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ABSTRACT 

Eastern Boundary Current Systems (EBCS) are highly productive ecosystems due 

to upwelling that brings cold, nutrient-rich waters to the surface along the coasts. The 

distribution of the upwelled water can be influenced by several physical processes in 

these regions, which can impact biological activity. Satellite-derived measurements of 

particulate organic carbon (POC) are used as a tracer of coastal water to quantify the 

eddy-induced offshore enrichment of POC in the California Current System (CCS). 

Cyclonic eddies located offshore that were generated near the coast in general contain 

higher POC concentrations in their interior than cyclones of similar size generated locally 

offshore. This analysis was expanded to the other major EBCS, revealing regions within 

each EBCS where the offshore transport of POC by eddies is most important. These 

regions are often associated with upwelling jet separation, which helps produce favorable 

conditions for eddy-induced transport of coastal water to occur. These results provide 

large-scale observational-based evidence that nonlinear cyclonic eddies can trap and 



transport coastal water offshore. This mechanism can substantially widen the area 

influenced by highly productive upwelled waters in the EBCS and influence the marine 

ecosystems. EBCS also feature sea surface temperature (SST) fronts that form between 

cold, upwelled water and warmer offshore water. Thirty-seven years of satellite SST data 

are used to detect SST fronts in the two eastern Pacific Ocean EBCS to investigate the 

interannual variability of fronts due to the El Niño-Southern Oscillation (ENSO). Results 

indicate that frontal activity generally decreases during El Niño events and increases 

during La Niña events along most of the coastline in both regions. Satellite measurements 

of wind stress and sea level anomaly were utilized to investigate the oceanic and 

atmospheric forcing mechanisms associated with ENSO and how they affect frontal 

activity. This analysis revealed regions in both EBCS where one mechanism is likely 

dominant and regions that are influenced by both forcing mechanisms. Overall, this 

dissertation expands our understanding of the physical dynamics associated with 

upwelling in the EBCS and how they may influence the marine ecosystems.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

The physical, chemical, and biological processes occurring in Eastern Boundary 

Current Systems (EBCS) have been the subject of great interest for the last several 

decades. The four major EBCS are the California and Humboldt Current Systems in the 

eastern Pacific Ocean and the Canary and Benguela Current Systems in the eastern 

Atlantic Ocean. These systems are associated with large-scale anticyclonic flow, and with 

coastlines generally aligned in the meridional direction, these regions are favorable for 

coastal upwelling (Bakun and Nelson, 1991). Prevailing equatorward winds blowing 

parallel to the coastline during local summer result in offshore Ekman transport and 

upwelling along the coast, bringing cold, nutrient-rich waters to the surface and creating 

highly productive ecosystems in these regions (Huyer, 1983; Carr and Kearns, 2003). 

Winds generally switch during local winter and flow poleward which pushes water 

inshore and causes downwelling. The overall goal of the research presented in this 

dissertation is to expand our understanding of the physical dynamics associated with 

upwelling in EBCS by utilizing satellite observations. Satellites have made it possible to 

study large regions of the surface ocean, filling in gaps where in situ observations are 

lacking.  

In the EBCS, coastal upwelling leads to a strong cross-shore gradient in physical 

and biogeochemical properties, with cold, nutrient-rich water near the coast and warm, 
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low-nutrient water offshore (Bakun and Nelson, 1991; Carr, 2001; Carr and Kearns, 

2003; Chavez and Messié, 2009; Letelier et al., 2009). The upwelling can also produce a 

strong equatorward alongshore jet in geostrophic balance with upwelled isopycnals that 

generally forms at the surface along the boundary of the coastal upwelling (Huyer, 1983; 

Strub and James, 2000). The upwelled isopycnals create vertical shear in the alongshore 

velocities (strong equatorward flow near the surface and weaker equatorward or even 

poleward flow at depth) which is in thermal wind balance with the cross-shelf density 

gradients. Early EBCS studies focused on two-dimensional upwelling, which explains a 

lot of the physical dynamics in these systems but is constrained to a narrow offshore 

extent (<50 km; e.g., Huyer and Smith, 1974; Barton et al., 1977; Allen, 1980; Brink et 

al., 1983; Huyer, 1983; Allen et al., 1995). 

Several studies over the last few decades have shown that the upwelling 

circulation in EBCS can be highly three-dimensional, however, with the upwelling jet 

often separating from the coast at topographic perturbations and with the formation of 

meanders, filaments and high mesoscale activity (e.g., Lynn and Simpson, 1987; Batteen 

et al., 1995; Barth et al., 2000; Batteen et al., 2000; Strub and James, 2000; Relvas and 

Barton, 2002; Chaigneau et al., 2009; Letelier et al., 2009; Meunier et al., 2012; Castelao 

and Luo, 2018). Three-dimensional aspects of upwelling account for a wider area (several 

hundreds of kilometers offshore) that is influenced by upwelling circulation via several 

processes, including jet separation and the formation of filaments (e.g., Bakun and 

Nelson, 1991; Barth et al., 2005; Wang et al., 2015; Lovecchio et al., 2018). For example, 

studies have shown that jet separation and filament formation can result in large fluxes of 

heat, salt and biogeochemical properties for up to 500 km from the coast in many sectors 
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of EBCS (e.g., Lovecchio et al., 2018). Another process that has received more attention 

recently involves the transport of water by nonlinear mesoscale eddies (radius on the 

order of 100 km), which are ubiquitous features in EBCS (Haynes and Barton, 1991; 

Ramp et al., 1991; Strub et al., 1991; Capet et al., 2008; Chaigneau et al., 2009; Chelton 

et al., 2011). Eddies are generated through barotropic and baroclinic instabilities in the 

alongshore currents and jets in the EBCS (Strub et al., 1991; Strub and James, 2000; 

Marchesiello et al., 2003; Capet et al., 2008; Kurian et al., 2011) and then propagate 

westward in the EBCS (Chelton et al., 2011; Kurian et al., 2011; Nagai et al., 2015). In 

the nearshore region, barotropic and baroclinic instabilities associated with horizontal 

shears and horizontal density gradients in the jet, respectively, lead to the conversion of 

energy from the mean flow to the meander and eddy fields. In the offshore region, the 

upwelling jet has moved away from the stabilizing effect of the sloping continental 

margin bathymetry and baroclinic instabilities in the jet become the main source of 

energy for producing eddies (Marchesiello et al., 2003; Capet et al., 2008). When these 

eddies are nonlinear (the ratio of their rotational speed to translational speed is greater 

than 1) they can theoretically trap water parcels and associated properties during 

formation (Chelton et al., 2011). Eddies that form near the coast in the EBCS can 

potentially trap and redistribute the nutrient-rich upwelled water for hundreds of 

kilometers offshore, influencing the horizontal and vertical distribution of 

biogeochemical properties both near the coast and in the offshore region (Gruber et al., 

2011; Combes et al., 2013; Nagai et al., 2015; Chenillat et al., 2016; Lovecchio et al., 

2018). 
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Modeling studies support this idea and have suggested that eddies contribute to 

the redistribution of carbon, nutrients, and other properties in upwelling systems (Liang et 

al., 2009; Combes et al., 2013; Nagai et al., 2015; Chenillat et al., 2016; Lovecchio et al., 

2018). Previous observational studies have shown individual examples of eddies 

transporting materials in various regions of the ocean (Crawford et al., 2007; Lehahn et 

al., 2011; Gaube et al., 2014; Gaube and McGillicuddy Jr., 2017), however no large-scale 

observational study has systematically quantified eddy-induced transport and its 

influence on carbon distribution in highly productive upwelling systems. The 

redistribution of upwelled, coastal water that is rich in carbon and nutrients could have 

important implications for the marine ecosystems in the EBCS. Therefore, quantifying 

the eddy-induced transport using large-scale observations is important for further 

understanding the influence of eddies in these systems. Chapters 2 and 3 address this 

using satellite-derived measurements of particulate organic carbon (POC) as a tracer of 

coastal water to quantify the offshore transport of coastal upwelled water by mesoscale 

eddies in EBCS. 

In chapter 2, a procedure is developed to isolate the satellite-derived POC 

anomalies associated with mesoscale eddies in the California Current System (CCS). 

POC is a useful tracer of coastal water because concentrations are highest near the coast 

due to the coastal upwelling and are much lower offshore. As cyclonic eddies (rotating 

counterclockwise in the Northern Hemisphere) form near the coast, they can potentially 

trap the coastal water containing high concentrations of POC and transport it offshore. 

Eddies generated in the offshore region outside of the upwelling zone contain lower 

concentrations of POC compared to those eddies generated near the coast that propagated 
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offshore. The POC anomalies associated with these two groups of cyclonic eddies are 

used to quantify the eddy-induced offshore enrichment of POC. The analyses presented 

in this chapter provides large-scale observational evidence that eddies can indeed trap 

coastal water in their interior as they propagate offshore in the CCS. 

The four major EBCS share similarities in mesoscale eddy activity and upwelling 

dynamics (e.g., Chaigneau et al., 2009; Chavez and Messié, 2009; Pegliasco et al., 2015; 

Wang et al., 2015; Yuan and Castelao, 2017), therefore, eddy-induced offshore transport 

of coastal water may also be important in the other EBCS. Chapter 3 explores this by 

applying the procedure developed in chapter 2 to the other major EBCS, the Humboldt, 

Canary, and Benguela Current Systems (HCS, CanCS, and BCS, respectively). The 

offshore enrichment of POC due to cyclonic eddies is quantified in each EBCS. There are 

also many differences among these systems, including the degree of spatial variability 

within each EBCS with regard to upwelling, jet separation, and mesoscale activity 

(Chaigneau et al., 2009; Chavez and Messié, 2009; Chelton et al., 2011; Strub et al., 

2013; Wang et al., 2015; Yuan and Castelao, 2017). This led to the hypothesis that the 

eddy-induced transport mechanism that was investigated in chapter 2 will also vary 

spatially within these systems. This is explored in chapter 3 by quantifying the volume 

transport and offshore enrichment of POC by eddies in subregions within each EBCS and 

identifying regions where eddy-induced transport is most important. 

In addition to mesoscale eddies, SST fronts are also ubiquitous features associated 

with upwelling in EBCS (Castelao et al., 2006; Letelier et al., 2009; Meunier et al., 2012; 

Nieto et al., 2012; Santos et al., 2012; Vazquez-Cuervo et al., 2013; Wang et al., 2015; 

Veitch and Penven, 2017; Oerder et al., 2018; Mauzole et al., 2020). Upwelling often 
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establishes sea surface temperature (SST) fronts that separate cold, upwelled water along 

the coast from warmer offshore waters (Kostianoy and Lutjeharms, 1999). Fronts are 

characterized by convergent flow at the surface, making them hotspots for biological 

activity. As free-floating biota accumulate in the frontal zone, higher trophic levels are 

attracted to these regions, establishing productive food webs (Walsh, 1977; Bowman, 

1978; Chavez and Messié, 2009; Woodson and Litvin, 2015). The upwelling jet that 

forms at the surface along the upwelling front (Huyer, 1983) makes the locations of SST 

fronts good proxies for the location of flow intensification in these regions (Strub and 

James, 2000). 

In the CCS and HCS, the two EBCS located in the eastern Pacific Ocean, fronts 

have been shown to exhibit latitudinal and seasonal variability, largely due to the 

seasonality of upwelling (Strub et al., 1998; Letelier et al., 2009; Kahru et al., 2012; 

Vazquez-Cuervo et al., 2013; Castelao and Wang, 2014; Wang et al., 2015; Wang et al., 

2021) and mesoscale dynamics (Kahru et al., 2012; Vazquez-Cuervo et al., 2013; Yuan 

and Castelao, 2017) in these regions. Interannual variability in wind patterns, sea level 

anomaly (SLA), and SST anomalies have been linked to large-scale climatic indices, such 

as the El Niño-Southern Oscillation (ENSO; e.g., Enfield and Allen, 1980; Huyer et al., 

1987; Meyers et al., 1998; Strub et al., 1998; Ulloa et al., 2001; Carr et al., 2002; Huyer 

et al., 2002; Schwing et al., 2002; Strub and James, 2002; Macias et al., 2012; Jacox et 

al., 2014; Jacox et al., 2015; Stramma et al., 2016; Espinoza‐Morriberón et al., 2017). 

Although a clear link has been identified between ENSO events and these physical 

dynamics, which affect coastal upwelling in the CCS and HCS, the role that ENSO plays 

in the interannual variability of SST fronts has received less attention (Kahru et al., 2018; 
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Wang et al., 2021). Chapter 4 aims to fill this void by investigating the interannual 

variability of SST fronts using satellite observations of SST. SST gradients are computed 

from satellite SST measurements and used to detect fronts along the west coasts of North 

and South America using an edge-detection algorithm (Canny, 1986) following Castelao 

et al. (2006) and Wang et al. (2015). Satellite measurements of sea level anomaly and 

wind stress are also utilized to investigate the oceanic and atmospheric forcing 

mechanisms associated with ENSO and how they influence frontal activity. 

The main findings of this dissertation are summarized in chapter 5. Also included 

in chapter 5 are suggestions for future work to expand on the analyses and results 

presented in chapters 2-4.   
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CHAPTER 2 

OFFSHORE TRANSPORT OF PARTICULATE ORGANIC CARBON IN THE 

CALIFORNIA CURRENT SYSTEM BY MESOSCALE EDDIES 1 

  

 
1 Amos, C.M., R.M. Castelao, and P.M. Medeiros. 2019. Nature Communications, 10, 4940. 
 Reprinted here with permission of the publisher. 
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2.1. Abstract 

The California Current System is characterized by upwelling and rich mesoscale 

eddy activity. Cyclonic eddies generally pinch off from meanders in the California 

Current, potentially trapping upwelled water along the coast and transporting it offshore. 

Here, we use satellite-derived measurements of particulate organic carbon (POC) as a 

tracer of coastal water to show that cyclones located offshore that were generated near the 

coast contain higher carbon concentrations in their interior than cyclones of the same 

amplitude generated offshore. This indicates that eddies are in fact trapping and 

transporting coastal water offshore, resulting in an offshore POC enrichment of 20.9 ± 11 

Gg year-1. This POC enrichment due to the coastally-generated eddies extends for 1000 

km from shore. This analysis provides large-scale observational-based evidence that 

eddies play a quantitatively important role in the offshore transport of coastal water, 

substantially widening the area influenced by highly productive upwelled waters in the 

California Current System. 
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2.2. Introduction 

 Mesoscale eddies with radius on the order of 100 km are ubiquitous features 

(Chelton et al., 2011b) known to influence the horizontal and vertical distribution of 

physical and biogeochemical properties throughout the global ocean (Strub et al., 1991; 

Chaigneau et al., 2011; Chelton et al., 2011a; Gaube et al., 2013; Chenillat et al., 2015; 

Amores et al., 2017). The majority of these eddies are nonlinear (ratio of rotational speed 

to translational speed greater than 1), meaning they can theoretically trap water parcels 

and associated properties during formation (Chelton et al., 2011b). Eddies can then 

potentially transport the trapped properties for hundreds of kilometers throughout the 

ocean (Early et al., 2011; Lehahn et al., 2011). 

 In the California Current System (CCS), a highly productive Eastern Boundary 

Current System (EBCS; Huyer, 1983), eddies are commonly observed (Strub and James, 

2000; Chelton et al., 2011b; Pegliasco et al., 2015) and are thought to play a role in 

redistributing nutrients into the oligotrophic, offshore region (Gruber et al., 2011; Kurian 

et al., 2011; Nagai et al., 2015). Persistent equatorward winds during the summer produce 

offshore surface Ekman transport and upwelling along the coast, bringing cold, nutrient-

rich waters to the surface. This results in a band of elevated nutrients and particulate 

organic carbon (POC) concentrations near the coast (Huyer, 1983; Lynn and Simpson, 

1987; Bakun and Nelson, 1991; Chavez and Messié, 2009; García-Reyes and Largier, 

2012). As the California Current flows southward along the coast, meanders in the 

current produce filaments that can pinch off as cyclonic (counterclockwise in the 

Northern Hemisphere) and anticyclonic (clockwise) eddies which then propagate 

westward (Strub et al., 1991; Strub and James, 2000; Kurian et al., 2011; Nagai et al., 
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2015). During formation of the eddies, the nutrients and properties associated with the 

upwelled coastal water could be potentially trapped in their interior (Gaube et al., 2014). 

Modeling studies suggest that eddies can transport the trapped coastal water offshore, 

contributing to the redistribution of carbon, nutrients, and other properties in the CCS 

(Liang et al., 2009; Combes et al., 2013; Nagai et al., 2015; Chenillat et al., 2016) and in 

other upwelling systems (Lovecchio et al., 2018). While previous observational studies 

have shown individual examples of eddies transporting materials in various regions of the 

ocean (Crawford et al., 2007; Lehahn et al., 2011; Gaube et al., 2014; Gaube and 

McGillicuddy Jr., 2017), no large-scale observational study has systematically quantified 

eddy-induced transport and its influence on carbon distribution in highly productive 

upwelling systems. The offshore transport of coastal water that is rich in carbon and 

nutrients in the CCS could have important implications for the marine ecosystem. 

Therefore, quantifying the eddy-induced transport using observations is important for 

further understanding the influence of eddies in EBCS. Using satellite-derived 

measurements of POC as a tracer of coastal water, we show that cyclonic eddies located 

offshore that were generated near the coast contain higher carbon concentrations in their 

interior than cyclonic eddies of the same amplitude generated locally offshore, 

contributing to the enrichment of POC in the offshore region.  

 

2.3. Results 

2.3.1. Effects of eddies on particulate organic carbon distribution 

Developments in eddy detection and tracking algorithms using altimetry data have 

made it possible to study mesoscale eddies and their properties over large spatial areas 
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and long-time periods (Stegmann and Schwing, 2007; Chaigneau et al., 2009; Chelton et 

al., 2011b). Here, we use thirteen years of satellite-derived measurements of POC 

(Stramski et al., 2008) as a tracer of coastal water to show that eddies can play an 

important role in redistributing carbon from the coastal region to offshore areas in the 

CCS (Figure 2.1). Meanders and filaments (Haidvogel et al., 1991) extending westward 

from the California Current are often distinguished by elevated POC concentrations as 

they initiate the offshore transport of coastal water (Figure 2.1a). A filament can pinch off 

to the west of the current as a cyclonic eddy (Figure 2.1b-c), entraining upwelled coastal 

water that is rich in carbon and nutrients from the shoreward side of the current. The 

trapped coastal water then gets transported offshore for hundreds of kilometers, as 

indicated by the elevated POC concentrations remaining months later in the interior of 

the eddy compared to the surrounding offshore waters (Figure 2.1d).  

 The fraction of surface POC in the CCS that is found in the interior of eddies is 

calculated from the thirteen years of satellite-derived POC using the locations and sizes 

of eddies identified in this region from an existing global eddy dataset (Chelton et al., 

2011b). In the region 300-1200 km from the coast between 33° and 43° N, which is 

outside of the 300 km nearshore band where POC concentrations are the highest, about 

6.9% of the total amount of POC can be found inside cyclonic eddies that are generated 

in this region, and these eddies occupy about 7% of the total area (Figure 2.2a). In 

contrast, 13.4% of the total amount of POC is found inside cyclones generated inshore of 

300 km and propagated to the offshore region, but these eddies only occupy 10.4% of the 

total offshore area during September-February (Figure 2.2c). The relative enrichment of 

POC content in the interior of cyclones that were generated near the coast and propagated 
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offshore compared to the area occupied by those eddies in the offshore region is largest 

from late summer to early winter (Figure 2.2c). This is consistent with eddies being 

generated near the coast during late spring/early summer (May-August) and propagating 

offshore at ~2 km day-1 (Strub and James, 2000; Stegmann and Schwing, 2007; 

Chaigneau et al., 2009; Kurian et al., 2011), reaching the offshore region 3-6 months 

later.  

 Although anticyclonic eddies are also capable of trapping and transporting 

materials, they have less of an impact on the redistribution of recently upwelled, carbon- 

and nutrient-rich water in the CCS compared to cyclones due to differences in the water 

that is entrained during formation. Anticyclonic eddies are often generated from 

meanders that pinch off from the shoreward side of the California Current (Gaube et al., 

2014; Nagai et al., 2015), trapping oligotrophic offshore water that contains lower 

concentrations of POC and nutrients than the water closer to the coast that is trapped by 

cyclones (as shown in Figure 2.1). Because of this, anticyclones formed inshore of 300 

km from the coast that propagated offshore contained lower percentages of the total POC 

in the offshore region compared to cyclones (Figure 2.2b,d), further indicating that 

anticyclones are trapping water with less POC, nutrients, and other properties associated 

with the upwelled coastal water when they form. Anticyclonic eddies therefore do not 

contribute substantially to the offshore transport of coastal water like their cyclonic 

counterparts. 

 

  



 

25 

2.3.2. Lateral transport of coastal tracers by cyclonic eddies 

 To detect eddies transporting trapped coastal water via satellite observations, the 

anomalous POC signature associated with each eddy was isolated and compared between 

cyclones generated inshore and offshore of 300 km from the coast (see Methods and 

Figures A.1 and A.2). Cyclonic eddies in the CCS are associated with positive POC 

anomalies (Figure 2.3a-c). The concentration of POC in the eddies’ interior is generally 

highest for cyclones generated and located inshore of 300 km from the coast (Figure 

2.3a,d). Except for eddies of small amplitude (3-5 cm), cyclones that are generated 

inshore and propagate offshore of 300 km from the coast have higher POC anomalies 

than cyclones of the same amplitude generated offshore between 300-600 km (Figure 

2.3b-d). The POC enrichment in the cyclones generated inshore and located offshore in 

comparison to those generated offshore could be due to the offshore transport of the POC 

that was trapped during eddy formation near the coast, to remineralization of the trapped 

POC and recycling into new carbon, and to local production as the eddy propagates 

offshore through the utilization of nutrients that were trapped at formation. All of these 

sources of POC are influenced by the trapping of POC- and nutrient-rich coastal 

upwelled water by eddies during formation and subsequent offshore lateral transport. On 

average it takes cyclonic eddies about 4-6 months to reach 300-600 km offshore. 

Extending the analyses farther offshore in additional 300 km width bands reveals that the 

POC signature associated with cyclonic eddies generated inshore that propagated 

offshore remains higher than the signature for cyclones generated in the offshore region 

in the 600-900 km and the 900-1200 km bands from the coast (Figure 2.4). No significant 

difference in POC content is observed offshore of 1200 km from the coast, indicating that 
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POC enrichment in offshore waters due to the influence of coastally-generated eddies is 

most important within about 1000 km from shore. For both cyclonic eddies generated 

inshore or offshore of 300 km from the coast, the mean POC anomaly decreases as the 

eddies propagate westward (Figure 2.4).  

 For cyclonic eddies formed and located inshore of 300 km from the coast, the 

monthly mean POC anomaly is highest during May to July (Figure 2.5a), following a 

seasonal pattern that is consistent with the seasonality of eddy generation (Stegmann and 

Schwing, 2007; Chaigneau et al., 2009; Kurian et al., 2011) and upwelling (Bakun and 

Nelson, 1991; García-Reyes and Largier, 2012) along the coast in the CCS. About 55% 

of cyclonic eddies formed inshore of 300 km from the coast propagate to the 300-600 km 

offshore region (Table A.1). The mean POC anomaly associated with these eddies peaks 

between November-January (Figure 2.5b), about 4-6 months after the peak in the POC 

anomaly associated with the eddies is observed when they were located less than 300 km 

offshore (Figure 2.5a). The distance that the eddies that are generated inshore travel to the 

offshore region and the delay in the timing of the peak POC anomaly between when the 

eddies are located inshore and offshore of 300 km indicate propagation speeds of ~2 km 

day-1, which is consistent with the known eddy propagation speeds in the CCS (Stegmann 

and Schwing, 2007; Chaigneau et al., 2009; Kurian et al., 2011). This consistency in eddy 

propagation speed and the time difference in the peak in POC anomaly between cyclones 

located inshore and offshore provides further evidence that cyclones are indeed 

transporting coastal water offshore. Cyclonic eddies generated offshore between 300-600 

km show no clear seasonal trend in the POC anomalies, except for a small decrease 

during summer (Figure 2.5c). 
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 The mean volume transport by cyclones can be calculated by using the average 

volume associated with the cyclonic eddy occurrences of different amplitudes that are 

generated near the coast and then propagate offshore. We focus on cyclones because of 

their larger influence on the offshore transport of coastal water that is influenced by 

upwelling (Figure 2.2a,c) compared to anticyclones (Figure 2.2b,d). In the CCS, on 

average 6.0 ± 0.6 cyclonic eddies with lifetimes longer than 4 weeks are generated 

inshore of 300 km from the coast and propagate offshore of 300 km annually between 

33° and 43°N (Figure 2.6a; Chelton et al., 2011b). Considering an average trapping depth 

inside cyclones of 400 m that was estimated from our modeling results using large 

cyclonic eddies that are comparable to the satellite-detected eddies and is consistent with 

previous studies (Kurian et al., 2011), our analyses indicate that 65 ± 7% of the volume 

of water initially trapped inside cyclones remains trapped after the eddies propagate 

offshore (see Methods and Figure A.3). Using this trapping efficiency, the resulting 

annual volume transport in the top 400 m by cyclonic eddies in the CCS is 1.06 ± 0.2 Sv 

(1 Sv = 106 m3 s-1; Figure 2.6b; see Equation 2 in methods). To provide error bounds for 

this estimate, using the ±7% error in the trapping efficiency results in volume transports 

of 0.95 and 1.2 Sv. This range of values for the volume transport is comparable to the 

estimated annual mean integrated transport due to eddies in the Canary Current System 

(1.3 Sv in the top 300 m; Sangrà et al., 2009). The relationship between in situ POC at the 

surface and integrated from the surface to 100 m depth (see Methods and Figure A.4; 

Allison et al., 2010) can also be used to estimate the amount of POC that is added to the 

offshore region by cyclonic eddies generated near the coast that are trapping the upwelled 

coastal water and transporting it offshore (Figure A.5). For that, the differences in the 
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POC content between cyclonic eddies located 300-600 km offshore that were formed 

inshore of 300 km and those formed offshore between 300-600 km from the coast are 

used (Equation 1; see also Figure A.5 and Figure 2.3b-c). Lateral transport by cyclonic 

eddies results in a POC enrichment offshore of 20.9 ± 11 Gg year-1 in the top 100 m 

(Figure 2.6c). As mentioned before, this POC enrichment may be associated with the 

direct lateral transport of POC from the coastal region that was trapped in the interior of 

cyclonic eddies during formation, but it could also be related to the offshore transport of 

nutrient-rich water that is also trapped inside the eddies which supports production or to 

the trapped POC being locally remineralized and recycled into new carbon. All of these 

sources of POC are resultant of coastal water being trapped by cyclonic eddies and 

transported offshore. We note that changes in the mixed layer depth (Gaube et al., 2018) 

or the euphotic zone depth may result in different amounts of POC being trapped inside 

the eddies. If the calculations are repeated for shallower layers of 20 m or 50 m, the 

enhancement of POC in the offshore region is estimated at 5.4 ± 2.9 Gg year-1 and 12.2 ± 

6.1 Gg year-1, respectively. We note that the correlation coefficient between surface POC 

and integrated POC for different depth ranges is approximately depth independent in the 

top 100 m.   

 

2.4. Discussion 

 Previous observational studies have shown examples of mesoscale eddies 

transporting properties in different regions of the ocean (Crawford et al., 2007; Lehahn et 

al., 2011; Gaube and McGillicuddy Jr., 2017). Modeling studies have also suggested that 

eddies can trap and transport materials offshore in the CCS (Combes et al., 2013; Nagai 
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et al., 2015) and in other EBCS (Lovecchio et al., 2018), resulting in reduced biological 

production in the nearshore environment (Gruber et al., 2011). In this study, we present 

the first observational evidence that this process is important enough to produce a 

systematic signature in eddies far from the coast in the CCS. Our results indicate that 

cyclonic eddies formed near the coast are capable of trapping carbon- and nutrient-rich 

coastal water and transporting it offshore for hundreds of kilometers. Cross-shelf 

transport in the CCS is important for increasing the area influenced by highly productive 

upwelled waters. Studies have shown that the offshore deflection of the surface-

intensified upwelling jet and its associated meanders and filaments extends about 400 km 

offshore on average (Lynn and Simpson, 1987; Strub and James, 2000; Barth et al., 

2005), inducing cross-shelf transport of 1-2 Sv (Mooers and Robinson, 1984; Kosro and 

Huyer, 1986; Barth et al., 2000; Castelao and Barth, 2005). These filaments can transport 

organic carbon offshore in a very intense but coastally confined manner, dominating the 

mesoscale offshore transport in EBCS within 500 km from shore and contributing to up 

to 80% of the total flux of organic carbon at 100 km offshore (Lovecchio et al., 2018). 

Our novel observational-based study reveals that the signature of the enhanced POC in 

the interior of cyclonic eddies generated near the coast is detectable until about 1000 

kilometers from shore, indicating the role of eddies in redistributing POC and coastal 

water across a wider area. We estimate that cyclonic eddies transport ~1 Sv offshore, 

indicating that this mechanism can be just as important as the offshore deflection of the 

upwelling jet (Barth et al., 2000). Furthermore, the enrichment of POC in the offshore 

region induced by cyclonic eddies generated near the coast is estimated to be about     

20.9 ± 11 Gg year-1, with about 70% occurring between late summer and early winter. 
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The annual POC enrichment offshore due to cyclonic eddies can be as high as 30-35% of 

the total amount of POC introduced into the CCS by the Columbia River (U.S.A.) 

annually (Dahm et al., 1981; Sullivan et al., 2001; Small and Prahl, 2004). Total carbon 

redistributed by cyclonic eddies is likely to be significantly larger since our estimate only 

includes the particulate phase and dissolved organic carbon concentrations can be 10-25 

times larger than POC content in near-surface waters in the CCS (Druffel et al., 1996; 

Bauer et al., 1998). In addition to carbon and nutrients, the trapped coastal water contains 

other materials that are also presumably being redistributed to the offshore region by 

cyclonic eddies. 

The estimates of volume transport and POC enrichment are influenced by the 

limitations associated with detecting the eddies using satellite observations. Imperfections 

in the eddy detection and tracking algorithms may result in distortions in the identified 

eddies, especially when eddies are interacting with other eddies or other mesoscale 

features (Amores et al., 2018). Uncertainties in eddy characteristics, such as radius and 

amplitude, could affect the transport calculations. Additionally, only eddies with radii 

larger than 40-50 km are detectable with altimetry data (Chelton et al., 2011b). The 

processing of the satellite-derived POC observations, specifically the use of a Gaussian 

fit to isolate the eddy signature, also results in smoothed fields removing small-scale 

variability. Since submesoscale eddies are also abundant in the CCS and may further 

contribute to offshore transport and subduction of materials (Capet et al., 2008; 

McWilliams, 2016; Dauhajre et al., 2017), it will be important for future studies to further 

understand the role of these smaller eddies and to quantify their relative importance on 

offshore transport in the CCS.  
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The CCS is one of four major EBCS, all of which share similarities in eddy 

activity (Chaigneau et al., 2009; Pegliasco et al., 2015; Yuan and Castelao, 2017). The 

eddy-driven offshore transport of coastal water will presumably be important in the other 

EBCS as well. Eddy activity, mesoscale variability, and upwelling in EBCS are linked to 

winds (Strub and James, 2000), which are likely to change in the future (Bakun, 1990; 

Snyder et al., 2003; Sydeman et al., 2014; Xiu et al., 2018). Therefore, changes in the 

seasonality of mesoscale activity and eddy generation are also possible. Our analyses 

suggest that changes in eddy activity would likely result in changes in offshore transport 

of coastal water that is rich in carbon and nutrients and this could have important 

implications for the marine ecosystem in highly-productive EBCS. 

 

2.5. Methods 

2.5.1. Mesoscale Eddies 

 The location and characteristics of mesoscale eddies in the CCS used in this study 

were obtained from the 4th release of an existing global dataset of mesoscale eddies 

(Chelton et al., 2011b; wombat.coas.oregonstate.edu/eddies/index.html). To detect 

mesoscale eddies, daily sea level anomaly (SLA) fields produced by Archiving, 

Validation, and Interpretation of Satellite Oceanographic data (AVISO) are first spatially-

filtered to remove large scale variability. Mesoscale eddies in the 4th release of the dataset 

are detected using a method that grows eddies from individual SLA extrema (Schlax and 

Chelton, 2016). The growing method starts with individual SLA extrema (positive for 

anticyclones and negative for cyclones) and finds all neighboring pixels whose SLA 

values lie above a sequence of thresholds. An eddy is defined when the set of connected 
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pixels satisfies a set of criteria used to define compact and coherent structures. Eddies are 

then tracked by pairing eddy realizations that are within allowable ranges of amplitude, 

radius and distance of the initial eddy at subsequent time steps. The eddy detection and 

tracking algorithms are described in detail in Chelton et al. (2011b) and Schlax and 

Chelton (2016). Given the resolution of the AVISO satellite fields, only mesoscale eddies 

with radius larger than ~ 40-50 km are resolved, therefore submesoscale and smaller 

mesoscale variability are not included in the dataset and in the analyses. Also, 

complications can arise when eddies merge or interact with other eddies or from 

noisiness in the SLA fields. This can result in imperfections in the detection of the 

boundaries and characteristics (e.g., radius, amplitude) of the eddies (Chelton et al., 

2011b; Amores et al., 2018). Despite these limitations, animations of the eddy tracks on 

SLA fields indicated that the dataset captures most large mesoscale eddies in the CCS.  

Nonlinear eddies located in the CCS between 33°-43°N and 0-1500 km from the 

coast during the time period of the satellite POC data (1997-2010) were identified from 

the dataset for the analyses. Eddies are considered nonlinear if the ratio U/c > 1, where U 

is the maximum rotational speed and c is the translation speed of the eddy estimated at 

each point along the trajectory (Chelton et al., 2011b). In total, 553 cyclonic eddy tracks 

were studied. Calculations of the nonlinearity parameters indicated that the majority of 

the eddies were nonlinear for at least 80% of their lifetime. The distance between the 

coastline and the location of the eddy centers at each point along the eddy trajectories 

was calculated to distinguish eddies generated or located inshore and offshore of 300 km 

from the coast (Figure A.1). The threshold of 300 km from the coast was chosen to define 

inshore and offshore based on the average width of the band of high POC concentrations 
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along the coast. The band of high POC extends about 250 km from the coast on average. 

Since POC is used here as a tracer of coastal water, a distance larger than the average 

width of the band with high POC was chosen to distinguish between upwelled coastal 

water and offshore water. The distance of 300 km is also consistent with the average 

width of the coastal band with high sea surface temperature frontal activity and of the 

meandering upwelling jet (Wang et al., 2015). To check that the results are not sensitive 

to the distance threshold, the analyses were repeated using other distances from the coast, 

e.g., 350 km, and the results were consistent to those presented here. The offshore region 

was divided into bands of 300 km in width for the analyses (300-600 km, 600-900 km, 

900-1200 km, and 1200-1500 km from the coast). The width of the offshore bands was 

chosen to be the same as the inshore region (0-300 km).  

 

2.5.2. Particulate Organic Carbon Measurements 

 Daily remote sensing reflectance (Rrs) data from Sea-Viewing Wide Field-of-

View Sensor (SeaWiFS; oceandata.sci.gsfc.nasa.gov/SeaWiFS/) were used to estimate 

POC concentrations (Stramski et al., 2008). Data are available daily from September 

1997 to December 2010 at 9 km resolution. To reduce the influence of cloud coverage, 

data were averaged at a 7-day interval (Figure A.2a). The mesoscale structures that are of 

primary interest here are obscured by the large-scale POC background distribution. 

Spatial high-pass filtering (Chelton et al., 2004; Schlax and Chelton, 2016) the weekly 

POC fields (6° longitude by 6° latitude window) to remove the large-scale patterns 

allowed for isolating the POC anomaly associated with mesoscale activity in the region 

(Gaube et al., 2013; Gaube et al., 2014; Gaube and McGillicuddy Jr., 2017; Figure A.2b). 
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Quantitatively similar results are obtained if the large-scale patterns in the region were 

removed by computing the long-term weekly-averaged POC distribution, instead of using 

a spatial filter. Cyclonic eddies, which were identified using altimetry data (Chelton et 

al., 2011b; black box in Figure A.2b), were generally characterized by positive POC 

anomalies, while anticyclones were generally associated with negative POC anomalies.  

 To further isolate the signature associated with each eddy (Yuan and Castelao, 

2017) from other mesoscale features, we extracted the POC anomaly within 2 by 2 eddy 

radii from the eddy center (Figure A.2c). To facilitate comparisons among eddies of 

various radii, the distance from the eddy center was normalized by the eddy radius on 

each 2 by 2 radii grid (Gaube et al., 2014; Figure A.2c). Only eddies with at least 90% 

cloud-free pixel coverage for POC data within one eddy radius and 75% pixel coverage 

within two eddy radii (black box in Figure A.2b) were used. To remove noisy, small-

scale variability not related to the eddy, a 2-D Gaussian function was fitted to the 

resulting POC anomaly field (Yuan and Castelao, 2017). The fit is consistent with the 

average eddy shape which is well represented as Gaussian (Chelton et al., 2011b). Lastly, 

the center of the Gaussian fitted POC anomaly was shifted to align with the center of the 

eddy (Figure A.2d). Repeating the analyses without using the Gaussian fit produced 

results that are qualitatively similar to those presented here (e.g., cyclonic eddies 

generated near the coast that propagated offshore are enriched in POC compared to those 

generated locally offshore). However, visual inspection of the POC anomaly fields 

indicated that large anomalies associated with other mesoscale features (e.g., upwelling 

front, filaments) are often observed around individual eddies, especially around the edges 

of the 2 by 2 eddy radii boxes, which influence the composites of the POC anomalies for 
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each eddy amplitude bin (Figure 2.3). Using the Gaussian fit allowed for the eddy 

signature to be isolated from the signature of these other mesoscale features. 

 In situ POC concentrations were measured in the CCS since 2006 as part of the 

CCS Long Term Ecological Research monitoring efforts (Aluwihare, 2018). Data 

availability is larger at the surface, decreasing significantly below 100 m depth. A depth 

range of 100 m for estimating organic carbon fluxes has been used in previous modeling 

studies (Lovecchio et al., 2018). In situ POC integrated from the surface to 100 m depth 

is correlated with surface concentrations (r = 0.73, p < 0.01; Figure A.4), which allowed 

for the integrated POC content in the top 100 m to be estimated from satellite data 

following Allison et al. (2010). Eddy-induced anomalies in the integrated POC content in 

the top 100 m (Figure A.5) were extracted from each eddy following the procedure 

described above (Figure A.2). Those anomalies were then used to calculate the offshore 

enrichment of POC (Gg year-1) in the top 100 m by eddies (Figure 2.6) as 

 

POC enrichment (Gg year-1) = ∆(POC100) × eddy area × N        (Eq. 1) 

 

where ∆(POC100) is the difference between the integrated POC content inside cyclones 

located offshore that were generated near the coast and those generated offshore for each 

amplitude bin (Figure A.5) and N is the number of eddies per year for each amplitude bin 

that are generated inshore of 300 km from coast and propagate offshore. The POC 

enrichment was then summed for the multiple amplitude bins. 
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2.5.3. Ocean Model 

 We use a previous regional implementation of the Regional Ocean Modeling 

System (ROMS; Haidvogel et al., 2008) to the CCS (Castelao and Luo, 2018). The model 

resolution is 4 km in the horizontal with 30 vertical terrain-following layers. Initial and 

boundary conditions for the regional model are obtained from a ROMS implementation 

to the entire North Pacific Ocean. The regional model is forced by surface wind stress 

from the SeaWinds scatterometer onboard NASA’s Quick Scatterometer (QuikSCAT) 

satellite, and by heat and freshwater fluxes from NCEP North American Regional 

Reanalysis (NARR). Additional details of the model implementation are presented in 

Castelao and Luo (2018). A passive tracer with unit concentration that does not sink was 

released uniformly throughout the entire water column inside 4 cyclonic eddies in 

different seasons (see Figure A.3 for one example). These eddies in the model were 

generated near the coast and propagated offshore and they had radii ranging from 55 to 

85 km, which is consistent with characteristics of the satellite-detected eddies. The 

percentage of the tracer remaining inside each eddy in the top 400 m was then calculated 

as the eddy propagated offshore, which provided a measure of the fraction of the water 

effectively trapped by the eddy. The analysis revealed that 65 ± 7% of the water initially 

present in the interior of eddies generated near the coast remained trapped when those 

eddies reached over 300 km from the coast. This trapping efficiency was used to estimate 

the volume of water transported offshore by eddies in the CCS in the top 400 m as 

 

Volume transport (Sv) = (eddy area × trapping depth × N × trapping efficiency) / T         

(Eq. 2) 
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where T is the number of seconds in 1 year. The volume transport was then summed for 

the multiple amplitude bins. Trapping efficiencies of 58% and 72% were also assumed to 

provide error bounds in the volume transport estimate. We note that the computation of 

POC enrichment in offshore regions (Eq. 1) is not dependent on this model estimate of 

the trapping efficiency. 

 

Data availability 

 The data/reanalysis that support the findings of this study are publicly available 

online at http://wombat.coas.oregonstate.edu/eddies/index.html, 

https://oceandata.sci.gsfc.nasa.gov/SeaWiFS/, and 

https://doi.org/10.6073/pasta/20c05dd205be2225ecb32a5fede1c36c. 

 

Code availability 

Model codes are available at www.myroms.org. 
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Figure 2.1. Example of offshore transport by an eddy in the California Current System. 

Particulate organic carbon (mg m-3) derived from satellite observations and mean sea 

level anomaly contours from altimetry at 4 cm intervals on (a) 22 May 2007, (b) 26 June 

2007, (c) 14 August 2007, and (d) 22 October 2007. Solid contours are negative. Arrows 

mark the location of a cyclonic eddy transporting coastal water rich in carbon offshore. 

CB: Cape Blanco; CM: Cape Mendocino; PA: Point Arena; MB: Monterey Bay; PC: 

Point Conception. 
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Figure 2.2. Carbon content and spatial area occupied by cyclonic and anticyclonic eddies 

(1997-2010). Percentage of the total amount of surface particulate organic carbon (blue 

line) and the total area (red line) between 300-1200 km from the coast that is inside all 

eddies for (a) cyclones and (b) anticyclones formed offshore between 300-1200 km from 

the coast and (c) cyclones and (d) anticyclones formed inshore of 300 km and located 

between 300-1200 km offshore. 
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Figure 2.3. Particulate organic carbon composites and anomalies. Cyclonic eddies 

identified from satellite altimetry were collocated with particulate organic carbon (POC) 

anomalies that were derived from satellite observations. To isolate the POC signature 

associated with each eddy, the POC anomaly was extracted within 2 by 2 eddy radii from 

the eddy center and the distance from the eddy center was normalized by the eddy radius 

(unitless). A 2-D Gaussian function was fitted to each POC anomaly field and composites 

were computed by averaging the POC anomalies for eddies of similar amplitude (see 

Figure A.2). (a-c) Composites of POC anomalies within 2 by 2 eddy radii for cyclonic 

eddies with amplitudes 9-11 cm. Black circle represents the boundary for one eddy 

radius. (d) Mean POC anomaly (mg m-3) and standard error within one eddy radius 

grouped by eddy amplitude.  
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Figure 2.4. Particulate organic carbon anomaly as a function of distance from the coast. 

Mean particulate organic carbon anomaly (mg m-3) and standard error within one eddy 

radius for cyclonic eddies formed inshore of 300 km from the coast (blue line) and for 

those formed offshore of 300 km (red line) as the eddies propagate offshore.  
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Figure 2.5. Monthly particulate organic carbon anomaly. Mean particulate organic 

carbon anomaly (mg m-3) and standard error within one eddy radius as a function of the 

month of the eddy occurrence for cyclonic eddies (a) formed and located inshore of 300 

km, (b) formed inshore of 300 km and propagated to 300-600 km offshore, and (c) 

formed and located offshore between 300-600 km. 

  



 

52 

 

 

Figure 2.6. Estimates of lateral transport by cyclonic eddies in the California Current 

System. (a) Average number of cyclones with lifetime longer than 4 weeks in the eddy 

dataset1 formed inshore of 300 km from the coast that propagate to at least 300 km 

offshore per year grouped by average amplitude of the eddies when they are located 

offshore of 300 km. Total number of cyclonic eddies propagating offshore per year is   

6.0 ± 0.6. Error bars represent the standard error. (b) Mean volume transport (Sv) and 

standard error in the top 400 m by cyclonic eddies calculated assuming 65 ± 7% of the 

initially trapped volume of water is transported offshore (see Methods and Figure A.3). 

Total transport summed across the different amplitude bins is 1.06 ± 0.2 Sv. (c) 

Particulate organic carbon enrichment (Gg year-1) and standard error in the offshore 

region due to cyclonic eddies generated inshore of 300 km from the coast that propagate 

offshore (see Figure A.5). Total particulate organic carbon enrichment summed across 

the different amplitude bins is 20.9 ± 11 Gg year-1.   
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OFFSHORE ENRICHMENT OF PARTICULATE ORGANIC CARBON BY 

MESOSCALE EDDIES IN EASTERN BOUNDARY CURRENT SYSTEMS 2  
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3.1. Abstract 

Eastern Boundary Current Systems (EBCS) are highly productive ecosystems that 

are characterized by upwelling and rich mesoscale eddy activity. Cyclonic eddies that 

form near the coast can potentially trap upwelled coastal water and transport it offshore. 

The offshore transport of coastal water that is rich in carbon and nutrients in the EBCS 

could have important implications for the marine ecosystem. Here, we use mesoscale 

eddies detected from sea level anomalies and satellite-derived measurements of 

particulate organic carbon (POC) as a tracer of coastal water to quantify the eddy-induced 

offshore enrichment of POC in the four major EBCS. Our results indicate regions within 

each EBCS where cyclones located offshore that were generated near the coast contain 

higher carbon concentrations in their interior than cyclones of the same amplitude 

generated locally offshore. This is consistent with nonlinear cyclonic eddies that are 

generated near the coast that can trap coastal water rich in POC during formation and 

transport it offshore, producing offshore POC enrichments of 22.6 ± 5.1 Gg year-1 (37-

43°N), 16.1 ± 3.1 Gg year-1 (34-42°S), 16.8 ± 6.1 Gg year-1 (21-28°N), and 3.6 ± 3.1 Gg 

year-1 (29-35°S) in the California, Humboldt, Canary and Benguela Current Systems, 

respectively. There is large spatial variability in the effectiveness of this transport 

mechanism, with the analyses indicating that regions downstream of an upwelling jet 

separation point are often characterized by increased eddy-induced transport. This study 

provides large-scale observational-based evidence that eddies play a quantitatively 

important role in the offshore transport of coastal water, substantially widening the area 

influenced by highly productive upwelled waters in some parts of the EBCS. 
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3.2. Introduction 

Eastern Boundary Current Systems (EBCS) are highly productive ecosystems due 

to coastal upwelling (Huyer, 1983). The four major EBCS are the California and 

Humboldt Current Systems in the eastern Pacific Ocean (CCS and HCS, respectively) 

and the Canary and Benguela Current Systems in the eastern Atlantic Ocean (CanCS and 

BCS, respectively). Persistent alongshore equatorward winds during the local summer 

produce offshore surface Ekman transport and upwelling along the coast, bringing cold, 

nutrient-rich waters to the surface. This results in a band of elevated nutrients and 

particulate organic carbon (POC) concentrations near the coast (Huyer, 1983; Lynn and 

Simpson, 1987; Bakun and Nelson, 1991; Chavez and Messié, 2009; García-Reyes and 

Largier, 2012). Higher latitude regions in the four EBCS are generally characterized by 

equatorward, upwelling-favorable winds during local spring and summer and poleward, 

downwelling-favorable winds during winter (Bakun and Nelson, 1991; Carr and Kearns, 

2003; Strub et al., 2019). The low- to mid-latitude regions differ from this seasonal cycle 

and feature year-round upwelling, e.g., to the south of ~39°N in the CCS and to the north 

of 35°S in the HCS (Chelton et al., 2007; Putrasahan et al., 2013; Strub et al., 2013).  

Mesoscale eddies with radius on the order of 100 km are ubiquitous features in 

the EBCS (Haynes and Barton, 1991; Ramp et al., 1991; Strub et al., 1991; Capet et al., 

2008a; Chaigneau et al., 2009; Chelton et al., 2011b) and are known to influence the 

horizontal and vertical distribution of physical and biogeochemical properties throughout 

the global ocean (Strub et al., 1991; Chaigneau et al., 2011; Chelton et al., 2011a; Gaube 

et al., 2013; Chenillat et al., 2015; Amores et al., 2017). As the coastal currents in the 

EBCS flow equatorward along the coast, meanders in the currents produce filaments that 
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can pinch off as cyclonic (counterclockwise in the Northern Hemisphere) and 

anticyclonic (clockwise) eddies which then propagate westward (Strub et al., 1991; Strub 

and James, 2000; Kurian et al., 2011; Nagai et al., 2015). The majority of these eddies are 

nonlinear (ratio of rotational speed to translational speed greater than 1), meaning they 

can theoretically trap water parcels and associated properties during formation (Chelton 

et al., 2011b) and can potentially transport the trapped properties for hundreds of 

kilometers throughout the ocean (Early et al., 2011; Lehahn et al., 2011). In the EBCS, 

eddies generated near the coast can potentially trap nutrients and properties in their 

interior that is associated with the upwelled coastal water (Gaube et al., 2014).  

Modeling studies suggest that eddies can transport the trapped coastal water 

offshore, contributing to the redistribution of carbon, nutrients, and other properties in the 

CCS (Liang et al., 2009; Combes et al., 2013; Nagai et al., 2015; Chenillat et al., 2016) 

and in other upwelling systems (Lovecchio et al., 2018). Several previous observational 

studies have shown individual examples of eddies transporting materials in various 

regions of the ocean (Crawford et al., 2007; Lehahn et al., 2011; Gaube et al., 2014; 

Gaube and McGillicuddy Jr., 2017). Amos et al. (2019) investigated this on a larger scale 

by utilizing satellite-derived measurements of POC as a tracer of coastal water to show 

that cyclonic eddies located offshore that were generated near the coast contain higher 

carbon concentrations in their interior than cyclones of the same amplitude generated 

offshore in the CCS. Their analyses indicated that coastally-generated nonlinear eddies 

that propagate offshore can result in an eddy-induced volume transport of 1.06 ± 0.2 Sv 

and lead to the enhancement of surface POC in the offshore region of 20.9 ± 11 Gg year-1 

in the CCS (Amos et al., 2019). Castelao et al. (2021) used the methodology in Amos et 
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al. (2019) to show that this process is also important along the West Antarctica Peninsula, 

demonstrating that transport by nonlinear eddies can also be significant in other regions 

in the ocean.  

The four major EBCS share many similarities in mesoscale eddy activity and 

upwelling dynamics, (Figures 3.1-3.2; e.g., Chaigneau et al., 2009; Chavez and Messié, 

2009; Pegliasco et al., 2015; Wang et al., 2015; Yuan and Castelao, 2017). Therefore, 

eddy-induced offshore enrichment of POC may also be important in the other EBCS. 

There are also many differences among these systems, however, including the degree of 

spatial variability within each EBCS with regard to upwelling, jet separation, and 

mesoscale activity (Chaigneau et al., 2009; Chavez and Messié, 2009; Chelton et al., 

2011b; Strub et al., 2013; Wang et al., 2015; Yuan and Castelao, 2017). Thus, it is 

possible that eddy-induced offshore enhancement of POC will also vary spatially within 

these systems. Here, we apply the procedure developed in Amos et al. (2019) to the other 

major EBCS to quantify the offshore enrichment of POC by nonlinear cyclonic eddies in 

subregions within each EBCS and to identify regions where eddy-induced transport is 

most important. The offshore transport of coastal water that is rich in carbon and 

nutrients in the four major EBCS could have important implications for the marine 

ecosystem. Therefore, quantifying eddy-induced transport using observations is important 

for further understanding the influence of eddies in EBCS.  
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3.3. Data and Methods 

3.3.1. Analyses Domain 

 The four major EBCS are included in this study. The California and Humboldt 

Current Systems (CCS and HCS, respectively) are located in the eastern Pacific Ocean 

and span 22-48°N and 4-56°S, respectively. The Canary and Benguela Current Systems 

(CanCS and BCS, respectively) are located in the eastern Atlantic Ocean and span 10-

44°N and 8-35°N, respectively. Each EBCS is further divided into subregions based on 

the spatial variability of upwelling, mesoscale eddies, jet separation, etc. (e.g., Chaigneau 

et al., 2009; Chavez and Messié, 2009; Chelton et al., 2011b; Strub et al., 2013; Wang et 

al., 2015; Yuan and Castelao, 2017). The latitudinal extent of each subregion is shown in 

Figures 3.1-3.3 and listed in Table 3.1. Although it would be interesting to divide each 

EBCS into more subregions, that was not possible because many of the subregions would 

not include enough eddy occurrences to produce robust results. 

 

3.3.2. Mesoscale Eddies 

The location and characteristics of mesoscale eddies in EBCS were obtained from 

the fourth release of an existing global dataset of mesoscale eddies (Chelton et al., 

2011b). To detect mesoscale eddies, daily sea level anomaly (SLA) fields produced by 

Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) are 

first spatially-filtered to remove large scale variability. Mesoscale eddies in the fourth 

release of the dataset are detected using a method that grows eddies from individual SLA 

extrema (Schlax and Chelton, 2016). The growing method starts with individual SLA 

extrema (positive for anticyclones and negative for cyclones) and finds all neighboring 
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pixels whose SLA values lie above a sequence of thresholds. An eddy is defined when 

the set of connected pixels satisfies a set of criteria used to define compact and coherent 

structures. Eddies are then tracked by pairing eddy realizations that are within allowable 

ranges of amplitude, radius and distance of the initial eddy at subsequent time steps. The 

eddy detection and tracking algorithms are described in detail in Chelton et al. (2011b) 

and Schlax and Chelton (2016). 

Given the resolution of the AVISO satellite fields, only mesoscale eddies with 

radius larger than ~40 km are resolved, therefore submesoscale and smaller mesoscale 

variability are not included in the dataset and in the analyses. Complications in the eddy 

detection and tracking can arise when eddies merge or interact with other eddies or from 

noisiness in the SLA fields. This can result in imperfections in the detection of the 

boundaries and characteristics (e.g., radius, amplitude) of the eddies (Chelton et al., 

2011b; Amores et al., 2018). Despite these limitations, animations of the eddy tracks on 

SLA fields indicated that the dataset captures most large mesoscale eddies in the EBCS. 

Newer versions of the mesoscale eddy dataset are now being produced by the 

Data Unification and Altimeter Combination System (DUACS) team and distributed by 

AVISO+ (https://www.aviso.altimetry.fr/). The DUACS team follows the methodology 

developed by Chelton et al. (2011b) and Schlax and Chelton (2016), with the addition of 

upgrades to the algorithm to improve eddy identification and tracking. The newest 

version of the mesoscale eddy dataset was also used for this project. However, 

animations of the eddy tracks from both datasets overlayed on SLA fields indicated that 

as eddies propagate offshore, they often change shape, merge, or interact with other 

eddies, making the tracking difficult. The fourth release often identifies and tracks one 
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eddy continuously as it propagates into the offshore region, while this same eddy is often 

identified as multiple different eddies in the AVISO+ dataset as it interacts with other 

eddies in the offshore region (Figure B.1). SLA and POC fields show however that in 

most cases the newly identified eddy in the AVISO+ dataset still contains water of 

coastal origin, so it is still transporting coastal water offshore. Based on this comparison 

of the two datasets, we decided to use the fourth release of the dataset that was used in 

Amos et al. (2019). 

Mesoscale eddies located in each EBCS (Figure 3.2) during the time period of the 

satellite POC data (1997-2010) were identified from the dataset for the analyses. Eddies 

are considered nonlinear if the ratio U/c > 1, where U is the maximum rotational speed 

and c is the translation speed of the eddy estimated at each point along its trajectory 

(Figures 3.3; Chelton et al., 2011b). The average nonlinearity parameter and the 

percentage of cyclonic eddies that are nonlinear in each subregion are listed in Table 3.1. 

The cumulative percentage of cyclonic eddies whose nonlinearity parameter is greater 

than a given threshold is shown in Figure B.2. The nonlinearity parameter was only 

calculated for cyclonic eddies located 0-300 km from the coast since this is where eddies 

are potentially trapping the coastal water. There were abnormally high nonlinear values 

associated with the tracking algorithm, e.g., an eddy didn’t move based on the algorithm 

leading to very high U/c values (sometimes > 100). To exclude these values from the 

average calculations, the data above the 90th percentile were removed. The distance 

between the coastline and the location of the eddy centers at each point along the eddy 

trajectories was calculated to distinguish eddies generated or located inshore and offshore 

of 300 km from the coast. Following Amos et al. (2019), the threshold of 300 km from 
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the coast was chosen to define inshore and offshore based on the average width of the 

band of high POC concentrations along the coast. The band of high POC extends about 

250 km from the coast on average in most parts of the EBCS (see section 3.3.3). Since 

POC is used here as a tracer of coastal water, a distance larger than the average width of 

the band with high POC was chosen to distinguish between upwelled coastal water and 

offshore water. The offshore region in each EBCS is defined as 300-600 km from the 

coast. This offshore width was chosen to be the same as the width of the inshore region 

(0-300 km). In the CanCS and BCS between 10-21°N and 8-23°S, respectively, the band 

with high POC concentrations along the coast is wider than 300 km (Figure 3.1). As a 

result, eddies generated offshore in these subregions (based on our distance threshold of 

300 km) will be influenced by the coastal water and contain high POC anomalies. Since 

we are applying the threshold of 300 km to all subregions in the EBCS, we excluded 

these subregions from the analyses for now. 

The volume transport by cyclonic eddies was calculated as 

 

Volume transport (Sv) = (eddy area × trapping depth × N × trapping efficiency) / T         

(Eq. 1) 

 

where N is the number of cyclones per year for each amplitude bin that are generated 

inshore of 300 km from the coast and propagate offshore of 300 km and T is the number 

of seconds in 1 year. We use an average trapping depth inside cyclonic eddies of 400 m 

for all subregions (Kurian et al., 2011; Amos et al., 2019). Trapping efficiency is the 

percentage of initially trapped water that remains inside eddies after they propagate 
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offshore and is used to account for water leaking from the eddies. Amos et al. (2019) 

estimated a trapping efficiency of 65 ± 7% in the CCS using an ocean model. Since we 

do not have model implementations for the other EBCS, we cannot compute this here and 

chose to set the trapping efficiency at 1, as in many other studies (Sangrà et al., 2009; 

Dong et al., 2014; Lovecchio et al., 2018). As a result, the volume transports presented 

here are likely overestimated. This may be especially true in regions where the 

nonlinearity parameter (U/c) is larger than but close to 1 (Figure 3.3). The volume 

transport in each amplitude bin was then summed to compute the total volume transport 

in each subregion. 

 

3.3.3. Particulate Organic Carbon Measurements 

Daily POC data available from September 1997 to December 2010 at 9 km 

resolution were obtained from NASA’s OceanColor Web 

(https://oceancolor.gsfc.nasa.gov/; Figure 3.1). POC is calculated using an empirical 

relationship derived from in situ measurements of POC and blue-to-green band ratios of 

remote sensing reflectances from Sea-Viewing Wide Field-of-View Sensor (SeaWiFS; 

Stramski et al., 2008). Following the methodology in Amos et al. (2019), the POC data 

were first averaged at a 7-day interval to reduce the influence of cloud coverage (see 

Figure A.2a). The mesoscale structures that are of primary interest here are obscured by 

the large-scale POC background distribution. Spatial high-pass filtering (Chelton et al., 

2004; Schlax and Chelton, 2016) the weekly POC fields (6° longitude by 6° latitude 

window) to remove the large-scale patterns allowed for isolating the POC anomaly 

associated with mesoscale activity in the region (Gaube et al., 2013; Gaube et al., 2014; 
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Gaube and McGillicuddy Jr., 2017; Amos et al., 2019; Figure A.2b). Cyclonic eddies, 

which were identified using altimetry data (Chelton et al., 2011b; black box in Figure 

A.2b), were generally characterized by positive POC anomalies, while anticyclones were 

generally associated with negative POC anomalies in the four EBCS. 

To further isolate the signature associated with each eddy from other mesoscale 

features, we extracted the POC anomaly within 2 by 2 eddy radii from the eddy center 

(Amos et al., 2019; Figure A.2c). To facilitate comparisons among eddies of various 

radii, the distance from the eddy center was normalized by the eddy radius on each 2 by 2 

radii grid (Gaube et al., 2014; Amos et al., 2019; Figure A.2c). Only eddies with at least 

90% cloud-free pixel coverage for POC data within one eddy radius and 75% pixel 

coverage within two eddy radii (black box in Figure A.2b) were used. To remove noisy, 

small-scale variability not related to the eddy, a 2-D Gaussian function was fitted to the 

resulting POC anomaly field (Yuan and Castelao, 2017; Amos et al., 2019). The fit is 

consistent with the average eddy shape which is well represented as Gaussian (Chelton et 

al., 2011b). Lastly, the center of the Gaussian fitted POC anomaly was shifted to align 

with the center of the eddy (Figure A.2d). Visual inspections of the POC anomaly fields 

indicated that large anomalies associated with other mesoscale features (e.g., upwelling 

front, filaments) are often observed around individual eddies, especially around the edges 

of the 2 by 2 eddy radii boxes, which influence the composites of the POC anomalies for 

each eddy amplitude bin. Using the Gaussian fit allowed for the eddy signature to be 

isolated from the signature of these other mesoscale features. For each subregion, 

composites were then computed by averaging the POC anomalies for eddies of similar 

amplitudes for cyclones generated and located inshore of 300 km, cyclones generated 
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inshore of 300 km and located offshore, and cyclones generated locally offshore (Figure 

3.5). A t-test was used to determine the amplitude bins for which the difference in the 

POC anomalies between the two latter groups of cyclones were statistically significant. 

In situ POC concentrations were measured in the southern CCS since 2006 as part 

of the CCS Long Term Ecological Research monitoring efforts (Aluwihare, 2018). Data 

availability is larger at the surface, decreasing significantly below 100 m depth. A depth 

range of 100 m for estimating organic carbon fluxes has been used in previous modeling 

studies (Lovecchio et al., 2018). Surface concentrations of POC and POC integrated from 

the surface to 100 m depth were found to be correlated off Antarctica (Allison et al., 

2010). Amos et al. (2019) used in situ POC data in the CCS and found these to be 

correlated there too, suggesting that this relationship holds in multiple systems. This 

allowed for the integrated POC content in the top 100 m to be estimated from satellite 

data. Integrated POC anomalies were extracted from each eddy following the procedure 

described above. Those anomalies were then used to calculate the offshore enrichment of 

POC (Gg year-1) in the top 100 m by eddies as 

 

POC enrichment (Gg year-1) = ∆(POC100) × eddy area × N        (Eq. 2) 

 

where ∆(POC100) is the difference between the integrated POC content inside cyclones 

located offshore that were generated near the coast and those generated offshore for each 

amplitude bin and N is the number of eddies per year for each amplitude bin that are 

generated inshore of 300 km from coast and propagate offshore. The POC enrichment 

was then summed for all amplitude bins where the difference between the POC 
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anomalies for cyclones generated inshore that are located offshore and cyclones 

generated locally offshore were statistically significant (t-test, p < 0.1; see Figure 3.5 for 

significant amplitude bins) to calculate the total offshore POC enrichment. The offshore 

POC enrichment in each subregion was also computed using all amplitude bins, not just 

the ones with differences that were statistically significant. The results were very similar 

in most subregions, except for subregion 1 in the HCS. The POC enrichment was 

artificially high and had large errors in this subregion (i.e., although high, the calculated 

enrichments were not statistically different than zero), despite the small differences in the 

POC anomalies in each amplitude bin. This is due to the large number of cyclones 

generated inshore per year and these cyclones having larger radii since they are located at 

lower latitudes (Chelton et al., 2011b). Some amplitude bins within each subregion had 

very few eddy occurrences, producing results that are not robust. Amplitude bins with 

fewer than 10 eddy occurrences were excluded from the analyses.  

The relationship between in situ POC at the surface and integrated to 100 m depth 

in the southern CCS is initially used to compute the integrated POC in all EBCS. This 

relationship may not hold true in the northern CCS and in the CanCS, HCS, and BCS, 

however, the lack of long term in situ data makes it difficult to determine this relationship 

in these regions. Future work will use in situ POC measurements collected in the other 

EBCS (if available) to determine the relationship between surface POC and POC 

integrated to 100 m depth. Those relationships will then be used to recalculate the 

offshore POC enrichment in each respective EBCS. 
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3.4. Results 

Meanders and filaments (Haidvogel et al., 1991) extend westward from the 

coastal equatorward currents in the EBCS and are often distinguished by elevated POC 

concentrations as they initiate the offshore transport of coastal water, as shown in the 

HCS (Figure 3.4a). A filament can pinch off as a cyclonic eddy (Figure 3.4b-c), 

entraining upwelled coastal water that is rich in carbon and nutrients. The trapped coastal 

water can then be transported offshore for hundreds of kilometers as indicated by 

elevated POC concentrations remaining months later in the interior of the eddy compared 

to the surrounding offshore waters (Figure 3.4d). These regions are often highly 

energetic, with multiple mesoscale features influencing the redistribution of coastal water 

in the offshore region (Figure 3.4). Although nonlinear anticyclonic eddies are also 

capable of trapping and transporting materials, they have less of an impact on the 

redistribution of recently upwelled coastal water in the EBCS compared to cyclones due 

to differences in the water that is entrained during formation. Amos et al. (2019) looked 

at the time evolution of POC content inside eddies generated near the coast that moved 

offshore compared to eddies generated locally offshore. They found a difference in the 

amount of POC between the two groups of cyclones but not for anticyclones (see Figure 

2 in Amos et al., 2019), which further suggests that anticyclones make a smaller 

contribution to the offshore transport of coastal water compared to cyclones. 

To detect eddies transporting trapped coastal water via satellite observations in 

each EBCS, the anomalous POC signature associated with each eddy was isolated and 

compared between cyclones generated inshore and offshore of 300 km from the coast 

(see Figures A.1 and A.2 for the CCS). In most of the EBCS, cyclonic eddies are 
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associated with positive POC anomalies (Figure 3.5). In the CCS, cyclonic eddies that are 

generated inshore and propagate offshore of 300 km from the coast have higher POC 

anomalies than cyclones of the same amplitude generated offshore between 300 and 600 

km for amplitudes greater than 3 cm in subregion 2 (t-test, p < 0.05; Figure 3.5), 

downstream of Cape Blanco. This pattern is also observed in subregion 5 off southern 

Baja California for cyclones with amplitudes 1-7 cm and 11-13 cm (Figure 3.5). In 

subregion 3, significant differences in the POC anomalies only occur for amplitudes 1-3 

cm and 11-13 cm. This relationship is not observed for most of the amplitudes in 

subregions 1 (north of Cape Blanco) and 4 (northern Baja California) (Figure 3.5). The 

larger POC anomalies in the cyclones generated inshore that are located offshore in 

comparison to those generated offshore could be due to the offshore transport of the POC 

that was trapped during eddy formation near the coast, to remineralization of the trapped 

POC and recycling into new carbon, and to local production as the eddy propagates 

offshore through the utilization of nutrients that were trapped at formation (Amos et al., 

2019). All of these sources of POC are influenced by the trapping of POC- and nutrient-

rich coastal upwelled water by cyclonic eddies during formation and subsequent offshore 

lateral transport. 

The mean volume transport by cyclones for each subregion is calculated by using 

the average volume associated with cyclonic eddy occurrences of different amplitudes 

that are generated near the coast and then propagate offshore and the number of these 

cyclonic eddies that are generated per year (Equation 1). The nonlinearity parameter (U/c 

> 1) was calculated to determine if these eddies are nonlinear and therefore capable of 

trapping and transporting coastal water (Figures 3.3 and B.2). Also assumed in the 
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volume transport calculation is a trapping efficiency of 1, meaning none of the trapped 

coastal water is leaking from the interior of the eddies as they propagate offshore. We 

focus on cyclones because of their larger influence on the offshore transport of coastal 

water that is influenced by upwelling compared with anticyclones (Amos et al., 2019), as 

mentioned above. Because not all subregions have the same latitudinal extent, we further 

normalize the volume transport by each subregions’ extent. In the CCS, per degree 

latitude, subregion 5 has the highest number of cyclones that are generated inshore and 

propagate offshore of 300 km per year and the largest volume transport by these eddies 

(Table 3.2). The number of cyclones generated per year and the volume transport is only 

marginally less in subregions 2-4. The total number of cyclones generated per year for 

subregions 2-5 ranges from 2.2 to 3.6 and 93-94% of the cyclonic eddy occurrences are 

nonlinear (Table 3.1). The total volume transport in each of these subregions is 0.60-0.96 

Sv (1 Sv = 106 m3 s-1). Subregion 1 to the north of Cape Blanco has the fewest cyclones 

generated inshore per year, the smallest volume transport, and lowest percentage of eddy 

occurrences that are nonlinear (Tables 3.1-3.2). 

The relationship between in situ POC at the surface and integrated from the 

surface to 100 m depth (see Figure A.4; Allison et al., 2010) is used to estimate the 

amount of POC that is added to the offshore region by cyclonic eddies generated near the 

coast that are trapping the upwelled coastal water and transporting it offshore. For that 

calculation, the differences in the POC content between cyclonic eddies located 300-600 

km offshore that were formed inshore of 300 km and those formed offshore between 300-

600 km from the coast are used (only the amplitude bins that are statistically different; 

Equation 2). The offshore enrichment of POC due to the lateral transport by cyclonic 
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eddies is largest per degree latitude in subregion 2 and second largest in subregion 5 

(Table 3.2). Subregions 2 and 5 have total offshore POC enrichments of 22.6 ± 5.1 Gg 

year-1 and 4.4 ± 1.2 Gg year-1, respectively (Table 3.1). Subregion 3 is characterized by a 

smaller offshore POC enrichment of 1.1 ± 0.9 Gg year-1. There is no significant offshore 

enrichment of POC in subregion 1 and it was not calculated for subregion 4 because none 

of the amplitude bins had POC anomalies that were statistically different (Table 3.1; 

Figure 3.5). The results for the number of eddies generated, volume transport, and 

offshore POC enrichment in 33-43°N (subregions 2 and 3 combined) are consistent with 

Amos et al. (2019). 

In the HCS, cyclonic eddies that are generated inshore and propagate offshore of 

have higher POC anomalies than cyclones of the same size generated offshore for all 

amplitudes in subregion 3, which encompasses the area downstream of Punta Lavapie 

(Figure 3.5). Outside of subregion 3, this relationship is only observed in subregion 4 for 

cyclones with amplitudes 1-3 cm. Per degree latitude, subregion 2 has the most cyclones 

generated inshore per year and subregion 1 has the largest volume transport by cyclones 

(Table 3.2). The total number of cyclones generated in subregion 1 is 11.9 ± 0.5 per year 

and the volume transport is 6.25 ± 0.35 Sv, however this is the largest subregion in the 

HCS (Table 3.1). The nonlinearity parameter in this subregion is also low, so it is 

possible that using a trapping efficiency of 1 in Equation 1 introduces larger errors in this 

subregion (Table 3.1; Figure 3.3). In subregions 1-3, 78-88% of the cyclonic eddy 

occurrences are nonlinear and only 62% in subregion 4. Despite subregion 3 having a 

lower number of cyclones generated inshore per year and less volume transport per 

degree latitude compared to the other subregions, it has the highest offshore POC 
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enrichment per degree latitude (Table 3.2). In subregion 3, 4.1 ± 0.4 cyclones are 

generated inshore and propagate offshore per year and the total offshore enrichment of 

POC in subregion 3 is 16.1 ± 3.1 Gg year-1 (Table 3.1). Although subregion 1 has a large 

number of cyclonic eddies generated per year and a large volume transport, no offshore 

POC enrichment was calculated for this subregion because none of the amplitude bins 

had POC anomalies that were statistically different (Figure 3.5). 

In the CanCS, subregion 3 has higher POC anomalies associated with cyclonic 

eddies generated inshore that are located offshore compared to cyclones generated 

offshore for amplitudes 3-7 cm and the difference in the anomalies is larger in this 

subregion than in subregions 1 and 2 (Figure 3.5). POC anomalies associated with 

cyclones generated inshore are also slightly higher than those generated offshore in 

subregion 2 for amplitudes 1-3 cm and 5-7 cm (Figure 3.5). Per degree latitude, 

subregion 3 has the largest number of cyclones generated inshore per year and the largest 

volume transport (Table 3.2), with a total of 4.6 ± 0.5 cyclones generated per year and a 

volume transport of 1.22 ± 0.14 Sv (Table 3.1). This volume transport is consistent with 

the westward transport by eddies estimated by Sangrà et al. (2009) between 22-29°N in 

the CanCS (1.3 Sv in the top 300 m).  In subregion 3, 77% of the cyclonic eddy 

occurrences are nonlinear. The highest offshore POC enrichment per degree latitude also 

occurs in subregion 3, with a total POC enrichment of 16.8 ± 6.1 Gg year-1 (Tables 3.1-

3.2). Subregion 2 has an offshore POC enrichment of 1.8 ± 0.5 Gg year-1, with 83% of 

cyclones being nonlinear, and there is no significant offshore enrichment in subregion 1 

(Table 3.1).  
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In the BCS, the POC anomalies inside cyclones generated inshore that are located 

offshore are statistically different than cyclones generated offshore for amplitudes 9-17 

cm in subregion 2 (Figure 3.5). None of the amplitude bins in subregion 1 are statistically 

different. Per degree latitude, more cyclones are generated inshore per year and the 

volume transport is higher in subregion 1 compared to subregion 2 (Table 3.2). In total, 

4.1 ± 0.5 cyclones are generated per year and the volume transport is 1.16 ± 0.19 Sv, 

which is comparable to subregions in the other EBCS (Table 3.1). The percentage of 

cyclones generated inshore that are nonlinear in the BCS is 84% in subregion 1 and 93% 

in subregion 2, with higher nonlinear values observed in subregion 2 (Table 3.1; Figure 

3.3). The offshore POC enrichment in subregion 2 is 3.6 ± 3.1 Gg year-1 (Table 3.1). The 

POC enrichment was not calculated in subregion 1 because none of the amplitude bins 

had POC anomalies that were statistically different (Figure 3.5). 

 

3.5. Discussion 

 Amos et al. (2019) used new methodology to present large-scale observational 

evidence that the process of nonlinear mesoscale eddies trapping coastal water and then 

propagating offshore is important enough to produce a signature in cyclonic eddies far 

from the coast in the CCS. This study expands on that research by investigating this 

process in all major EBCS and identifying subregions within each EBCS where eddy-

induced transport is most important. Our results indicate that the enrichment of POC in 

offshore regions is associated with offshore propagating nonlinear cyclonic eddies that 

are capable of trapping carbon- and nutrient-rich coastal water during formation. This 
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cross-shelf transport is important for increasing the area influenced by highly productive 

upwelled waters in the EBCS. 

In the CCS and HCS, the subregions with large offshore enrichment of POC by 

cyclonic eddies occur in approximately the same latitudinal bands, 37-43°N and 34-42°S, 

respectively. The mid-latitude subregions in the CCS and HCS with enhanced POC 

enrichment feature intense upwelling, high eddy activity, and cyclonic eddies that are 

highly nonlinear (Figures 3.1-3.3). This subregion in the CCS features Cape Blanco 

(43°N), where the upwelling jet separates from the coast (Barth et al., 2000; Strub and 

James, 2000). This also occurs in the HCS at Punta Lavapie (37°S; Mesias et al., 2003; 

Aguirre et al., 2012). Jet separation can result in the development of an intense 

meandering flow regime that dominates the circulation in coastal regions and strongly 

influences eddy activity downstream of the separation point (Barth et al., 2000; Strub and 

James, 2000; Capet et al., 2008b; Chaigneau et al., 2009; Castelao and Luo, 2018). There 

is also a significant increase in the nonlinearity of cyclonic eddies downstream of the 

separation point in both the CCS and the HCS. This analysis points to two conditions that 

are important for eddy-induced transport. First, there need to be nonlinear cyclonic eddies 

that are generated near the coast, since eddy-induced transport scales with the number of 

eddies propagating offshore. Second, the band with high POC concentrations needs to be 

wide enough for the eddies to be able to trap the coastal water that is rich in POC. The 

eddy data is only available offshore of about 50 km and the radius of most eddies 

detected by satellite altimetry is on the order of 100 km (Chelton et al., 2011b). 

Therefore, the band with high POC concentrations needs to be at least 150-200 km wide 

for this mechanism to be important for the eddies that we can resolve. The jet separation 
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in these regions contributes to the widening of the high POC band and the formation of 

eddies, thus it is important for creating favorable conditions for eddy-induced offshore 

transport. 

Enhanced subregions of offshore POC enrichment in the CanCS and BCS occur a 

slightly farther equatorward, 21-28°N and 29-35°S, respectively compared to the CCS 

and HCS. This subregion in the CanCS also coincides with jet separation at Cap Blanc 

(21°N; Meunier et al., 2012). In the BCS, the jet separates from the coast near Cape 

Columbine (33°S; Veitch et al., 2018). These results for the CanCS and BCS are 

somewhat surprising. In the BCS, the offshore transport near Cape Columbine is small, 

even though jet separation occurs there (Penven et al., 2000). Cape Columbine is located 

very close to the southern tip of Africa and the location of the Agulhas Current 

separation. This differs from the capes with jet separation in the CCS and HCS which are 

bounded by longer stretches of coastline on both sides of the capes. Also, in the analysis 

we focused on cyclonic eddies generated near the coast, so we are not including the large 

anticyclonic Agulhas Current rings. However, the cyclones in this subregion are highly 

nonlinear (Figure 3.3), indicating that Agulhas rings may influence the local circulation 

in this region and possibly the offshore propagation of coastally-generated cyclones. In 

the CanCS, jet separation and mesoscale activity also occur along the west coast of the 

Iberian Peninsula (subregion 1; Haynes et al., 1993; Røed and Shi, 1999; Peliz et al., 

2002; Relvas and Barton, 2002), however, there is no significant offshore enrichment of 

POC in this subregion. The cyclonic eddies generated near the coast in this subregion 

have lower nonlinearity values (Table 3.1; Figure 3.3), so they may not be trapping as 

much of the coastal water. Also, the coastal band with high POC concentrations is very 
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narrow. This is important because the band with high POC concentrations needs to be 

wide enough for eddies to trap this water, as discussed above. If the band is too narrow, 

then water cannot be trapped by the large eddies that are included in the analyses. For 

narrower POC bands, submesoscale eddies (radius on the order of 10 km) could play an 

important role in trapping and transporting the coastal water offshore (Capet et al., 2008c; 

McWilliams, 2016; Dauhajre et al., 2017). Using current altimetry data, however, only 

eddies with radii larger than 40-50 km are detectable (Chelton et al., 2011b). Future 

studies using SWOT (NASA’s Surface Water and Ocean Topography mission; Fu et al., 

2012), which will provide sea level anomalies at higher resolution, can investigate the 

role of smaller eddies on offshore transport in the EBCS.  

 In all EBCS, the process of offshore transport by eddies is important, but there is 

substantial spatial variability in where this occurs. In most cases the enhanced transport is 

found in regions where we would expect, e.g., downstream of Cape Blanco and Punta 

Lavapie where jet separation widens the band with high POC concentrations and 

increases eddy activity. This supports our interpretation that the difference in the POC 

anomalies associated with cyclones generated inshore that move offshore and those 

generated locally offshore is not just noise or uncertainty but rather real and associated 

with eddy-driven transport. As mentioned above, jet separation is important for 

contributing to the offshore extension of coastal water, inducing a cross-shelf transport of 

1-2 Sv (Mooers and Robinson, 1984; Kosro and Huyer, 1986; Barth et al., 2000; Castelao 

and Barth, 2005; Aguirre et al., 2012; Veitch et al., 2018). However, this mechanism is 

generally confined to about 400 km offshore (Lynn and Simpson, 1987; Strub and James, 

2000; Barth et al., 2005). Eddies in these regions produce similar volume transports 
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(Table 3.1), but their influence can extend much farther offshore (Amos et al., 2019). 

This eddy-induced transport will affect heat and salt fluxes (Dong et al., 2014) and widen 

the area influenced by upwelling circulation and coastal production. Eddies generated 

near the coast are likely trapping POC with a different composition compared to the 

composition of the POC found offshore. As this coastal POC is transported offshore, it 

can help support a variety of processes in the offshore region, which may have important 

ecological implications. For example, the coastal waters that are trapped during eddy 

formation are influenced by recent coastal production, which is known to add labile 

compounds, such as saccharides and low molecular weight fatty acids, to the carbon pool 

(Ahlgren et al., 1992; Medeiros et al., 2012; Medeiros et al., 2015). When this material is 

redistributed offshore, via eddies for example, it provides a pathway for coastal 

production to help support heterotrophic microorganisms away from the coast. Activity 

by microorganisms has been shown to vary strongly as a function of POC composition 

(Satinsky et al., 2014), therefore this transport mechanism may drive changes in 

microbial community composition (Doherty et al., 2017). 

There are several limitations in our estimates of volume transport and offshore 

POC enrichment. Imperfections in the eddy detection and tracking algorithm can make it 

difficult to accurately identify eddies (Chelton et al., 2011b; Amores et al., 2018). As a 

result, there may be errors in the eddy characteristics, such as radius and amplitude, 

which could affect the transport calculations. Also, as mentioned above, only eddies with 

radii larger than 40-50 km are detectable with current altimetry data (Chelton et al., 

2011b). Submesoscale eddies may also contribute to the redistribution of coastal 

upwelled water (Capet et al., 2008c; McWilliams, 2016; Dauhajre et al., 2017), but they 
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are not included here. Our estimates of volume transport and offshore POC enrichment 

may be higher if these smaller eddies are included. Lastly, the relationship between 

surface POC concentrations and POC content in the top 100 m was based on in situ POC 

data in the southern CCS only. This relationship was applied to all EBCS subregions, but 

this may not hold true in the northern CCS and in the CanCS, HCS and BCS, which leads 

to uncertainties in our estimates of offshore POC enrichment in these regions. Given 

these uncertainties and limitations, it is difficult to estimate if the eddy-induced 

enrichment of POC in the offshore waters is an important component of the carbon 

budget in this region. The enrichment of POC in the offshore region associated with 

cyclonic eddies that are generated inshore and move offshore may be an important 

component driving local POC variability offshore, even if the contribution to the total 

offshore POC stock is small.  
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Table 3.1. Eddies characteristics and transport estimates in each EBCS subregion. The 

number of eddies per year, annual volume transport, and offshore POC enrichment were 

only calculated for cyclonic eddies generated 0-300 km from the coast that propagated 

offshore of 300 km. The calculation for offshore POC enrichment only includes 

amplitudes bins with POC anomalies that are statistically different (t-test, p < 0.1; see 

Figure 3.5 for significant bins). Subregions without a POC enrichment means that none 

of the amplitude bins were statistically different. The nonlinearity parameter was only 

calculated for cyclonic eddies located 0-300 km from the coast. Abnormally high 

nonlinear values associated with the tracking algorithm were excluded from the 

calculations by removing data above the 90th percentile. 

 Subregions 
(number 

and latitude 
range) 

Number of 
cyclonic 

eddies per 
year (mean 

± one 
standard 

error) 

Annual 
volume 

transport 
by cyclonic 

eddies ± 
one 

standard 
error (Sv) 

Offshore 
POC 

enrichment 
by cyclonic 
eddies ± one 

standard 
error (Gg 

year-1) 

Nonlinearity 
parameter 
for cyclonic 

eddies 
(mean ± one 

standard 
deviation) 

Percentage 
of cyclonic 
eddies that 

are 
nonlinear 
(U/c>1) 

California 
Current 
System 

1 43-47°N 1.4 ± 0.4 0.27 ± 0.12 - 3.0 ± 2.4 80.0% 

2 37-43°N 3.6 ± 0.6 0.96 ± 0.17 22.6 ± 5.1 6.3 ± 4.8 93.0% 

3 33-37°N 2.2 ± 0.6 0.60 ± 0.14 1.1 ± 0.9 5.3 ± 4.2 91.9% 

4 28-33°N 3.2 ± 0.5 0.77 ± 0.14 -1.2 ± 2.6 5.7 ± 4.4 92.0% 

5 23-28°N 3.6 ± 0.6 0.89 ± 0.17 4.4 ± 1.2 5.4 ± 3.6 94.0% 

Humboldt 
Current 
System 

1 4-24°S 11.9 ± 0.5 6.25 ± 0.35 - 2.3 ± 1.5 77.8% 

2 24-34°S 7.3 ± 0.6 1.96 ± 0.16 3.8 ± 1.8 3.5 ± 2.4 88.0% 

3 34-42°S 4.1 ± 0.4 0.79 ± 0.09 16.1 ± 3.1 2.8 ± 2.4 75.3% 

4 42-56°S 5.8 ± 0.5 0.72 ± 0.06 5.7 ± 1.3 1.9 ± 1.6 61.9% 

Canary 
Current 
System 

1 36-44°N 3.6 ± 0.4 0.63 ± 0.08 -2.5 ± 0.7 1.9 ± 1.5 66.7% 

2 28-36°N 3.3 ± 0.5 0.77 ± 0.13 1.8 ± 0.5 3.2 ± 2.4 82.5% 

3 21-28°N 4.6 ± 0.5 1.22 ± 0.14 16.8 ± 6.1 2.3 ± 1.7 77.0% 

Benguela 
Current 
System 

1 23-29°S 4.1 ± 0.5 1.16 ± 0.19 - 3.1 ± 2.3 84.0% 

2 29-35°S 2.5 ± 0.6 0.56 ± 0.13 3.6 ± 3.1 7.2 ± 5.9 92.5% 
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Table 3.2. Results in Table 3.1 calculated per degree latitude. The number of eddies per 

year, annual volume transport, and offshore POC enrichment were only calculated for 

cyclonic eddies generated 0-300 km from the coast that propagated offshore of 300 km. 

The calculation for offshore POC enrichment only includes amplitudes bins with POC 

anomalies that are statistically different (t-test, p < 0.1; see Figure 3.5 for significant 

bins). Subregions without a POC enrichment means that none of the amplitude bins were 

statistically different. 

 

 Subregions 
(number and 

latitude 
range) 

Number of 
cyclonic 

eddies per 
year (mean) 
per degree 

latitude 

Annual 
volume 

transport by 
cyclonic 

eddies (Sv) 
per degree 

latitude 

Offshore 
POC 

enrichment 
by cyclonic 
eddies (Gg 
year-1) per 

degree 
latitude 

California 
Current 
System 

1 43-47°N 0.35 0.07 - 

2 37-43°N 0.60 0.16 3.77 

3 33-37°N 0.55 0.15 0.28 

4 28-33°N 0.64 0.15 -0.24 

5 23-28°N 0.72 0.18 0.88 

Humboldt 
Current 
System 

1 4-24°S 0.60 0.31 - 

2 24-34°S 0.73 0.20 0.38 

3 34-42°S 0.51 0.10 2.01 

4 42-56°S 0.45 0.06 0.44 

Canary 
Current 
System 

1 36-44°N 0.45 0.08 -0.31 

2 28-36°N 0.41 0.10 0.23 

3 21-28°N 0.66 0.17 2.40 

Benguela 
Current 
System 

1 23-29°S 0.68 0.19 - 

2 29-35°S 0.42 0.09 0.60 
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Figure 3.1. Long-term mean of POC (mg m-3) for 1998-2009. POC was calculated using 

a relationship between blue-to-green band ratios of remote sensing reflectances from 

SeaWiFS (Stramski et al., 2008). Numbered subregions correspond to the subregions 

listed in Table 3.1. 
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Figure 3.2. Frequency of occurrence (percentage of time that eddies are observed at a 

given location) for cyclonic eddies that passed through each 0.35° x 0.35° region. 

Numbered subregions correspond to the subregions listed in Table 3.1. 
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Figure 3.3. Mean nonlinearity parameter (U/c; unitless) for cyclonic eddies generated 

inshore of 300 km that passed through each 0.35° x 0.35° region. Numbered subregions 

correspond to the subregions listed in Table 3.1. No nonlinear eddies generated near the 

coast propagated to the areas shown in white in each of the four EBCS. 
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Figure 3.4. Example of offshore transport by an eddy in the Humboldt Current System. 

POC (mg m-3) derived from satellite observations and mean sea level anomaly contours 

from altimetry at 3 cm intervals on (a) 12 February 1999, (b) 4 March 1999, (c) 10 April 

1999, and (d) 28 July 1999. Solid contours are negative. Arrows mark the location of a 

cyclonic eddy transporting upwelled coastal water that is rich in POC offshore. PL: Punta 

Lavapie. 
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Figure 3.5. Mean POC anomaly (mg m-3) within one eddy radius grouped by eddy 

amplitude for cyclonic eddies in each subregion in the CCS (left), HCS (middle), CanCS 

(top right), and BCS (bottom right). Error bars show the 95% confidence intervals. The 

cyan line is for cyclones generated and located 0-300 km from the coast. The dark blue 

line is for cyclones generated 0-300 km from the coast that propagated to 300-600 km 

offshore. The red line is for cyclones generated and located offshore between 300-600 

km. The asterisks at the bottom of each plot indicate the amplitude bins where the dark 

blue and red lines are statistically different (t-test, green is for p < 0.05 and black is for p 

< 0.1). Only amplitude bins with more than 10 eddy occurrences for each group of eddies 

are included in the analyses and shown in the plots. The y-axis is cropped on all plots so 

that the same limit is used for each EBCS and to make it easier to compare the various 

subregions within an EBCS.  
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CHAPTER 4 

INFLUENCE OF THE EL NIÑO-SOUTHERN OSCILLATION ON SST FRONTS 

ALONG THE WEST COASTS OF NORTH AND SOUTH AMERICA 3 

  

 
3 Amos, C.M. and R.M. Castelao. Submitted to Journal of Geophysical Research: Oceans. 
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4.1. Abstract 

Along the west coasts of North and South America, sea surface temperature (SST) 

fronts are important for circulation dynamics and promoting biological activity. 

Prevailing equatorward winds during local summer results in offshore Ekman transport 

and upwelling along the coast, where fronts often form between the cold, upwelled water 

and the warmer offshore waters. Although the interannual variability in winds, coastal 

upwelling, sea level anomalies, and SST in these regions have been linked to the El Niño-

Southern Oscillation (ENSO), SST fronts have received less attention. Here, we use 

satellite SST data spanning 1982-2018 to show that frontal activity within 0-300 km 

offshore decreases during El Niño events and increases during La Niña events along most 

of the west coasts of North and South America. After removing the seasonal cycle, the 

variability in frontal activity is dominated by ENSO. The decrease in frontal activity off 

South America during El Niño coincides with the seasonal peak in frontal activity, while 

off North America the decrease occurs when frontal activity is at a seasonal minimum. 

We utilized satellite measurements of wind stress and sea level anomaly to investigate 

how oceanic and atmospheric forcing mechanisms associated with ENSO affect frontal 

activity. Off Central and South America, oceanic forcing (i.e., coastal Kelvin waves) is 

likely the main contributor to the decrease in frontal activity during El Niño events. 

Along the west coast of the United States, the decrease in frontal activity is likely due to 

both oceanic forcing and atmospheric teleconnections associated with ENSO. 
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4.2. Introduction 

 The physical, chemical, and biological processes in Eastern Boundary Current 

Systems (EBCS) have been widely studied over the past several decades. EBCS are 

associated with large-scale anticyclonic flow, and with coastlines generally aligned in the 

meridional direction, these regions are favorable for coastal upwelling (Bakun and 

Nelson, 1991). Prevailing equatorward winds during the summer result in offshore 

Ekman transport and upwelling along the coast, bringing cold, nutrient-rich waters to the 

surface (Huyer, 1983). The circulation often establishes sea surface temperature (SST) 

fronts that separate the cold, upwelled water along the coast from warmer offshore waters 

(Kostianoy and Lutjeharms, 1999). A strong alongshore coastal upwelling jet also forms 

in geostrophic balance with the upwelled isopycnals (Huyer, 1983), making the locations 

of SST fronts good proxies for the location of flow intensifications in these regions (Strub 

and James, 2000). Fronts are also characterized by convergent flow at the surface, 

making them hotspots for biological activity. As free-floating biota accumulate in the 

frontal zone, higher trophic levels are attracted to these regions, establishing productive 

food webs (Walsh, 1977; Bowman, 1978; Chavez and Messié, 2009; Woodson and 

Litvin, 2015). 

 SST fronts in EBCS have received a great deal of attention over the past two 

decades (e.g., Castelao et al., 2006; Meunier et al., 2012; Nieto et al., 2012; Santos et al., 

2012; Vazquez-Cuervo et al., 2013; Wang et al., 2015; Veitch and Penven, 2017; Oerder 

et al., 2018; Mauzole et al., 2020). In the two EBCS in the Pacific Ocean, located along 

the west coasts of the United States and Mexico and along Peru and Chile, fronts have 

been shown to exhibit latitudinal and seasonal variability, largely due to the seasonality 
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of upwelling (Strub et al., 1998; Kahru et al., 2012; Vazquez-Cuervo et al., 2013; 

Castelao and Wang, 2014; Wang et al., 2015) and mesoscale dynamics (Kahru et al., 

2012; Vazquez-Cuervo et al., 2013; Yuan and Castelao, 2017) in these regions. 

Interactions of the flow with bottom topography have also been shown to influence the 

distribution of SST fronts in many regions, such as in the California Current System 

(CCS; Castelao et al., 2005). 

 Along the west coasts of North and South America, variability in wind patterns, 

upwelling, sea level anomaly (SLA), and SST anomalies have been linked to climatic 

indices, such as the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal 

Oscillation (e.g., Enfield and Allen, 1980; Huyer et al., 1987; Meyers et al., 1998; Strub 

et al., 1998; Ulloa et al., 2001; Carr et al., 2002; Huyer et al., 2002; Schwing et al., 2002; 

Strub and James, 2002a; Macias et al., 2012; Jacox et al., 2014; Jacox et al., 2015; 

Stramma et al., 2016; Espinoza‐Morriberón et al., 2017). The El Niño and La Niña 

phases of ENSO have widespread impacts on the ocean and atmosphere, influencing the 

physical processes off the coasts of North and South America. Studies have identified 

oceanic and atmospheric mechanisms that drive changes in these regions during El Niño 

events. Coastally trapped waves, originating from equatorial Kelvin waves, propagate 

poleward along the west coasts of North and South America, depressing the thermocline 

and altering oceanic processes (Enfield and Allen, 1980; Chelton and Davis, 1982; 

Spillane et al., 1987; Shaffer et al., 1997; Meyers et al., 1998; Strub and James, 2002a). 

In the CCS (30°-50°N), atmospheric teleconnections cause a decrease in the equatorward 

winds due to the expansion and displacement of the Aleutian Low to the southeast, 

affecting upwelling in this region (Alexander et al., 2002; Schwing et al., 2002). Off the 
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coasts of Peru and Chile, alongshore winds are affected through different atmospheric 

teleconnections, which have been shown to maintain or increase upwelling favorable 

winds during El Niño events (Huyer et al., 1991; Blanco et al., 2002; Carr et al., 2002; 

Kessler, 2006). 

 Although a clear link has been identified between ENSO events and winds, 

coastal upwelling, thermocline depth, and SST anomalies along the west coasts of North 

and South America, the role that ENSO plays in the interannual variability of SST fronts 

has received less attention (Kahru et al., 2018; Wang et al., 2021). Here, we use 37 years 

of satellite SST data to detect fronts using an edge-detection algorithm to investigate the 

interannual variability of SST fronts off the west coasts of North and South America. We 

use satellite measurements of SLA and wind stress to investigate the oceanic and 

atmospheric forcing mechanisms associated with ENSO and their effects on frontal 

variability.  

 

4.3. Data and Methods 

4.3.1. SST Fronts 

Daily sea surface temperature (SST) measurements from January 1982 to 

December 2018 were obtained from the Group for High Resolution Sea Surface 

Temperature (GHRSST). The global level 4 SST product provided by GHRSST is 

produced on a 0.25 degree grid by optimally interpolating SST observations from satellite 

(AVHRR only) and in situ platforms (i.e. ships and buoys). SST fronts are identified off 

the west coasts of North and South America using an edge-detection algorithm (Canny, 

1986) following Castelao et al. (2006) and Wang et al. (2015) (Figure 4.1). Briefly, we 
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first compute the SST gradient vector for each daily SST map. The thresholding in the 

edge-detection algorithm is done with hysteresis. The algorithm first looks for pixels with 

gradient magnitude larger than a threshold T1. These pixels are flagged as frontal pixels. 

The algorithm then tracks along a front crest flagging individual pixels as fronts until the 

gradient magnitude falls below a smaller threshold T2. This helps to ensure that noisy 

edges are not broken up into multiple edge fragments. The thresholds employed for T1 

and T2 are 0.017°C km-1 and 0.0085°C km-1, respectively. Comparisons of fronts detected 

with gradient magnitude maps show that the chosen threshold values allow for capturing 

most of the main fronts in the domain (Figure 4.1). Additional details about the front 

detection method can be found in Castelao et al. (2006). Monthly frontal probabilities are 

calculated from the daily maps of fronts by taking the number of times each pixel 

qualifies as a front during one month and dividing by the number of times the pixel was 

valid (e.g., cloud free) during that month (Ullman and Cornillon, 1999; Mavor and 

Bisagni, 2001). GHRSST AVHRR-only SST is cloud free due to the optimal 

interpolation of SST from different sources, however computing frontal probabilities 

allows for comparisons with other studies and with analyses using MODIS SST, which 

are described below.  

One potential concern with using the GHRSST AVHRR-only SST product is that 

it is characterized by a lower feature resolution compared to other SST products, such as 

MODIS. We repeated the analyses using daily MODIS SST measurements that are 

available at 4 km resolution from July 2002 to December 2018. Despite the higher spatial 

resolution of MODIS SST, its shorter temporal coverage is a disadvantage for studying 

the interannual variability of SST fronts in relation to ENSO. Analyses of fronts using 
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GHRSST AVHRR-only SST were consistent with the spatial and temporal patterns of 

fronts detected using MODIS. A regression analysis comparing SST gradient magnitudes 

(which are used to detect fronts) between the two products in the Northern Hemisphere at 

monthly time scales indicates that the magnitude of gradients computed using GHRSST 

are on average 30% less than the magnitude of MODIS gradients, with the intercept 

centered around zero. Gradient magnitudes computed using the two products are 

significantly correlated to each other, with an average correlation along the coastline of 

0.75.  

 

4.3.2. Wind Stress 

 The Cross-Calibrated Multi-Platform (CCMP) version 2.0 gridded surface vector 

winds from July 1987 to December 2018 are used to compute wind stress. Four daily 

maps of CCMP vector winds are produced on a 0.25 degree grid using a combination of 

Version-7 RRS radiometer wind speeds, QuikSCAT and ASCAT scatterometer wind 

vectors, moored buoy wind data, and ERA-Interim model wind fields using a Variational 

Analysis Method (Atlas et al., 2010). We computed wind stress for each of the four daily 

maps, then averaged the four maps to produce a daily map of wind stress. The alongshore 

component of the wind stress was computed by rotating the coordinate system to be 

parallel with the local coastline. Although this product is somewhat smoothed compared 

to satellite wind fields (e.g., QuikSCAT, ASCAT), it has the advantage of covering a 

substantially longer period of time, allowing for comparisons with the GHRSST 

AVHRR-only SST record. 
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4.3.3. Sea Level Anomaly 

 Sea level anomaly (SLA) data are obtained from the Copernicus Climate Service. 

SLA is available daily from January 1993 to December 2018 on a 0.25 degree grid. 

 

4.3.4. El Niño and La Niña Events 

We use the Oceanic Niño Index (ONI) produced by NOAA to define El Niño and 

La Niña events (Figure 4.2). The ONI is defined as the three-month running mean of SST 

anomalies in the Niño 3.4 region. El Niño (La Niña) events occur when the ONI reaches 

≥ 0.5°C (≤ -0.5°C) for a minimum of five consecutive months (NOAA Climate 

Prediction Center). Other indices are also used to define ENSO events using different 

parameters and/or regions of the equatorial Pacific. We repeated the analyses using the 

Multivariate ENSO Index, Niño 3.4, Niño 3, Niño 4, and the Southern Oscillation Index 

to see if the results hold true when ENSO events are defined differently. 

 

4.3.5. Analysis Methods 

Our analysis covers the west coasts of North and South America, spanning 7°-

50°N and 0°-43°S, respectively. We divided both domains into 1° latitude boxes, 

extending from the coast to 300 km offshore. This offshore distance was determined 

based on the average offshore extent of the intensity of fronts, wind stress, and SLA in 

the domain. The results presented here are consistent with the results obtained when 

using a narrower region extending for 0-100 km and 0-200 km offshore. For each data 

set, monthly time series were computed by averaging the data within each box. 

Climatological monthly means were computed for the period 2003-2013 and subtracted 
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from the monthly time series within each box to compute monthly anomalies. We used 

2003-2013 as the climatological mean period to exclude the major El Niño events in 

1982-1983, 1997-1998, and 2015-2016. This time period is also captured by MODIS 

SST, allowing us to compare the anomalies of gradients and frontal probabilities from 

GHRSST AVHRR-only SST and MODIS SST that were computed using the same 

climatological mean period. To reduce noise, a 3-month running mean was applied to the 

monthly anomaly time series. Lagged correlations were calculated between the smoothed 

anomaly time series of SST frontal probability, alongshore wind stress, and SLA in each 

box and the ONI. To determine significant correlations, we quantified the effective 

number of degrees of freedom for each data set to account for autocorrelation within the 

time series. We computed the number of the degrees of freedom for each data set by 

dividing n (the number of months in the time series) by the autocorrelation time scale (5 

months for frontal probability and alongshore wind stress, 6 months for SLA; Lentz, 

1993). Only correlations that are significant at the 95% level are presented. 

 Empirical orthogonal function (EOF) decompositions are utilized to isolate the 

dominant modes of variability (with the seasonal cycle removed) for SST frontal 

probability, alongshore wind stress, and SLA. EOFs are computed using the 3-month 

running mean anomaly time series in the 1° latitude boxes. To determine the statistically 

significant EOF modes for each data set, we used the N-rule approach outlined by 

Overland and Preisendorfer (1982) to estimate those eigenvalues for which the 

geophysical signal exceeds the level of noise within the data. In both the Northern and 

Southern Hemisphere domains, the first 7 modes of SST frontal probability and the first 2 

modes of SLA were significant. For alongshore wind stress, the first 3 modes were 
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significant in the Northern Hemisphere and the first 5 modes were significant in the 

Southern Hemisphere.  

 To capture the progression of SST frontal probability, alongshore wind stress, and 

SLA during ENSO events, monthly mean data for the 24 months covering each event 

(e.g., January 1997 to December 1998 to capture the 1997-1998 El Niño) were extracted 

from the datasets. The extracted data was averaged to compute composites for El Niño, 

La Niña, and neutral conditions. The composite for neutral conditions was subtracted 

from the El Niño and La Niña composites to capture the differences in frontal probability, 

alongshore wind stress, and SLA that occur during El Niño and La Niña events compared 

to neutral years. The composite differences were computed for weak events (defined as 

ONI between 0.5 and 0.99°C for El Niño and between -0.99 and -0.5°C for La Niña for at 

least 3 consecutive months) and moderate to strong events (defined as ONI ≥ 1°C for El 

Niño and ONI ≤ -1°C for La Niña for at least 3 consecutive months) to compare the 

response of frontal probability, alongshore wind stress, and SLA to ENSO events of 

different strength. A two-sample t-test was used to determine the statistically significant 

composite differences at the 90% and 95% levels. 

 

4.4. Results 

4.4.1. Distribution and Interannual Variability of SST Fronts 

 Thirty-seven years of SST data are used to detect SST fronts off the west coasts of 

North and South America. Consistent with Wang et al. (2015) and Wang et al. (2021), 

SST fronts along the west coast of North America within 0-300 km offshore are most 

frequently observed around 11°N and 15°N, along Baja California (21°-30°N), and in the 
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CCS (33°-50°N) (Figure 4.3a). Frontal activity peaks during May-October around 33°-

34°N and during July-October between 37°-45°N (Figure 4.3a). The highest frontal 

probabilities in the CCS correspond to the locations of the strongest SST gradients, which 

occur near irregularities in the coastline geometry (Castelao et al., 2006; Castelao and 

Wang, 2014; Wang et al., 2015; Wang et al., 2021). Along Baja California, the 

occurrence of fronts peaks during April-June. To the south of Baja California, fronts 

occur in the Gulfs of Tehuantepec (15°N) and Papagayo (11°N) in boreal winter 

(November-March) (Figure 4.3a; referred to hereafter as “gap wind regions”). These 

regions are strongly influenced by intense wind jets that blow through gaps in the Sierra 

Madre mountain range and into the Pacific Ocean (Steenburgh et al., 1998; Chelton et al., 

2000). The strong wind jets induce vertical mixing that cools the surface waters during 

boreal winter (Barton et al., 1993; Sun and Yu, 2006; Liang et al., 2009). SST fronts are 

then generated between the cold water near the coast and the surrounding warm water 

(Legeckis, 1988; Barton et al., 1993; Trasviña et al., 1995; Martinez-Diaz-De-Leon et al., 

1999).  

SST fronts occur along the entire west coast of South America within 0-300 km 

offshore (Figure 4.3d). Off the coast of Ecuador (0°-4°S), increased frontal activity 

occurs during June-November, peaking around August-September (Figure 4.3d). Along 

the coast of Peru between 5°-15°S, fronts occur during February-May (Figure 4.3d). To 

the south of 15°S, the highest frontal probabilities occur off the coast of Chile around 

21°-23°S and 34°-39°S during February-May (Figure 4.3d). These spatial and temporal 

patterns of fronts off the west coast of South America are consistent with Wang et al. 

(2015) and Wang et al. (2021).  
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The variability in SST frontal activity that is potentially due to ENSO events is 

investigated using the monthly anomalies of frontal probabilities computed in 1° latitude 

boxes. Although the monthly anomalies still include variability on seasonal time scales, 

removing the seasonal cycle allows for interannual variability to be detected more easily. 

Along the west coast of North America, frontal activity generally decreases in boreal 

winter between 10°-25°N and 33°-40°N during El Niño events (Figures 4.2, 4.3b). To the 

north of 41°N, frontal probability decreases in boreal autumn, then increases slightly 

during boreal winter during El Niño events. The clearest signal in the anomalies is in the 

gap wind regions (11°N-15°N), where there is a reduction in frontal activity during 

boreal winter associated with El Niño events (Figures 4.3b, 4.4). The magnitude of the 

reduction in frontal probability throughout the domain appears to be related to the 

strength of El Niño events. The largest reductions in frontal activity occurred during 

1982-1983 and 1997-1998 (Figure 4.3b), coinciding with two of the strongest El Niño 

events during the time period covered in this study (Figure 4.2). Another strong El Niño 

occurred in 2015-2016 and frontal activity was reduced to the south of 25°N, however in 

the CCS (33°-50°N) there was not a clear reduction in frontal activity during boreal 

winter (Figure 4.3b). During La Niña events, frontal activity increases in the gap wind 

regions (Figure 4.4), between 17°-25°N, and in the southern CCS (33°-40°N; Figure 

4.3b). 

 Along the west coast of South America, anomalies of frontal probability are more 

apparent compared to those in the Northern Hemisphere (Figure 4.3e). The strongest 

reduction in frontal activity during El Niño events occurs between the equator and ~18°S 

during austral summer (Figure 4.3e). To the south of 18°S, frontal activity is also often 
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reduced during El Niño events, except around 23°-27°S. Consistent with the Northern 

Hemisphere, the magnitude of the frontal probability anomalies appears to be related to 

the strength of the El Niño event. An exception, however, is the 1991-1992 El Niño 

event. This event was weaker than the El Niño events in 1982-1983 and 1997-1998 

(Figure 4.2), however the decrease in frontal probability in austral summer during 1991-

1992 is comparable to the reductions in 1982-1983 and 1997-1998 (Figure 4.3e). During 

the 2015-2016 El Niño, frontal activity decreased less than during the events in 1982-

1983 and 1997-1998, despite all three events being similar in strength based on the ONI 

(Figure 4.2). During La Niña events, frontal probability generally increased, however the 

signal was noisier compared to the anomalies observed during El Niño events (Figure 

4.3e). 

 The monthly anomalies of SST frontal probability within 0-300 km offshore in 

each 1° latitude box were correlated with the ONI (Figure 4.2) at multiple lags (Figure 

4.3c, f). Along the west coast of North America, anomalies are significantly negatively 

correlated with the ONI between 10°-25°N and between 32°-40°N (Figure 4.3c). The 

correlation occurs at a larger lag in the northern part of the domain compared to the 

southern part. The negative correlations imply a reduction in frontal activity during El 

Niño events (negative frontal probability anomalies and positive ONI during El Niño). 

The strongest correlations occur in the gap wind regions (11°-15°N) at 0 to +2 months lag 

(positive lag is defined as changes in frontal probability occurring after the peak in the 

ONI) (Figure 4.3c; see also Figure 4.4). Off the coast of South America, frontal 

probability anomalies are significantly negatively correlated with the ONI between the 

equator and 19°S and between 32°-43°S (Figure 4.3f). The strongest correlations occur 



 

108 

around 1°-4°S at lags of -3 to -1 months, then the correlation decreases poleward and 

occurs at slightly larger lags. Anomalies of SST frontal probability along both coasts 

were also correlated with other ENSO indices (Multivariate ENSO Index, Niño 3.4, Niño 

3, Niño 4, Southern Oscillation Index) and the results were consistent with those shown 

here. 

 EOF decompositions of monthly SST frontal probability anomalies indicate that 

ENSO is the dominant mode of variability along the west coasts of both North and South 

America when the seasonal cycle is removed from the data (Figure 4.5). Notable 

decreases in the amplitude time series of EOF 1 in both hemispheres (Figure 4.5e) occur 

during El Niño events (e.g., boreal winter in 1982-1983 and 1997-1998). In the Northern 

Hemisphere, the amplitude time series for EOF 1 is significantly correlated with the ONI 

at lags of -4 to +8 months, with the peak correlation (r = -0.65 to -0.67) occurring at 0-2 

months, which is consistent with the results in Figure 4.3. We note that although a 

propagating signal cannot be entirely represented by one EOF mode, frontal probability 

anomalies associated with ENSO last for several months (especially given that a 3-month 

running mean was used), allowing for the signal to be captured by the analysis. The 

spatial pattern and amplitude time series of EOF 1 indicate a reduction in frontal 

probability during El Niño events between 10°-25°N and between 30°-40°N (Figure 

4.5a,e). EOF 1 accounts for a relatively small percentage of the total variance (17.8%), 

however it explains a larger fraction of the local variance (Chelton and Davis, 1982) in 

many regions (e.g., ~41% at 10°-16°N, ~30% at 17°-24°N, and ~19% at 32°-40°N; 

Figure 4.5b). To the north of 43°N, EOF 1 reverses sign, indicating positive anomalies of 
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frontal probability in boreal winter during El Niño events, as shown in Figure 4.3b. 

However, mode 1 only explains ~9% of the local variance in this region (Figure 4.5b). 

Along the west coast of South America, EOF 1 indicates a decrease in frontal 

probability in austral summer during El Niño events along the entire coastline (Figure 

4.5c,e). The amplitude time series for EOF 1 is significantly correlated with the ONI at 

lags of -4 to +4 months, with the peak correlation (r = -0.45 to -0.46) occurring at -1 to 

+1 months. EOF 1 explains 30.4% of the total variance in frontal probability, with the 

largest response occurring between 5°-17°S, where the local variance explained by EOF 

1 is ~46% (Figure 4.5d). The amplitude time series of EOF 1 for frontal probability along 

the coast of South America captures a larger response in the reduction of frontal 

probability to weak El Niño events, e.g., 1987-1988 and 1991-1992, compared to North 

America where the time series has a smaller amplitude during those events (Figure 4.5e). 

Overall, EOF 1 explains more of the total variance in frontal probability and more of the 

local variance at 25°-35° along the west coast of South America compared to North 

America. 

 

4.4.2. Alongshore Wind Stress and SLA Variability 

 Oceanic (e.g., poleward propagating Kelvin Wave) and atmospheric (e.g., shifts in 

the Aleutian Low) forcing mechanisms associated with ENSO have been shown to affect 

winds, upwelling, thermocline depth, and SST along the west coasts of North and South 

America (e.g., Enfield and Allen, 1980; Huyer et al., 1987; Strub et al., 1998; Ulloa et al., 

2001; Carr et al., 2002; Huyer et al., 2002; Schwing et al., 2002; Strub and James, 2002a; 

Macias et al., 2012; Jacox et al., 2014; Jacox et al., 2015; Stramma et al., 2016; Espinoza‐
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Morriberón et al., 2017). Therefore, it is useful to investigate the variability in alongshore 

wind stress and SLA to understand how these forcing mechanisms may affect SST frontal 

activity. 

 Along the west coast of North America, negative alongshore wind stress 

(upwelling favorable in the Northern Hemisphere) within 0-300 km offshore is dominant 

to the north of 20°N (Figure 4.6a). Alongshore wind stress off California (34°-39°N) is 

upwelling favorable on a monthly time scale, with peak intensity during April to June 

(Figure 4.6a). To the north of 39°N, wind stress is upwelling favorable during May-

September and downwelling favorable during October-March (Figure 4.6a). These 

patterns in the alongshore wind stress in the CCS are consistent with Huyer (1983), Strub 

et al. (1987), Chelton et al. (2007) and García-Reyes and Largier (2012). To the south of 

20°N, cross-shore wind stress becomes more important (not shown) due to the gap wind 

regions where intense wind jets blow through gaps in the Sierra Madre mountain range 

into the Pacific Ocean around 11°N and 15°N during boreal winter (Steenburgh et al., 

1998; Chelton et al., 2000). Along the west coast of South America, positive alongshore 

wind stress (upwelling favorable in the Southern Hemisphere) persists year-round 

between 0°-35°S (Figure 4.6e). Upwelling favorable winds peak during June-October to 

the north of 16°S along the coast of Ecuador and Peru and are continuously strong almost 

year-round between 28°-35°S, consistent with Putrasahan et al. (2013). To the south of 

~35°S, positive wind stress occurs during October-April and switches to negative 

(downwelling favorable in the Southern Hemisphere) during May-September (Figure 

4.6e), consistent with Strub et al. (2019).  
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 Monthly anomalies of the alongshore wind stress within 0-300 km of the coast off 

of North America are most pronounced to the north of 34°N. The anomalies are generally 

positive in the CCS (34°-48°N) in boreal winter during El Niño events (e.g., 1997-1998 

and 2002-2003; Figure 4.2, 6b), indicating more downwelling favorable or less upwelling 

favorable wind stress, consistent with previous studies (Schwing et al., 2002; Strub and 

James, 2002b). The anomalies are weaker in magnitude to the south of 34°N (Figure 

4.6b), which is consistent with the spatial pattern of alongshore wind stress discussed 

above in which alongshore wind stress is most pronounced to the north of 34°N (Figure 

4.6a). During La Niña events, anomalies in alongshore wind stress in the CCS are often 

weakly positive during boreal winter (Figure 4.6b). Along the west coast of South 

America, alongshore wind stress anomalies are weakly positive during October-May 

between 5°-20°S during El Niño events, with the anomalies extending farther south 

during some events (e.g., 1997-1998 and 2009-2010; Figure 4.2, 6d). This indicates 

maintained or increased upwelling favorable wind stress during El Niño events, which is 

consistent with previous studies (Huyer et al., 1991; Blanco et al., 2002; Carr et al., 

2002). During La Niña events, anomalies in this region are quite small (Figure 4.6d). To 

the south of ~27°S, anomalies of alongshore wind stress are stronger in magnitude, but do 

not show a clear pattern associated with El Niño or La Niña events.  

 EOF 1 of monthly alongshore wind stress anomalies (with the seasonal cycle 

removed) captures the dominant mode of variability along the west coast of North 

America, which is likely associated with ENSO, as indicated by signals in the amplitude 

time series that coincide with El Niño events (Figure 4.7e). EOF 1 accounts for 61.6% of 

the total variance and specifically captures variability in alongshore wind stress in the 
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CCS (34°-50°N), where the local variance explained by EOF 1 ranges from 35% to 95% 

(Figure 4.7b). The amplitude time series and spatial function for EOF 1 indicate positive 

alongshore wind stress anomalies (more downwelling favorable or less upwelling 

favorable) in the CCS that peak during December-February during El Niño events 

(Figure 4.7a,e), which is consistent with the results in Figure 4.6b. The amplitude time 

series is significantly correlated with the ONI at lags of -1 to +2 months (positive lag is 

defined as changes in alongshore wind stress occurring after the peak in the ONI). To the 

south of 34°N, EOF 1 captures only ~1% of the local variance of alongshore wind stress 

(Figure 4.7b). EOF modes 2 and 3 explain more of the local variance in this region (not 

shown), however both of the amplitude time series are only significantly correlated with 

the ONI at large negative lags (-4 to -5 months). 

 Along the west coast of South America, EOF 1 captures variability in the 

anomalies of alongshore wind stress between 0°-17°S and between 24°-43°S (Figure 

4.7c). Although EOF 1 accounts for 47.8% of the total variance and explains ~15% (0°-

17°S) and 23-84% (24°-43°S) of the local variance, the amplitude time series does not 

show a clear pattern coinciding with El Niño and La Niña events and it is not 

significantly correlated with the ONI (Figure 4.7f). ENSO variability in the alongshore 

wind stress off the coast of South America is likely captured by EOF 2. The amplitude 

time series for EOF 2 is significantly correlated with the ONI at lags of -4 to +2 months, 

with the peak correlation (r = -0.30) occurring at -2 and -1 months. The spatial pattern 

and amplitude time series for EOF 2 indicate positive alongshore wind stress anomalies 

(more upwelling favorable in the Southern Hemisphere) between 0°-17°S and 23°-34°S 

during El Niño events, spanning austral spring and summer (Figure 4.7c,f). To the south 
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of 34°S, the spatial function reverses sign (Figure 4.7c), indicating negative alongshore 

wind stress anomalies (less upwelling favorable) during El Niño events. EOF 2 captures 

24.1% of the total variance and ~22% (0°-17°S), 27-48% (23°-33°S), and ~39% (37°-

43°S) of the local variance of alongshore wind stress anomalies (Figure 4.7d). The results 

from EOF 1 for the Northern Hemisphere and EOF 2 for the Southern Hemisphere are 

consistent with the Hovmöller plots of alongshore wind stress anomalies (Figure 4.6), 

showing that upwelling favorable wind stress generally decreases along the west coast of 

the United States and increases off the coast of Peru in boreal winter (austral summer) 

during El Niño events. 

 Consistent with previous studies (e.g., Enfield and Allen, 1980; Chelton and 

Davis, 1982; Carr et al., 2002; Strub and James, 2002a), SLA anomalies are positive 

within 0-300 km offshore along the west coasts of North and South America during El 

Niño events (Figure C.1). The positive SLA signal decreases in magnitude moving 

poleward along both coastlines, persisting to at least 50°N and 43°S (Figure C.1a,c). The 

timing of the SLA anomalies indicates poleward propagation speeds of ~80 km day-1 and 

~200 km day-1 along the west coasts of North and South America, respectively, as in 

previous studies (Enfield and Allen, 1980; Chelton and Davis, 1982; Spillane et al., 1987; 

Clarke and Van Gorder, 1994; Shaffer et al., 1997). SLA anomalies were generally 

negative during La Niña events, however the magnitude of the anomalies was reduced 

compared to El Niño events (Figure C.1). 
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4.4.3. 2-year Progression of El Niño and La Niña events 

 To further capture the changes in SST frontal probability, alongshore wind stress, 

and SLA associated with El Niño and La Niña events compared to neutral periods, 

composite differences were computed using monthly mean data for the 24 months 

covering ENSO events (Jacox et al., 2015). Significance levels for all variables were 

determined using a t-test and p-value < 0.1 (Figure 4.8 and Figure 4.9). Results for all 

composite differences are similar using p-value < 0.05 (Figure C.2 and Figure C.3), but 

the spatial-temporal extent of the significant values is slightly reduced. 

Significant reductions in SST frontal probability occur during moderate to strong 

El Niño events (defined as ONI ≥ 1°C for at least 3 consecutive months) along most of 

the coast between 9°-42°N (Figure 4.8a; see also Figure C.2a). In the gap wind regions 

(11°-15°N), frontal activity is significantly reduced during November to April, consistent 

with Figure 4.4. Moving poleward, the peak reduction in frontal activity occurs a bit later 

in the year and persists through the southern and central CCS (30°-42°N) at a slightly 

lower magnitude compared to the gap wind regions (Figure 4.8a). This suggests a 

poleward propagating signal with a speed of 75 km day-1 (Figure 4.8a). For weak El Niño 

events (defined as ONI = 0.5-0.99°C for at least 3 consecutive months), there is also a 

reduction in frontal probability, but the results are noisier and the signal is less defined 

along the coastline compared to moderate to strong events (results not shown). During 

moderate to strong La Niña events, significant increases in frontal probability mostly 

occur around 17°-25°N and 33°-38°N during boreal winter (Figure 4.9a; see also Figure 

C.3a). To the north of 43°N, frontal probability significantly decreases during November-

December.  
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Along the west coast of South America, the reduction in frontal probability during 

moderate to strong El Niño events is largest off the coast of Ecuador and Peru, with 

significant reductions occurring between 0°-14°S during November-February (Figure 

4.8d), consistent with Figure 4.3e. To the south of 18°S, a slight reduction in frontal 

activity persists to 43°S at a lower magnitude, however there are very few locations 

where the reduction is significant. During moderate to strong La Niña events, there is an 

increase in frontal activity along most of South America in austral summer and autumn, 

however there are few locations where the increase is significant (Figure 4.9d). 

 Consistent with the results presented above (Figure 4.6b), differences in 

alongshore wind stress during moderate to strong El Niño events compared to neutral 

periods are most pronounced to the north of 35°N in the CCS (Figure 4.8b). Positive 

differences in alongshore wind stress, indicating more downwelling favorable in the 

Northern Hemisphere (or less upwelling favorable), occur to the north of 35°N during 

November-April, with significant differences occurring in January (Figure 4.8b). 

Differences are weak and not significant to the south of 35°N. For moderate to strong La 

Niña events, differences in alongshore wind stress are also slightly positive to the north 

of 35°N during September-April, but weaker in magnitude compared to the El Niño 

events (Figure 4.9b). Along the west coast of South America, the changes in alongshore 

wind stress are lower in magnitude for moderate to strong El Niño events compared to 

North America (Figure 4.8e). During El Niño events, significant alongshore wind stress 

differences are weakly positive (more upwelling favorable in the Southern Hemisphere) 

primarily between 0°-24°S during November-March (Figure 4.8e). For moderate to 
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strong La Niña events, differences are low in magnitude and most values are not 

significant (Figure 4.9e). 

 There is a clear increase in SLA along the west coasts of North and South 

America during moderate to strong El Niño events compared to neutral periods (Figure 

4.8c,f). In the Northern Hemisphere, the increase in SLA associated with El Niño events 

is significant along most of the coastline, with the largest increase occurring to the south 

of ~22°N, peaking in magnitude during November-December (Figure 4.8c). The SLA 

signal persists to 50°N but gradually loses strength and slightly lags behind the signal to 

the south. This indicates a poleward propagating signal with a speed of 74 km day-1 that 

is consistent with previous studies (Enfield and Allen, 1980; Chelton and Davis, 1982; 

Clarke and Van Gorder, 1994). Note that this propagation speed is almost identical to the 

propagation speed identified previously based on the SST frontal probability data (Figure 

4.8a). To the south of the equator, the increase in SLA is also significant along most of 

the coastline (Figure 4.8f). The largest increase occurs between 0°-10°S during 

November-December and quickly decreases in magnitude to the south of 10°S. The SLA 

signal along the west coast of South America travels much faster than the signal along the 

coast of North America, at a speed of ~205 km day-1 (Spillane et al., 1987; Shaffer et al., 

1997). During moderate to strong La Niña events, SLA decreases along the west coast of 

North America during boreal autumn and winter (Figure 4.9c). Along the west coast of 

South America, SLA also decreases during La Niña events, primarily to the north of 

~20°S in austral summer (Figure 4.9f). Along the coast in both hemispheres, the 

magnitude of the SLA differences are smaller than the increases observed during El Niño 

events and there are fewer significant values. 
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4.5. Discussion and Conclusions 

 The El Niño-Southern Oscillation can have widespread impacts on the ocean and 

atmosphere, influencing physical and biological processes. Over the past several decades, 

studies have identified oceanic and atmospheric forcing mechanisms associated with 

ENSO that drive changes in winds, coastal upwelling, thermocline depth, and SST along 

the west coasts of North and South America (e.g., Enfield and Allen, 1980; Huyer et al., 

1987; Meyers et al., 1998; Strub et al., 1998; Ulloa et al., 2001; Carr et al., 2002; Huyer 

et al., 2002; Schwing et al., 2002; Strub and James, 2002a; Macias et al., 2012; Jacox et 

al., 2014; Jacox et al., 2015; Stramma et al., 2016; Espinoza‐Morriberón et al., 2017). 

Here, we investigated the influence of ENSO specifically on SST fronts in these regions. 

After removing the seasonal cycle, the variability in frontal activity is dominated by 

ENSO in both hemispheres as shown by the EOF decompositions (Figure 4.5). SST 

frontal activity generally decreases during boreal winter and early spring (austral summer 

and early autumn) during El Niño events and increases during La Niña events, with the 

magnitude of the anomalies generally following the strength of the events (Figures 4.3, 

4.5, 4.8, 4.9). 

Recent studies investigated the variability of SST fronts along the coast of Baja 

California to the southern CCS (Kahru et al., 2018) and along the entire west coasts of 

North and South America (Wang et al., 2021). Kahru et al. (2018) used MODIS and 

VIIRS satellite data spanning 2000-2017 to detect SST fronts between ~22°-38°N. They 

were primarily focused on the response of fronts to the marine heatwave event in the 

northeast Pacific Ocean during 2014-2015 (Gentemann et al., 2017) and to the 2015-2016 

El Niño. Our results are generally consistent with Kahru et al. (2018) for the 2015-2016 
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El Niño, showing a slight reduction in SST frontal probability in part of the region 

between 22°-38°N (see Figure 4.6 in Kahru et al., 2018). Wang et al. (2021) used 

MODIS SST spanning 2002-2017 to detect SST fronts along the west coasts of North and 

South America, similar to this study, but they largely focused on frontal variability 

associated with ENSO in the tropical Pacific, rather than at higher latitudes as done here. 

Our results are consistent with Wang et al. (2021) in the gap wind regions (11°-15°N; 

regions 3-4 in Wang et al., 2021), showing a decrease in frontal probability during El 

Niño events and an increase during La Niña events. Both of these studies use satellite 

SST datasets that only captured variability in SST fronts since the early 2000s, which 

misses the strong El Niño events in 1982-1983 and 1997-1998. Our analysis expands on 

both of these studies by using a longer time period of satellite SST data (1982-2018) to 

include more ENSO events, allowing us to capture the variability of fronts in response to 

numerous El Niño events of varying strength. 

As discussed, frontal activity generally decreases during El Niño events along 

most of the west coasts of North and South America. An exception to this is in the middle 

of both domains, between 25°-32°N and 19°-32°S, where frontal activity is not 

significantly correlated with the ONI. Another difference is observed during the 2015-

2016 El Niño. This event became the strongest El Niño since the 1997-1998 event based 

on SST anomalies in the equatorial Pacific (Figure 4.2), however the reduction in frontal 

probability was smaller than expected given the strength of the event and the response of 

fronts observed during the strong events in 1982-1983 and 1997-1998 (Figures 4.3-4.5). 

Monthly anomalies of SLA indicated that the maximum anomalous SLA values at lower 

latitudes were reduced by about 19% off Central America and southern Mexico (7°-
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18°N), by 41% off Ecuador and northern Peru (0-10°S), and by 19% between 11°-20°S 

during the 2015-2016 El Niño compared to the 1997-1998 event. Strub et al. (2019) also 

calculated a reduction in maximum SLA anomalies at lower latitudes along South 

America by approximately half in 2015 compared to 1997. In the lower latitude regions, 

where atmospheric forcing is weak compared to higher latitudes, the smaller response of 

frontal probability to the 2015-2016 El Niño may be due to weaker oceanic forcing (e.g., 

less depression of the thermocline) that occurred during this event. In the CCS, the 

thermocline was shallower than what was observed during the 1982-1983 and 1997-1998 

El Niño events and there was less weakening of upwelling favorable winds (Figure 4.6; 

Jacox et al., 2016). There was also a marine heatwave in the northeast Pacific Ocean 

during 2014-2016 that caused unusually warm SST anomalies and other impacts in the 

CCS (Gentemann et al., 2017). The lack of a clear signal in the reduction in frontal 

probability off the west coast of the United States during the 2015-2016 El Niño may be 

due to a combination of changes in both oceanic and atmospheric conditions that differed 

from the other strong El Niño events.  

 The ENSO-related forcing mechanisms likely affect frontal activity along the 

west coasts of North and South America through atmospheric and oceanic pathways. Off 

the west coast of the United States, alongshore wind stress becomes more downwelling 

favorable during boreal winter to the north of 35°N during El Niño events (Figure 4.8). 

These anomalies are consistent with atmospheric teleconnections during El Niño events 

that strengthen and extend the Aleutian low to the southeast, causing equatorward winds 

(upwelling favorable) to weaken and shift to poleward winds in the CCS (Alexander et 

al., 2002; Schwing et al., 2002). More downwelling favorable (or less upwelling 
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favorable) wind stress can reduce upwelling, decreasing the surface temperature gradient 

and inhibiting the formation of SST fronts. SST frontal probability decreased in the CCS 

in boreal winter during El Niño events, coinciding with the increase in downwelling 

favorable wind stress. Alongshore winds along the coast of South America to the north of 

33°S remained upwelling favorable in austral summer during El Niño events. This is 

consistent with previous studies showing that ENSO-related atmospheric forcing often 

causes alongshore winds to remain upwelling favorable during El Niño events along the 

coasts of Peru and Chile (Huyer et al., 1991; Blanco et al., 2002; Carr et al., 2002; 

Kessler, 2006). Despite persistent upwelling favorable winds in austral summer during El 

Niño events, frontal probability decreased during this time. This suggests that other 

ENSO forcing mechanisms are responsible for the reduction in frontal activity off South 

America (see discussion below).  

Frontal activity may also be influenced by ENSO-related oceanic forcing. During 

El Niño events, coastal Kelvin waves that propagate poleward along the west coasts of 

North and South America are generated (Enfield and Allen, 1980; Chelton and Davis, 

1982; Spillane et al., 1987; Shaffer et al., 1997; Meyers et al., 1998; Strub and James, 

2002a). As these waves propagate poleward, the thermocline deepens along the coast 

(Huyer et al., 1987; Blanco et al., 2002; Chavez et al., 2002; Frischknecht et al., 2015) 

and SLA becomes positive (Enfield and Allen, 1980; Chelton and Davis, 1982; Spillane 

et al., 1987; Shaffer et al., 1997; Meyers et al., 1998; Strub and James, 2002a). This is 

accompanied by a decrease in frontal probability, suggesting a possible connection to 

ENSO-related oceanic forcing along both coastlines. 
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Given the spatial patterns of wind stress and SLA anomalies that occur along the 

west coasts of North and South America during El Niño events, the ENSO-related 

atmospheric and oceanic forcing mechanisms likely contribute differently to the observed 

decrease in frontal activity in different regions along the coasts. The largest SLA signals 

during El Niño events occurs at lower latitudes in both hemispheres, suggesting oceanic 

forcing (i.e., coastal Kelvin waves) likely has a larger influence on frontal activity in 

these regions compared to higher latitudes. In the gap wind regions (11°N-15°N; Figure 

4.4), where winds blowing offshore dominate in boreal winter, Romero-Centeno et al. 

(2003) and Karnauskas et al. (2008) showed that these winds increase during El Niño 

events. Presumably, this increase in the offshore-directed wind stress would increase the 

vertical mixing that causes the localized cooling of the surface waters (Barton et al., 

1993; Sun and Yu, 2006; Liang et al., 2009) and the formation of fronts (Legeckis, 1988; 

Barton et al., 1993; Trasviña et al., 1995; Martinez-Diaz-De-Leon et al., 1999), resulting 

in an increase in frontal activity. However, frontal activity actually decreased in these 

regions during El Niño events (Figure 4.4), at a time when SLA anomalies were positive. 

Alexander et al. (2012) showed that ENSO-driven warming in the gap wind regions was 

associated with deepening of the thermocline due to coastal Kelvin waves, rather than 

atmospheric anomalies. Farther south along the west coast of South America between 5°-

33°S, alongshore wind stress remains upwelling favorable during El Niño events, yet 

frontal probability decreases. The decrease in frontal probability coincides with positive 

SLA anomalies along the coast of South America. Therefore, the influence of ENSO-

related oceanic forcing likely outweighs the effects of atmospheric forcing on frontal 

activity in the gap wind regions and at low- to mid-latitudes regions off South America. 
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In the CCS (35°-50°N), where alongshore wind stress anomalies are strong but the 

coastal Kelvin wave signal persists, it is difficult to identify which forcing mechanism 

(atmospheric or oceanic) has a larger influence on the reduction in front activity based on 

observations alone. Future studies using idealized model simulations where forcing is 

systematically varied could help disentangle the contribution of different forcing 

mechanisms associated with ENSO on frontal variability in the region.  

It is important to note the timing of the reduction in frontal activity during El 

Niño events in relation to the timing of peak frontal activity. Along the west coast of 

South America to the south of 5°S and along the coast of Central America and southern 

Mexico (7°-20°N), the decrease in frontal probability in austral summer (boreal winter) 

during El Niño events occurs when frontal activity is highest in these regions. This also 

aligns with the timing of peak El Niño conditions in the equatorial Pacific. Along the 

west coast of the United States, frontal probability also decreases in boreal winter during 

El Niño events, but frontal activity is lowest during this time of year. This out of phase 

response at higher latitudes in the Northern Hemisphere between the reduction in frontal 

probability during El Niño events and the timing of peak frontal activity, compared to the 

in-phase response along South America, may contribute to EOF 1 of frontal probability 

anomalies explaining more of the total variance in the Southern Hemisphere than in the 

Northern Hemisphere. 

The west coasts of North and South America feature very productive ecosystems 

during local summer when upwelling intensifies and frontal activity peaks (Carr, 2001; 

Carr and Kearns, 2003; Chavez and Messié, 2009). Fronts become hotspots for biological 

activity due to flow convergence that causes free-floating biota to accumulate, which 
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attracts higher trophic levels and establishes productive food webs (Walsh, 1977; 

Bowman, 1978; Chavez and Messié, 2009; Woodson and Litvin, 2015). ENSO may 

impact biological activity due to the reduction in fronts observed during El Niño events. 

This impact may be felt more along the coast of South and Central America since the 

largest reduction in frontal activity during El Niño occurs in austral summer when fronts 

are most frequently observed in those regions. Our results also suggest that ENSO may 

affect the strength of ocean-atmosphere interactions along the west coasts of North and 

South America. Air-sea heat fluxes affect stability and mixing in the lower atmosphere, 

causing wind stress to increase over warm water and decrease over cold water (Chelton et 

al., 2001; Chelton et al., 2007). In the vicinity of SST fronts, the change in wind stress as 

winds blow over the warm and cold sides of the fronts generates wind stress curl and 

divergence that are linearly related to the crosswind and downwind components of the 

SST gradient, respectively (Chelton et al., 2001; Chelton et al., 2007). The coupling 

between SST gradients and wind stress curl and divergence peaks during boreal summer 

off the west coast of the United States (Chelton et al., 2007; Wang and Castelao, 2016) 

and during boreal winter (austral summer) off Central America, Peru and Chile (Wang 

and Castelao, 2016). The changes in frontal activity during ENSO events may affect this 

coupling differently in these regions. Specifically, ENSO will presumably have a larger 

influence modulating air-sea coupling along the coast of Central and South America since 

the reduction in frontal activity during El Niño events coincides with peak frontal activity 

and stronger air-sea coupling. Along the west coast of the United States, on the other 

hand, ENSO may have less impact on air-sea coupling associated with fronts due to the 
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out of phase response between the reduction in frontal activity during El Niño events and 

the timing of peak frontal activity and stronger air-sea coupling.  

Although this study advances our understanding of low-frequency variability in 

SST frontal activity, the use of a 37 year-long time series of satellite SST only allows for 

capturing a few El Niño events, and even fewer strong events. The relatively short time 

series also makes it difficult to identify the influence of other modes of variability, such 

as the Pacific Decadal Oscillation. As more data are collected and satellite time series are 

expanded, so will our ability to understand the relationships between SST frontal activity 

and climate variability. 
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Figure 4.1. Example of using GHRSST AVHRR-only SST to calculate the SST gradient 

magnitude and to detect fronts on September 4, 2016. (a) SST (°C) and (b) SST gradient 

magnitude (°C km-1) overlayed with the locations of fronts (black dots). 
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Figure 4.2. Oceanic Niño Index (ONI), defined as the three-month running mean of SST 

anomalies in the Niño 3.4 region. El Niño (La Niña) events occur when the ONI reaches 

≥ 0.5°C (≤ -0.5°C) (dashed lines) for a minimum of five consecutive months (NOAA 

Climate Prediction Center). 
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Figure 4.3. (a, d) Climatological mean (2003-2013) of SST frontal probability (%) within 

0-300 km from the coast in 1° latitude boxes, computed from fronts detected using 

GHRSST AVHRR-only SST. (b, e) The three-month running mean of SST frontal 

probability anomalies (%) computed by subtracting the climatological monthly mean 

(shown in panels a and d) from each individual month. (c, f) Lagged correlation between 

SST frontal probability anomalies in panels b and e and the ONI (Figure 4.2) at each 

latitude. The x-axis represents the months by which frontal probability lags the ONI 

(positive lag is defined as the changes in frontal probability occurring after the peak in 

the ONI). Only significant correlations are shown. 
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Figure 4.4. (a) The locations of the Gulfs of Tehuantepec (green box) and Papagayo 

(blue box). (b) The running three-month mean of SST frontal probability anomalies (%) 

computed by subtracting the climatological monthly mean (2003-2013) from each 

individual month in the Gulfs of Tehuantepec (green line) and Papagayo (blue line). The 

Oceanic Niño Index (°C) is shown by the black line. 
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Figure 4.5. (a, c) Spatial functions, (b, d) local percentage of variance explained (LPVE), 

and (e) amplitude time series for EOF 1 of SST frontal probability anomalies along the 

west coasts of North (a, b) and South (c, d) America. The grey line in panel e is the 

timeseries of the Oceanic Niño Index (ONI; °C). 
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Figure 4.6. (a, c) Climatological mean (2003-2013) of alongshore winds stress (N m-2) 

averaged within 0-300 km from the coast in 1° latitude boxes, computed using CCMP 

v2.0 surface vector winds. (b, d) The three-month running mean of alongshore wind 

stress anomalies (N m-2) computed by subtracting the monthly climatological mean 

(shown in panels a and c) from each individual month. 
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Figure 4.7. (a, c) Spatial functions, (b, d) local percentage of variance explained (LPVE), 

and (e, f) amplitude time series for EOF 1 of alongshore wind stress anomalies along the 

west coasts of North (a, b, e) and South (c, d, f) America. EOF 2 for alongshore wind 

stress off South America is shown in green in panels c, d, and f. The grey line in panels e-

f is the timeseries of the Oceanic Niño Index (ONI; °C). 
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Figure 4.8. 2-year composite differences computed by subtracting the neutral composite 

from the composite for moderate to strong El Niño events (defined as ONI ≥ 1°C for at 

least 3 consecutive months) in each 1° latitude box within 0-300 km offshore for (a, d) 

mean SST frontal probability (%), (b, e) mean alongshore wind stress (N m-2), and (c, f) 

mean SLA (cm) along the west coasts of North (a, b, d) and South (d, e, f) America. 

Light shading (transparency of 60%) indicates values that are not significant (p-value > 

0.1). The El Niño (neutral) composites for frontal probability, alongshore wind stress, and 

SLA included 8 (10), 6 (9), and 5 (6) events, respectively. The same data are shown in 

Figure C.2, but with significance levels determined using a p-value of 0.05. 
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Figure 4.9. 2-year composite differences computed by subtracting the neutral composite 

from the composite for moderate to strong La Niña events (defined as ONI ≤ -1°C for at 

least 3 consecutive months) in each 1° latitude box within 0-300 km offshore for (a, d) 

mean SST frontal probability (%), (b, e) mean alongshore wind stress (N m-2), and (c, f) 

mean SLA (cm) along the west coasts of North (a, b, d) and South (d, e, f) America. 

Light shading (transparency of 60%) indicates values that are not significant (p-value > 

0.1). The La Niña (neutral) composites for frontal probability, alongshore wind stress, 

and SLA included 7 (10), 7 (9), and 6 (6) events, respectively. The same data are shown 

in Figure C.3, but with significance levels determined using a p-value of 0.05. 
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CHAPTER 5 

CONCLUSIONS 

 

Eastern Boundary Current Systems (EBCS) are highly productive marine 

ecosystems due to coastal upwelling (Huyer, 1983). The coastal zones in EBCS are very 

energetic, featuring upwelling jets, eddies, and sea surface temperature fronts (e.g., Barth 

et al., 2000; Chelton et al., 2011; Wang et al., 2015). These physical processes can 

contribute to the horizontal and vertical distribution of physical and biogeochemical 

properties, influencing biological activity in these systems (Liang et al., 2009; Combes et 

al., 2013; Nagai et al., 2015; Chenillat et al., 2016; Lovecchio et al., 2018). The physical 

dynamics associated with upwelling in EBCS have received a great deal of attention over 

the past few decades, especially with advancements in satellite observations which have 

made it possible to study large regions of the surface ocean. The research presented in 

this dissertation utilized several satellite products to expand our understanding of 

upwelling dynamics and the implications for the marine ecosystems in EBCS. 

The offshore transport of upwelled coastal water by mesoscale eddies in EBCS 

was investigated in chapters 2 and 3. In chapter 2, satellite-derived measurements of 

particulate organic carbon (POC) were used as a tracer of coastal water to quantify the 

offshore transport of coastal water by eddies in the California Current System (CCS), one 

of the four major EBCS. A procedure was developed to isolate the satellite-derived POC 

anomalies associated with nonlinear mesoscale eddies in the CCS. The analyses indicate 
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that cyclonic eddies generated near the coast can trap coastal water that is rich in POC 

due to upwelling and transport this water offshore for hundreds of kilometers. This 

transport mechanism results in an eddy-induced volume transport of ~1 Sv and an 

offshore enrichment of POC of 20.9 ± 11 Gg year-1. This research provides large-scale 

observational-based evidence that mesoscale eddies play an important role in the 

redistribution of coastal water in the CCS. 

Chapter 3 expanded on the analyses in chapter 2 by investigating offshore 

transport by nonlinear mesoscale eddies in the other major EBCS, the Humboldt, Canary, 

and Benguela Current Systems (HCS, CanCS, and BCS, respectively). Eddy-induced 

offshore transport of coastal water was shown to be important in all EBCS, with cyclonic 

eddies producing offshore POC enrichments of 22.6 ± 5.1 Gg year-1 (37-43°N), 16.1 ± 

3.1 Gg year-1 (34-42°S), 16.8 ± 6.1 Gg year-1 (21-28°N), and 3.6 ± 3.1 Gg year-1 (29-

35°S) in the California, Humboldt, Canary and Benguela Current Systems, respectively. 

There was large spatial variability in the effectiveness of this eddy-induced transport, 

with the analysis indicating regions within each EBCS where this mechanism is most 

important. The regions with the most offshore transport are often associated with 

upwelling jet separation, which helps produce favorable conditions for the trapping and 

offshore transport of coastal water by nonlinear eddies. Eddies produce offshore volume 

transports that are similar to the cross-shore transport by jet separation (~1 Sv), however, 

eddies can transport the coastal water farther offshore. The research in chapters 2 and 3 

has shown that eddies can be an important transport mechanism for substantially 

widening the area influenced by highly productive upwelled waters in the EBCS. This 

can affect heat and salt fluxes (Dong et al., 2014) and redistribute coastal water that is 
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rich in carbon and nutrients, which can have important implications for the marine 

ecosystems in the EBCS.  

Future work can address several limitations and expand on the analyses presented 

in chapters 2 and 3. Current satellite altimetry can only detect eddies with radii larger 

than 40-50 km, therefore only these eddies are included in this research. Smaller, 

submesoscale eddies likely also contribute to the redistribution of upwelled water but 

they cannot be resolved with current altimetry. The estimates of volume transport and 

offshore POC enrichment may be higher if these submesoscale eddies are included. 

Future studies using SWOT (NASA’s Surface Water and Ocean Topography mission; Fu 

et al., 2012), which will provide sea level anomalies at higher resolution, can investigate 

the role of smaller eddies on offshore transport in the EBCS. Additionally, the volume 

transport is calculated using a trapping efficiency of 1, meaning that none of the initially 

trapped coastal water is leaking from an eddy as it propagates offshore. It’s possible 

however, that some of the trapped water is leaking from the eddies, so assuming a 

trapping efficiency of 1 would overestimate the volume transports. The estimates of 

offshore POC enrichment were calculated using anomalies of POC content in the top 100 

m. In situ data in the CCS was used to find a relationship between surface POC 

concentrations and POC integrated from the surface to 100 m depth. This allowed for the 

POC content in the top 100 m to be estimated from satellite-derived POC data. This 

relationship was applied to all EBCS; however, this may not hold true in the CanCS, 

HCS and BCS, which leads to uncertainties in our estimates of offshore POC enrichment 

in these regions. Future work can improve the estimates of offshore volume transport and 

POC enrichment by using more representative trapping efficiencies and using in situ POC 
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measurements collected in the other EBCS (if available) to determine the relationship 

between POC at the surface and POC content in the top 100 m. This research can also be 

expanded by investigating the eddy-induced transport mechanism in other regions, such 

as downwelling-favorable systems and those with buoyancy-driven currents. The 

redistribution of coastal water by eddies may be different in these regions compared to 

EBCS. For example, anticyclones may play a more important role in redistributing 

coastal water, as opposed to cyclones which are important in the EBCS. Future studies 

can apply the procedure developed in chapter 2 to the coastal ocean near Cape Horn in 

the southern HCS and the eastern Gulf of Alaska, for example, to investigate this. 

EBCS also feature sea surface temperature (SST) fronts that form at the boundary 

between cold, upwelled water along the coast and warmer offshore waters. Chapter 4 

investigated the interannual variability of SST fronts in the CCS and HCS, with particular 

interest in the El Niño-Southern Oscillation (ENSO) because it is known to affect 

upwelling dynamics in the eastern Pacific Ocean. Thirty-seven years of satellite SST 

measurements were used to detect fronts along the west coasts of North and South 

America using an edge-detection algorithm. Frontal activity generally decreased during 

El Niño events and increased during La Niña events along most of the coastline in these 

regions. The decrease in frontal activity off South America during El Niño coincided with 

the seasonal peak in frontal activity, while off North America the decrease occurred when 

frontal activity was at a seasonal minimum. Since fronts can influence biological activity 

and air-sea coupling (Chelton et al., 2001; Chelton et al., 2007; Wang and Castelao, 

2016), then the affects of reduced frontal activity will presumably be larger along the 

coast of Central and South America.  
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Satellite measurements of wind stress and sea level anomaly were also utilized in 

chapter 4 to investigate how oceanic and atmospheric forcing mechanisms associated 

with ENSO affect frontal activity. Analyses indicated that off Central and South America, 

oceanic forcing (i.e., coastal Kelvin waves) is likely the main contributor to the decrease 

in frontal activity during El Niño events. In the CCS, the decrease in frontal activity is 

likely due to both oceanic forcing and atmospheric teleconnections associated with 

ENSO. It is difficult in this region to identify which of these forcing mechanisms has a 

larger influence on the reduction in frontal activity based on observations alone. Future 

studies using idealized model simulations where forcing is systematically varied could 

help disentangle the contribution of these forcing on frontal variability in the CCS. 

Additionally, the use of a 37 year-long time series of satellite SST only allows for 

capturing a few El Niño events, and even fewer strong events, since these events occur 

every 3-7 years. The relatively short time series also makes it difficult to identify the 

influence of other modes of variability, such as the Pacific Decadal Oscillation. As more 

data are collected and satellite time series are expanded, future studies will be able to 

expand on our understanding of the relationships between SST frontal activity and 

climate variability in EBCS. 
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APPENDIX A 

SUPPLEMENTARY MATERIAL FOR CHAPTER 2 

 

OFFSHORE TRANSPORT OF PARTICULATE ORGANIC CARBON IN THE 

CALIFORNIA CURRENT SYSTEM BY MESOSCALE EDDIES 
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Figure A.1. Locations of cyclonic eddy occurrences in the California Current System 

under clear-sky conditions. Cyclonic eddy occurrences identified in the eddy dataset 

(Chelton et al., 2011) with at least 90% particulate organic carbon pixel coverage inside 

one eddy radius and 75% coverage inside two radii. Thin black lines mark 300 and 600 

km from the coast. 
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Figure A.2. Procedure for extracting the particulate organic carbon anomaly inside 

eddies. (a) Particulate organic carbon (POC) and (b) POC anomaly in the California 

Current System on 23 October 2007. Black box marks the region within 2 by 2 eddy radii 

from the eddy center, as identified by altimetry (Chelton et al., 2011). (c) POC anomaly 

extracted within the black box in panel b. (d) POC anomaly based on 2-D Gaussian fit 

(Yuan and Castelao, 2017) to the field in panel c (see Methods for details). 

  



 

181 

 

 

Figure A.3. Model simulation of eddy transporting coastal water. Example of model 

simulation of cyclonic eddy using a passive tracer to track eddy lateral transport. Sea 

surface height is shown by grey contours at 4 cm intervals. Solid contours are negative. 

Thick white circle marks the boundary of the eddy in each snapshot. The fraction of the 

tracer that is located in the eddy interior (top 400 m) as the eddy propagates westward is 

also given. 
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Figure A.4. Relationship between in situ surface particulate organic carbon and 

integrated particulate organic carbon in top 100 m. In situ particulate organic carbon 

concentrations measured in the California Current System between 2006-2016 

(Aluwihare, 2018) integrated from the surface to 100 m depth (mg m-2) and correlated 

with concentrations at the surface (mg m-3). Red line shows the linear fit (see Methods). 
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Figure A.5. Integrated particulate organic carbon anomaly in top 100 m. Mean integrated 

particulate organic carbon anomaly (mg m-2) in top 100 m and standard error within one 

eddy radius calculated using the linear relationship shown in Supplementary Fig. 4 and 

grouped by eddy amplitude. 
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Table A.1. General characteristics of cyclonic eddies with lifetime longer than 4 weeks 

generated within 600 km from the coast in the California Current System (1993-2015) 

from an existing global eddy dataset (Chelton et al., 2011). 

 

 Cyclones generated 
and located 0-300 
km from the coast 

Cyclones generated 
0-300 km and 

located 300-600 km 
from the coast 

Cyclones generated 
and located 300-
600 km from the 

coast 
Number of 

eddies 110 138 121 

Amplitude 
(cm) 5.95 ± 2.94 8.42 ± 4.06 6.77 ± 3.70 

Radius 
(km) 63.77 ± 19.29 83.02 ± 24.88 72.86 ± 24.25 

Rotational speed 
(cm s-1) 17.51 ± 5.34 19.42 ± 6.23 16.71 ± 5.88 
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APPENDIX B 

SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

 

OFFSHORE ENRICHMENT OF PARTICULATE ORGANIC CARBON BY 

MESOSCALE EDDIES IN EASTERN BOUNDARY CURRENT SYSTEMS   
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Figure B.1. Example of a cyclonic eddy track in the Chelton et al. (2011) fourth release 

of the global mesoscale eddy dataset compared to the AVISO+ dataset 

(https://www.aviso.altimetry.fr/). The dots and circles mark the center point of the eddy 

at daily intervals along its track. The “Chelton” dataset identifies and tracks one cyclonic 

eddy, while this same eddy is identified as multiple different eddies in the “AVISO” 

dataset. Analysis of sea surface height fields show that this is one cyclonic eddy. The 

different cyclones that were identified in the “AVISO” dataset appear to occur when the 

eddy interacts with other mesoscale features as it propagates offshore, making the 

tracking difficult. The jump in the “Chelton” track around -128°W occurs as the cyclonic 

eddy becomes elongated offshore, so the algorithm marks the center of the eddy farther 

offshore. This example shows imperfections in both tracking algorithms when eddies 

change shape, merge, or interact with other eddies as they propagate offshore (as seen in 

the sea surface height fields).  
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Figure B.2. Percentage of cyclonic eddies located 0-300 km from the coast whose 

nonlinearity parameter (U/c) is greater than the value on the x-axis in each subregion in 

the EBCS. The vertical black line marks U/c = 1. The subregions in each subplot 

correspond to the subregions in Table 3.1.  
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APPENDIX C 

SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

 

INFLUENCE OF THE EL NIÑO-SOUTHERN OSCILLATION ON SST FRONTS 

ALONG THE WEST COASTS OF NORTH AND SOUTH AMERICA  
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Figure C.1. (a, c) The three-month running mean of sea level anomaly (SLA; cm) 

computed by subtracting the climatological monthly mean (2003-2013) from each 

individual month using SLA produced and distributed by the Copernicus Climate Change 

Service. Anomalies were averaged within 0-300 km of the coastline in 1° latitude boxes. 

(b, d) Lagged correlation between SLA anomalies in panels a and c and the ONI (Figure 

4.2) at each latitude. The x-axis represents the months by which SLA lags the ONI 

(positive lag is defined as the changes in SLA occurring after the peak in the ONI). Only 

significant correlations are shown. 
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Figure C.2. 2-year composite differences computed by subtracting the neutral composite 

from the composite for moderate to strong El Niño events (defined as ONI ≥ 1°C for at 

least 3 consecutive months) in each 1° latitude box within 0-300 km offshore for (a, d) 

mean SST frontal probability (%), (b, e) mean alongshore wind stress (N m-2), and (c, f) 

mean SLA (cm) along the west coasts of North (a, b, d) and South (d, e, f) America. 

Light shading (transparency of 60%) indicates values that are not significant (p-value > 

0.05). The El Niño (neutral) composites for frontal probability, alongshore wind stress, 

and SLA included 8 (10), 6 (9), and 5 (6) events, respectively. The same data are shown 

in Figure 8, but with significance levels determined using a p-value of 0.1. 
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Figure C.3. 2-year composite differences computed by subtracting the neutral composite 

from the composite for moderate to strong La Niña events (defined as ONI ≤ -1°C for at 

least 3 consecutive months) in each 1° latitude box within 0-300 km offshore for (a, d) 

mean SST frontal probability (%), (b, e) mean alongshore wind stress (N m-2), and (c, f) 

mean SLA (cm) along the west coasts of North (a, b, d) and South (d, e, f) America. 

Light shading (transparency of 60%) indicates values that are not significant (p-value > 

0.05). The La Niña (neutral) composites for frontal probability, alongshore wind stress, 

and SLA included 7 (10), 7 (9), and 6 (6) events, respectively. The same data are shown 

in Figure 9, but with significance levels determined using a p-value of 0.1. 

 


