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The ocean off south-central Chile is subject to seasonal upwelling whose intensity is mainly controlled by the latitudinal migration of the southeast Pacific subtropical anticyclone. During austral spring and summer, the mean flow is equatorward favoring coastal upwelling, but periods of strong southerly winds are intermixed with periods of relaxed southerlies or weak northerly winds (downwelling favorable). This sub-seasonal, high-frequency variability of the coastal winds results in pronounced changes in oceanographic conditions and air-sea heat and gas exchanges, whose quantitative description has been limited by the lack of in-situ monitoring. In this study, high frequency fluctuations of meteorological, oceanographic and biogeochemical near surface variables were analyzed during two consecutive upwelling seasons (2016–17 and 2017–18) using observations from a coastal buoy located in the continental shelf off south-central Chile (36.4°S, 73°W), ∼10 km off the coast. The radiative-driven diel cycle is noticeable in meteorological variables but less pronounced for oceanographic and biogeochemical variables [ocean temperature, nitrate (NO3−), partial pressure of carbon dioxide (pCO2sea), pH, dissolved oxygen (DO)]. Fluorescence, as a proxy of chlorophyll-a, showed diel variations more controlled by biological processes. In the synoptic scale, 23 active upwelling events (strong southerlies, lasting between 2 and 15 days, 6 days in average) were identified, alternated with periods of relaxed southerlies of shorter duration (4.5 days in average). Upwelling events were related to the development of an atmospheric low-level coastal jet in response to an intense along-shore pressure gradient. Physical and biogeochemical surface seawater properties responded to upwelling favorable wind stress with approximately a 12-h lag. During upwelling events, SST, DO and pH decrease, while NO3−, pCO2sea, and air-sea fluxes increases. During the relaxed southerly wind periods, opposite tendencies were observed. The fluorescence response to wind variations is complex and diverse, but in many cases there was a reduction in the phytoplankton biomass during the upwelling events followed by higher values during wind relaxations. The sub-seasonal variability of the coastal ocean characterized here is important for biogeochemical and productivity studies.
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INTRODUCTION

Eastern Boundary Upwelling Systems (EBUS) are the world’s most biologically productive marine regions covering less than 1% of the ocean area but providing up to 20% of the world’s capture fisheries (Pauly and Christensen, 1995). Eastern Boundary Upwelling Systems are areas with divergence in wind-driven surface water flow where sub-thermocline waters are injected into the surface layer bringing nutrients to euphotic layer. This fosters high primary productivity (Letelier et al., 2009; Kampf and Chapman, 2016) sustaining many economical activities such as artisanal and industrial fisheries. It is known that upwelling plays a fundamental role in biological productivity and modulates physical and biogeochemical properties of surface waters near the coast (e.g., Strub et al., 1998). The Humboldt Current System (HCS) along the west coast of South America is an archetypal EBUS where the presence of Southeast Pacific Anticyclone (SPA) favors equatorward low-level winds along the west coast of South America (e.g., Strub et al., 2013).

Upwelling in the southern portion of the HCS (35°S–40°S, off south-central Chile) exhibits marked seasonality due to the latitudinal migration of the SPA throughout the year (e.g., Sobarzo et al., 2007). During austral winter, the SPA migrates northward allowing the frequent arrival of midlatitude cyclones to this region that cause northerly winds and coastal downwelling. In contrast, during austral spring and summer (September to March), the southward displacement of the SPA results in prevailing equatorward alongshore winds (Figure 1A) that favor coastal upwelling of Equatorial Subsurface Water (ESSW), which tilts isotherms upward toward the east (Figure 1B) and fostering high primary productivity rates (Testa et al., 2018). During this part of the year, the coastal near-surface wind field often exhibits an intense southerly low-level jet driven by transient strengthening of in the alongshore sea level pressure gradient (Muñoz and Garreaud, 2005) between a coastal low in central Chile and a migratory anticyclone farther south (Garreaud et al., 2002; Rahn and Garreaud, 2014). Intense upwelling-favorable conditions tend to last 3–7 days, interrupted by a southerly wind relaxation or weak northerly flow (downwelling-favorable) lasting a few days (Garreaud et al., 2002).
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FIGURE 1. (A) Mean magnitude (ms–1, colors) and direction (vectors) of 10-m winds in the Southeast Pacific during two consecutive summer seasons (2016–17 and 2017–18 years) from ERA5 reanalysis. The red contour and H represent the high-pressure Southeast Pacific Anticyclone (1020 hPa). The box indicates the region where the buoy POSAR is located. (B) cross-section of ocean temperature during November to April from the WOCE/Argo Global Hydrographic Climatology (WAGHC). (C) Sea surface temperature in the study area (°C, colors). The red dot indicates the position of the measurements recorded by the buoy POSAR. (D) Scheme (longitude/depth) of the local topography with the location of the buoy marked.


This alternation between strong/relaxed southerly winds results in a succession of active/inactive upwelling events within summer, reflected in changes of the sea surface temperatures (SST), ocean diffusivities, and surface heat fluxes along the coast (Renault et al., 2009, 2012; Aguirre et al., 2014; Ramajo et al., 2020). Although synoptic upwelling variations have been described in other upwelling regions (e.g., Desbiolles et al., 2014; García-Reyes et al., 2014; Capet et al., 2017), the high frequency and sub-seasonal variability of biogeochemical properties driven by synoptic fluctuations of the coastal winds in the southern Humboldt system remains largely unexplored.

The upwelled ESSW is cooler, rich in nutrients but low in dissolved oxygen (DO) and shows high levels of partial pressure of carbon dioxide (pCO2sea) and low pH values (e.g., Silva et al., 2009; Ramajo et al., 2020). Photosynthesis activity, however, can reduce the high and acidity conditions induced by the coastal upwelling (Duarte et al., 2013; Vargas et al., 2016). These opposing mechanisms and the high-frequency swing between upwelling and downwelling favorable winds make the coast of south-central Chilean a complex system where both physical and biological mechanisms are operating simultaneously controlling the seawater biogeochemistry cycles and the air-sea gas exchange.

Only a few numbers of studies have documented the short-term variability of air-sea CO2 fluxes in response to the change of upwelling/downwelling events at EBUS (e.g., Ikawa et al., 2013; Reimer et al., 2013). Across the Chilean upwelling system, previous studies using satellite and shipboard data have shown a release of CO2 toward the atmosphere (Lefèvre et al., 2002; Torres et al., 2011). However, the direction and magnitude of these air-sea fluxes appear opposite between active upwelling (strong outgassing of CO2) and relaxed wind (CO2 uptake) periods (Torres et al., 1999). The increase in CO2 flux toward the atmosphere during upwelling eventsis due to a combination of the high pCO2sea of the upwelled subsurface waters and large wind speeds since the gas transfer velocity is a function of the wind magnitude (Parard et al., 2010).

Besides, several studies across different EBUS have shown that the nearshore productivity is coupled to local upwelling conditions (e.g., Hutchings et al., 1995; Aguilera et al., 2009; Daneri et al., 2012; Du and Peterson, 2014). Both biological productivity and the structure of the planktonic community can change considerably due to day-to-day variability in coastal wind conditions (Daneri et al., 2012). In the HCS, the delayed response of biological productivity to upwelling-favorable winds has been reported (Aguilera et al., 2009; Daneri et al., 2012). This has been explained by the breakdown of stratification caused by surface mixing, as well as vertical and lateral (offshore) advection during the upwelling favorable winds events, allowing reload of inorganic nutrientstothe euphotic zone. In contrast, wind relaxation provides the necessary stability in the water column to generate phytoplankton blooms (Daneri et al., 2000; Du and Peterson, 2014). Nonetheless, phytoplankton production might change in EBUS areas due to the stronger surface mixing and light limitation associated with enhanced wind stress (Bakun et al., 2015). In this context, the timing between active/inactive upwelling events constitutes a key modulator of the high productivity in EBUS (Lasker, 1975; Hutchings et al., 1995). Indeed, the optimal frequency of wind events, as well as wind intensities, determines the water column primary productivity (PP), signaling the existence of an optimum upwelling range that determines if nutrients are able (or not) to reach the photic zone to be used by the phytoplanktonic community (Lasker, 1975; Hutchings et al., 1995; Cury and Roy, 1989; Bakun et al., 2015) or PP is retained or advected to offshore (e.g., Jacob et al., 2018).

To date, the knowledge of the high-frequency variability of the southern Humboldt system has been limited by the lack of in-situ data of physical and biogeochemical properties in the coastal ocean (e.g., Torres et al., 1999; Ramajo et al., 2020). Here, we take advantage of a unique multiyear record of meteorological and oceanographic measurements acquired by POSAR (Spanish acronym for “Plataforma de Observación del Sistema Océano Atmósfera”), an instrumented buoy about 10 km off the coast of south-central Chile (36.4°S), to describe the response of the surface ocean to periods of strong and relaxed southerly winds during two austral summers (2016–2018). Specifically, we describe: (1) the mean diel variations of biogeochemical variables through the examination of the processes that cause the diel changes, and (2) the high-frequency (days-to-weeks) variability of biogeochemical variables and its relationship to strong southerly wind events. Examination of the variability at diurnal and synoptic timescales put them in perspective and shed light on distinct controls of the surface ocean properties. These two tasks provide the first quantitative assessment of the effect of upwelling events on a comprehensive set of variables and the local air-sea fluxes of heat and CO2 in the coastal ocean off south-central Chile. Our analysis also considers the biological response to upwelling but in a limited way since we only have fluorescence measurementsnear the surface as a proxy of chlorophyll-a. Furthermore, the prospects of climate change consistently predict southerly wind strengthening and drying in this region (Garreaud and Falvey, 2009; Aguirre et al., 2019; Oyarzún and Brierley, 2019) emphasizing the need for understanding atmosphere-ocean coupling and its biogeochemical response.



MATERIALS AND METHODS


Dataset

The data used in this research has been recorded by POSAR, an automated monitoring meteo-oceanographic buoy located close to Coliumo Bay (Chile) about 10 km off the mouth of Itata River (36.4°S–72.9°W) at waters depths of about 50 m (Figures 1C,D). This platform operated from May 2016 until now, but in discontinuous mode due to land-based maintenance (biofouling removal and sensor verification) every 4–6 months. POSAR data is freely available in real-time at the CR21 and CDOM web portals2.

Two consecutive upwelling seasons (austral spring-summer) were analyzed: from November 2016 to April 2017 and from December 2017 to April 2018. Meteorological variables, measured at about 1 m above sea level, include wind speed (m s–1) and wind direction (°: sex agesimal degrees) recorded every 10 min, whereas air temperature (Tair, °C), sea level pressure (SLP), and relative humidity (RH, %) were logged every 30 min. The oceanographic measurements at 1 m depth were recorded hourly and include water temperature (°C, referred hereafter as sea surface temperature, SST), dissolved oxygen (DO, μM), pH, nitrate (NO3–, μM), the partial pressure of carbon dioxide (pCO2sea, μatm), and fluorescence (RFU). Fluorescence is used here as a proxy for the chlorophyll-a (FChl–a). Hourly temperature (°C) was also recorded at 10 m depth. Supplementary Table 1 shows technical details of the sensors/instruments forming POSAR buoy.



Data Analysis


Diel Cycle

To calculate the mean diel cycle of Tair and SST, DO, NO3–, FChl–a, pH, and pCO2sea, hourly anomaly values were calculated by subtracting the average of each day from the original time series. Then, the seasonal mean and standard deviation were calculated for each hour of the day. In the case of the net radiation, the hourly average values were computed and then the mean and standard deviation for each hour of the day were calculated. Likewise, the 10-min values of wind speed and direction were used to calculate zonal (u) and meridional (v) wind components. Using the hourly mean u and v wind components, the mean diel cycles of wind speed and direction were calculated by averaging each hour of the day.



Bulk Parameterization for the Wind Stress and Heat Fluxes

Hourly averages of meteorological variables (u, v, Tair, SLP, and RH) and SST were used to calculate the surface wind stress, the air-sea latent and sensible heat fluxes using the Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA-COARE) bulk flux algorithm (Fairall et al., 1996). This algorithm is based on the parametrization of Lui, Katsaros, and Businger study (LKB, Liu et al., 1979) that shows a good agreement with observations (e.g., Bradley et al., 1991). The air-sea transfer coefficients for momentum and heat fluxes follow the Monin-Obukhov similarity theory of the atmospheric surface layer.



Air–Sea CO2 Flux

An evaluation of the air–sea CO2 fluxes were obtained from the partial pressure of the CO2 at the surface ocean (pCO2sea) applying the standard bulk formula to the hourly data:
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where a constant value of 410μatm is used for atmosphere (pCO2air) (Blunden and Arndt, 2019). The solubility coefficient of CO2 in seawater (α) was calculated using SST and salinity data, following the formulation of Weiss (1974). The CO2 gas transfer velocity (k), as a function of the wind magnitude, was estimated following Nightingale et al. (2000)

[image: image]

where W is the wind speed, and Sc is the Schmidt number. Positive values of fCO2 represent outgassing of CO2 toward the atmosphere, while negative values indicate a CO2 uptake by the surface ocean. Finally, the hourly values of fCO2 were averaged to produce a daily mean value of the flux.



Upwelling Events and Compositing Analysis

To characterize active/inactive upwelling events, we used the Upwelling Index (UI, Bakun, 1975) evaluated at an hourly time-scale:
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where τa is the alongshore wind stress, ρw is seawater density, and f is the Coriolis parameter. The hourly wind stress, calculated with TOGA-COARE algorithm, was rotated with respect to the angle of the topography of the continental margin at the buoy location (30.7° clockwise from North) to obtain the alongshore wind stress component (τa). We multiplied by 1000 m so that UI represents the Ekman transport in units of m3 s–1 per km of coastline and by −1 so that positive values imply offshore Ekman transport and hence upwelling of deeper waters. Negative UI indicates onshore Ekman transport and downwelling. The hourly UI time series were smoothed using a 24-h moving-average. The same smoothing was applied to the rest of the variables.

In section “High-frequency variability” we examine the time series of UI along with selected physical and biogeochemical variables during both summer seasons. Upwelling events are defined as a sequence of at least 2 days (48 h) with smoothed UI over 80 m3 s–1 km–1. We chose 2 days as the minimum duration because periods of positive UI lasting less than that do not produce a significant response in the surface coastal ocean. On the other hand, the UI distribution exhibits two modes (not shown), one around zero (calm conditions of either sign) and the other around 250 m3 s–1 km–1 (strong equatorward alongshore winds), with relatively low occurrences around 100 m3 s–1 km–1, since UI experiences sharp changes at the onset and demise of upwelling events. Thus, varying the UI threshold from 60 to 150 m3 s–1 km–1 does not alter our selection of events. Although each upwelling event has its own peculiarities (section “A closer look at upwelling events”), we attempt to describe their common features using a compositing analysis. Because the duration of each event is highly variable (from 2 days to 2 weeks) we have refrained from producing a composite of their full lifecycle. Rather, we focus on the changes at their onset (hour 0−, the instant at which UI changes from negative to positive) and demise (hour 0+, the instant at which UI changes from positive to negative) because the most significant changes occur around the times when UI reverse sign (last part of section “A closer look at upwelling events”). The time spanned by the composite around the onset and demise is 84 h. The averaging was done using the variables relative to hour 0, except for the wind and atmospheric pressure.

To describe the broad-scale meteorological conditions during the upwelling events identified with POSAR data, we performed a composite analysis of selected atmospheric fields at the time of maximum wind stress recorded by the buoy. ERA5 reanalysis data (Hersbach et al., 2020) was used to construct anomaly maps of SLP, surface winds, and SST for each event. This was calculated as the departure from the corresponding long-term (1990–2020) monthly means to then being averaged to construct the composite anomalies. The ERA5 data has hourly resolution being available on a regular grid with 0.25 × 0.25°lat-lonspacing.

The full sample of daily air-sea fluxes were segregated according to UI into upwelling days (upw, UI > 80 m3 s–1 km–1 for more than 2 days), no-upwelling days (no-upw, UI > 0 but not included as upwelling event) and downwelling days (down, UI < 0).





RESULTS

The hourly time series of selected physical and biogeochemical surface ocean variables are shown in Figures 2,3, illustrating the full range of variability during the two summer seasons with POSAR measurements. A customary inspection of these time series reveals a minor (but non-negligible) diel cycle superimposed on large and highly coherent synoptic (several days) variations that are described in the next subsections. In contrast, no clear intraseasonal variability (30–60 days) is observed. The annual cycle is not evident either since the series span from late spring to early fall only.
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FIGURE 2. Hourly (thin line) and filtered (thick line) time series between November 2016 and April 2017. Vertical gray bars indicate the periods of the upwelling events. (A) Upwelling Index (m3 s–1 km–1), (B) Air temperature (°C, red line), ocean temperature at 1 m depth (blue line) and ocean temperature at 10 m depth (green line), (C) Dissolved Oxygen (μM, red line) and pH (blue line), (D) pCO2sea (μatm, red line) and Nitrate (μM, blue line) and (E) Fluorescence (RFU). Green dots indicates when fluorescence increases during upwelling events and orange dots indicates when fluorescence increases after upwelling events.
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FIGURE 3. Hourly (thin line) and filtered (thick line) time series between December 2017 and April 2018. Vertical gray bars indicate the periods of the upwelling events. (A) Upwelling Index (m3 s–1 km–1), (B) Air temperature (°C, red line), ocean temperature at 1 m depth (blue line) and ocean temperature at 10 m depth (green line), (C) Dissolved Oxygen (μM, red line) and pH (blue line), (D) pCO2sea (μatm, red line) and Nitrate (μM, blue line), and (E) Fluorescence (RFU). Green dots indicates when fluorescence increases during upwelling events, orange dots indicates when fluorescence increases after upwelling events and blue dots indicates when fluorescence increases decupled from alongshore wind.


Broadly speaking, both summers were comparable in terms of their mean values. In particular, the mean SST was 13.7 ± 1.4°C during summer 2016/2017, slightly higher than the mean SST during summer 2017/2018 (13.3 ± 1.4°C). El Niño – Southern Oscillation (ENSO), the main driver of interannual SST anomalies in central Chile (Montecinos et al., 2003), was in its neutral phase during spring and summer of 2016/2017 and 2017/2018, although Niño 3.4 was slightly negative during these periods and a major coastal El Niño event developed off Peru in January 2017 (e.g., Garreaud, 2018). The minor interannual differences in mean SST seem to be linked to local wind conditions driven by regional-scale anomalies of the SLP (not shown). Indeed, the alongshore wind stress was, on average, more intense during the 2017/18 summer, consistent with lower average values registered for SST and Tair. The accumulated wind stress, however, showed that both periods were similar in terms of offshore Ekman transport (Supplementary Figure 1A).


Mean Diel Cycles

The mean diel cycles of the variables measured at POSAR is presented in Figure 4. To place the diel cycles in context, we compare -for each variable- the diel amplitude (maximum minus minimum values) with the standard deviation computed from the time series of daily mean values. The amplitude of the diel cycle of air temperature was relatively large, about 70% of the day-to-day standard deviation, and the amplitude of the dielwind speed is about a third of the synoptic variability. Consistent with the prevailing clear skies and strong insolation during summer, the amplitude of the solar radiation diel is 5 times larger than the synoptic variability. In general, the amplitude of the daily cycle is smaller for the oceanographic variables. The diel amplitude of SST, DO, and pCO2sea is about 25% of their corresponding standard deviation, and pH, NO3–, and FChl–a have an amplitude of the diel cycle that is about 15% of their standard deviation.
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FIGURE 4. Diel cycle of selected variables measured at buoy POSAR. (A) Net radiation, (B) Air temperature anomalies, (C) Sea surface temperature anomalies, (D) Surface wind speed and direction, (E) pH anomalies, (F) Dissolved oxygen anomalies, (G) Nitrate anomalies, (H) pCO2sea anomalies, and (I) Fluorescence anomalies. Dots represent the mean diel cycle and the thin line correspond to its standard deviation. Vertical gray bars indicate night-time. The mean and standard deviation of daily time series are shown in each panel.


The net radiation (determined by solar radiation, not shown) shows a peak around 13 Local Time (LT) (Figure 4A). The diel cycles of Tair and SST are in phase with maximum values at 16–17(LT) (Figures 4B,C). The mean diel amplitude of the Tair at POSAR is 1°C, about twice larger than the amplitude of SST, but much smaller than the temperature amplitude over land (∼20°C), reflecting a strong thermal inertia of the ocean. In turn, the land-sea thermal contrast controls the diel cycle of the coastal winds. On average, the wind speed increases from less than 3 m s–1 during nighttime to ∼5 m s–1 in the late afternoon. The wind direction is dominated by the southerly component but a westerly (onshore) component develops during the daytime, signaling the effect of the weak land-sea breeze on this near-coastal site (Figure 4D). These results are consistent with the previous characterization of the daily cycle of wind speed and direction in this region using satellite data (Muñoz, 2008).

The surface biological and biogeochemical variables exhibit a clear diel cycle as well (Figure 4). The diel cycle of DO and pH are in phase, with amplitudes of 40 μM and 0.1, respectively. They show a peak during the afternoon (18 LT) and a minimum at dawn (07 LT). Conversely, the diel of NO3– and pCO2sea have maxima before sunrise (07 LT) and minima during the afternoon (16–18 LT) with an amplitude of 2 μM and 100 μatm, respectively. The mean diel cycle of FChl–a increased gradually during daytime reaching maximum values at 21 LT and minima values at 10 LT, with a diel cycle amplitude of 200 RFU. In “Discussion” section, we interpret these diel cycles as a combination of physical and biological processes.



High-Frequency Variability

Within both summer periods, the time series of UI (Figures 2A,3A) reflect the variable wind conditions in the near-coastal zone at the synoptic time scale. Although the seasonal mean condition was favorable to coastal upwelling (UI > 0), a continuous alternation between strong southerlies and weak northerlies (UI < 0, downwelling favorable) is evident. Recall that upwelling events are defined as a sequence of two or more days with UI > 80 m3 s–1 km–1 (section “Upwelling events and compositing analysis”). These events are highlighted in Figures 2, 3 by vertical bars and numbered for further reference. We found a total of 23 upwelling events, 13 during the summer 2016–2017 and 10 during summer 2017–2018 (see Supplementary Table 2 with specific dates in Supplementary Material). During these events the wind speed reaches its highest values and henceocean mixing (function of the cube of wind speed) is enhanced.

The average duration of the upwelling events was 6 days for both study periods with a standard deviation of 3.5 days. Most of the events lasted between 2 and 6 days but, remarkably, one of them extended from 10 to 25 January 2017 (Figure 2A), resulting in high accumulation of wind stress (Supplementary Figure 1B). This period was characterized by abnormally persistent anticyclonic conditions over south-central Chile that brought record high temperature inland along with major forest fires (Bowman et al., 2019). The rest of the summer 2016–2017 was characterized by short-lived (2–3 days) upwelling periods interrupted by even shorter periods of relaxed southerlies or weak northerlies. By the contrary, the summer 2017–2018 had upwelling events more evenly distributed and alternated with relaxed southerlies lasting from 1 to 7 days (Supplementary Table 2). Altogether, the average duration of the inactive upwelling periods was 4.5 days with a standard deviation of 4.2 days. In these periods the wind relaxes to near calm conditions and the mixing is minimum.

Upwelling events were associated with high levels of incoming solar radiation (not shown) and cooler waters at the surface (Figures 2B,3B). In both summers, maximum values of SST up to 17°C occurred during periods of relaxed southerly winds, whereas values as low as 12°C was observed during periods of strong southerlies. The ocean temperature time series registered at 1 and 10 m depth show a clear difference in variability: the SST responds rapidly to changes in UI but the temperature at 10 m depth is less affected. Regardless of the upwelling duration, SST drops 0.7 ± 0.4°C from the beginning to the end of the events. Tair also decreases during upwelling events but less markedly than SST.

The sub-seasonal variability of the near-surface biogeochemical variables is dominated by synoptic-scale changes and modulated by the recurring active upwelling and relaxed periods. The first column in Table 1 shows the maximum correlation between UI and the different biogeochemical properties, along with the time lag that maximizes their association. Results show that coastal SST and UI are negatively correlated, and the correlation maximizes with lags of 1.5 days, which is consistent with previous studies in this region using in-situ and remote sensing SST and wind data (Renault et al., 2009; Aguirre et al., 2014). The UI shows negative correlations with DO and pH which are maximized at lags between 1 and 1.5 days. pCO2sea and NO3– are positively correlated with maximum values at lags of ∼30 h and ∼20 h, respectively. By the contrary, insignificant correlations are found between UI and FChl–a. Table 1 also shows the correlation coefficients among biogeochemical variables. Most of the correlations are significant and similar between both summers, indicative that the wind-driven control results in highly coherent variations among the biogeochemical properties, except for the case of FChl–a.


TABLE 1. Spearman coefficient correlations of sea surface parameters collected at POSAR buoy off central Chile.

[image: Table 1]
The time series of DO show a wide range of variation with maxima up to 400 μM in relaxed events and minima about 100 μM during active upwelling events, particularly those when positive UI persists for long periods (Figures 2C, 3C). The pH shows relatively low values during active upwelling events, and higher values during relaxed winds periods (Figures 2C, 3C). pH also shows a positive correlation with DO (0.75, p < 0.05) (see Table 1). In the same way, preformed NO3– is never depleted in the surface water with a lower threshold level of about 3 μM but increases up to 20 μM during active upwelling events (Figures 2D, 3D). NO3– concentrations decreases during southerly wind relaxations, particularly in those when negative UI persists for more than 3 days.

NO3– exhibits a high and significant negative correlation with DO and pH. pCO2sea shows a similar pattern to the other biogeochemical variables, rapidly increasing during upwelling events. It reached values as high as 1500 μatm during the protracted upwelling event in January 2017. pCO2sea is negatively correlated with DO and pH, and positively correlated with NO3– concentration (see Table 1).

The FChl–a time series show a complex variability that not always follow the variation of other physical and biogeochemical variables during active and relaxed upwelling events (Figures 2E, 3E). Indeed, FChl–a has insignificant correlations with UI, oceanographic and biogeochemical series (Table 1). During the summer 2016–2017 FChl–a remained low (100–500 RFU) from November until mid-January. During the long upwelling event, FChl–a had a sharp and substantial increase and remained high (∼1200 RFU) until the end of March 2017. During this summer season there were short-lived excursions of FChl–a not obviously related to active upwelling events. In the summer of 2017–2018, FChl–a exhibited more variability at the synoptic time scale in the form of large spikes of 2–4-day duration. Considering both summers, 12 (out of 23) upwelling events have a substantial increase of FChl–a after the event demise (i.e., under relaxed winds). On the other hand, 10 spikes of FChl–a were not obviously related to wind changes (Figures 2E,3E). These large variety of FChla–a responses (or the lack of) to upwelling events suggest a complex control of physical and biological conditions as discussed in section “Biogeochemical response”.



A Closer Look at Upwelling Events

In describing the high-frequency variability of physical and biogeochemical variables during the two summers with POSAR data (Figures 2, 3) we have broadly documented the impacts of southerly wind events in the surface ocean. A closer look at these events is presented next. Figure 5 includes the evolution of the POSAR variables during a week of strong southerlies that began on March 25, 2018 (event number 22) and that is followed by a several days with relaxed winds. A drop of temperature of about 2°C occurred at both 1 and 10 m depth within the first 72 h of the event, followed by a much weaker cooling until its end. After that, there is a surface (1 m) warming of ∼0.5°C in the first 2 days with relaxed winds. The air temperature tends to follow the ocean temperature but with an attenuated amplitude and additional short-term variability. Also evident during the event is the decrease in DO (−100 μM) and pH (−0.4) as well as the increase in pCO2sea (+800 μatm) and nitrate (+5 μM). Although these variables were not steady before the onset of the strong southerlies, but the largest changes occurred in the first 3 days (4 days in the case of pCO2sea) of the upwelling followed by weaker trends until the end of the event when their evolution is reversed.
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FIGURE 5. Close-up to a strong upwelling event that began on March 25, 2018 (event number 22) followed by relaxed alongshore winds. (A) Upwelling Index, (B) Air temperature (°C, red line), ocean temperature at 1 m depth (blue line) and ocean temperature at 10 m depth (green line), (D) pCO2sea (μatm, red line) and Nitrate (μM, blue line), (C) Dissolved Oxygen (μM, red line) and pH (blue line) and (E) Fluorescence (RFU).


The fluorescence was low during the first half of the strong southerly wind period, followed by gradual increase over the last 3 days (Figure 5D). However, the most important rise (∼10 times the initial values) occurred during the subsequent relaxed period, about 2 days after the upwelling demise. To illustrate the variety of fluorescence responses, Figure 6 depicts another upwelling event (number 20). Despite the shorter duration of the strong southerlies, SST, DO, pH, pCO2sea and NO3– show a response similar to the event 22. By the contrary, there was a peak in FChl–a at the beginning of the event followed by persistent low values (Figure 6D).
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FIGURE 6. Close-up to an upwelling event that began on March 02, 2018 (event number 20). (A) Upwelling Index, (B) Air temperature (°C, red line), ocean temperature at 1 m depth (blue line) and ocean temperature at 10 m depth (green line), (D) pCO2sea (μatm, red line) and Nitrate (μM, blue line), (C) Dissolved Oxygen (μM, red line) and pH (blue line) and (E) Fluorescence (RFU).


To further describe the response of physical and biogeochemical ocean variables to wind changes a compositing analysis is now presented. Given their variable duration, we have refrained to produce a single composite for the full upwelling events but, instead, we performed separated composites based on their onset and demise (see section “Upwelling events and compositing analysis” for details).

The alongshore winds are near 0 or slightly from the north (downwelling favorable) before the onset of the events (hour 0- when UI changes from negative to positive) and they increase rapidly in the next 12 h. By the contrary, the cross-shore winds exhibit little changes during the onset of upwelling events. After the ramp-up period the wind speed is relatively constant at ∼5 m s–1 (Figures 7A,B) about twice stronger than in periods outside the events. The SLP increases by about 2 hPa from 1 day before to 1 day after the onset (Figure 7C), signaling the establishment of anticyclonic conditions during the early stage of upwelling period.
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FIGURE 7. Composite analysis of selected variables during the onset of the upwelling events. (A) Wind speed and direction, (B) Alongshore wind (red line) and cross-shore wind (blue line), (C) Sea level atmospheric pressure, (D) Air temperature (red line) and ocean temperature at 1 m depth (blue line), (E) Nitrate, (F) Dissolved Oxygen, (G) pCO2sea and (H) pH. Vertical yellow bars indicate 12 h after the onset of the upwelling events.


The ocean temperature at 1 m (SST) begins to react about 12 h after the event onset decreasing linearly about 1°C in the following 36 h. The near-surface air temperature (Tair) also tends to decrease during the initial stage of the upwelling events, but with a smaller amplitude (about 0.3°C on average) and a lag of about 12 h in comparison with SST evolution (Figure 7D). Nearly synchronous with SST, DO begins to decrease about 12 h after the onset reaching an anomaly of −50 μM (relative to time 0) 2 days after the upwelling event onset. The NO3– concentration has a more delayed response, as it remains nearly constant during the first 24 h of an upwelling event, but it later showed, on average, an increase of 2 μM in a day (Figures 7E,F). Notably, pCO2sea begins to decrease as soon as the upwelling event begin, reducing its value by about 100 μatm 1 day later, but then rises as the upwelling event develops. pH values remain unchanged the first 1.5 days, and slightly decreases in 0.05 units 2 days after the onset of the upwelling event (Figures 7G,H).

Considering the demise of the upwelling events (Figure 8), our compositing analysis shows that the deceleration of the alongshore winds is concentrated in the 12 h prior to the demise (hour 0+ when UI changes from positive to negative) followed by a period of calm or weak northerlies (Figures 8A,B). The SLP exhibits a minimum close to time of the demise (Figure 8C), in connection with the arrival of a coastal low to the POSAR area as described in section “Synoptic-scale conditions”. SST often reaches a minimum about 1 day before the event’s demise. It begins to rise about 0.5°C during the last 12 h of the upwelling event and another 0.5°C in the next day under relaxed wind conditions (Figure 8D). NO3– exhibits a maximum 1 day before the demise and then begin to decrease in synchrony with UI, producing an overall drop of about 6 μM within 48 h from the end of the upwelling event to the beginning of the relaxed wind period (Figure 8E). The behavior of the DO and pH is nearly the specular image of the NO3– evolution, with an increase that begin about 12 h before the upwelling demise and continue during the next 36 h (Figures 8F,G). As expected, the pCO2sea and pH in the surface layer also show a similar but opposite evolution when the event demise, indicative of the reliability of the POSAR measurements. pCO2sea (pH) keeps increasing (decreasing) until the demise of the upwelling event thus reaching its maximum (minimum) close to hour 0+. After that, pCO2sea decreased by 100 μatm and pH increases by 0.15 units in about 1 day under calm conditions (Figures 8G,H).
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FIGURE 8. Composite analysis of selected variables during the demise of the upwelling events. (A) Wind speed and direction, (B) Alongshore wind (red line) and cross-shore wind (blue line), (C) Sea level atmospheric pressure, (D) Air temperature (red line) and ocean temperature at 1 m depth (blue line), (E) Nitrate, (F) Dissolved Oxygen, (G) pCO2sea, and (H) pH. Vertical yellow bars indicate 12 h before the demise of the upwelling events.




Air-Sea Heat and CO2 Fluxes

In closing this section, we estimate the magnitude of the heat (latent and sensible) and CO2 fluxes in the near-coastal zone off south-central Chile and explore how they vary between periods of strong and weak southerly winds. The bulk formulas employed in the calculations of air-sea fluxes were presented in section “Data analysis” to produce daily mean values. The full sample was then divided among upwelling days, transition days, downwelling days, and the last day of each upwelling event (section “Upwelling events and compositing analysis”). The box plots synthetizing the distribution of the heat fluxes in each subsample are presented in Figure 9. As expected for an upwelling region the summer mean SST was 0.5°C lower than Tair. Consistently, the summer-median sensible heat flux is from the air to the ocean (negative) but small, about −5.4 W m–2 and with a large interquartile range (0.4 to −10.1 W m–2) due to the swings between active/inactive upwelling periods. The median sensible heat flux during upwelling days reached −7.4 W m–2, but close to zero or even from the ocean to the air (positive) during transition and downwelling days. On the contrary, the summer median latent heat flux was +9.4 W m–2, as the air above the water was typically sub-saturated and the slightly warmer air temperature is not able to increase the mixing ratio above the surface saturated value. Considering upwelling days, the latent heat flux was even larger, with a median of 12.5 W m–2 and an upper quartile of 25.1 W m–2, due to the increased surface wind speed.
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FIGURE 9. Box plot of the daily mean sensible (red) and latent (blue) heat flux of the full sample (summer), the upwelling days (upw), the last days of the upwelling event (upwlastday), the no-upwelling days (no upw) and downwelling days (down). Circle indicates median, boxes the range 25th and 75th percentiles, lines extend to the most extreme data and dots are outliers.


The summer median CO2 flux at POSAR was +10.4 mmol CO2 m–2 d–1 with an interquartile range of 4.1 and 22.9 mmol CO2 m–2 d–1 (Figure 10). We found that about 75% of the total outgassing occurred in the 157 days of upwelling that represent 50% of both summer seasons. During upwelling events, the median flux was 12.1 mmol CO2 m–2 d–1, but the distribution included values as large as 51 mmol CO2 m–2d–1. During downwelling events, as well as transition days, the flux of CO2 decreased, but even then, more than 75% of the time the coastal ocean was releasing CO2 to the atmosphere.
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FIGURE 10. Box plot of the daily mean air-sea CO2 flux of the full sample (summer), the upwelling days (upw), the last days of the upwelling event (upwlastday), the no-upwelling days (no upw) and downwelling days (down). Circle indicates median, boxes the range 25th and 75th percentiles, lines extend to the most extreme data and dots are outliers.





DISCUSSION


Synoptic-Scale Conditions

To place the active upwelling events detected at POSAR on a broader scale meteorological setting we performed a composite analysis of SLP, surface winds and SST fields 24 h before the event demise (referred to as tmax), approximately the time of maximum southerly wind and minimum SST over the coastal ocean (see Figure 8). The average anomalies maps considering the 23 events identified in both summer periods are shown in Figure 11. Examination of individual maps revealed a high degree of coherence among them lending support to the use of the composite maps. The SLP field at the time of maximum alongshore wind stress at POSAR (Figure 11A) shows the SPA centered at its climatological position during summer (about 35°S, 85°S) and with normal strength (∼1025 hPa) but bulging toward the southern coast of South America in connection with a migratory high-pressure cell that has moved from the South Pacific Ocean toward the continent in the last few days (Aguirre et al., 2021). This evolution is consistent with the gradual increase in SLP recorded by POSAR in the early stages of the upwelling events (e.g., Figure 7C). By tmax, the migratory high-pressure system was already over Argentina, as revealed by the positive SLP anomalies to the east of the Andes, although its rear side is still over southern Chile producing a pressure increment of about 3 hPa over the coastal region to the south of 39°S. Farther north there is a trough along the coast, which is a common feature during summer months (Muñoz, 2008). Nevertheless, the coastal trough has deepened -up to 2 hPa- between 35 and 25°S revealing the mature stage of a coastal low, a sub-synoptic system that develops in connection with the migratory anticyclone farther south (Garreaud et al., 2002).
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FIGURE 11. Composite maps 24 h before the upwelling events demise constructed using ERA5 reanalysis data. (A) Sea level pressure (contours) and sea level pressure anomalies (colors), (B) Meridional wind (contours) and wind speed (colors), (C) Sea surface temperature (contours) and sea surface temperature anomalies.


Within this synoptic context, the POSAR buoy is located just in between the positive SLP anomalies to the south and the negative anomalies to the north that steepen the meridional pressure gradient at 38–36°S. The presence of the coastal range breaks down the geostrophic balance at low levels thus resulting in intense alongshore flow (Garreaud and Muñoz, 2005), consistent with the strong upwelling favorable winds recorded by our study around tmax (Figures 7B, 8B). Indeed, the composite map of 10-m meridional wind and wind speed (Figure 11B) shows a broad area of southerly winds greater than 10 m s–1 off central Chile with its core encompassing the POSAR site. The largest wind speed is farther offshore, but the near-shore winds do cause the coastal upwelling cooling the ocean surface between 30 and 38°S (Figure 11C). The later composite must be taken with caution as it comes from reanalysis data, however, the magnitude of the average cooling (∼−0.5°C) is within the range of the POSAR values during the next days of the onset of the upwelling events (Figure 7D). Further, a one-point correlation analysis between the meridional wind stress and SST confirms the composite results (Supplementary Figure 2).



Physical Response

Several studies in EBUS provide examples of SST variability associated with the alternation between upwelling- and downwelling-favorable winds periods, including the Humboldt system (e.g., Renault et al., 2009, 2012). Our findings show that SST responds rapidly (∼12 h) to changes in alongshore wind direction, but the temperature at 10 m depth is mostly unaffected, a pattern consistent with a pronounced but shallow thermocline. In the same region and comparable water depth, the mean summer thermocline has been previously observed at 3–7 m depth (Aguirre et al., 2010). Thus, the inner shelf water column becomes more mixed during active upwelling events and more stratified during relaxed winds periods as observed in other coastal upwelling systems (e.g., Lentz, 1992).

An estimate of the contribution of the vertical advection to the surface ocean cooling during an upwelling event can be obtained by calculating Ekman vertical velocities and vertical temperature gradient at 10 m and 1 m depths. Using such approximation, it was found that the vertical advection (about −0.3°C d–1) represents roughly half of the total heat loss during the first day of the upwelling event. Although the Ekman vertical velocity continues to increase, following the alongshore winds, its effect decreases as the event develops because the vertical temperature gradient weakens. Overall, the latent heat flux during upwelling periods tends to cool the ocean, but when it is distributed in a 5 m water column results in a cooling rate of –0.05°C d–1 which is close to the estimations made by Renault et al. (2009) and one order of magnitude less than observed cooling. Furthermore, toward the end of the upwelling period, the latent heat flux decreased and even became positive in the upper quartile. Latent heat flux toward the ocean is generated when the SST decrease produces a saturation mixing ratio at the surface that can be lower than the mixing ratio of the air above the interface (Beardsley et al., 1998). Additionally, sensible and latent heat fluxes at the surface tend to compensate each other, and higher amounts of solar radiation reach the surface since clouds tend to dissipate during southerly jet events (Garreaud and Muñoz, 2005), emphasizing the much crucial role of the vertical advection and mixing in cooling the surface ocean during the upwelling events.

Our results are consistent with a modeling study of the coastal ocean heat budget during an atmospheric low-level jet off central Chile (Renault et al., 2012). The authors showed that inside the nearshore zone, the ocean surface cooling during an upwelling event is mainly driven by a combination of vertical advection of upwelled waters and vertical mixing, where each one corresponds to approximately half of the total heat loss. Due to the cooling increases the density of surface waters, it produces more unstable conditions that combined with the increased wind intensity can generate strong vertical mixing. However, there are some limitations associated with the calculation of the heat budget using our data set. For example, the choose of an upwelling length scale to estimate the vertical velocities associated with Ekman transport, and uncertainties in the coastal wind drop-off to estimate the contribution of the Ekman suction (pumping) to vertical velocities. Indeed, this illustrates the complexity of the upwelling mechanisms in this region, as well as the need for a three-dimensional picture to close the heat budget.

Until now we have focus on the response of the surface ocean to the strong forcing induced by the high-frequency variability of the wind. The physical properties in the POSAR region can also be influenced by intraseasonal variability (40–60 days) associated with coastal trapped waves traveling poleward along the continental shelf. These waves are ultimately forced by winds along the equator, and can influence coastal circulation, exchange, and mixing (Huthnance, 1995). The wave-related deepening and rising of the thermocline (pycnocline) is on the order of tens of meters (Leth and Middleton, 2006; Belmadani et al., 2012) and could impact in the response of the SST to upwelling events off central Chile (Hormazabal et al., 2001). However, the length of time series at POSAR (∼5 months each summer) are insufficient to reliably isolate and quantify the impact of remote forced coastal trapped waves in the SST response to the strong synoptic variability of local alongshore winds.



Biogeochemical Response

We begin this discussion by considering the diel cycle of biogeochemical variables. The increase of southerly winds from morning to late afternoon should enhance the upwelling of oxygen-poor, high pCO2sea, low pH, and nutrient rich waters. The observed diel cycles (Figure 4), however, are opposite to these expectations, suggesting an important biological control (e.g., grazing, predation) as it has been observed in other upwelling systems (e.g., Thompson et al., 2012; Kapsenberg and Hofmann, 2016). Other factors such as changes in the horizontal water mass movement are also determinants to define biogeochemical signals across the water column (Neveux et al., 2003; Frieder et al., 2012). Changes in gas solubility for CO2 and DO because of variations in water temperature (Sarmiento and Gruber, 2006) can be excluded as the diel cycle of SST is not in phase with the diel cycle of gas content. Thus, the diel variability of gas content in the surface seems to respond to biological cycles of organic matter respiration and mineralization.

During daylight, phytoplankton biomass is synthesized by photosynthetic activity, where DO is produced and CO2 is assimilated, controlling pH (increase), and consuming NO3– (decrease). In contrast, respiration dominates during night, consuming DO and producing CO2, thus decreasing pH and increasing NO3-. At the continental shelf where the POSAR buoy is located, fluorescence maximum occurs in late afternoon (Figure 4I), contrary to classical studies that reported maxima at midday or early afternoon, as the photosynthetic capacity and its associated carbon fixation to follow circadian solar radiation (Sournia, 1975; Suzuki and Johnson, 2001). These observed net changes could be related to a periodicity of zooplankton feeding on phytoplankton, as early suggested by Mc Allister (1963) or even due to the strong photoinhibition occurring during summertime when solar radiation exceeds 1000 W m–2 around midday. Our high-resolution data (hourly) shed light on phytoplanktonic dynamics, that seems to experience a tradeoff between light (supplied by solar irradiance from the surface water) and nutrients (supplied by upwelling; Mellard et al., 2011), and the maxima fluorescence can be coinciding with the nutricline and not necessary on the surface. Furthermore, diel fluorescence variations could be associated not only with changes in the chlorophyll cell content (Owens et al., 1980), but also a delayed response of the phytoplankton population growth with nutrients availability in the same area (Masotti et al., 2018).

Beyond the diel cycle, POSAR data shows intense sub-seasonal, high-frequency biogeochemical fluctuations largely forced by shifts in the magnitude of the along-shore winds. During periods of strong southerlies, DO and pH decrease and NO3–, air-sea fluxes of heat, and pCO2sea increase; the opposite behavior was found during periods of relaxed southerlies. The decreasing DO conditions during upwelling events respond to the advection of oxygen-poor subsurface water associated with the ESSW. Although the surface layer is usually oxygenated, values near 100 μM at 1 m depth were observed, representing a clear DO deficit, which intensifies as water depth increases becoming hypoxic or even anoxic near the bottom (Farías et al., 2015; Ramajo et al., 2020). Massive fish death along central Chile have been related to such anoxic conditions near the area where POSAR is located (Hernández-Miranda et al., 2012) although such ecological events were not reported during the summers with POSAR measurements. Also, increasing scallops mortalities have been observed under low oxygen conditions driven by upwelling in the northern Chilean coast (Ramajo et al., 2020). Finally, pCO2sea and pH variability agree with the properties of remineralized upwelled waters which present low pH and high CO2 concentrations (Schulz et al., 2019; Ramajo et al., 2020).

Most of the time the CO2 content in surface water was supersaturated with respect to the atmospheric concentration resulting in outgassing. By keeping constant pCO2sea or wind speed in the standard bulk formula (1) we infer that day-to-day variations in the CO2 partial pressure were the leading factor in controlling the changes in CO2 fluxes. It has been observed that such maximum coastal surface water pCO2sea set up a robust cross-shore pCO2sea gradient during active upwelling events off central and northern Chile (e.g., Torres et al., 1999, 2002) as well as in other coastal upwelling systems (e.g., Feely et al., 2008). These results are consistent with previous research at the Peruvian coast, the northern upwelling system of Humboldt, where observational and modeling studies have shown a significant CO2 flux from the ocean to the atmosphere (Copin-Montégut and Raimbault, 1994; Friederich et al., 2008; Mongollón and Calil, 2018). There, a strip about 300 km from the coast is an important source of CO2 toward the atmosphere, and through a series of model experiments, it has been shown that the high pCO2sea is primarily the result of coastal upwelling, which is incompletely compensated by biological activity (Mongollón and Calil, 2018). Along the coast of Chile, air-sea CO2 fluxes have been measured from several expeditions showing the direction of the carbon flux changes from CO2 outgassing at the coastal upwelling region, consistent with our results, to CO2 sequestering at the non-upwelling fjord region in Chilean Patagonia (Torres et al., 2011).

Primary productivity is related to the high-frequency variability introduced by the relaxed and strong wind periods (e.g., Aguilera et al., 2009; Daneri et al., 2012; Du and Peterson, 2014; Hutchings et al., 1995). During upwelling events there is a continuous injection of nutrients into the photic layer. However, intense mixing in the surface layer due to the strong winds can avoid the development of phytoplankton in these periods (Du and Peterson, 2014). Thus, an optimal window for phytoplankton bloom is expected a few days after the southerly winds relax (e.g., Rykaczewski and Checkley, 2008; Ramajo et al., 2020). In the same region of POSAR (but farther offshore) previous in-situ measurements reveal the occurrence of events when primary productivity rates were extremely high with peaks as high as 18.2 g C m–2 d–1, but they do not occur with high wind stress or with colder water (Testa et al., 2018), since chlorophyll-a accumulation requires an optimal window of reduced winds (Wilkerson et al., 2006; Bakun et al., 2015). Over a 5- to 10-day time scale this active-relaxing cycle produces the accumulation of biomass, increases PP rates, and changes microbial community composition (Rutllant and Montecinos, 2002). Considering the two summers with POSAR data we found that just over 50% of the upwelling events lead to a phytoplankton blooms.

Clearly, the above-described wind-phytoplankton biomass association does not hold in a sizeable number of cases. The lack of phytoplankton blooms after active upwelling periods was already observed by Jacob et al. (2018) in the study area and attributed to a combination stratification driving mixing and turbulence processes of different magnitude, and offshore transport of nutrients and productivity (Renault et al., 2012; Astudillo et al., 2019). In addition of the physical condition of the system not reaching its optimal window, other factors (biological) such as changes in the phytoplankton community (e.g., Lee et al., 2013), phytoplankton size (e.g., Montecino and Quiroz, 2000; Shin et al., 2017), food-web dynamics (e.g., Armengol et al., 2019), or biota consumption (Thompson et al., 2012) could be also responsible for why not all upwelling events generate phytoplankton blooms and the lack of linearity between upwelling and fluorescence observed in POSAR data.




CONCLUSION

In this work, we have characterized the response of surface physical and biogeochemical properties to the sub-seasonal, high frequency variability of the alongshore wind stress off south-central Chile (36.4°S). We also estimate wind-driven changes of heat and CO2 air-sea fluxes. To this effect, we used meteorological and oceanographic high-resolution (hourly) measurements recorded by POSAR buoy in two consecutive spring-summer seasons (November-April of 2016–2017 and 2017–2018). Some of these changes are in line with expectations for a coastal upwelling region, POSAR data allows robust, quantitative estimates of mean amplitude, variability and timescale of the surface ocean responses. During the study period the region experienced 23 upwelling favorable, strong southerly wind events, lasting from 2 days to 2 weeks, intermixed with weak southerlies or even periods of northerly winds. We show that this alternation between active and inactive upwelling conditions introduce more variability in the surface ocean than the diel cycle driven by insolation and biological processes. The upwelling events in the POSAR region are associated with the establishment of a southerly low-level jet that in turn develops in response to a strong along-shore pressure gradient between a migratory surface anticyclone in southern Chile (40–45°S) and a coastal-low in central Chile (25–35°S). Although each upwelling event has peculiarities and different durations, the physical and biogeochemical responses are highly coherent, as documented here for two cases and synthesized by a compositing analysis of their onset/demise. During upwelling conditions (relaxed periods) variables such as temperature, DO, and pH decrease (increases). In contrast, NO3– and air-sea fluxes of heat and CO2 increase (decrease) during upwelling conditions (relaxed periods). In fact, the study area is a source of CO2 to the atmosphere mainly driven by wind speed due to the surface ocean pCO2sea is supersaturated with regard to the pCO2air. In contrast to other variables, surface chlorophyll-a (as inferred from fluorescence) shows a wider range of response to upwelling and relaxed wind conditions. In line with the idea of an environmental optimal window, we found that most peaks in of FChla–a occurred 1–2 days after the demise of upwelling events (about 60% of the cases), but several peaks occurred decoupled of the wind events revealing the complex interplay between physical and biological forcing of the phytoplankton blooms.

The multi-season, high-resolution and comprehensive set of measurements provided by POSAR have allowed a first attempt to describe the complex response of the surface ocean to variation of upwelling/downwelling off the coast of south-central Chile during austral summer. Although such response is broadly consistent with the vertical advection of ocean properties such as potential temperature, nutrients, DO and pH, the quantitative results presented here serve as a firm basis for future model evaluation and validation of remote-sensed estimates. Complementing POSAR near-surface results with vertical profiling capabilities are expected in the near future to provide a fully three-dimensional view of the coastal processes in this seasonally active upwelling region. The use of observation platforms of the coupled ocean-atmosphere system is of vital importance for the country and the region, especially where outcomes from a coupled physical-biochemical model by Brochier et al. (2013) project decreasing nursery areas for small pelagic fish under climate change in the Humboldt ecosystem, that most likely will bring enhanced southerly winds and drying conditions.
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Supplementary Figure 1 | (A) Cumulative Upwelling index during summer 2016–2017 (blue line) and summer 2017–2018 (red line). (B) Cumulative Upwelling index during each month.

Supplementary Figure 2 | One-point correlation map between the meridional wind stress at the buoy location and SST from ERA5 reanalysis.
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