to
small-scale features (results not shown).

The spatial and temporal coverage by visible and
infrared satellite images 1s severely limited by cloud
cover. Cloud-free images of a single satellite pass cover-
ing large areas are rarely available, and a tempting ap-
proach is to use images composited over a longer time
period, e.g. 8 days or a month. However, composite
images have artificial fronts created by the compositing
process itself and may be missing real fronts that
become undetectable from the smoothing and averaging
over multiple images. It is therefore best not to use com-
posited images for front detection. We therefore used
daily SST and Chl images and composited the fronts
detected into a mean front frequency (FF) averaged
over monthly periods. The FF value gives the estimated
probability that a pixel is classified as a front pixel. FF
1s estimated as the ratio of the number of times a pixel
was determined as a front pixel to the number of times
the pixel had valid data.

For SST, we used the daily 4-km AVHRR Pathfinder
5 data set (http://wwwnodc.noaa.gov/SatelliteData/
pathfinder4km/) described by Casey et al. (Casey et al.,
2010). These data are mapped to a standard global
map in geographic projection. In total, 13053 daily
SST images covering 29 vyears (1981-1984 using
version 5.1 and 1985—2009 using version 5.0) were
analyzed and used for front detection. The daily data
sets were first screened for low-quality data and only
pixels with quality level 4 and above were included.
Fronts were detected in the daily images, and the
average front frequency of SST (FFy) was estimated
for each pixel over a month as the ratio of the count
of front detections to the count of valid data. For
example, if a particular pixel was cloud-free (valid) in
20 daily images and was detected as a front pixel in 2
of them, the FF was 0.1 or 10%. The monthly FF
values of individual pixels were averaged spatially over
certain spatial domains of adjacent pixels (selected
areas or ‘masks’), and the means were plotted as time
series.

For chlorophyll-a concentration (Chl, mg m™’), we
obtained level-2 data (full resolution, unmapped) from
NASAs Ocean Color website (http://oceancolor.gsfc.
nasa.gov/) and ESAs MERIS Catalogue and Inventory
(http://merci-srv.co.esa.int/ merci/welcome.do; data
available after registration at http://eopi.esa.int/esa/
esa’cmd=aodetail&aoname=Registration). The  Chl
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data sets calculated with the standard Case 1 algorithms
(O’Retlly et al., 1998; Morel and Antoine, 2007; Morel
et al., 2007) were mapped to an Albers conic equal area
map with 1-km? pixel size (methods described in http://
spg-ucsd.edu/Satellite_Projects/CAL/). The latest ver-
sions of the processed data were used: 2010.1 for
SeaWiFS data (1997-2010), 2009.1 for MODIS Aqua
(MODISA, 2002—-10) and 5.0 for MERIS (2003-10).
To be compatible with the 4-km SST images, the 1-km
Chl images were reduced four times (by averaging neigh-
boring four pixels into one), and the front detection was
applied to logjg-transformed daily Chl maps at 4-km
resolution. Front maps determined from three individual
sensors (SeaWil'S, MODISA, MERIS) were pooled by
adding the counts of valid and detected front pixels, and
the merged monthly Chl front frequency (FFchl) was cal-
culated using the pooled counts.

SST anomaly was calculated by subtracting the mean
climatological monthly value from the monthly mean
value of each pixel. Chl anomaly was calculated as a
ratio of the current monthly value to the mean climato-
logical monthly value, e.g. anomaly of 0.5 means half of
the normal value.

The analysis of the interannual signals and of their
connection to large-scale patterns of variability was con-
ducted using the monthly anomalies of sea level pres-
sure (SLP) from the NCEP Reanalysis II (Kalnay et al.,
1996) and SST from the NOAA Reanalysis (Smith and
Reynolds, 2004). The monthly anomalies were com-
puted by removing the respective climatological
monthly means.

The monthly Coastal Upwelling Index (CUI, m? 57!
100 m~" coastline) values for multiple latitudes of the
North American coastline were obtained from the
NOAA Pacific Fisheries Environmental Laboratory
website (http://las.pfegnoaa.gov/las6_5/servlets/dataset?
catitem=1673).

Weekly gridded maps of the sea level anomaly (SLA)
merged from multiple satellites by AVISO (Ducet et al.,
2000) were used to evaluate eddy variability The
large-scale SLA is computed by applying a spatial box
filter of 400 km on the SLLA data, and the mesoscale
SLA is defined as the residual after subtracting the
large-scale SLA from the AVISO SLA.

The significance of the correlation coefficients
between time series was estimated from the
Probability Distribution Functions (PDFs) of the cor-
relation coefficient of the two time series with the
same autoregression coefficients as estimated from the
original signals. The PDFs were computed numerical-
ly by generating 1500 realizations of the correlation
coefficients for the two random autocorrelated time
series.
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RESULTS AND DISCUSSION

Spatial patterns of the distribution of fronts

Examples of detected SST and Chl fronts overlaid on
I-km mapped MODISA and MERIS images (Fig. 1)
show that the major Chl fronts are associated with up-
welling filaments resulting from coastal upwelling. Due
to rapid growth of phytoplankton in these nutrient-rich
waters, the filaments are enriched in Chl. The high-Chl
filaments can be followed as they are advected in the
southern and south-western directions. In this region,
major SST fronts are always coincident with Chl fronts,
but the contrast across a front is different for SST and
Chl; therefore, not all SST fronts are detected as Chl
fronts and vice versa. Examples of the monthly compos-
ited FF for both SST (FFsst) and Chl (FFchl) are shown
in Fig. 2. Images of the monthly averaged FIsst appear
noisier than those of the corresponding Chl fronts.
However, the correlations of FFsst with the large-scale
variability and upwelling winds on interannual time-
scale are higher than those with FFchl (see below). The
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Fig. 1. Examples of detected fronts, shown as black contours on top
of a SST image (A, MODIS Aqua, 22 October 2008) and a
chlorophyll-a (mg m°) image (B, MERIS, 24 October 2008). White
areas are clouds. Black vertically spaced dots across a front near the
center show the locations of CTD-UVP5/Bongo stations between
cycles 5 and 6 of the A-Front study.
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752

40°N

30°N

20°N

2T0Z ‘S Joquieldes uo 0ba1q Ues ‘eluioyieD Jo Alslealun e /6io'seulnolpioxo pue d//:dny wouy pepeojumoq


http://plankt.oxfordjournals.org/

M. KAHRU ETAL. | FRONTS IN THE CALIFORNIA CURRENT

1 40°N

Ot Conceptnoln

| 30°N

| 20°N

130°W 120°W 110°W

~{30°N

- |20°N

130°wW 120°W 110°W

140°N

-1 30°N

7] 20°N

130°W 120°wW 110°W

40°N

30°N

20°N

130°W 120°W 110°W

Fig. 3. Overall mean FF for SST (A, 1981-2009) and Chl (B, 1997—-2010). Variance of the sea level height anomaly (m?) separated into the

large-scale component (C) and mesoscale (D) component.

monthly FFchl patterns (Fig. 2E and F) show that the
major large-scale Chl fronts are quite consistent in
space and that their movement can be followed by the
adjacent quasi-parallel curves. The actual number of
days that a particular structure is observed is variable
and depends on the number of cloud-free pixels per
month. Due to frequent cloud cover, large offshore
areas may have less than three valid pixels per month.
For those pixels, FF statistics were not calculated.

The overall mean frontal frequency of both SST and
Chl averaged over monthly FF (19812009 for SST
and 1996—2010 for Chl) has a band of elevated values
(4—7%) along the coast that is approximately 500—
700-km wide (Fig. 3A and B). FFchl, in particular,
often showed local minima near the coast. This does
not mean that there is less variability near the coast
but rather that the variability is at shorter scales and
fronts are not detected using the selected settings of
the algorithm. The center of gravity of the FFsst
maxima is off the southern Baja California peninsula,
whereas the center of gravity of FFchl is more to the
north, off central California. Within the wide band of
increased frontal frequency, FFchl has a major core of

maxima at about 300 km from the coast in central and
southern California and narrower cores of maxima at
about 100 km from Point Conception and off the coast
of the central Baja California peninsula. The wide
bands of high frontal frequencies in both FFsst and
FFchl correspond to the region of high mesoscale eddy
activity as shown by satellite SLA variance maps
(Fig. 3G and D), suggesting that both upwelling fila-
ments and eddy activity play a role in the statistics of
FFsst and FFchl.

The highest FF values (>10%) are in the Gulf of
California, related to the bottom topography, and are
near the coast, parallel to the coastline. Those areas of
highest FF in the Gulf of California are different for
FFsst and FFchl (Fig. 3A and B). The highest FFchl
values are near the northern end of the Gulf of
California and along its south-castern coast, whereas
the maxima in FFsst are along the north-western coast.
The lowest FF values (<<0.5%) are located in the
central parts of the Gulf of California (only the north-
ern basin for FFsst) and are probably caused by the
strong vertical stratification there due to intense surface
heating.
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Fig. 4. (A) Grid of 12 selected areas for calculating averaged time series in bands parallel and across the mean coastline: coastal (0—100 km),
transition (100—300 km) and offshore (300—1000 km). The striped circle shows the approximate location of the Ensenada Front. (B), Mean
annual cycles of SST and Chl front frequencies in the northern coastal area (area 3). (C) Correlation coefficients (R) between the mean annual
cycles of the frontal frequencies of SST and Chl in the 12 selected areas. Dashed red lines indicate the critical values of R at << 0.05.

Annual cycles of FF

In order to analyze large-scale spatial differences in
front frequencies, we divide the whole domain into a
grid of 12 areas from offshore (approximate distance
from coast 300—1000 km) through transition (100—
300 km) to coastal (0—100 km), and from north to south
as Central California (areas 1-3), Southern California
(areas 4—6), Northern Baja (areas 7—9) and Southern
Baja (areas 9—12) (Fig. 4A). This grid has been used in
the past (e.g. Kahru and Mitchell, 2001) and derives
from the work of Lynn and Simpson (Lynn and
Simpson, 1987) who showed that the variability struc-
ture of dynamic height in the California Current can
be divided into offshore, transition and coastal bands
that are roughly parallel to the coast.

The mean annual cycle of both IIsst and FFchl is
weak offshore and stronger in the transition and coastal
areas (0—300 km). In the northern part of the domain,
the annual cycles of IFsst and FFchl tend to be positively
correlated with maxima from June to August (Iig. 4B)
and minima in winter (December to February). In the
southern half of the domain, the annual cycles of FIsst
and FFchl tend to be negatively correlated (Fig. 4C), with

FFchl maxima occurring in the summer but (weak) FFsst
maxima occurring in the winter. Castelao ¢t al. (Castelao
et al., 2006) also observed weak seasonality in FFsst off
northern Baja California. It is likely that the suppressed
FFsst in the summer is caused by the increased vertical
stratification due to weaker winds and intense solar
heating in the summer. SST fronts are often masked
during the summer due to increased vertical stratification
near the surface, whereas Chl fronts are less affected
(Pegau et al., 2002; Takahashi and Kawamura, 2005).

The mean annual cycle of FFchl is positively corre-
lated (R = 0.84-0.90, P<0.01, plots not shown) with
the mean annual CUI in the coastal 100-km band,
except off southern Baja California, where the correl-
ation is insignificant (R = 0.55, P> 0.05). The correl-
ation between the mean annual cycles of FFsst and
CUI is variable and changes from positive in some
areas (area 3) to negative in others (area 6).

FF in the Ensenada front area

Time series of frontal frequency were examined in the
Ensenada Front area (Haury et al., 1993), just south of
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Fig. 5. (A) Time series of monthly front frequencies of SST (blue line) and of Chl (brown) in the Ensenada Front area (see Fig 4A). Both time
series show statistically significant (< 0.01) increasing trends. (B) Trends in monthly anomalies of SST (blue, °C, left axis) and of Chl (green,
right axis) in the same area. Note that Chl anomaly is increasing downwards.

the A-Front study area (Fig. 4A). We averaged FI and
other variables over a circular domain with a diameter
of ~375km, centered at 31.31°N; 120.23°W. While
some temporal features in FFchl were coherent with
similar features in FFsst, others were not. The overall
correlation between FFsst and FFchl was weak, but sig-
nificant (R =0.30, P<0.01). We detected statistically
significant (F-test, P<< 0.01) increasing temporal trends
(Fig. 5) for both FFsst (slope = 0.0007, 1981-2009) and
FFchl (slope = 0.0016, 1997-2010). The mean slopes
for the overlapping period (1996—2009) were, respect-
ively, 0.00073 year™' for FFsst and 0.0016 year ' for
FFchl (both P<0.01). Significant trends were also
detected in SST monthly anomalies (decrease with a
slope of —0.0105°C year” ') and Chl anomalies (in-
crease with a slope of 0.0282 year ).

Correlations with CUI

The time series of FFchl in coastal areas were positively
correlated with the CUI The magnitude of the correl-
ation between FFchl and CGUI at the same approximate
latitude changes from stronger to weaker from the
northern areas to the southern areas (from R=0.47,
P<0.0l in area 3 to R=0.27, P<0.01 in area 12).
The correlation of the FFsst time series with CUI (not
shown) is also positive but weaker and has a similar
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tendency to weaken from north to south. However, CUI
at 33°N (CUI-33) has a strong positive correlation with
satellite-derived chlorophyll-a concentration in a band
of about 100-km wide along the whole West coast down
to 22°N and negative correlation with Chl offshore
(Fig. 6A). The correlation of CUI-33 with II'chl is posi-
tive in both the nearshore and offshore domains, while
the correlation in the transition zone is insignificant
(Fig. 6B).

Interannual and large-scale structure

To assess interannual variability of the frontal frequen-
cies and examine the large-scale coherence of the
frontal signals, we removed the annual cycle from each
of the FFsst and FFchl time series for the 12 regions of
Fig. 4A. We then defined the average IF time series by
averaging the FF indices of all the 12 areas, and corre-
lated the average FF time series with FF of the individ-
ual areas. The FFsst signals exhibit more large-scale
coherence across all of the regions, with the average sig-
nificant correlation of R = 0.63 (Fig. 7A). These correla-
tions are stronger in the northern regions and weaker in
the south. For the FFchl, the large-scale coherence is
not as strong as for FFsst, and the average correlations
between the mean FFchl index and the individual area
FFchl is R = 0.42, with higher values in the southern
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Fig. 6. Spatial correlation of the CUI at 33°N with (A) satellite-derived chlorophyll-a concentration and (B) Chl front frequency (FFchl). Blue
colors show negative and red colors positive correlation. Low and statistically insignificant (P > 0.05) correlations are white.

g Correlation with area FF indices

SST mean FF index
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Fig. 7. (A) Correlation of the average FF index with the individual
arca I'F index. The average FI index is computed by averaging the
FF indices of all the areas. (B), Correlation of FFsst and FFchl indices
in each area after removing the mean annual cycle (average
correlation is R = 0.3).

regions. This indicates that frontal frequencies in Chl
have a stronger sensitivity to local controls or forcing in
the individual regions and are less connected to the co-
herent large-scale forcing. It is evident that most of the
correlation between FFsst and FFchl in coastal areas
(e.g Tig. 4B) comes from their similar annual cycles.
After removing the mean annual cycle, the correlations
between FFsst and FFchl are quite different (cf. Fig. 4C
and Fig. 7B), and the offshore areas 1 and 4 have the
highest correlation.

A comparison between the interannual variability of
the areal average frontal frequency indices for SST and

SST mean FF index
CHL mean FF index

R=0.38" (monthly raw)

R=0.28* (1 year lowpass)

R=0.44* (1 year highpass)

|

STD

1985 1990 1995 2000 2005
year

Fig. 8. Correlation between the mean FF indices for SST and Chl.
The mean index is computed by averaging the FI index of all the 12
areas. The correlations are computed between the raw mean indices
and for the 1 year low-pass and high-pass versions to establish the
frequency bands where the SST and Chl fronts share most of their
variance.

Chl (Fig. 8) shows significant correlation R = 0.38 (P <
0.05). However, a closer look at the variability in the
two time series reveals that year-to-year variations in
SST and Chl frontal frequencies (l-year lowpass) are
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Fig. 9. The SST-derived mean frontal frequency index averaged over all the 12 areas is used with a negative sign (—SST mean FF index) to
produce correlation and regression maps with the NOAA SST anomalies (A and B) and NCEP SLP anomalies (G and D).

not significantly correlated. The bulk of the correlation
comes from the high frequency sub-annual variability
(monthly timescale) of the SST and Chl fronts, which
are significantly correlated (R = 0.44; P < 0.01).

To explore the connection of frontal frequencies with
large-scale dynamics and forcings, we examined the
correlation and regression maps of the mean FFsst
index with the large-scale NOAA SST and NCEP SLP
anomalies (Fig. 9). We focused on FFsst because it
exhibited a larger degree of coherence across all areas
when compared with FFchl. The SST correlation and
regression maps (Fig. 9A and B) reveal a pattern that is
similar to the SST anomalies associated with El Nifo.
Indeed, the mean FFsst index is negatively correlated
with the Multivariate ENSO Index (Wolter and Timlin,
1998), with R = —0.34 (P< 0.01). The SLP correlation
and regression maps also show a spatial structure resem-
bling the El Nifio signal. Correlations with other indices
of large-scale variability such as the Pacific Decadal
Oscillation (Mantua e al., 1997) and the North Pacific
Gyre Oscillation (Di Lorenzo e al., 2008) are not signifi-
cant. To better understand the forcing dynamics of
FFsst, we examined the correlation maps over the CCS
region. We found that during the time of low FFsst, the
SST is characterized by warmer waters along the coast
and a stronger than usual cross-shelf gradient in SST
(Fig. 9A). This result suggests that both changes in up-
welling associated with the warm/cold coastal SST and
changes in the large-scale SST cross-shelf gradient may
exert a direct control on the statistics of SST fronts on

the CICS scale.

Stronger coastal upwelling winds induce an intensifica-
tion of the coastal jet as well as secondary upwelling
within the mesoscale eddies. Both of these dynamics can
lead to an enhancement of filaments and frontal structures
in the CCS. To quantify the role of upwelling winds on
frontal frequency statistics, we correlated the monthly
CUI anomalies over the CCS with the mean FFsst index
(Fig. 10A). This shows that a significant correlation exists
between the winds and frontal frequency in the high-
frequency band of monthly timescales. However, on
year-to-year timescales, the frequency of the SST fronts
does not follow the changes in upwelling winds but rather
is correlated with changes in the large-scale cross-shelf
gradient in SST. This is evident from a correlation analysis
of the mean FFsst index with an index that measures the
large-scale gradient of SST in the CCS between latitudes
32—40°N (Fig. 10B). In the CCS, changes in the cross-
shelf SST gradient may be driven by coastally trapped
waves of tropical origin (e.g. El Niflo) and large-scale
changes in upwelling as evident from the SLP anomalies
of Fig. 9C and D. We hypothesize that, during times of
stronger mean cross-shelf SST gradients in the CCS, the
mesoscale eddies are more efficient in creating filaments
with stronger SST contrasts, leading to the detection of
stronger and more frequent frontal features. A similar ana-
lysis conducted for the mean FFchl index did not lead to
any significant correlations. In addition, the high-
frequency variability of the mean FFchl index does not
covary with the high-frequency variability of the
large-scale upwelling winds, although they do covary on
the annual cycle. The lack of significant correlations
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Fig. 10. Correlation of the SST mean FF index with the CUI at 30°N (A) and with the SST cross-shore gradient index (B). The SST mean FF

index is computed by averaging the FF index across all 12 areas.

between the FFchl index and these large-scale physical
indices (e.g. upwelling winds and cross-shelf SST gradient
index) lends further support to the suggestion that Chl
frontal structures are more sensitive to local forcing
dynamics. One possible explanation of the different sensi-
tivities of the Chl and SST frontal statistics may be the
linear versus nonlinear response of the SST and Chl fields
to external forcing As an example, with a sudden intensi-
fication of the winds over a frontal structure, the changes
in upwelling at the frontal structure will produce a linear
enhancement of the SST gradients. However, the changes
in nutrient upwelling (linear) will produce a change in bio-
logical productivity and in the Chl signature that is expo-
nential in nature (nonlinear). This nonlinear behavior
enhances the sensitivity of the Chl frontal features to high
frequency local wind events, which may not be captured
when using large-scale means of the wind field.

SUMMARY

We created a consistent quantitative time series of the
sea-surface fronts detected from satellite-detected data

758

sets of SST and Chl for the domain of the California
Current (16—45°N, 140—100°W) that is 29 years long
for SST and 14 years long for Chl. While the methods
used here for front detection are objective, the results
depend on a multitude of details of application and on
the type and quality of satellite data being used. In spite
of these shortcomings, we believe that the time series of
frontal frequencies are objective characteristics of the
system. Because of the extensive and frequent cloud
cover, we had to composite (average) the daily distribu-
tions of fronts into monthly mean distributions normal-
ized by the number of cloud-free images. These
monthly time series of front frequencies have a signifi-
cant error component due to missing data, and the
error is bigger offshore where the frequency of cloud-
free days is lower.

In this region, major SST fronts always coincide with
Chl fronts, but the across-front contrast is variable for
SST and Chl. Therefore, not all SST fronts are detected
as Chl fronts, and vice versa. Compounded with the dif-
ferent coverage of various satellite sensors, this produces
different spatial and temporal statistics for the SST and
Chl fronts. While both SST and Chl fronts are affected

270z ‘s Joquieides uo ofiaig ues ‘elulolie) Jo A1sieAlun e /Bio'sfeuinolploxo pjue|d//:dny wodj papeojumoq


http://plankt.oxfordjournals.org/

M. KAHRU ETAL. | FRONTS IN THE CALIFORNIA CURRENT

by upwelling and mesoscale eddy dynamics, Chl fronts
have a stronger sensitivity to local controls or forcing
and are less connected to the coherent large-scale vari-
ability of SST and SLP anomalies. Large-scale changes
in the cross-shelf SST gradient in the CCS, driven by
coastally trapped waves of tropical origin (e.g. El Nio)
and large-scale upwelling, were found to track the
year-to-year changes in the SST frontal frequency, but
they had no significant correlation with Chl frontal fre-
quency. The year-to-year variations between FFsst and
FFchl are therefore not significantly correlated, while
seasonal and subseasonal variations are correlated.

Significant decadal-scale trends were detected in the
Ensenada Front area where front frequencies of both
SST and chlorophyll-a have increased together with
trends toward higher chlorophyll-a concentration and
colder SST. Increasing frontal frequency due to the
increased number of filaments and eddies is likely indi-
cating increased nutrient input into the upper layer that
is producing the increase in chlorophyll-a. All these
trends are consistent with the observed increase in
upwelling-favorable winds and wind-driven coastal
upwelling (Garcia-Reyes and Largier, 2010).
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