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Abstract

We report the seasonal variability of temperature, nutrients, and total and size fractionated chlorophyll- in nearshore waters off

northern Baja California (nBC), under conditions of the marine heatwave and El Niño that occurred in the northeastern Pacific

during 2014-2015. Compared with 2008-2012, our study period was characterized by warmer waters, nitrate-impoverished

and with very low chlorophyll- concentration, which was closely associated with strong stratification and reduced upwelling

conditions off nBC. Temperature anomalies were >3.0degC by the end of 2014 when the marine heatwave prevailed, decreased

during the spring-early summer upwelling season of 2015, and returned to >3.5degC by the end of 2015 when El Nino appeared

along the coast of nBC. As in 2008-2012 and closely coupled with upwelling, a clear seasonal cycle of total chlorophyll- was

recorded under these abnormally warm conditions. However, total chlorophyll- and nitrate concentrations were significantly

reduced (25-68% and 33-90%, respectively), with negative anomalies throughout the study period. Moreover, the seasonal

evolution of the size-fractionated chlorophyll- concentration showed that smaller cells (<5 mm) systematically contributed

with the largest fraction (>60%) of the total chlorophyll-. Our findings indicate that the sequential occurrence of the marine

heatwave in 2014 and El Nino in 2015, had a significant and sustained impact limiting the nitrate supply and reducing the total

chlorophyll- in nearshore waters off nBC. In conclusion, our data reveal that a shift towards an oligotrophic state occurred in

nearshore surface waters off northern Baja California during the warm period of 2014-2015.
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Key Points: 31 

• A significant reduction of nitrate concentrations and total chlorophyll-a was 32 

attributed to the marine heatwave in 2014 and El Niño in 2015  33 

• Size fractionated Chl-a showed that smaller cells predominated over larger cells, 34 

contributing with the higher proportion of total Chl-a 35 

• A shift towards an oligotrophic state occurred in nearshore surface waters off 36 

northern Baja California during the warm period of 2014-2015 37 

 38 

 39 
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Abstract  44 

We report the seasonal variability of temperature, nutrients, and total and size fractionated 45 

chlorophyll-a in nearshore waters off northern Baja California (nBC), under conditions of 46 

the marine heatwave and El Niño that occurred in the northeastern Pacific during 47 

2014-2015. Compared with 2008-2012, our study period was characterized by warmer 48 

waters, nitrate-impoverished and with very low chlorophyll-a concentration, which was 49 

closely associated with strong stratification and reduced upwelling conditions off nBC. 50 

Temperature anomalies were >3.0°C by the end of 2014 when the marine heatwave 51 

prevailed, decreased during the spring-early summer upwelling season of 2015, and 52 

returned to >3.5°C by the end of 2015 when El Niño appeared along the coast of nBC. As 53 

in 2008-2012 and closely coupled with upwelling, a clear seasonal cycle of total 54 

chlorophyll-a was recorded under these abnormally warm conditions. However, total 55 

chlorophyll-a and nitrate concentrations were significantly reduced (25-68% and 33-90%, 56 

respectively), with negative anomalies throughout the study period. Moreover, the seasonal 57 

evolution of the size-fractionated chlorophyll-a concentration showed that smaller cells 58 

(<5 m) systematically contributed with the largest fraction (>60%) of the total 59 

chlorophyll-a. Our findings indicate that the sequential occurrence of the marine heatwave 60 

in 2014 and El Niño in 2015, had a significant and sustained impact limiting the nitrate 61 

supply and reducing the total chlorophyll-a in nearshore waters off nBC. In conclusion, 62 

our data reveal that a shift towards an oligotrophic state occurred in nearshore surface 63 

waters off northern Baja California during the warm period of 2014-2015. 64 

 65 

Keywords: size-fractionated chlorophyll-a, nitrate, 2014 Heatwave, El Niño 2015, 66 

California Current System 67 



1. Introduction.  68 

Located in the southern section of the California Current System (CCS), the coastal 69 

zone off the Baja California peninsula is an upwelling system that sustains a rich, diverse, 70 

and highly productive ecosystem. Such high primary production is largely due to wind-71 

driven coastal upwelling taking place mostly during the spring and early summer seasons 72 

(Linacre et al., 2010a). Besides, this region is considered as an oceanographic transition 73 

zone, where the cold and low-salinity water of the California Current meets seasonally with 74 

warmer and saltier waters of tropical/subtropical origin (Durazo et al., 2010; Durazo, 2015; 75 

Kurczyn et al., 2019). Given that most of the biological and hydrographic variability in this 76 

region occurs at the seasonal and inter-annual time scales, it is valuable to understand how 77 

the system functioning is impacted by any other phenomena that adds or decreases 78 

variability at these time scales.  79 

During 2014–2015, unusually warm sea surface temperatures were recorded 80 

throughout the CCS (e.g., Bond et al., 2015; Robinson, 2016), which resulted in major 81 

disturbances of considerable ecological and economic impacts (Cavole et al., 2016; 82 

Brodeur et al., 2019; Lavaniegos et al., 2019). The first anomalously warm condition was 83 

initially observed during the winter of 2013-2014, when the waters off the coast of Alaska 84 

showed anomalously high temperatures (Gentemann et al., 2017). Then, during 2014, the 85 

patch of warm water (hereafter 2014-HW for heatwave) appeared along the coast of Baja 86 

California in the southernmost part of the CCS (Avila-Lopez et al., 2016; Di Lorenzo & 87 

Mantua, 2016; Durazo et al., 2017; Gómez-Ocampo et al., 2017; 2018; Rudnick et al., 88 

2017). Such thermal anomaly in surface waters of the northeastern Pacific was due to a 89 

persistent high-pressure ridge that inhibited winter mixing, preventing typical cooling of 90 

surface waters (Bond et al., 2015; Siedlecki et al., 2016), and enhanced northward surface 91 

ocean transport by anomalous easterly winds (Freeland & Whitney, 2014; Peterson et al., 92 

2015). In particular, warm anomalies off Southern California were linked to local 93 

anomalous atmospheric forcing including weak winds and high downward heat flux, 94 

apparently unrelated to the equatorial Pacific (Zaba & Rudnick, 2016). However, it is still 95 

unclear if the warm patch in the southernmost extension of the CCS was originated by 96 

advection or by local or regional changes in ocean-atmosphere heat fluxes. 97 

By the end of 2015, a strong El Niño developed in the eastern equatorial Pacific and 98 

a pulse of warm water moved along the coast in the northeastern Pacific, producing 99 

extremely high sea surface temperatures along the coast of the CCS (Di Lorenzo & Mantua, 100 



2016; Jacox et al., 2016; Rudnick et al., 2017). The highest positive temperature anomalies 101 

in the Baja California coast were observed in September 2015, followed by a steep decline 102 

to neutral conditions in spring 2016 (Durazo et al., 2017; Gómez-Ocampo et al., 2017; 103 

Jiménez-Quiroz et al., 2019), raising thus great uncertainty on the potential impacts on the 104 

chemical, biological and oceanographic conditions of coastal waters in the southern 105 

boundary of the CCS. Here, we describe and discuss the changes that occurred in 106 

hydrographic conditions, nutrient concentrations, total chlorophyll-a and size-structure of 107 

phytoplankton community associated with warmer waters brought to the coastal zone of 108 

northern Baja California during the sequential occurrence of the 2014-HW and El Niño 109 

over the 2014-2015 period. It is shown that, compared with 2008-2012, increased 110 

temperatures, strong stratification and reduced upwelling conditions prevalent in that time, 111 

had a significant and sustained impact limiting nitrate supply to the euphotic zone and 112 

reducing total chlorophyll-a. Lastly, our results show that a shift towards an oligotrophic 113 

state took place in nearshore waters off northern Baja California during the warm period 114 

of 2014-2015. 115 

 116 

2. Study Area 117 

Hydrographic and biological sampling was carried out at Todos Santos Bay (TSB), 118 

a semi-enclosed system located on the northwestern coast of Baja California, within the 119 

southern section of the CCS (Fig. 1). TSB covers an area of ~180 km2, has an average 120 

depth of 50 m and communicates with the adjacent Pacific Ocean through two entrances 121 

(Argote-Espinoza et al., 1991; Mateos et al., 2009). The northern entrance has a length of 122 

12 km and ~40 m depth, while the southern entrance is ~6 km length and its bottom 123 

topography is related with a submarine canyon of ~300 m deep. Off the bay, the continental 124 

shelf is very narrow and within the first 5 km towards the open sea, the continental slope 125 

descends abruptly (Delgadillo-Hinojosa et al., 2015).  126 

Hydrographic conditions off northern Baja California (nBC) are characterized by the 127 

presence of the California Current, a year-round equatorward surface flow of cold and low-128 

salinity water of subarctic origin (Durazo, 2015; Kurczyn et al., 2019), and the California 129 

Undercurrent, a subsurface poleward flow (100–400 m deep) along the continental margin 130 



characterized by relatively high salinity (Linacre et al., 2010a; Durazo, 2015; Kurczyn et 131 

al., 2019). Subarctic water dominates during winter and spring seasons, while tropical and 132 

subtropical influences are commonly observed through late summer and autumn 133 

(Lynn & Simpson, 1987; Durazo et al., 2010). Moreover, the region is characterized by 134 

persistent alongshore winds blowing from the northwest, with a tendency to be stronger 135 

during the spring and summer months (Castro & Martínez, 2010). This condition is 136 

responsible for inducing coastal upwelling most of the year, although with more intensity 137 

during spring and summer seasons (Zaytsev et al., 2003; Pérez-Brunius et al., 2007). Thus, 138 

during this period, upwelling brings cold, salty and nutrient-enriched subsurface waters 139 

into the euphotic zone, which eventually boost primary production of the surface layer 140 

(Espinosa-Carreon et al., 2001; 2004; Gaxiola-Castro et al., 2010; Linacre et al., 2010a).  141 

 142 

3. Methodology 143 

3.1. Experimental design and field sampling 144 

A monthly sampling program was carried out at six stations spatially distributed 145 

along an inshore-offshore transect off nBC, which covered both the interior of TSB and the 146 

adjacent Pacific Ocean (Fig. 1). The sampling program began in August 2014 and ended 147 

in December 2015, covering the sampling transect in 17 occasions.  In this work, 148 

hydrographic, chemical, and biological observations from four of these six stations 149 

sampled during 2014-2015, are compared with a similar dataset already collected along the 150 

same transect over the 2008-2012 period (see section 3.3). Field work was carried out from 151 

a boat and the entire sampling completed within a 6 h period. At each station, CTD casts 152 

were carried out up to a maximum depth of 50 m or near to the bottom at stations inside 153 

the bay. In addition, sea surface temperature was recorded with a digital thermometer 154 

(precision 0.1 °C) and surface water samples were collected (~0.5 m) for analyses of 155 

salinity (250 mL), nutrients (30 mL), total chlorophyll-a (1000 mL) and size-fractionated 156 

chlorophyll-a (1000 mL) using individual plastic bottles. Seawater samples for dissolved 157 

iron (dFe) analysis were collected using clean techniques described in detail elsewhere 158 

(Delgadillo-Hinojosa et al., 2015). Finally, water samples were immediately stored in 159 

coolers with ice after collection and kept cold during its transportation to the laboratory.  160 

 161 

3.2. Sample Analysis 162 



In the laboratory, the same day of sampling, water samples for total and size-163 

fractionated chlorophyll-a determination were filtered using Whatman GF/F filters 164 

(~0.7 m pore size, 25 mm diameter) and polycarbonate Nuclepore membrane filters 165 

(~5 m pore size, 25 mm diameter), respectively. Filters with pigments were individually 166 

wrapped in aluminum foil, labeled, and stored in Petri dishes at -20 °C until analyzed. 167 

Photosynthetic pigments were extracted with 90% acetone for 24 hours, kept in a cold dark 168 

place (Parsons et al., 1984) and quantified with a Cary-50 UV-visible spectrophotometer. 169 

In this work, size fractions of chlorophyll-a were divided into two classes: large cells 170 

(>5 m) and small cells (>0.7 m and <5 m). Small cells fraction was estimated as the 171 

difference of total chlorophyll-a (>0.7 m) and chlorophyll-a (>5 m). One caveat of this 172 

approach is that pico-sized components (0.2-2 µm) are not fully included in the small-cells 173 

category, especially oxyphototrophic cyanobacteria, such as Prochlorococcus and 174 

Synechococcus. However, pico-eukaryote cells larger than 0.7 µm can also be an important 175 

fraction of this size-class (e.g., Veldhuis et al., 2005; Linacre et al., 2015).  176 

Samples for inorganic nutrients were passed through GF/F filters and the filtrates 177 

stored in LDPE bottles at -20 °C until chemical analysis. Silicate (H4SiO4) and nitrate plus 178 

nitrite (NO3+NO2; hereafter nitrate) concentrations were determined using wet chemical 179 

colorimetry (Gordon et al., 1993) with a segmented flow analyzer (Skalar SAN Plus). 180 

Detection limits for H4SiO4, nitrate and chlorophyll-a were 0.04 μM, 0.022 μM and 0.07 181 

mg m-3, respectively. Salinity was measured with a Guildline Autosal 8400B salinometer, 182 

calibrated with the International Association for Physical Sciences of the Ocean (IAPSO) 183 

standard seawater. Dissolved Fe concentrations were determined by Graphite Furnace 184 

Atomic Absorption Spectrophotometry (Agilent Spectra 880Z) after a preconcentration 185 

step in a clean-lab using the APDC/DDDC organic extraction method (Bruland et al., 1985; 186 

Segovia-Zavala et al., 2010; Félix-Bermúdez, 2018). The accuracy and precision of the 187 

method were estimated by analysis of the Certified Reference Material of Seawater 188 

NASS-7 (NRC-CNRC; percentage of recovery 102.0 ± 8.0%). 189 

 190 

3.3. Temperature, salinity, nitrate and total chlorophyll-a anomalies 191 

Seasonal climatologies of sea surface temperature (SST), salinity, nitrate and total 192 

chlorophyll-a were built with data collected monthly along the same transect (stations 2, 3, 193 

5, 6; Fig. 1) during the period of 2008-2012. An average year (hereafter referred as 194 

“climatology”) of SST, salinity, nitrate and total chlorophyll-a was constructed by 195 

calculating their monthly averages for the inner (stations 2, 3) and outer (stations 5, 6) bay 196 



over the 2008-2012 period (Fig. 1). In the particular case of nitrate, the average year for 197 

outer bay also included surface data collected over the 2008-2012 period at Antares station, 198 

as well as surface data (for stations near or at the position of our stations 5 and 6), from 199 

eight cruises carried out in 2008 (summer and fall), 2009 (winter and spring) and 2011 200 

(winter, spring, summer and fall) in the TSB region (labeled as TSB cruises in Fig. 1). 201 

Similarly, the average year for inner bay also considered nitrate surface data from the same 202 

cruises, although for stations near or at stations 2 and 3 of our study period.  Lastly, time 203 

series of monthly anomalies (August 2014 to December 2015) for the inner and outer 204 

regions of the bay, were computed by contrasting measured values to the climatological 205 

mean.  206 

 207 

3.4. Upwelling intensity: climatology and anomalies 208 

The daily Coastal Upwelling Index (CUI) time series (January 2008–December 209 

2016) was obtained from the Pacific Fisheries Environmental Laboratory (PFEL) website 210 

(http://www.pfeg.noaa.gov). Since our study area is located at approximately 31.8 °N, the 211 

daily CUI values of stations at 30.0 and 33.0 °N were averaged for the whole period. 212 

Previously, all daily CUI values of each PFEL station exceeding 2.5 standard deviations 213 

from the annual mean were eliminated (<1% of the total of each time series) and replaced 214 

by the mean of the contiguous values. Next, the climatology of CUI was obtained 215 

considering the monthly average for the 2008-2012 period. Finally, monthly CUI 216 

anomalies over the 2014-2015 period were calculated by subtracting the monthly 217 

climatological value from the monthly CUI for each sampling month.  218 

 219 

3.5. Climatology and anomalies of the Biologically Effective Upwelling Transport 220 

Index (BEUTI)  221 

BEUTI is an estimate of nitrate flux (mmol m-1 s-1) into the surface mixed layer and 222 

provide an index that better captures bottom-up drivers of productivity in the CCS (Jacox 223 

et al., 2018), and it is calculated as the product of the estimated vertical transport and nitrate 224 

concentration at the base of the mixed layer (Jacox et al., 2015a). The BEUTI time series 225 

(January 2008–December 2016) for our study region was obtained from the website 226 

http://mjacox.com/upwelling-indices/. The climatology of BEUTI was estimated 227 

considering the monthly average for our reference period (2008-2012). Then, monthly 228 

BEUTI anomalies over the 2014-2015 period were calculated by subtracting the monthly 229 

climatological value from the monthly BEUTI for each sampling month.  230 

http://mjacox.com/upwelling-indices/


 231 

3.6. Stratification parameter () anomalies 232 

The stratification parameter (; J m-3; Simpson, 1981) was used as a measure of the 233 

amount of energy required to vertically homogenize the water column; the higher the , the 234 

more stratified the water column. 100m was calculated using 204 CTD profiles recorded 235 

outside the bay over the 2008-2016 period. The CTD dataset considered 23 campaigns at 236 

station 100.30 of IMECOCAL cruises (Durazo, 2015), as well as all hydrographic stations, 237 

located within a radius of 5 km around stations E5-E6, which were carried out during the 238 

course of 17 oceanographic cruises (Kurczyn et al., 2019; Delgadillo-Hinojosa 239 

unpublished; TSB cruises in Fig. 1). Since our CTD casts outside the bay were performed 240 

up to 50 m depth during the 2014-2015 period, 100m for the warm period was estimated 241 

with the following linear equation (100m= 1.41*50m + 52.6; r=0.76, p<0.001). Finally, 242 

100m anomalies were calculated for the 2014-2015 period, taking as reference the 243 

climatology of 100m for the 2008-2012 period.  244 

 245 

3.7. Net primary production (NPP) and Export Flux anomalies 246 

Satellite-based NPP time series (January 2008–December 2016) were retrieved from 247 

the Oregon State University website 248 

(https://www.science.oregonstate.edu/ocean.productivity/) and processed using the 249 

SeaDAS 7.3.2 software (https://seadas.gsfc.nasa.gov/). In this site, NPP (g m-2 d-1) 250 

estimates using the Carbon-based Production Model (CbPM) are available as 8-day 251 

composites at a resolution of 9 km. This model combines phytoplankton carbon calculated 252 

from the particulate backscattering coefficient, the phytoplankton growth (μ) based on 253 

Chl-a:C ratios, and light change through the water column (Behrenfeld et al., 2005; 254 

Westberry et al., 2008). Time series of monthly NPP for four stations (total area of 14x14 255 

km2) located immediately off TSB was generated averaging the 8-day composites data over 256 

the 2008-2016 period. In this case, stations (S) were positioned at 31.833ºN, 116.917ºW 257 

(S-1); 31.833ºN, 116.833ºW (S-2); 31.75ºN, 116.917ºW (S-3); and 31.750ºN, 116.833ºW 258 

(S-4). Lastly, monthly NPP anomalies for the 2014-2015 period were calculated as 259 

differences between the monthly NPP time series and the climatology of NPP built for the 260 

2008-2012 period. As an estimate of the biological pump efficiency, Export Flux anomalies 261 

for the 2014-2015 period were calculated from NPP for the same period, following the 262 

approach of Kahru et al. (2019). This methodology utilizes a quantitative relationship 263 



between net primary production and Export Flux (EF = 0.08 × NPP + 72; EF in mg C m−2 264 

d−1) recently reported for the southern California Current system (Kahru et al., 2019; Kelly 265 

et al., 2018; Morrow et al., 2018).  266 

 267 

3.8. The Oceanic El Niño (ONI) and Multivariate El Niño–Southern Oscillation (MEI) 268 

indices 269 

As an indication of the existence and strength of El Niño (or La Niña) conditions in 270 

our study region, we used both the ONI and MEI time series (January 2008-December 271 

2016), which were obtained from the NOAA website. The ONI index is derived as the 3-272 

month running mean of SST anomalies in the El Niño 3.4 region located at 5°N–5°S, 273 

170°-120°W (http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyear274 

s.shtml); whereas the MEI index is based on six variables recorded over the tropical Pacific 275 

Ocean: sea level pressure, zonal and meridional components of the surface winds, SST, 276 

surface air temperature, and total cloudiness fraction of the sky (Wolter & Timlin, 2011; 277 

https://www.esrl.noaa.gov/psd/enso/mei/table.html)  278 

 279 

4. Results  280 

Our analysis of the 17-month record of SST and CTD-temperatures in TSB indicates 281 

that there were three distinct oceanographic conditions that occurred sequentially during 282 

the study period: (1) the 2014-HW from August 2014 to February 2015, (2) the upwelling 283 

season from April to July 2015, and (3) El Niño from August to December 2015 (Fig. 2a-284 

d; Table I). The main hydrographic, chemical and biological changes observed during each 285 

of these episodes in 2014-2015, were identified by comparison with the 5-year monthly 286 

time series of SST, salinity, nitrate, and total chlorophyll-a recorded in the same transect 287 

over 2008 to 2012 (see section 3.3).  288 

 289 

4.1. Hydrography during the 2014-2015 period 290 

During the 2014-2015 period, SST showed a marked seasonal pattern throughout the 291 

study area, with low temperatures in the mid-winter and spring (16–17 °C) and high in the 292 

late summer (21–24 °C; Fig. 2a, b). However, when compared with the 2008-2012 293 

climatological cycle, surface waters inside and outside the bay were warmer in 2014-2015 294 

(Fig. 2a, b), with the exception of the samplings of June and July 2015. Outside the bay for 295 

instance, mean SST (20.1 ± 0.6 °C) recorded during the 2014-HW was similar to that 296 

recorded under El Niño (20.6 ± 0.4 °C). But both were significantly distinct 297 

http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml


(tstudent, p<0.05) from that recorded during the upwelling season (16.4 ± 0.3 °C), which is 298 

evidence of the impact on SST associated with the vertical transport of cold waters from 299 

mid-spring to mid-summer 2015 (Fig. 2a, c; Table I). A similar behavior was observed in 300 

SST at the inner stations, although surface waters were slightly warmer inside of the bay 301 

(Fig. 2b, d; Table I), revealing the retentive nature of this semi-enclosed coastal system. 302 

 303 

4.2. Nutrient concentrations 304 

In general, dFe concentrations were temporally variable throughout the study 305 

(Table I); however, average dFe concentration inside (4.96 ± 0.35 nM) was significantly 306 

higher (tstudent, p<0.05) than outside the bay (3.60 ± 0.34 nM). In the case of inorganic 307 

nutrients, H4SiO4 concentrations were very low but there was not differences between the 308 

inner (3.71 ± 0.40 M) and outer bay (3.77 ± 0.28 M; Table I). In contrast, nitrate 309 

concentrations were almost depleted throughout the period of study, even during the 310 

upwelling season when high nutrient levels would be expected (Fig. 2e, f; Table I). Hence, 311 

nitrate overall means of 0.23 ± 0.03 M and 0.31 ± 0.06 M were recorded in the outer 312 

and inner bay, respectively, suggesting that oligotrophic conditions prevailed in this coastal 313 

zone during the entire study period.  314 

 315 

4.3. Total chlorophyll-a (Chl-a) and size-fractionated chlorophyll-a 316 

Chl-a also presented a clear seasonal behavior inside and outside the bay, with 317 

highest mean concentrations during spring (2.21 ± 0.35 mg m-3) associated with upwelling 318 

intensification, and lowest means during the 2014-HW (0.56 ± 0.11 mg m-3) and El Niño 319 

(0.77 ± 0.09 mg m-3) conditions (Fig. 3a, b; Table I). Mean Chl-a values recorded during 320 

2014-2015 were significantly lower (tstudent, p<0.05) than those measured over the 2008-321 

2012 period. Moreover, the small phytoplankton cells were dominant both inside and 322 

outside the bay throughout the study, except during the upwelling season when large 323 

phytoplankton cells reached the higher values (Fig. 3c, d; Table I). The clearest example 324 

was observed outside the bay, where the mean small/large cell ratio reached 3.4 ± 1.0 and 325 

8.4 ± 1.4 during the 2014-HW and El Niño conditions, respectively; whereas during the 326 

upwelling season the mean ratio was 1.7 ± 0.5 (Fig. 3e, f; Table I), revealing that there was 327 

an important increase of large phytoplankton cells off TSB, linked to the vertical transport 328 

of cold waters to the surface.  329 

 330 

5.0. Discussion 331 



Over the entire eastern tropical Pacific, warming events at interannual scales are 332 

produced by a poleward-propagating equatorial coastally trapped Kelvin wave and by 333 

atmospheric teleconnections between equatorial latitudes and tropical and sub-tropical 334 

latitudes (Durazo & Baumgartner, 2002). These processes generate positive sea level 335 

anomalies in the coastal area, with a consequent deepening of the thermocline, and a 336 

considerable increase of upper layer (0-100 m) temperature (Kessler, 2006; Godínez et al., 337 

2010). Interannual warming events are commonly identified as positive values in the ONI 338 

and MEI time series. Thus, positive values of such indices during the study period (Fig. 4a) 339 

suggests the presence of warmer waters in the coastal zone of nBC. Moreover, this 340 

condition was accompanied with the occurrence of anomalous low wind intensities, which 341 

caused reduced coastal upwelling along the Pacific coast of nBC (Fig. 4b; Robinson, 2016; 342 

Zaba & Rudnick, 2016). In the following sections, we will discuss how these anomalous 343 

climatic and oceanographic conditions affected the hydrography, the nutrient supply, the 344 

Chl-a concentrations and its size structure off the coast of nBC. 345 

 346 

5.1. Impacts of the 2014-HW, upwelling and El Niño on SST anomalies 347 

Data from recent literature shows that over the 2014-2015 period, there was a 348 

significant increase of nearshore temperature anomalies along the coast of Washington 349 

(Gentemann et al., 2017), Oregon (Peterson et al., 2017), California (Zaba & Rudnick, 350 

2016; Chao et al., 2017; Kahru et al., 2018) and Baja California (Robinson, 2016, Gómez-351 

Ocampo et al., 2017; 2018), associated with the sequential occurrence of the 2014-HW and 352 

El Niño in 2015. Our hydrographic analysis for nearshore waters in nBC clearly shows 353 

that, after removing the seasonal cycle, SST anomalies were approximately 3.0 °C  warmer 354 

under the 2014-HW conditions, decreased through the 2015 upwelling season, and finally, 355 

reached values >3.5 °C when El Niño was already present in the coastal zone (Fig. 5a, b; 356 

Table I). These results are comparable to those previously reported for the southern section 357 

of the CCS (e.g., Zaba & Rudnick, 2016; Durazo et al., 2017; Rudnick et al., 2017; Kahru 358 

et al., 2018; Jiménez-Quiroz et al., 2019). Zaba & Rudnick (2016) and Gentemann et al. 359 

(2017) for example, reported that nearshore SST anomalies associated with the 2014-HW 360 

first appeared along Southern California in March 2014, increased by August 2014, and 361 

remained positive from September 2014 to May 2015. Similarly, Robinson (2016) 362 

indicated that off Baja California there was a period of warming, reduction of wind stress 363 

and weakened coastal upwelling from May 2014 to April 2015 associated with the 2014-364 

HW. Then, a second process of warming occurred from September to December 2015, 365 



which was due to El Niño. However, during the 2015 upwelling season, the magnitude of 366 

SST anomalies decreased notably because the vertical transport of cold deep water played 367 

a major role in cooling the surface waters in the region (Zaba & Rudnick, 2016; Durazo et 368 

al., 2017; Gentemann et al., 2017).  369 

Besides the changes in SST, both the 2014-HW and El Niño periods showed saltier 370 

than normal conditions (Fig. 5c, d), while fresher waters were observed during the 371 

upwelling season. Saltier conditions could be due to one or several processes including an 372 

increased surface evaporation given by the occurrence of positive SST anomalies, an 373 

eastward advection of unusually saltier water from the central Pacific, and/or a coastal 374 

poleward advection of tropical surface waters due to the increase of coastal sea level 375 

(Durazo et al., 2017). However, Zaba & Rudnick (2016) reported that along-isopycnal 376 

salinity in Southern California Bight showed a fresh anomaly during 2014–2015, which 377 

was attributed to an onshore displacement of the relatively fresh offshore waters of the 378 

California Current (CC). Similarly, Durazo et al. (2017) found that during 2014-2015, the 379 

core of the CC off nBC not only moved onshore but also was distributed at depths between 380 

60-120 m. Thus, the lower than usual salinity observed during the upwelling season of 381 

2015 may be due to slightly fresher water being brought to the surface to compensate the 382 

offshore Ekman transport. Consequently, the recent nearshore upwelled water, which in 383 

normal conditions is the relatively salty, nutrient-rich California Undercurrent (Linacre et 384 

al., 2010a; Kurczyn et al., 2019), was replaced by fresher nutrient-poor CC water.  385 

The fact that surface coastal waters off nBC were significantly warmer in 2014-2015 386 

than the 2008-2012 climatological average, led to a more strongly stratified water column 387 

(Fig. 4c), as has been previously documented (Gonzalez-Silvera et al., 2016; Gómez-388 

Ocampo et al., 2017). Moreover, the co-occurrence of increased thermal stratification and 389 

weaker than normal upwelling-favorable winds (Fig. 4b; Robinson, 2016) could have had 390 

a few consequences. The first one is that stratification strengthening requires a larger 391 

amount of energy to raise deep isopycnals toward the surface (Kosro et al., 2006; Cavole 392 

et al., 2016). The second one is that a stratified water column acts as a barrier that reduce 393 

the vertical flux of cool subsurface water to the upper layer (Roemmich & McGowan, 394 

1995; Bograd & Lynn, 2003; Jacox & Edwards, 2011; Zaba & Rudnick, 2016; Gómez-395 

Ocampo et al., 2018; Lilly et al., 2019) and, in consequence, the nutrient input toward the 396 

euphotic zone.  397 

Our data provide evidence that there was a limited supply of nutrients to the surface 398 

layer of the coast of nBC over 2014-2015 period (Fig. 2e, f). Surface nitrate concentrations 399 



were almost depleted throughout the study period, with overall means of 0.23 ± 0.03 M 400 

and 0.31 ± 0.06 M in outer and inner bay, respectively. In fact, nitrate-impoverished 401 

waters were also detected during the upwelling season, when it would expect higher 402 

nutrient levels (Camacho-Ibar et al., 2007; Garcia-Mendoza et al., 2009). Comparatively 403 

with 2008-2012, negative nitrate anomalies were also recorded throughout the warm period 404 

of 2014-2015 (Fig. 5e, f). Outside the bay for example, these anomalies represented a 405 

decrease in nitrate concentration ranging between ~77% (upwelling season) and 90% 406 

(2014-HW – El Niño), indicating that nitrate availability was significantly (tstudent, p<0.05) 407 

impacted by the presence of anomalously warm waters along the coast of nBC (Table I). 408 

Negative BEUTI anomalies also suggests that the vertical flux of nitrate was reduced 409 

throughout the warm period (Fig. 4d; Jacox et al., 2018). Consistent with our results, Lilly 410 

et al. (2019) recorded nitrate concentrations <1 μM and also reported negative nitrate and 411 

Chl‐a anomalies for the Southern California Bight throughout the durations of the 2014-412 

HW and El Niño in 2015. Overall, this nutrient data analysis implies that associated with 413 

ocean warming (Fig. 2a, b; 5a, b) and enhanced stratification (Fig. 4c), there was a reduced 414 

vertical transport of nutrients (Figs. 4d; 5e, f; Gonzalez-Silvera et al., 2016; Zaba & 415 

Rudnick, 2016; Gómez-Ocampo et al., 2017) toward the euphotic zone during the August 416 

2014 to December 2015 period. Besides, the generalized shortage of nutrients (especially 417 

N) provides a strong indication that oligotrophic conditions prevailed in this coastal zone 418 

during the entire study period (Fig. 2e, f), which, as shown below, had a profound effect 419 

on the size structure and biological activity of phytoplankton.  420 

 421 

5.2. Total chlorophyll-a anomalies during the 2014 – 2015 period 422 

Our hydrographic analysis provides evidence of the occurrence of positive SST 423 

anomalies during most of the 2014-2015 period. Still, a question that arises is how 424 

phytoplankton was impacted by these anomalously warm waters that appeared in our study 425 

area. As can be seen in Figure 3a, b, the seasonal pattern of Chl-a was broadly consistent 426 

with the seasonality of Chl-a recorded in the same transect over the 2008-2012 period. The 427 

highest values were recorded in spring/midsummer, suggesting a close coupling between 428 

Chl-a concentrations and the nutrient supply associated with upwelling off the bay 429 

(Gaxiola-Castro et al., 2008; Delgadillo-Hinojosa et al., 2015; Dorantes-Gilardi & Rivas, 430 

2019). In fact, a significant positive correlation was found between the mean monthly Chl-431 

a and the monthly CUI, both for the reference period of 2008-2012 (r = 0.60; p<0.05; Fig. 432 

6a) and for the warmer period of 2014-2015 (r = 0.48; p<0.05; Fig. 6b), implying that 433 



upwelling can stimulate the growth of phytoplankton in our study region, even when in the 434 

latter there were conditions of reduced upwelling (Fig. 4b). 435 

Despite that, Chl-a concentrations were clearly diminished throughout the study 436 

area during the whole warm period, as indicated by the persistently negative anomalies 437 

(Fig. 5g, h). The strongest impact was recorded in the inner bay, where Chl-a anomalies 438 

reached negative values (-1.44 ± 0.27 mg m-3) during the 2014-HW, decreased during the 439 

2015 upwelling season (-0.79 ± 0.27 mg m-3), and then became more negative (-0.99 ± 0.22 440 

mg m-3) by the second half of 2015 under El Niño conditions (Table I). Comparatively with 441 

the Chl-a levels recorded during 2008-2012, Chl-a anomalies reported here represent a 442 

diminution ranging between ~26% (upwelling season) and 35% - 68% (2014-HW – El 443 

Niño), indicating that phytoplankton community was significantly affected by the presence 444 

of anomalous warmer waters that arrived at the coast of nBC (Table I). These results are 445 

consistent and complement previous studies that have reported decreased Chl-a content in 446 

the coastal and open ocean of Southern California (Gómez-Ocampo et al., 2018; Kahru et 447 

al., 2018) and Baja California under the 2014-HW and El Niño conditions (Gonzalez-448 

Silvera et al., 2016; Gómez-Ocampo et al., 2017; Mirabal-Gómez et al., 2017; Ortiz-449 

Ahumada et al., 2018; Jiménez-Quiroz et al., 2019). Our analysis indicates that the 450 

reduction of Chl-a concentration over the 2014-2015 period was closely linked to the 451 

strong stratification promoted by the warm waters during the 2014-HW and El Niño (Figs. 452 

4c, 5g, h; Gonzalez-Silvera et al., 2016; Gómez-Ocampo et al., 2017; 2018), as well as 453 

reduced upwelling in spring-summer of 2015 (Fig. 4b; Robinson, 2016; Jiménez-Quiroz et 454 

al., 2019), which inhibited the regular upward flux of nutrients to the euphotic zone (Figs. 455 

4d; 5e, f;  Jacox & Edwards, 2011; Jacox et al., 2015b; 2018; Gonzalez-Silvera et al., 2016). 456 

Furthermore, the Fe:nitrate and Si:nitrate ratios (King & Barbeau, 2011; Biller & Bruland, 457 

2014) indicate that there was a preferential drawdown of inorganic nitrogen relative to iron 458 

and silicate (Table I), which had as a consequence a general dearth of this nutrient in our 459 

study area. Therefore, a nitrogen limited system was developed that resulted in an 460 

ecosystem with low Chl-a, reduced net primary production and dominated by small sized 461 

phytoplankton, all biological characteristics typical of oligotrophic environments (Figs. 2e, 462 

f; 3a-f; 4e).  463 

 464 

5.3. Shifts in phytoplankton community structure over the 2014-2015 period 465 

The classic herbivorous food-web in active coastal upwelling systems is described as 466 

dominated by large primary phytoplankton, such as diatoms and dinoflagellates, which are 467 



grazed by suspension-feeding zooplankton (e.g., copepods and euphausiids), which in turn 468 

provides the fuel required to sustain higher trophic levels (e.g., Kudela et al., 2008). 469 

However, this conceptual model is not necessarily universal and entirely valid for the nBC 470 

upwelling regime, especially when upwelling is null or weak, and/or when heat waves or 471 

El Niño events as those described here, occur. In addition to reduced Chl-a concentrations, 472 

our size fractionated Chl-a data shows that the phytoplankton community was consistently 473 

dominated by small cells (Fig. 3c-f). As evidence, data in Table I shows that mean 474 

small/large cell ratios ranging between 2.7 to 8.4 were recorded during the 2014-HW and 475 

El Niño conditions. The exception occurred during the upwelling season of 2015, when 476 

there was a significant increase (tstudent, p<0.05) in chlorophyll-a concentrations associated 477 

with larger cells and mean small/large cell ratios decreased to ~1.5 (Fig. 3c-f; Table I). 478 

Although the seasonal variability of the size-fractionated Chl-a in nBC coastal waters has 479 

been scarcely investigated, the general pattern reported suggests that phytoplankton 480 

biomass is generally dominated by smaller cells along the year (Linacre et al., 2010b). Yet, 481 

higher contributions of large sized cells are usually observed during the upwelling season 482 

(Gonzalez-Morales et al, 1991; Linacre et al., 2010b; 2012; Martinez-Almeida et al., 2014), 483 

suggesting a shift in phytoplankton community structure, seasonally modulated by 484 

upwelling events. 485 

In agreement with our findings, a recent study conducted over the 2007-2015 period 486 

at a station located 3.8 km offshore from our station 6, reported a marked interannual 487 

variability of pigment concentrations, size-structure and community composition of 488 

phytoplankton (Gonzalez-Silvera et al., 2016). Based on pigments composition, these 489 

authors identified three periods: (1) 2007-2009, characterized by a phytoplankton 490 

community dominated by diatoms and dinoflagellates; (2) 2010-to-July-2012, when a 491 

notable increase of prymnesiophytes and chrysophytes was observed, and (3) July-2012-492 

to-2015, a period distinguished by the presence of smaller autotrophic groups, very low 493 

NO3 concentrations and a deep euphotic zone associated with the 2014-HW and El Niño 494 

2015 events. In particular, the latter period was characterized by an increase of 495 

Prochlorococcus, a distinctive cyanobacteria thriving in oligotrophic and highly stratified 496 

waters (Hirata et al., 2011; Lewandowska et al., 2014; Gonzalez-Silvera et al., 2016). 497 

Similarly, Linacre et al. (2017) studied the temporal variability of picoplankton carbon-498 

biomass at a station located 5 km southeast of our station 6, during March and October 499 

2015. They recorded an increase in carbon-biomass of the cyanobacterial populations, 500 

Prochlorococcus and Synechococcus, linked with the appearance of unusually warm 501 



water in nBC in 2015. Taken together, all these findings provide strong evidence that a 502 

shift towards an oligotrophic environment took place in these coastal waters during the 503 

warm period of 2014-2015, when the ecosystem clearly presented a general shortage of 504 

nitrates, very low Chl-a and a predominance of small cells (e.g. Hirata et al., 2011). 505 

Although our experimental design has its limitations and a detailed response is 506 

beyond the scope of this paper; a question that remains open is what factors played a major 507 

role regulating the size structure of phytoplankton during the presence of these 508 

anomalously warm waters in nearshore nBC. In other words, was there a top-down or 509 

bottom-up control on the phytoplankton size structure in that period? Underlying factors 510 

invoked in modulating size structure in marine environments, include temperature (López-511 

Urrutia & Morán, 2015), sinking and grazing (Acevedo-Trejos et al., 2015; Linacre et al., 512 

2012; 2017) and changes in nutrient supply (Marañon et al., 2012; 2014; Finkel et al., 2010; 513 

and references therein). In the case of temperature, this variable influences the metabolic 514 

rates of phytoplankton (e.g., Lewandowska et al., 2014; Sherman et al., 2016); however, 515 

we did not find a good relationship between temperature and the small/large cell ratios 516 

(r = 0.11, p>0.05) in this study. This result suggests that temperature effect was more 517 

indirect, since water warming promoted an enhanced stratification and consequent 518 

alteration of nutrient supply to the surface waters during these episodes of abnormally 519 

warm water in our study area.  520 

On the other hand, zooplankton grazing ‘pushes’ the phytoplankton community 521 

towards larger cell sizes (Acevedo-Trejos et al., 2013; 2015), and the clear dominance of 522 

smaller size cells throughout the study (Fig. 3c-f) might suggest that zooplankton grazing 523 

was not a factor controlling size structure of phytoplankton during the 2014-HW and El 524 

Niño events (Lavaniegos et al., 2019). However, in an experiment carried out in October 525 

2015 (i.e. El Niño), Linacre et al. (2017) reported that microzooplankton exerted a strong 526 

grazing pressure on phytoplankton biomass (>70% [Chl-a]) and daily primary production 527 

(>100% PP). Thus, their data suggest that the low Chl-a recorded during El Niño 2015 528 

could also be explained by microzooplankton grazing and thereby, this process cannot be 529 

completely ruled out. In contrast, these authors also indicated that in April 2016 there was 530 

a return to typical spring conditions with a reduced impact of microzooplankton on all 531 

phytoplankton components (protistan consumption of about one third of PP) and a 532 

predominance of diatoms (Linacre et al., 2017). Similarly, during the upwelling season of 533 

2015, we found that both phytoplankton sizes augmented simultaneously (Fig. 3c, d), 534 

suggesting that both smaller and larger cells were stimulated by nutrient supply responding 535 



to favorable conditions for growth, what should overcome zooplankton grazing during that 536 

season (Lavaniegos et al., 2019).   537 

In the case of nutrient supply, there are several lines of evidence indicating that there 538 

was a bottom-up control on phytoplankton size during the occurrence of anomalously warm 539 

waters along the coast of nBC. First, there was a general shortage of nutrients (Fig. 2e, f) 540 

and below normal net primary production (Fig. 4e) associated with ocean warming and 541 

strengthened stratification (Figs. 2, 4c), indicating that there was a limited nutrient supply 542 

toward the euphotic zone (particularly nitrate, Fig. 4d; Jacox & Edwards, 2011;  Gonzalez-543 

Silvera et al., 2016; Zaba & Rudnick, 2016; Gómez-Ocampo et al., 2017; Lilly et al., 2019). 544 

Nitrate depletion and stratified conditions may have benefited smaller phytoplankton, since 545 

small cells have higher surface area/volume ratios, which provides them with the ability to 546 

compete for nutrients in oligotrophic environments (Chisholm, 1992; Marañon et al., 2012; 547 

2014; Sommer et al., 2017). Second, the percentage of chlorophyll-a contained in cells 548 

<5 m was correlated with CUI (r = -0.57, p<0.05), suggesting that there was a clear 549 

dependence between the variability of phytoplankton cell size and upwelling intensity 550 

(Fig. 6c). Smaller cells predominated when upwelling conditions were weak and 551 

oligotrophic conditions were stronger. In contrast, smaller cells decreased while large cells 552 

increased under active upwelling conditions and oligotrophy was temporally relieved. 553 

These results are consistent with previous works indicating that smaller cells thrive in 554 

oligotrophic environments and large cells in eutrophic systems (Hirata et al., 2011; Ward 555 

et al., 2012; Acevedo-Trejos et al., 2015; López-Urrutia & Morán, 2015), and clearly point 556 

out the occurrence of an oligotrophication event in nBC during the sequential occurrence 557 

of the 2014-HW and El Niño in 2015. 558 

 559 

5.4. Biogeochemical implications of oligotrophication over the 2014-2015 period  560 

Conditions of diminished phytoplankton availability can cause a wide variety of 561 

impacts on higher trophic levels (Cavole et al., 2016) whereas decrease in the size of 562 

phytoplankton will alter food web structure and the cycling of carbon (Marañon et al., 563 

2003; Finkel et al., 2010; Sommer et al., 2017). The warm anomalies that occurred over 564 

the 2014-2015 period in the upper layer of the water column of nBC, negatively impacted 565 

the epipelagic ecosystem of the southern CCS, reducing dramatically the phytoplankton 566 

available for upper trophic levels and possibly the flux of organic matter to deep waters. 567 

During that period, a condition of oligotrophy was developed where small phytoplankton 568 

cells predominated. These changes in the phytoplankton size structure probably led to 569 



ecological and biogeochemical shifts in this upwelling system, owing to small cells have 570 

slower sinking rates (Finkel et al., 2010; Acevedo-Trejos et al., 2015) and smaller grazers 571 

could be potentially favored by an increased presence of small phytoplankton cells (Linacre 572 

et al., 2010b; 2012; 2017). Thus, a smaller share of primary production likely was 573 

channeled to the classic phytoplankton, crustacean zooplankton, fish food chain, leading to 574 

decreased ecological efficiency (Gonzalez-Silvera et al., 2016; Gómez-Ocampo et al., 575 

2017; 2018; Sommer et al., 2017). Furthermore, a higher proportion of primary production 576 

likely was respired within the microbial food web favoring the recycling of organic matter 577 

in the upper water column, and consequently, the biological pump could have been less 578 

efficient in transporting particulate organic matter to deeper waters of the coastal zone of 579 

nBC.  580 

To explore this idea, Export Flux (and their anomalies) for our study period in nBC 581 

can be estimated from NPP using the equation reported for the CCS (Kahru et al., 2019; 582 

Kelly et al., 2018; Morrow et al., 2018). These calculations indicate that, compared with 583 

the 2008-2012 period, Export Flux anomalies were below normal with values ranging 584 

between -29.7 mg C m-2 d-1 during the 2014-HW and -15.9 mg C m-2 d-1 during El Niño in 585 

2015 (Table I), suggesting that the biological pump in coastal waters off nBC was less 586 

efficient during the warm period. However, a recent quasi-Lagrangian study off Southern 587 

California reported measurements of carbon export from the euphotic zone during the 588 

2014-HW, at the end of El Niño 2016, and El Niño-neutral years (Morrow et al., 2018). No 589 

substantial differences were found in the relationships between vertical carbon export and 590 

its presumed drivers (primary production, mesozooplankton grazing) between warm and 591 

neutral years. The framework they used provide measurements of vertical carbon export in 592 

timescales of 2-5 days (Morrow et al., 2018); thereby, their results are a snapshot of the 593 

ecosystem state (Kelly et al., 2018) and not an estimate of the total vertical carbon export, 594 

for instance, at the end of the entire event of the 2014-HW. Consequently, the hypothesis 595 

that the biological pump was less efficient during the 2014-HW and/or El Niño 2015 596 

require more data and remains to be proven. 597 

 598 

6. Conclusions 599 

The hydrographic dataset presented here shows that, when compared with the 600 

reference period of 2008-2012, anomalous hydrographic conditions off the coast of nBC 601 

persisted during 2014-2015. External and local factors played an important role in 602 

determining the occurrence of these circumstances. The external forcing was the arrival of 603 



warmer waters brought by the 2014-HW, and the advection of equatorial water transported 604 

by El Niño in late 2015. The local one was the occurrence of reduced upwelling conditions 605 

along the Pacific coast of the Baja California peninsula during the spring-summer of 2015. 606 

Overall, it is shown that these abnormally warm conditions significantly impacted the 607 

nitrate concentrations and the total chlorophyll-a levels of this coastal region. Our data 608 

provide evidence of oligotrophication associated with a reduced upward flux of nutrients 609 

into the euphotic zone due to a strengthening of stratification in the coastal zone of nBC. 610 

A clear seasonal cycle of total Chl-a was recorded; however, Chl-a concentrations were 611 

significantly reduced (25% - 68%) compared with the reference period. Hence, persistently 612 

negative anomalies of Chl-a were strongly linked with below normal net primary 613 

production and with nitrate impoverished waters (33% - 90%) throughout the study. 614 

Moreover, size fractionated Chl-a data showed that smaller cells predominated over large 615 

cells and systematically contributed with the largest proportion (>60%) of the total Chl-a. 616 

Lastly, our results show that a shift towards an oligotrophic environment took place in 617 

nearshore waters off northern Baja California during the warm period of 2014-2015. 618 

Finally, the observed changes in Chl-a, size structure and primary production in nBC 619 

during the 2014-HW and el Niño in 2015 are not exclusive of the southern CCS; since it 620 

could be expected that in other upwelling ecosystems that experience similar extraordinary 621 

warm conditions, could occur a parallel shift of trophic status with significant ecological 622 

repercussions (e.g., Leising et al., 2015; Whitney, 2015; Cavole et al., 2016; Peña et al., 623 

2019). 624 
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Figure Captions 955 

 956 

Figure 1.  Map of Todos Santos Bay area in northern Baja California showing the sampling 957 

stations. TSB cruises (red star) represents the mean position (within 5 km around 958 

stations 5 and 6) for all hydrographic stations sampled during 17 cruises over the 959 

2008-2012 period. The mean annual cycle of nitrate concentration for the outer bay 960 

was built using data from stations 5, 6, TSB cruises and Antares. The mean annual 961 

cycle of the stratification parameter (100m) for the outer bay was constructed using 962 

CTD data from stations 5, 6, TSB cruises and IMECOCAL 100.30.  963 

 964 

Figure 2. Time series of sea surface temperature (SST) for the outer (a) and inner bay (b) 965 

over the August 2014 to December 2015 period. Time-depth plot of CTD temperature 966 

in (c) the outer bay (average of stations 5 and 6) and (d) inner bay (average of stations 967 

2 and 3) for the same period. The solid lines in panels a and b represent the mean 968 

annual cycle of SST (2008–2012) defined as our reference period. Time series of 969 

monthly CUI (dotted line) and nitrate surface concentrations (pink circles) for the 970 

outer (e) and inner bay (f). The solid lines in panels (e) and (f) show the mean annual 971 

cycle of nitrate surface concentration for the 2008–2012 period. We divided our study 972 

into three periods: The 2014-HW (from Aug-2014 to Feb-2015); upwelling (from 973 

Apr to Jul-2015); and El Niño (from Aug to Dec-2015) 974 

 975 

Figure 3. Time series of total chlorophyll-a (Chl-a), size-fractionated Chl-a and 976 

small/large phytoplankton cells ratio for surface waters from the outer (a, c, e) and 977 

inner bay (b, d, f) over the August 2014 to December 2015 period. The solid lines in 978 

panels a and b represent the mean annual cycle (2008–2012) of Chl-a. Size-979 

fractionated Chl-a was divided into two classes: small cells (<5 m) and large cells 980 

(>5 m). 981 

 982 

Figure 4. Time series of (a) ONI and MEI indices, (b) monthly Coastal Upwelling Index 983 

(CUI) anomalies, (c) water column stratification parameter (100m) anomalies, (d) 984 

monthly BEUTI anomalies, and (e) monthly net primary production (NPP) anomalies 985 

for the coastal zone of nBC over the 2008 to 2016 period. CUI, 100m, BEUTI and 986 

NPP anomalies were calculated relative to the mean annual cycle of each variable for 987 

the 2008-2012 period (gray area). Note that from August 2014 to December 2015 988 

(pink area), both ONI and MEI indices, and 100m, remained positive, whereas 989 

anomalies corresponding to CUI, BEUTI and NPP, were mostly negative. 990 

 991 

Figure 5. Monthly anomalies of sea surface temperature (SST), salinity, nitrate and total 992 

chlorophyll-a (Chl-a) for the outer (a, c, e, g) and inner bay (b, d, f, h) over the period 993 

of August 2014 to December 2015. Anomalies for each region were calculated 994 

relative to the annual cycle of each variable for the 2008-2012 period. 995 

 996 

Figure 6. (a) The relationship between climatologies of the coastal upwelling index (CUI) 997 

and total chlorophyll-a (Chl-a) concentration in Todos Santos Bay for the period of 998 

2008-2012. Relationship between (b) the monthly CUI and Chl-a, and (c) the 999 

monthly CUI and size-fractionated Chl-a in Todos Santos Bay over the 2014-2015 1000 

period. 1001 

 


