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El Niño events, in particular the eastern Pacific type, have a tremendous impact on the marine ecosystem and climate conditions in the eastern South Pacific. During such events, the accumulation of anomalously warm waters along the coast favors intense rainfall. The upwelling of nutrient-replete waters is stopped and the marine ecosystem is strongly impacted. These events are generally associated with positive surface temperature anomalies in the central and eastern equatorial Pacific. During austral summer 2017, a strong surface temperature anomaly reaching ∼3–4∘C off Northern Peru and Ecuador led to intense coastal precipitations. However, neutral temperature anomalies were recorded in the equatorial Pacific. Using in situ measurements, satellite observations, and simulations from an eddy-resolving regional ocean circulation model, we investigated the physical processes triggering this peculiar ‘coastal El Niño.’ Its impact on the regional ocean circulation and heat budget off northern Peru and Ecuador was assessed. Using model sensitivity experiments, we investigated the respective roles of the equatorial Kelvin waves and local wind anomalies in driving the anomalously high nearshore sea surface temperature (SST). The atmospheric teleconnections which triggered the event were investigated using reanalysis data.

Keywords: El Niño, oceanography, coastal waters, wind, mechanical processes, precipitation, extreme events

INTRODUCTION

Historically, the term ‘El Niño’ was used by Peruvian scientists for ocean warming events followed by heavy rainfalls in Peruvian and Ecuadorian coastal regions (Carranza, 1891; Carrillo, 1893). Bjerknes (1969) identified a mechanistic link between the negative phase of the Southern Oscillation, the weaker Walker circulation, and the El Niño events, giving rise to the concept of El Niño – Southern Oscillation (ENSO). El Niño events deeply impact the marine ecosystem and hydrological conditions in the eastern South Pacific. During El Niño, intra-seasonal westerly wind anomalies in the western equatorial Pacific generate intense downwelling equatorial Kelvin waves (e.g., Kessler et al., 1995). The latter propagate eastward until they reach the coasts of Ecuador and trigger a deepening of the nearshore thermocline and nutricline (Barber and Chavez, 1983; Espinoza-Morriberón et al., 2017). The upwelling of cold, nutrient-replete waters and the associated primary productivity are strongly altered, leading to modifications at all levels of the trophic chain (Barber and Chavez, 1983). Furthermore, the accumulation of anomalously warm nearshore waters in the far-eastern Pacific (i.e., the northern part of the Eastern South Pacific, off northern Peru and Ecuador) favors the development of deep convection in the atmosphere, triggering intense rainfall and flooding (known as “Huaicos”) in the arid coastal zone (Takahashi, 2004).

However, a couple of extreme El Niño events stand out as uncommon. Indeed, two extreme El Niños occurred off Peru in 1891 and 1925 under neutral or intensified Walker circulation and cool SSTs in the central equatorial Pacific. These rare events might be classified as ‘Coastal El Niños.’ While little is known about the 1891 event, the 1925 Coastal El Niño was studied in detail by Takahashi and Martínez (2017). They found that downwelling equatorial Kelvin waves from the western equatorial Pacific played a minimal role in its initiation, but southerly winds were particularly weak along the coasts of Ecuador and northern Peru, pointing to a possible atmospheric teleconnection between the western-central equatorial Pacific and the far-eastern Pacific. A coastal El Niño was also evidenced in July 2008 during austral winter, but nearshore temperatures were not high enough to generate strong precipitations (Hu et al., 2018).

The latest extreme coastal El Niño occurred in austral summer 2017. A strong surface temperature anomaly developed off northern Peru, reaching a maximum of +5°C at the coast, while very weak temperature anomalies were found in the Central Equatorial Pacific (Figure 1). Coastal precipitations attained a maximum of 8 mm day-1 (monthly average), thus being almost as intense as during the 1997–98 El Niño event (10 mm day-1, Figure 1). The event was triggered by a decrease of the southerly trade winds in January 2017 (Figure 2A) which reduced the latent heat release and ocean cooling (Garreaud, 2018; Hu et al., 2018). Climate reanalysis data suggest that the wind relaxation was related to the weakening of the free tropospheric westerly flow impinging the subtropical Andes, remotely forced by anomalously intense deep convection in the western Pacific (Garreaud, 2018). However, the impacts of the wind relaxation and local air-sea feedbacks on the coastal upwelling have not been investigated in detail.
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FIGURE 1. (A) SST anomaly (in °C) and (B) SST anomaly (in °C, color scale) and precipitation (in mm day-1, contours) during the 1997–1998 El Niño in March 1998; (C,D) are same as (A,B) during the 2017 coastal El Niño in March 2017. Anomalies were computed with respect to the 1981–2016 climatology.
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FIGURE 2. ASCAT monthly mean wind stress anomalies (in N m-2) in 2017: (A) January, (B) February, (C) March. Anomalies were computed with respect to a climatology over 2013–2016. (D) Mean Ekman pumping velocity anomaly (in m day-1, positive upward) in February-March 2017. (E) Ekman pumping velocity (in m day-1, positive upward) in a coastal box (4–10°S, 0–200 km) from the coast, see red box in (D). (F) Alongshore wind stress in a coastal box (4–10°S, 0–100 km) from the coast, see red box in (A). The alongshore direction was the mean orientation of the coastline between 6°S and 10°S. Red and dashed lines mark climatological (over 2013–2016) and monthly mean values, respectively.



Strong coastal warming has occurred in other regions. The ’Ningaloo Niños’ (Feng et al., 2013) off the western coast of Australia are generated by cyclonic anomalies in the Mascarene subtropical anticyclone (Marshall et al., 2015). The wind relaxation reduces the ocean latent heat release, and the SST anomalies are then sustained by the poleward advection of warm water by the Leeuwin Current. Nevertheless, Ningaloo Niños are much more frequent than the coastal El Niños in the far-eastern Pacific, as the Mascarene subtropical high is often impacted by atmospheric teleconnections during La Niña (Marshall et al., 2015). A recent anomalous warming (the California “blob,” Peterson et al., 2015) was observed in the eastern North Pacific in the boreal winter of 2013–14, while El Niño conditions were neutral. The surface warming was triggered by an anomalously high-pressure system, which mitigated the wintertime cooling (Bond et al., 2015). The anomalously warm water was subsequently advected toward the northwestern coasts of the United States, generating major changes in the marine trophic chain and mild conditions over the continent.

In the present study, we investigate the regional forcings (e.g., wind anomalies, surface ocean currents, ocean-atmosphere feedbacks) and large-scale teleconnections (following Garreaud, 2018) that generated a strong surface ocean warming in the far-eastern Pacific in late summer 2017. The temporal evolution of the event is first characterized using satellite and in situ observations. The local oceanic and atmospheric drivers of the warming are then investigated using a regional ocean circulation model. Last, we study the teleconnections that initiated the wind relaxation at the origin of the surface warming using climate reanalysis data. In the following sections, we first describe the observations, followed by the model experiments and methodology (section Data and Methods). Results are presented in section “Results” and discussion and conclusions in section “Discussion and Conclusion.”

DATA AND METHODS

Satellite Data

Several remotely sensed gridded products that were used for the analysis are as follows:

– The 1° × 1° daily NOAA Optimum Interpolation (OI) V2 sea surface temperature (SST) product for the period 1981–2017 was used1. A description of the OI analysis, which merges satellite and in situ SST observations can be found in Reynolds et al. (2007). Note that this product is prone to be biased toward the climatology in the presence of stratocumulus cloud cover (Bretherton et al., 2010) in the Peru region.

– The gridded (1/4° × 1/4°) CMEMS (Copernicus Marine Environment Monitoring Service) daily sea level anomalies (SLA) were used. Data from all altimeter missions during the period 1993–2017 were merged to build a single product. It was downloaded on footnote2.

– The daily surface winds and wind stress from the Advanced Scatterometer (ASCAT, 1/4° × 1/4°), the daily Quick Scatterometer (QuikSCAT, 1/2° × 1/2°), and weekly European Remote Sensing ERS wind stress (1° × 1°) were used. The gridded products were processed by CERSAT (2002a,b) and Bentamy and Fillon (2012) and downloaded from http://www.ifremer.fr/cersat.

– The gridded (2.5 × 2.5°) monthly precipitation product from the Global Precipitation Climatology Project (GPCP) was used. Data from rain gauge stations, satellites, and sounding observations were merged to estimate the monthly rainfall from 1979 to the present (Adler et al., 2003). The data was provided by the NOAA/OAR/ESRL Physical Sciences Division and downloaded from https://www.esrl.noaa.gov/psd/.

Climate Reanalysis

Monthly surface winds and precipitation from the NCEP/NCAR (hereafter NCEP; Kalnay et al., 1996), NCEP-DOE (hereafter NCEP2; Kanamitsu et al., 2002), and ERA-interim (hereafter ERAI; Dee et al., 2011) reanalysis were used to study teleconnections between surface winds in the eastern South Pacific and regions of atmospheric deep convection in the South Pacific in the period 1980–2017. Time correlation between the monthly precipitation fields and a monthly time series of meridional wind spatially averaged in a box located north-west of Peru (4°–10°S,90°–83°W) was computed for the month of January, when the wind relaxation occurred. The time period used to compute the correlations was 1980–2016.

In situ Observations

In situ temperature measurements were collected along cross-shore sections off Chicama (8°S) during monthly cruises performed by the Peruvian Institute of Sea Research (Instituto del Mar del Peru, IMARPE) on board R/V IMARPE V. The data were collected on March 27–28th, 2017, using a Sea Bird Electronics CTD profiler (type SBE 19 V2) each meter between the surface and 500 m depth. The water column was sampled at a distance of 5, 15, 30, 45, 60, 80, and 100 nautical miles (∼185 km) from the coast. A monthly climatology computed from IMARPE measurements during 1981–2010 (Dominguez et al., 2017) was substracted to the March 2017 data to obtain temperature anomalies.

Regional Modeling

The CROCO (Coastal and Regional Ocean Community model) was used to model ocean dynamics. CROCO is a new oceanic modeling system built upon ROMS_AGRIF and a new non-hydrostatic kernel (not used in this study). As the Regional Ocean Modeling System (ROMS), CROCO resolves the Primitive Equations, which are based on the Boussinesq approximation and hydrostatic vertical momentum balance. A third-order, upstream-biased advection scheme allows the generation of steep tracer and velocity gradients (Shchepetkin and McWilliams, 1998). For a complete description of the model numerical schemes the reader can refer to Shchepetkin and McWilliams (2005). The code used in this study is the CROCO v1.0 version, which is very similar to ROMS_AGRIF (Penven et al., 2006; Shchepetkin and McWilliams, 2009) in its version v3.1.

The model domain spans over the coasts of south Ecuador and Peru (from 5°N to 22°N) and from 92°W to 70°W. It is similar to the one used in Penven et al. (2005). The horizontal resolution is 1/9°, corresponding to ∼12 km. The bottom topography from ETOPO2 (Smith and Sandwell, 1997) is interpolated on the grid and smoothed in order to reduce potential error in the horizontal pressure gradient. The vertical grid has 32 sigma levels.

Several simulations of the 2017 warm event forced with contrasted forcings were compared in order to investigate the impact of different processes. Besides, the 1997–1998 El Niño event was simulated with the same model configuration and compared to the 2017 event. The different forcings and simulations are described as follows and summarized in Table 1.

TABLE 1. Name and characteristics of the CROCO regional simulations.
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Open Boundary Conditions (OBC)

Open boundary conditions (OBC) for physical variables (temperature, salinity, velocities, and sea-level) were treated using a so-called mixed passive/active scheme (Marchesiello et al., 2001). Barotropic velocities and sea level values were imposed following the conservation of characteristics (Blayo and Debreu, 2005). External OBC daily forcing from the Mercator-Ocean global reanalysis GLORYS2V3 at 1/4° (Lellouche et al., 2013; Masina et al., 2015) was used for the period January 1997-December 2012, and daily forcing from the Mercator-Ocean global analysis/forecast system PSY4V2 at 1/12° (Lellouche et al., 2018) was used for the period January 2013–March 2017. Altimeter data, in situ temperature, and salinity vertical profiles and satellite SST were jointly assimilated in GLORYS2V3 and PSY4V2. Both products are freely distributed by the Copernicus Marine Environment Monitoring Service (see text footnote2).

Atmospheric Forcing

ERAI daily net downward short-wave heat flux was used for insolation. Daily ASCAT wind speed, ERAI air temperature and humidity, and ROMS SST were used to compute latent and sensible heat flux online using a bulk parameterization (Liu et al., 1979) for the 2013–2017 period. Daily ASCAT wind stress was used to force the surface momentum fluxes, rather than the wind stress derived from the Liu et al. (1979) parameterization implemented in ROMS, because the latter was systematically weaker in the region of study. For the 1997–1998 period, climatological short-wave heat flux, net heat flux, and net freshwater flux (E-P) from COADS (Da Silva et al., 1994), and ERS (1997–1999) weekly wind stress were used. This simulation was resumed until 31 December 2012 using QuikSCAT (2000–2008) and ASCAT (2009–2017) daily wind stress. It should be noted that although differences between the two scatterometer winds have been evidenced (Bentamy et al., 2012), the transition from QuikSCAT to ASCAT in January 2009 did not have a noticeable impact on the modeled circulation in our region of interest. Bulk parameterizations were not used during 1997–2012, and SST was restored toward daily NOAA OI SST following Barnier et al. (1995). Note that this simulation (in particular the 1997–1998 time period) is only briefly used in the following to compare a few aspects of the strong 1997–1998 El Niño event with the 2017 coastal El Niño.

The atmospheric forcing fields, physical initial and OBC were interpolated onto the CROCO grid using MATLAB routines from the ROMSTOOLS pre-processing package (Penven et al., 2008).

Numerical Simulations

The following numerical experiments were performed (see Table 1):

– The EN97 simulation was run from 1 January 1997 to 31 December 2012 using the interannual atmospheric and OBC forcing described previously. Only the 1997–1998 period was analyzed in the present study. Initial conditions on 1 January 1997 were provided by a climatological ROMS simulation performed in a previous work (Echevin et al., 2014), thus no spin up was needed for EN97.

– The control run (CR) forced by daily interannual atmospheric forcing and OBC was run from 1 January 2013 to 30 March 2017. Initial conditions on 1 January 2013 were provided by EN97.

– The Wclim simulation forced by ASCAT monthly climatological winds and wind stress (the climatology was computed over the 2013–2016 period), daily interannual shortwave, precipitation, air temperature and humidity, and daily interannual OBC, was run from 1 January 2016 to 30 March 2017. The comparison of Wclim with CR allowed to investigate the effect of the wind relaxation in late 2016 and early summer 2017. Initial conditions on 1 January 2016 were provided by CR.

– The KWclim simulation forced by daily interannual atmospheric forcing (as in CR) and monthly climatological OBC was run from 1 January 2017 to 30 March 2017. The monthly climatological OBC was computed for January, February, and March for the period 2013–2016. Note that coastal trapped waves were present in 2013–2016 but the monthly climatology reduced their intensity drastically (see section Sea Level Anomalies and Horizontal Circulation). The comparison of KWclim with CR allowed to investigate the effect of the equatorially forced downwelling Kelvin waves on the anomalous warming during summer 2017. Initial conditions on 1 January 2017 were provided by CR.

– The Aclim simulation forced by climatological heat fluxes (short wave radiation, air temperature, and humidity), daily interannual wind and wind stress, and daily interannual OBC, was run from 1 January 2017 until 30 March 2017. Initial conditions on 1 January 2017 were similar to those for KWclim.

Heat Budget in the Mixed Layer

A heat budget was performed to study the processes responsible for the mixed layer temperature evolution. The temperature evolution equation is averaged for each time step in the model mixed layer, leading to different terms corresponding to the rate of change of SST, lateral and vertical advection of heat, and heat exchange through the base of the mixed layer by vertical mixing (defined here as the sum of entrainment/detrainment and vertical diffusion at the mixed layer base; Jullien et al., 2012). The mixed layer depth is equal to the boundary layer depth which is determined by comparing a bulk Richardson number to a critical value (KPP parameterization; Large et al., 1994).

RESULTS

Atmospheric and Oceanic Conditions During Summer 2017

Wind stress conditions were unusually weak off Peru since the last quarter of 2016 and particularly in January 2017. During this month, poleward anomalies reaching ∼0.2 N m-2 nearshore and offshore were encountered, particularly in the north of Peru (Figure 2A). In February, the wind stress remained very weak offshore in the north of Peru, whereas it started to increase nearshore along the northern coast (4°S–10°S) and further south (12°S, Figure 2B). In the second half of March a strong alongshore upwelling-favorable wind stress anomaly developed over most of the central shelf of Peru (5°S–13°S). A poleward wind stress anomaly off the coast of Ecuador generated a strong convergence near (82°W, 4–6°S) (Figure 2C). The nearshore wind stress increase and the offshore wind stress relaxation off northern Peru generated an intense wind stress curl anomaly and an associated negative Ekman pumping anomaly (Figure 2D). Ekman pumping was much weaker than the climatology between mid-December and the end of March (Figure 2E). It reached negative values during short time periods of a few days at the end of January and mid-March, generating a local downwelling. The occurrence of such downwelling driven by Ekman pumping has been previously observed off southern Peru (15°S) during the 1997–1998 El Niño event (Halpern, 2002).

We now investigate the potential role of large-scale oceanic conditions in the nearshore warming. A Hovmöller diagram of along-equator (in the Equatorial Pacific between 140°E and 80°W) and along-coast (between 0°Sand 22°S, e.g., see Figure 2 in Colas et al., 2008) altimetric SLA (Figure 3) shows positive anomalies propagating along the equator as downwelling equatorial Kelvin waves and along the coast as coastally trapped waves during the summer of 2017. Nevertheless, these waves were relatively weak compared with those propagating during summer 2016 in the midst of the 2015–2016 El Niño and did not generate El Niño conditions in the central Pacific (Figure 1C). Nevertheless, such positive SLA are generally associated with a deepening of the nearshore thermocline along the coast of Peru (e.g., Espinoza-Morriberón et al., 2017), and thus may have strengthened the surface warming initiated by the wind relaxation.
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FIGURE 3. Hovmöller of altimetric sea level anomaly (in cm) along the equator (140°E–80°W) and along the coast of Peru (0–22°S). The sea level anomalies were computed using the 1/4° × 1/4° gridded product, such that for each latitude, the sea level observations were averaged between the coast and 50 km offshore. The anomalies were computed with respect to a 2013–2016 climatology.



Evolution of the SST and Vertical Temperature Structure

The SST anomalous patterns changed over the course of austral summer 2017. In January, the observed mean temperature near the northern coast was slightly colder than the climatology, with weak negative anomalies between -1 and 0°C (Figure 4A). There was a buildup of coastal positive anomalies during the following months, reaching a maximum of 2–3°C in February (Figure 4B) and more than 5°C in March (Figure 4C). The model was able to reproduce the January nearshore negative anomaly mainly off the south part of the shelf (Figure 4D). The model coastal SST anomalies reached a maximum of 4 and 5°C in February (Figure 4E) and March (Figure 4F), respectively. However, the spatial extension and intensity of the anomalous warming were slightly reduced in the model when compared to the observations.
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FIGURE 4. SST anomalies in (A,D) January, (B,E) February, and (C,F) March 2017 from SST observations (top) and model output (bottom). Anomalies were computed with respect to 2013–2016 climatology. The blue line in (C) indicates the location of the Chicama section.



The vertical structure of the temperature field in late March 2017 is examined using IMARPE in situ data collected along a cross-shore section near 8°S. On 27–28th March, the isotherms sloped upward toward the coast, indicative of coastal upwelling (Figure 5A), which was consistent with the enhanced alongshore wind stress signal (Figure 2F). The 15°C isotherm sloped downward toward the shore, thereby marking the presence of the poleward undercurrent. The modeled temperature section displays comparable patterns, such as upwelling in the surface layer (Figure 5B). The 15°C isotherm depth was relatively realistic in the model, whereas the thermocline was slightly shallower than in the observations.
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FIGURE 5. Cross-shore vertical sections of temperature (A,B) absolute values and (C,D) anomalies (in °C) in March 2017 off the northern Peru shelf (Chicama, 8°S). The section’s location is indicated in Figure 4C. Observed anomalies (c) were computed with respect to a climatology of IMARPE data for the period 1981–2010, while modeled anomalies were computed with respect to a model climatology for 2013–2016.



In situ temperature positive anomalies larger than +2°C were found above ∼60 m depth offshore and above ∼40 m near the coast (Figure 5C). The strongest anomalies (+7–8°C) were encountered offshore at ∼20 m depth, while the highest nearshore anomalies (∼ + 4°C) were found at the surface. Modeled positive anomalies larger than + 2°C were found above ∼50 m depth offshore and above ∼30 m depth near the coast (Figure 5D). The maximum anomalies reached +4°C near ∼20–30 m depth and were weaker than the observed ones. In conclusion, the model was able to represent the surface and subsurface thermal anomalies with a fair degree of realism.

Sea Level Anomalies and Horizontal Circulation

The spatial structure of SLA during the warm event sheds light on the surface geostrophic anomalous circulation. The observed sea level patterns did not display notable anomalies in January 2017 (Figure 6A). A large-scale positive SLA structure, with maximum values of ∼9 cm (near 3–5°S, 82–81°W), appeared in February and March (Figures 6B,C). It created a steep sea level slope and an intense onshore, south-eastward geostrophic current. The latter transported relatively warm offshore waters toward the coast near 10°S, and reduced the coastal divergence and offshore transport of relatively cold upwelled waters, thus enhancing the coastal warming in the southern part of the shelf. Comparable SLA structures were simulated by the model, differing slightly in the shape of the large-scale anomalous patterns (Figures 6B,C).
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FIGURE 6. Sea level anomaly (in cm) in (A,D) January; (B,E) February; (C,F) March 2017, from satellite observations (top) and model (bottom). Anomalies were computed with respect to the 2013–2016 climatology.



The strong sea level rise was associated with a significant thermocline deepening in the model (Figure 7). The depth of the 20°C isotherm (hereafter D20, used here as a thermocline depth proxy) was relatively shallow (∼20 m) until late January 2017, much shallower than during El Niño events in January 1998 (∼120 m) or in January 2015 (∼ 50 m). D20 increased in February and March 2017, reaching approximately the same depth (∼30–35 m) as in March 2016. However, the thermocline remained much shallower than in March 1998 (∼ 60 m) during the extreme 1997–1998 El Niño event, showing that the 2017 warming was confined to a relatively shallow layer.
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FIGURE 7. Time evolution of the depth of the 20°C isotherm (D20, in meters) between October (year–1) and March (year+1) for different time periods (see labels). D20 was averaged in a coastal box between 4°S and 10°S and within 200 km from the coast.



Heat Fluxes and Mixed Layer Heat Budget During Summer 2017

We now characterize the air-sea heat fluxes during the warm event. ERAI shortwave flux anomalies were weak in January (Figure 8A) and negative off northern Peru in February (Figure 8B) and March (Figure 8C), likely due to an increased cloud cover. Due to the wind relaxation in January (Figure 2), the surface ocean was less cooled than under climatological conditions by the latent heat release (Figure 8D; Garreaud, 2018). However, the latent heat flux anomalies turned negative due to the nearshore wind increase off northern Peru in February (Figure 8E) and March (Figure 8F). Consequently, the net heat flux anomalies were negative near the northern coast (Figures 8G–I), indicating that less heat than under climatological conditions was transferred from the atmosphere to the ocean during the coastal warming.
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FIGURE 8. Monthly heat flux anomalies (in W m-2, positive downward) in January, February, and March 2017: (A–C) short wave heat flux anomaly (SW); (D–F) latent heat flux anomaly (LH); and (G–I) net heat flux anomaly (NH). Positive fluxes indicate an input of heat into the ocean. Anomalies were computed with respect to the 2013–2016 model climatology.



The drivers of the mixed layer SST evolution were investigated using the mixed layer heat budget terms (see section Data and Methods). Anomalies of the temperature rates in January-March 2017 represent the growth of the temperature anomaly in the mixed layer. The SST anomaly increased mainly in January (Figure 9A) and February (Figure 9B), and began to decrease in March (Figure 9C). The January warming was driven both by the atmospheric forcing (Figure 9D) and advective processes (Figure 9J). As the mixed layer was shallower (by ∼6 m, Figure 9A) than its climatological value, the deposition of heat in an abnormally shallow mixed layer allowed the latter to warm, in spite of the negative net heat flux anomalies (Figure 8G). This heating was partly compensated by entrainment. As the shallow mixed layer deepened during January (not shown), entrainment of cool water into the mixed layer resulted in an anomalously strong cooling (Figure 9G). More importantly, coastal upwelling was strongly reduced owing to the weak alongshore wind stress (Figure 2). Thus, less cool subsurface water was advected through the mixed layer base (Figure 9J), which amplified the surface warming.
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FIGURE 9. Heat budget in the surface mixed layer. (A–C) Mixed layer temperature rate of change (TR, in °C/10 days, color scale) and mixed layer depth (in meters). The contour interval is 2 m, dashed (full) lines mark negative (positive) values. (D–F) Surface forcing (SF, in °C/10 days). (G–I) Entrainment (Entr, in °C/10 days). (J–L) Advection (horizontal + vertical, Adv, in °C/10 days). Top, middle, and bottom rows correspond to January, February, and March 2017, respectively. Anomalies were computed with respect to the 2013–2016 climatology.



When the wind became anomalously strong near the northern coast in February and March, the mixed layer deepened nearshore (Figures 9B,C). In contrast to January, the cooling of the mixed layer in February and March (Figures 9E,F) was partly compensated by entrainment (Figures 9H,I). Indeed, anomalously warm subsurface water (due to the deepening of the thermocline driven by anomalous Ekman pumping and downwelling coastal waves, Figure 7) was entrained into the mixed layer. Advection also contributed to the warming (Figures 9K,L) due to the shoreward flow of warm surface waters (Figure 6) and the reduced Ekman pumping (Figures 2D,E). Note that the enhanced wind-driven coastal upwelling in March (Figure 2) slightly mitigated the nearshore warming between 6° and 8°S (Figures 9C,L).

Relative Impacts of the Wind and Equatorial Oceanic Forcing

Overall, the atmospheric forcing played a major role in the mixed layer warming, first by forcing a decrease of the coastal upwelling at the beginning of the event, then by creating a strong wind stress curl (Figures 2D,E) which deepened the thermocline (Figure 7). However, the passage of downwelling coastal trapped waves may also have impacted the warming by deepening the thermocline near the coast. In the following paragraphs, we analyze the model experiments performed with modified forcings (see section Data and Methods) to evaluate the relative contribution of each forcing to the surface warming.

Figure 10 displays the nearshore SST evolution off northern Peru in the different model experiments and observations. The CR-modeled SST was overestimated by ∼2°C in January and underestimated by ∼1–2°C in March 2017. The CR SST also displayed oscillations, peaking in late January, late February, and mid-March 2017. The KWclim SST, in which the impact of downwelling coastal waves was suppressed, was similar to the CR SST until the beginning of February. Then, it became weaker than in the CR, the difference reaching ∼2°C in late February-March. This indicates that the February-March remotely forced waves induced a warming of ∼ + 2°C in the nearshore region.
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FIGURE 10. Time evolution of the SST averaged in a coastal box (4–10°S, 0–100 km from the coast) for AVHRR observations (red line), CR (black line), Wclim (blue line), and KWclim (dashed blue line).



Nevertheless, the effect of the wind anomalies was much stronger than that of the coastal waves, as shown by the Wclim SST. Nearshore surface winds were relatively weak during austral spring 2016 (Figure 2F), which led to an SST difference of ∼ + 1–2°C between CR and Wclim during winter and spring 2016. The SST difference between CR and Wclim increased strongly in January 2017, reaching ∼ + 6.5°C at the end of the month. Then a wind-driven upwelling event (Figure 2F) cooled the surface layer by ∼2°C in CR. The SST difference between CR and Wclim remained around ∼3–4°C until the end of March 2017. The absence of SST oscillations in Wclim during January-March 2017, in contrast with CR and KWclim, was likely due to the absence of 10–25 days of wind variability (Dewitte et al., 2011) in the climatological wind forcing.

The spatial patterns forced by the weak winds and downwelling coastal waves during summer 2017 were investigated by computing the anomalies between the CR and modified forcing experiments SST fields. The spatial structure of the CR-Wclim SST anomaly in March 2017 (Figure 11A) resembles the CR SST anomaly with respect to the climatology (Figure 4F), suggesting that the anomalous wind stress forcing was the main driver of the surface warming in the north (2°S–6°S) of the region of study. Nevertheless, the coastal waves also impacted the nearshore temperature near 7–8°S. The CR-KWclim SST anomaly was confined to the coastal zone and weaker (∼ + 4°C, Figure 11B) than the more extended and stronger (up to ∼ + 5°C, Figure 11A) anomaly associated with the wind anomalies. In agreement with the previous results, both the wind anomalies and the coastal waves contributed to the nearshore thermocline deepening, in approximately equal proportions (∼18 cm, Figure 7). Besides, the Aclim simulation (see section Numerical Simulations and Table 1) did not produce any noticeable differences with respect to the CR (Figures not shown), confirming that insolation anomalies (Figure 8) had a negligible impact on the warming.
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FIGURE 11. March 2017 SST difference (in °C) between the control run (CR) and sensitivity runs: (A) CR-Wclim and (B) CR-KWclim.



Large-Scale Forcing of the January Wind Relaxation

The large-scale dynamical mechanisms driving the January wind relaxation are now investigated, in an attempt to complement the findings of Garreaud (2018). Using NCEP, NCEP2, and ERAI reanalysis over the period 1980–2016, we computed correlations between monthly precipitation (a proxy of deep convection in the atmosphere) over the tropical and south Pacific Ocean and an index of meridional wind intensity in the far- eastern Pacific (see section Climate Reanalysis) during January (Figure 12). Relatively high correlations (>0.5) were found over north-eastern Amazonia, indicating a plausible teleconnection between enhanced deep convection in this region and surface wind relaxation in the far-eastern Pacific. Note that surface wind relaxation was also associated with a reduction of deep convection in the western and central Pacific.
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FIGURE 12. Correlation between South and Equatorial Pacific monthly precipitation and meridional wind (positive when oriented poleward, averaged in black square) in the far-eastern Pacific in January. The correlations were computed from three different reanalyses products: (A) NCEP, (B) NCEP2, and (C) ERAI. Monthly anomalies were computed over 1979–2016. Full and dashed contours mark correlations of 0.5 and –0.5, respectively.



We now investigate whether anomalous deep convection occurred at these locations in January 2017. Observed and reanalysis precipitations were anomalously intense over central Australia (Figure 13) during this time period, which were in agreement with the negative outgoing long wave anomalies evidenced by Garreaud (2018). Precipitations were also anomalously intense over eastern Amazonia. This suggests that the surface wind relaxation may have been forced by atmospheric teleconnections between the western and far-eastern Pacific (Takahashi and Martínez, 2017; Garreaud, 2018) but enhanced convection (i.e., release of heat of the upper atmosphere) over the Amazonia may have impacted the South Pacific Anticyclone (SPA) (Miyasaka and Nakamura, 2010).
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FIGURE 13. Mean precipitation anomaly (in mm day-1) in January 2017 from: (A) GPCP, (B) NCEP, (C) NCEP2, and (D) ERAI. Monthly anomalies were computed over the period 1979–2016.



DISCUSSION AND CONCLUSION

An exceptional warming of the surface ocean took place off the coast of northern Peru and Ecuador in late summer 2017, producing catastrophic flooding and landslides. Its duration was much shorter than previous Eastern Pacific El Niño events but SST anomalies and precipitations were nevertheless very intense. As there were no signs of anomalously high temperatures in the equatorial Pacific, the intense coastal warming and its consequences were not anticipated by the local governmental agencies or by the scientific community (Ramirez and Briones, 2017). In the present study, in agreement with Garreaud (2018), we found that the initial warming was mainly associated with a regional decrease of the winds in the far-eastern Pacific. Offshore and nearshore winds were weak in late 2016, and continued to drop until the end of January 2017, which shut down the wind-driven coastal upwelling. In February, nearshore winds began to increase while the offshore winds remained weak, resulting in a strong wind stress curl which deepened the thermocline and enhanced the warming through negative Ekman pumping. The local thermocline deepening was associated with a sea level rise off the coasts and a shoreward geostrophic current anomaly intensifying the coastal warming. Similar onshore geostrophic currents were evidenced in simulations of El Niño events (Colas et al., 2008; Espinoza-Morriberón et al., 2017).

The strong wind stress curl anomaly, caused by the offshore relaxation and nearshore wind intensification in February and March 2017, played a major role in the warming. A comparable wind stress curl anomaly developed during the 1997–1998 El Niño off southern Peru near Pisco (15°S), enhancing the downwelling primarily driven by the very intense downwelling coastal trapped waves (Halpern, 2002). The dynamical processes responsible for the 1997–1998 nearshore wind increase were recently analyzed by Chamorro et al. (2018). Using a regional atmospheric model, the authors showed that the increase of nearshore wind was driven by the SST alongshore gradient, associated with the accumulation of warm waters along the northern shores of Peru. We believe that a similar sequence of events may have taken place during the summer of 2017, albeit with a different initialization process than during classical El Niño events. During the 2017 coastal El Niño, the January wind relaxation reduced the coastal upwelling and generated a positive SST anomaly off northern Peru and Ecuador (Figure 4), thereby creating an alongshore temperature gradient (Figure 14). After reaching its weakest value in late January, the coastal wind increased in phase with the SST gradient and recovered climatological values by mid-February. Subsequently both the SST gradient and the coastal wind reached a plateau between mid-February and mid-March. Note that the strong wind increase in late March cannot be only explained by this paradigm, as a large-scale wind intensification also took place (Figure 2C). During February and March, the Ekman pumping negative anomaly associated with the wind stress curl (Figure 2E) may have deepened the thermocline, and thus the cooling due to enhanced upwelling at the coast may have been mitigated by the upward flux of anomalously warm source waters. The atmospheric response to the SST gradient, described by Chamorro et al. (2018) for the 1997–1998 El Niño, may thus feedback positively on the warming initiated in January. The ocean-atmosphere coupled processes occurring during this event would need to be more fully investigated using a regional coupled ocean-atmosphere model (Oerder et al., 2016, 2018).


[image: image]

FIGURE 14. Alongshore SST difference (in °C, black line) and alongshore wind anomaly (in m s-1, red line). The SST difference was computed as the difference between the SST averaged in a northern coastal box (6–10°S, 0–100 km from the coast) and a southern coastal box (10–16°S, 0–100 km from the coast). The alongshore direction was the mean orientation of the coastline between 6°S and 14°S.



Our regional model represented the spatial patterns of the SST anomaly relatively well but with a weaker intensity with respect to SST observations (Figure 4). This could be partly attributed to biases in the atmospheric heat fluxes, in particular to the ill-representation of the eastern Pacific low cloud deck in atmospheric models (Wyant et al., 2010). Moreover, the absence of SST decrease in the data (Figure 10) during the late January coastal upwelling event is puzzling. Although cloud cover was not anomalously strong during this period (Figure not shown), gaps in the satellite data could explain this discrepancy. Indeed, missing data are filled by in situ and climatological observations to produce a cloud-free SST product (Reynolds et al., 2007). An alternative explanation could be that the upwelling of anomalously warm source waters in early February did not produce an SST decrease. This may not be well represented by the model as the subsurface source water temperature anomaly may have been underestimated (Figures 6C,D).

The large-scale mechanisms triggering coastal El Niños, and the 2017 event, are still not well known due to their scarcity. During the 1925 coastal El Niño, which bears similarities with the 2017 event, the northeasterly flow related with the Panama gap jet and the southeasterly trades associated with the SPA were not particularly anomalous (Takahashi and Martínez, 2017). To explain the low coastal winds off Peru, these authors proposed that a reduction of deep convection in the western-central Pacific and of zonal air moisture flow in the tropical troposphere may have displaced the ITCZ southward, enhancing precipitation along the northern Peruvian Andes (Sulca et al., 2018). Studying the 2017 event, Garreaud (2018) evidenced a teleconnection between the western and the far-eastern Pacific as a triggering mechanism. Using the NCEP2 reanalysis, he found that deep convection over central Australia in January 2017 triggered Rossby wave trains extending across the South Pacific (Mo and Higgins, 1998), which modified the tropospheric westerly flow impinging the subtropical Andes. The poleward shift of the flow modified subsidence in the SPA and reduced the southeasterlies. Note that according to our results, none of the three reanalyses produced a positive correlation pattern over central Australia (Figure 12). This suggests that Garreaud’s (2018) proposed teleconnection between the latter and the far-eastern Pacific by means of atmospheric Rossby waves is not a common feature in any of the reanalyses. Using the NCEP reanalysis over the period 1979–2001, Grotjahn (2004) evidenced a distinct teleconnection. He showed that enhanced deep convection (i.e., more precipitation) over eastern Amazonia coordinated with reduced deep convection (i.e., less precipitation) in the western tropical Pacific during austral spring-summer could impact the tropical side of the SPA, reducing surface winds. Forcing of the summertime SPA by the deep convective heating over the Amazonia has been evidenced in model experiments (Miyasaka and Nakamura, 2010). This teleconnection evidenced in several reanalysis products (Figure 12) may have played a role in the triggering of the wind relaxation which initiated the coastal warming. However, a dedicated and more thorough study would be necessary to better understand the atmospheric large-scale mechanisms initiating coastal El Niño events. It is beyond the scope of the present work and will be addressed in a future study.
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