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ABSTRACT

Nitrate, temperature, and salinity conditions in the coastal upwelling regions of the
California Current System vary on decadal timescales due to El Nino Southern Oscillation
(ENSO) cycles. This study examines the quarterly variations in these conditions over the
period 1979 to 2018 for CalCOFI cross-shelf transect 80, located at Point Conception. The
CalCOFI dataset was indexed by NOAA’s Multivariate ENSO Index version two,
climatologies were formed over El Nino, La Nina, and neutral quarters and then anomalies
were calculated from these climatologies. Variations are most predominantly visible in the
upper 200m of the water column and can be seen both coastally and offshore. Nitrate and
temperature varied the greatest in the second quarter, during the period of greatest
upwelling. La Nina (El Nino) periods saw greater (lower) concentrations of nitrate in the
surface coastal water column. The nitrate-density relationships were similar between El
Nino, La Nina and neutral periods and a difference could not be determined.
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INTRODUCTION

Like many Eastern Boundary Currents Systems (EBCS), the California Current
System (CCS) is a dynamic and highly productive region in the global oceans due to high
nutrient concentrations delivered by wind-driven coastal upwelling. The high productivity,
specifically high primary production (PP), has led to the development of important fisheries
in the region. Coastal upwelling brings water masses with high nutrient concentrations but
a low oxygen concentration to the coastal surface waters (Hill et al., 1998). The total
nutrient load delivered by upwelling is determined by the volume of water upwelled and
the nutrient content of the source water (Jacox et al., 2015b). Local wind patterns,
pycnocline, nitracline and topography modulate the location of the source waters of a given
region of upwelling (Jacox et al., 2015b). Additionally, the wind patterns determine the
volume of water that is upwelled (Hill et al., 1998; Jacox et al., 2015b).
Upwelling occurs in EBCS because of wind driven Ekman offshore transport,
which causes an uplifted coastal pycnocline and an equatorward coastal current (Hill et al.,
1998). These winds are caused by large-scale atmospheric forcing from the North Pacific
Atmospheric Pressure System (NPAPS) that force predominant winds equatorward,
parallel to the coast (Mcclatchie et al., 2016). The resulting Ekman transport of surface
waters offshore leads to the uplifting of deeper and denser water layers and the uplifted
pycnocline (Hill et al., 1998). In addition to the surface equatorward current, there is a
bottom poleward current that penetrates onto the shelf, which causes surface and bottom
Ekman layers to form and the coastal source water being derived from the mid-layers (Hill
et al., 1998). These conditions can be modulated by climate forcing on interannual to
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decadal timescales by El Nino Southern Oscillation cycles (ENSO) (Hill et al., 1998;
Mcclatchie et al., 2016).
The El Nino climate conditions in ENSO cycles have drastic impacts on the state
of upwelling in the CCS. During El Nino events, a slackening of the westerly equatorial
winds causes the buildup of warmer fresher water on the equatorial continental eastern
boundary which then propagates into the CCS as a coastally trapped Kelvin wave. Not only
do the equatorial winds weaken but the NPAPS weakens as well, which weakens the winds
that cause upwelling (Mcclatchie et al., 2016). Additionally, the nitracline and pycnocline
are deepened by the build up of warmer water in the surface layers (Hill et al., 1998; Jacox
et al., 2015a)This leads to the source waters of coastal upwelling to be shallower . La Nina
climate conditions have an opposite effect on the CCS upwelling, where cooler, saltier
waters are upwelled with greater concentrations of nitrate (Hill et al., 1998; Mackas et al.,
2006)
This study examines the vertical and cross shelf structures of nitrate, temperature,
and salinity of the CCS off Point Conception and how they vary with the ENSO cycle.
These variables are extracted from a select line of the California Cooperative Oceanic
Fisheries Investigations (CalCOFI) database. By developing quarterly climatologies of El
Nino, La Nina, and neutral periods and then by examining the differences between these
conditions a description of each conditions can be made.
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METHODS

Data
Nitrate, salinity, temperature, and pressure data from the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) database were used in this study. This database
includes a compilation of measurements resulting from the quarterly CalCOFI cruises that
include a suite of variables recorded at standard depths from bottle data from the years
1975 to 2018 (figure 1). The relevant data from the years 1979 to 2018 along station line
80 (stations 51, 55, 60, 70, 80, 90 and 100) were acquired and downloaded (figure 2). The
years 1982, and 1983 are not included because an alternate station pattern, that did not
include line 80, was used during those years. Each data point comes with a CalCOFI flag
that indicates if there were any errors in the collection of that data point. Data were
interpolated to twenty standard depths (0, 10, 20, 30, 40, 50, 75, 100, 125, 150, 175, 200,
225, 250, 275, 300, 350, 400, 450, 500), or to the deepest possible of these if the station
depth was less than 500m.
In situ density values were calculated from the bottle data using the Gibbs Seawater
(GSW)

Oceanographic

Toolbox

of

TEOS-10

(http://www.teos-10.org/pubs/

gsw/html/gsw_contents.html) (McDougall & Barker 2011). The GSW Toolbox uses
conservative temperature, absolute salinity, and in situ pressure (dBar) data to calculate in
situ density values (McDougall & Barker 2011). Note that the conservative temperature
and absolute salinity values can be calculated using in situ values with GSW as well
(McDougall & Barker 2011).
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The quarterly cruise data were separated into those from El Nino, La Nina and
neutral periods. To identify El Nino and La Nina and neutral quarters from the years 1979
to 2018, the National Oceanic and Atmospheric Administration (NOAA) Physical Sciences
Laboratory’s Multivariate ENSO Index Version 2 (MEI.2) was used. This bi-monthly
index uses five variables at the equator in its calculation: sea level pressure, sea surface
temperature (SST), surface zonal winds, surface meridional winds, and Outgoing
Longwave Radiation. Each monthly index is calculated over a two-month period, for
example a January value is calculated using December and January values. NOAA defines
El Nino and La Nina index values based a threshold of +/- 0.5, respectively. Index values
between 0.5 and -0.5 are considered neutral. I defined an El Nino or La Nina quarter to be
any quarter with at least two months that exceed the +/- 0.5 threshold; all other quarters are
considered neutral quarters. Previous work on the California Current (Hayward, 2000)),
showed that the MEI.2 values occurred within three months of the maximum SST seen in
the study area. This indicated that the MEI.2 values could be used directly to separate
periods without accounting for a time lag between the equator and the California Current,
due to the course (quarterly) temporal resolution of the CalCOFI dataset. This results in
ten El Nino events and 9 La Nina events that are used in the analysis (figure 2).
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Figure 1. Data Set Spatial and Temporal Distribution. The frequency of
bottle data samples in the CalCOFI subset based on the month collected,
year collected, quarter collected and the station number.

Figure 2. CalCOFI Station Pattern Map. Each dot cluster represents a sampling
station on line 80 in the CalCOFI station pattern, stations 51, 55, 60, 70, 80, 90, and
100.
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Figure 3. Monthly ENSO Cycle from 1979 to 2019. El Nino (red), La Nina (blue), and
neutral (grey) months are represented based on the NOAA Physical Sciences Laboratory
MEI.2 values.

Analysis
For each variable (nitrate, temperature, salinity, and density), at each station and
each depth, the climatological average over El Nino, La Nina and neutral periods were
calculated for each quarter. Anomalies for El Nino and La Nina quarter climatologies were
the difference of the neutral quarterly climatologies from the El Nino and La Nina quarterly
climatologies. Additionally, the direct differences between El Nino and La Nina quarterly
climatologies were calculated to contrast these two climate stages.
To examine whether nitrate concentrations could be linked to specific water masses
in El Nino, La Nina, and neutral periods, TS plots, that also indicate nitrate concentration,
were generated at stations 55, 70, and 100. Additionally, density at stations 55, 70, and 100
was plotted against nitrate concentration for El Nino and La Nina conditions to contrast
nutrient concentrations in specific density values.
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RESULTS

Temperature and Salinity Conditions
The expected seasonal upwelling cycle is evident in both temperature and salinity
climatologies. Upwelling is strongest in quarter two, characterized by a shallowing of
isotherms and isohalines near shore, and weakest in quarter four (figures 4 & 5). Quarters
two and three of the salinity climatology show a migration of the halocline between the
quarter one and two extremes in the surface 200m (figure 4). This seasonal cycle is not as
strongly represented in the temperature climatology where the surface waters,
approximately the first 50 to 100m, in quarters one and two are cooler and the surface
waters in quarters three and four are warm, with a seasonal change in temperature of
approximately 2°C (figure 5). These generalized seasonal patterns hold for El Nino, La
Nina, and neutral periods (figures 4 & 5). However, the strength of the salinity and
temperature patterns vary between El Nino, La Nina, and neutral periods.
The anomalies in the salinity climatology show that El Nino periods have a lower
surface (top 200m) salinity than neutral and La Nina periods (figure 6) . El Nino periods
show the greatest anomalies in the coastal upwelling zone, east of longitude 122W, in
quarters two and four (figure 6). However, in quarter one the low salinity anomaly is
offshore, west of 122W, and is smallest in quarter three (figure 6). During La Nina periods
there are higher salinity anomalies in the upwelling zone in quarters one and two and
offshore in quarter four, with low salinity anomalies appearing in the upwelling zone in
quarter four (figure 6). There are weaker anomalies in quarter three (figure 6).
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Anomalies in the temperature climatology show that El Nino periods have warmer
surface waters, seen in top 200m, than La Nina or neutral periods. In both El Nino and La
Nina temperature anomalies a nearshore and offshore pattern is present (figure 7). These
anomaly patterns, in El Nino periods, are strongest in quarters two and four (figure 7). The
distance between the patterns varies by quarter in addition to their proximity to the shore
(figure 7). In quarters three and four, the warm anomaly patterns are separated by cooler
anomalies (figure 7). La Nina periods also show similar patterns; however, they are cooler
temperature anomalies separated by warmer anomalies, and in quarter four have a banded
pattern (figure 7). These nodes also vary in their location based on quarter (figure 7).
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Figure 4. Cross Shelf Salinity Quarterly Climatologies. Each plot presents the salinity
climatologies in neutral (A), El Nino (B), and La Nina (C) periods in each quarter.
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Figure 5: Cross Shelf Temperature Quarterly Climatology. Each plot presents the Temperature
climatologies of neutral (A), El Nino (B), and La Nina (C) periods in each quarter.
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Figure 6: Cross Shelf ENSO Salinity Anomalies. Each plot presents the salinity anomalies of El Nino
(A) and La Nina (B) periods against the neutral periods. Additionally, the differences of El Nino periods
against La Nina periods is plotted (C).
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Figure 7: Cross Shelf ENSO Temperature Anomalies. Each plot presents the
temperature anomalies of El Nino (A) and La Nina (B) periods against the neutral years.
Additionally, the differences of El Nino years against La Nina periods is plotted (C).
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Nitrate Distribution
The greatest concentration of surface nitrate is found in the coastal upwelling zone
and the surface nitrate concentrations follow the patterns seen in the temperature and
salinity climatologies. Nitrate concentrations in the upper 100m is greatest during quarter
two and lowest during quarters one and four (figure 8). Seasonal patterns of nitrate
distribution are similar but there are differences in the extent of surface nitrate during
quarter two based on the ENSO phase (figure 8). Additionally, most of the nitrate variation
occurs in the first 100m of the water column (figure 8). Below 200m the higher nitrate
concentrations become more uniform (figure 8).
During El Nino periods the anomalies of the nitrate climatology show a general
decrease in the nitrate concentration. Like the temperature anomalies, two patterns appear
nearshore and offshore in the nitrate anomalies; however, they only appear in quarters one
and two (figure 9). In quarter one there is an offshore area of greater nitrate concentration
at 100m depth, which separates the onshore and offshore patterns (figure 9). Quarter three
has a larger positive anomaly in the same location as quarter one but is replaced by more
negative anomalies between 100 and 200m (figure 9).
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La Nina periods exhibit positive anomalies in nitrate in the top 200m of the water
column. Additionally, two patterns can be seen in the first and fourth quarters (figure 9).
Quarter one and four see more nitrate in La Nina periods than neutral periods coastally;
these positive nitrate anomalies appear at the surface and at depth (figure 9). In quarters
one, two and three, negative anomalies appear at the surface and at depth in the western
portion of the study area (generally 122.5W and west), and the negative anomalies
dominate the study area in quarter three (figure 9). However, in quarter four those negative
anomalies become positive (figure 9). Additionally, in quarters one, two, and four, La Nina
periods have greater nitrate concentrations than El Nino periods (figure 9). However, El
Nino periods see greater nitrate concentrations than La Nina periods offshore in quarter
three (figure 9).
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Figure 8. Cross Shelf Nitrate Concentration Climatology. Each plot presents the nitrate
climatologies of neutral (A), El Nino (B), and La Nina (C) periods in each quarter.
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Figure 9: Cross Shelf ENSO Nitrate Anomalies. Each plot presents the nitrate anomalies of
El Nino (A) and La Nina (B) periods against the neutral periods. Additionally, the
differences of El Nino periods against La Nina periods is plotted (C).
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Water Mass Analysis
The water mass analysis does not show unique patterns based on El Nino, La
Nina and neutral periods. Generally, the colder, more saline points had the greatest
concentration of nitrate, greater than 25 µM (figure 10). Water bodies greater than 10°C
had a greater variance in salinity and the lowest concentrations of nitrate, less than 15 µM
(figure 10). The greatest variance seen in waters warmer than 10°C was during El Nino
periods, while the least was seen in the La Nina periods (figure 10). In all years, generally
water bodies with a temperature greater than 15°C had a nitrate concentration of zero
micromolar (figure 10). There is a general tendency for water masses of the same density
to have higher nitrate concentrations in La Nina periods compared to El Nino periods, but
this difference is not strong and there is overlap. There was not much difference between
nitrate concentrations of densities in El Nino versus La Nina periods (figure 11). Nitrate
concentrations do not appear to be attached to distinct temperature-salinity profiles in El
Nino and La Nina periods.
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Figure 10: Station 100 T-S Plot. Each value represents the temperature and salinity
values at some depth at station 100. Each point is color coded by its nitrate concentration.
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Figure 11: Station 100 Density versus Nitrate. Density values from 50 to 500m are plotted
against the corresponding nitrate values for El Nino (red) years and La Nina (blue) periods.
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DISCUSSION AND CONCLUSIONS

Results of this study are consistent with the conditions found in previous studies on
the ENSO impacts on upwelling in the CCS. El Nino periods were generally found to have
warmer surface temperatures, lower surface salinities and a lower concentration of coastal
nitrate as found by Mcclatchie et. al (2016) and Jacox et. al (2015a). La Nina periods were
found to be generally cooler, saltier, and with greater coastal nitrate concentrations. These
patterns are caused by well documented changes in remote forcing caused by winds and by
currents that are present (Hill et al., 1998; Mackas et al., 2006; Jacox et al., 2015;
Mcclatchie et al., 2016).
An interesting pattern that appeared was the two zones of positive temperature
anomalies found in the second quarter. During El Nino periods, these anomalies could
represent the flow of the warmer waters from the equator. In La Nina periods, in the same
quarter, negative temperature anomalies can be seen in similar locations. In the context of
no discernible density association, this could indicate that the source water of upwelling in
the CCS are controlled by larger scale forces. Basin scale forcing like ENSO, the North
Pacific Gyrer Oscillation and the Pacific Decadal Oscillation may affect the water mass
structure of the CCS (Di Lorenzo et al., 2009; Jacox et al., 2015b).
Future studies can improve upon this study of nitrate by examining the chlorophyllA concentrations in addition to other micronutrients that may be limiting PP during El Nino
periods. It is assumed that nitrogen is limiting during El Nino periods. Additionally, a larger
dataset with finer temporal resolution than quarters would improve our understanding of
the different dynamics that occur in the system.
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Figure A1: Cross Shelf Density Quarterly Climatology. Each plot presents the nitrate
climatologies of neutral (A), El Nino (B), and La Nina (C) periods in each quarter.
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Figure A2: Cross Shelf ENSO Density Anomalies. Each plot presents the density
anomalies of El Nino (A) and La Nina (B) periods against the neutral periods.
Additionally, the differences of El Nino periods against La Nina periods is plotted (C).
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Figure A3: Station 55 T-S Plot. Each value represents the temperature and salinity values
at some depth at station 55. Each point is color coded by its nitrate concentration.
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Figure A4: Station 70 T-S Plot. Each value represents the temperature and salinity values
at some depth at station 70. Each point is color coded by its nitrate concentration.

34

Figure A5: Station 55 Density versus Nitrate. Density values from 50 to 500m are plotted
against the corresponding nitrate values for El Nino (red) years and La Nina (blue)

periods.
Figure A6: Station 70 Density versus Nitrate. Density values from 50 to 500m are plotted
against the corresponding nitrate values for El Nino (red) years and La Nina (blue)
periods.
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