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Abstract

The physical processes driving the wind intensiication in a coastal band of ~ 100 km of Peru during the intense 1997–1998 

El Niño (EN) event were studied using a regional atmospheric model. A simulation performed for the period 1994–2000 

reproduced the coastal wind response to local sea surface temperature (SST) forcing and large scale atmospheric conditions. 

The model, evaluated with satellite data, represented well the intensity, seasonal and interannual variability of alongshore 

(i.e. NW–SE) winds. An alongshore momentum budget showed that the pressure gradient was the dominant force driving 

the surface wind acceleration. The pressure gradient tended to accelerate the coastal wind, while turbulent vertical mix-

ing decelerated it. A quasi-linear relation between surface wind and pressure gradient anomalies was found. Alongshore 

pressure gradient anomalies were caused by a greater increase in near-surface air temperature of the northern coast than 

of the southern coast, associated with the inhomogeneous SST warming. Vertical proiles of wind, mixing coeicient, and 

momentum trends showed that the surface wind intensiication was not caused by the increase of turbulence in the planetary 

boundary layer. Moreover, the temperature inversion in the vertical mitigated the development of pressure gradient due to air 

convection during part of the event. Sensitivity experiments allowed to isolate the respective impacts of the local SST forcing 

and large scale condition on the coastal wind intensiication. It was primarily driven by the local SST forcing whereas large 

scale variability associated with the South Paciic Anticyclone modulated its efects. Examination of other EN events using 

reanalysis data conirmed that intensiications of alongshore wind of Peru were associated with SST alongshore gradient 

anomalies, as during the 1997–1998 event.
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1 Introduction

The Peruvian upwelling system is one of the major 

upwelling systems of the world in terms of isheries (Zuta 

and Guillen 1970; Chavez et al. 2008). A key oceanic pro-

cess in this nearshore marine environment is the upwelling 

of deep, nutrient-replete, cold water to the surface forced 

by Ekman divergence associated with predominantly 

equatorward coastal winds. As in other upwelling regions, 

it is characterized by an intense biological productivity 

(Chavez and Messié 2009) and strong air-sea interactions 

(e.g. Halpern 2002; Boé et al. 2011; Oerder et al. 2016). 

A unique aspect of the Peruvian system is its proximity to 

the equator in the Eastern Paciic, which places it directly 

under the inluence of El Niño events (EN hereafter). During 

the so called “canonical” EN events, warm surface waters 

accumulate in the Eastern Tropical Paciic of the Ecuador 

and Peru coasts (e.g. Picaut et al. 2002) causing a dramatic 

reduction of the upwelling of cold water (e.g. Colas et al. 

2008). The upwelling reduction is somewhat mitigated by an 

increase of the equatorward coastal wind (Wyrtki 1975; Kes-

sler 2006). This local wind increase is seemingly paradoxical 

since large-scale trade winds are weakened in the equatorial 

(Bjerknes 1966) and subtropical (Rahn et al. 2012) regions. 

Figure 1a shows the mean spatial distribution of the wind 

anomalies of Peru coast during the strongest El Niño event 
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observed to date, between November 1997 and February 

1998. Positive wind anomalies were maximum onshore and 

decreased ofshore. Negative wind anomalies at the equator 

indicate the weakening of the southerly trade winds in the 

equatorial Paciic. The strongest alongshore positive wind 

anomalies reached ~ 1.5 m  s−1 during November 1997–Feb-

ruary 1998 which represents a ~ 40% increase with respect 

to the mean climatological conditions (Fig. 1b). Note that in 

the present work, anomalies were computed with respect to 

mean climatological conditions over the 1994–2000 period.

The processes that drive the nearshore wind increase 

during EN have not been studied in detail. Previous studies 

suggested that the wind intensiication could be driven by 

a strengthening of the cross-shore pressure gradient (sup-

porting a geostrophic wind) owing to an enhanced cross-

shore thermal contrast between land and sea (Bakun 1990; 

Bakun et al. 2010). This enhanced thermal contrast would 

be caused by a stronger temperature increase over land than 

over sea during EN, due to the greenhouse efect induced 

by moist air. On the other hand, Enield (1981) suggested 

that the enhanced cross-shore thermal contrast during EN 

was forced by a stronger shortwave heating over land asso-

ciated with a reduction of nearshore cloudiness. However, 

SST gradients may also impact on surface winds. Lindzen 

and Nigam (1987) showed that surface winds over the tropi-

cal Paciic can be forced by SST gradients at relatively large 

scale. Kessler (2006) suggested that the alongshore SST 

gradient which appears of the Peru coasts during EN may 

drive a strengthening of the alongshore pressure gradient 

and wind, but the mechanisms were not studied. In addi-

tion, the enhanced atmospheric turbulence due to the surface 

ocean warming may result in the downward vertical mixing 

of momentum from the upper layers of the atmosphere to the 

ocean surface, thus increasing the surface wind (e.g. Wallace 

et al. 1989).

Large scale atmospheric circulation is also impacted by 

EN, which may afect coastal winds through modiications 

of the South Paciic Anticyclone (SPA). Dewitte et al. (2011) 

showed that the alongshore wind intraseasonal (i.e. 10–60 

days band) variability of central Peru (~ 15°S) was forced 

by migratory disturbances across the SPA. Rahn et al. (2012) 

showed that the SPA was weaker during EN, resulting in 

decreasing winds of central Chile. Such weakening might 

mitigate the coastal wind increase during EN of Peru, and 

a poleward displacement of the SPA might have a similar 

efect, as shown by Belmadani et al. (2014) in the context 

of climate change. However, the inluence of large-scale 

atmospheric circulation interannual variability on the coastal 

winds of Peru remains to be extensively investigated.

In this paper, a regional atmospheric model forced by 

realistic oceanic (i.e. sea surface temperature) and lateral 

boundary conditions was used to investigate the physical 

processes driving the coastal wind intensiication during 

the strong 1997–1998, “eastern paciic” El Niño event. The 

respective roles of the large scale signal and SST local forc-

ing on the alongshore wind anomalies were also studied 

for this particular event. Data and methods are described in 

Sect. 2. Results are presented in Sect. 3, and discussion and 

conclusions are given in Sect. 4.

2  Data and methods

2.1  Regional atmospheric model

The Weather Research and Forecasting (WRF) model 

version 3.3.1 (Skamarock and Klemp 2008) was used to 
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Fig. 1  a ERS wind anomalies (in m  s−1) of Peru and Northern 

Chile during El Niño conditions in November–February 1997/1998. 

Arrows mark the direction of the monthly wind anomalies. b Time–

latitude diagram of ERS alongshore monthly wind anomalies of the 

Peru coast. The wind average was computed within a 100 km-wide 

coastal band and a 3-month running mean was applied. Positive val-

ues indicate equatorward wind anomalies
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simulate the coastal wind during the period 1994–2000, 

which includes the very strong 1997–1998 El Niño event 

(McPhaden 1999). WRF is a fully compressible and nonhy-

drostatic model. Its vertical coordinate is a terrain-following 

hydrostatic pressure coordinate. The model uses a time-split 

integration scheme. Slow and low-frecuency modes are 

integrated using a Runge–Kutta 3rd order time integration 

scheme, while the high-frecuency acoustic modes are inte-

grated over smaller time steps to maintain numerical sta-

bility. For spatial discretization the model uses a 5th order 

upwind biased advection schemes. Two nested domains, 

with one-way oline nesting, were used (Fig. 2). The large 

domain has a resolution of 0.75° and encompasses the South 

East Paciic and the main part of South America. The small 

domain has a resolution of 0.25° and covers the Peru and 

Northern Chile region (30°S–12°N). Both domains include 

the Andes. The relatively high resolution of the nested 

domain allows to better represent the orography (Fig. 2), 

a crucial element of the regional dynamics (e.g. Xue et al. 

2004). Both grids have 60 vertical sigma levels between the 

surface and the top of the atmosphere (deined by the 50 hPa 

top pressure), with 21 levels in the irst ~ 1000 m. The time 

steps for the large and nested domains are 180 and 60 s, 

respectively.

The parameterizations for short and long wave radiation, 

cloud physics, land surface and planetary boundary layer 

(PBL) used in this study are listed in Table 1. Most of them 

[except the Dudhia (1989) shortwave radiation scheme] are 

identical to those in the 1/12° coniguration of Oerder et al. 

(2016) for the Peru-northern Chile region. The ERA-interim 

reanalysis data (Dee et al. 2011), 6-h, were used as initial and 

boundary conditions. The daily Optimum Interpolation Sea 

Surface Temperature (OISST) at 0.25° (Reynolds et al. 2007) 

was used as SST forcing. Diurnal SST variations are accounted 

for in our simulations by using the Zeng and Beljaars (2005) 

slab model that is included in WRF. Model outputs were 

recorded every 6 h using instantaneous and average values.

2.2  Observational data

Observations from two diferent satellite-borne scatterometers 

were used to evaluate the realism of the model surface winds: 

the ERS weekly wind ields at 1° × 1° resolution over the 

period 1992–2000 and a monthly climatology of QuikSCAT 

wind ields (hereafter QSCAT) at 1/2° × 1/2° resolution grids. 

The two products were processed by CERSAT (2002a, b) and 

downloaded from http://www.ifrem er.fr/cersa t. Surface winds 

were interpolated on the 1/4° model grid.

Daily SST and output from ERA-interim reanalysis (see 

above) were also used in the analysis.

2.3  Monthly momentum budget

In order to investigate the dominant forces that induce the 

monthly wind changes, we used the following relation dem-

onstrated in Madec (2008; for the NEMO ocean model) and 

Oerder et al. (2016):

where ⟨V⟩ is the monthly mean wind, V
(
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velocity at the beginning of the month, Δt the time step, and 
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Fig. 2  South East Paciic model domain and Peru nested domain used 

in the WRF simulations. Color shading indicates model topography 

(in meters) above sea level for the small domain

Table 1  Parameterizations 

used in WRF model for the 

simulations

Processes Scheme References

Shortwave Radiation Dudhia scheme Dudhia (1989)

Longwave Radiation RRTM scheme Mlawer et al. (1997)

Microphysics WRF single-moment 6-class scheme Hong and Lim (2006)

Cumulus Betts–Miller–Janjic scheme Janjic (1994)

Surface Layer MYNN surface layer Nakanishi and Niino (2009)

Land Surface Noah land surface model Chen and Dudhia (2001)

Planetary Boundary Layer MYNN level 2.5 PBL Nakanishi and Niino (2009)

http://www.ifremer.fr/cersat
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�
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bracket ( [] ) is the double time averaging operator deined as:

with N the number of time steps during 1 month.

Based on Eq. (1), we obtain the following relation for two 

consecutive months (M and M + 1):

On the other hand, a simple integration of the momentum 

equation between  t0,M and  t0,M+1 (i.e. the respective dates 

corresponding to the beginning of months M and M + 1) 

leads to:

Thus ⟨F
n
⟩ is the time average of the forces between the 

beginning of the month  (t0,M) and the beginning of the fol-

lowing month  (t0,M+1).

Finally, replacing Eq. (4) in Eq. (3), we obtain:

The left side of Eq.  (5) represents the change of the 

monthly mean wind (from month M to month M + 1) and 

the right side represents the sum of the forces contribution. 

We computed the anomalies of the alongshore (i.e. paral-

lel to the WRF model smoothed coastline oriented in the 

NW-SE direction) component of Eq. (5) (with respect to 

the “climatology” over 1994–2000, i.e. the average over all 

years of the diference of one month from its predecessor) 

in a coastal band of 1° width (4 grid points of the nested 

domain). This coastal band fully covers the upwelling area 

which ofshore extension is controlled by the shelf topog-

raphy (Estrade et al. 2008) and does not exceed the Rossby 

radius of deformation (around 120 km of Peru, e.g. Chavez 

and Barber 1987). In this area were observed the maximum 

wind anomalies during the 1997–1998 EN (Fig. 1a). WRF 

code modiications were necessary to save online the indi-

vidual tendency terms of the momentum balance at each 

model time step. However modiication of the tendency 

terms due to high-frequency acoustic modes were not saved, 

which explains why an exact closure of the momentum bal-

ance can not be expected.
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2.4  Virtual temperature

Virtual temperature is computed in order to estimate the 

relative contribution of humidity to air density and pres-

sure during EN. The virtual temperature of moist air is the 

temperature that dry air should have to reach a total pres-

sure and density equal to those of the moist air (Wallace 

and Hobbs 2006). It is deined by:

with T the air temperature and  Qv the mixing ratio, which 

describes humidity.

We computed the monthly virtual temperature anomaly 

as:

with primes marking the monthly anomalies and overlines 

marking the monthly means. The two terms on the right 

side of Eq. (7) represent the relative contribution of air tem-

perature and humidity anomalies to the virtual temperature 

anomaly. Given that virtual temperature is directly propor-

tional to the pressure (for a ixed mass of gas, at a constant 

volume), these terms contribute to the atmospheric pressure.

2.5  Model simulations

We carried out three experiments with the WRF model. 

First, a control run was performed over the 1994–2000 

period. Then, two experiments (BRY-EN and SST-EN) 

were performed to isolate the role of the large scale signal 

from the role of the SST local forcing. The BRY-EN exper-

iment was carried out using the 6-h atmospheric boundary 

conditions from the years 1997–1998 (Niño boundary con-

ditions) and daily SST forcing from the years 1994–1995 

(so-called SST neutral conditions) to isolate the role of the 

large scale signal. The SST-EN experiment was performed 

using the 6-h atmospheric boundary conditions from the 

years 1994–1995 (neutral boundary conditions) and daily 

SST forcing from the years 1997–1998 (SST Niño condi-

tions) to isolate the role of the SST local forcing. Note 

that the 1994–1995 period is considered here as “neutral 

conditions” for the Peru region as it did not present strong 

anomalies with respect to climatological conditions, in 

spite of the occurrence of a weak Central Paciic El Niño 

in austral spring 1994 and summer 1995.

2.6  Statistical signiicance

For each of the correlations between two variables pre-

sented in the following, the Pearson correlation coeicient 

(6)Tv=T ∗

(

1 + 0.61 ∗ Qv

)

(7)T �

v
=

(

1 + 0.61 ∗ Qv

)

∗ T
�
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(

T̄ ∗ 0.61
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(r) was used to measure the strength of a linear associa-

tion between the variables, and the p-value was used to 

determine the statistical signiicance of the relationship.

3  Results

3.1  Validation

3.1.1  Mean and annual cycle of the surface wind

The simulated surface winds were compared with ERS and 

QSCAT observations. Figure 3a–c show the annual mean 

surface wind ield obtained from both satellites and the 

model for the year 2000, when the two satellite observation 

periods were overlapping. South of the equatorial line, 

the observed surface winds were strong (~ 6–8 m  s−1) and 

they blowed north-westward over the oceanic region. They 

were weaker and approximately parallel to the coastline in 

the nearshore region, with a maximum (~ 5–6 m  s−1) near 

15°S and minimum (~ 3–4 m  s−1) near 18°S (Fig. 3a, c). 

The model reproduced the observed wind spatial patterns, 

with a wind intensity closest to that of QSCAT. However, 

the wind drop-of (i.e. wind decrease towards the coast, 

e.g. Capet et al. 2004) was poorly simulated, especially 

between 10 and 16°S. It is stronger in QSCAT than in 

ERS, and both satellites have a blind zone near the coast 

of approximately 25 and 50 km respectively where no 

data are available. Note that wind speed was lower in ERS 

than QSCAT by ~ 0.5 m s−1 over a large part of the model 
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from d ERS and e WRF over the period 1994–2000, and from f 
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domain, but that the wind directions were consistent. The 

diferences in wind intensity between ERS and QSCAT 

are attributed to the use of diferent operating frequencies, 

diferent temporal sampling of the satellites, and gridded 

products with diferent spatial resolutions (Bentamy et al. 

2013).

Figure 3d–f show the climatological mean annual cycle 

of the alongshore wind near the Peru coast. The seasonal 

cycles were computed over the same time period for ERS 

and the model (1994–2000), but diferent time period for 

QSCAT (2000–2008). The observed alongshore winds 

were strongest during austral winter (July–September) 

and early spring (October) around 15°S. The model wind 

climatology was in relatively good agreement with the 

satellite wind climalogies (Pearson’s r > 0.85, p < 0.01). It 

reproduced the local maximun values (coastal jets) near 4 

and 15°S which are both seen in QSCAT but not in ERS. 

ERS did not capture the local maximum at 4°S likely due 

to its lower spatial resolution. The model overestimated 

the intensity of the alongshore wind with respect to ERS 

and QSCAT between 3 and 17°S, and slightly underesti-

mated it with respect to QSCAT in the equatorial region 

(0–2°S).

3.1.2  Wind and temperature cross-shore vertical structures

The meridional wind and temperature cross-shore verti-

cal structures in the central Peru (at ~ 15°S) simulated by 

the model were compared against the ERA-interim rea-

nalysis data (Fig. 4). Reanalysis data showed the coastal 

jet core located a height of ~ 250 m and within the irst 

100 km from the coast, with a wind intensity of ~ 8 m 

 s−1 (Fig. 4a). The coastal jet is capped by a temperature 

inversion, which base is located at ~ 600 m above sea level 

nearshore. The model reproduced relatively well the inten-

sity of the coastal jet core, although with a position much 

closer to the coast. In overall, the vertical structures of 

wind and temperature were well reproduced by the model 

in the irst ~ 1000 m. Note that the steep topography of the 

Andes is logically represented with greater detail in the 

WRF model (Fig. 4b).

3.1.3  Surface winds and SST anomalies during El Niño

The model reproduced the spatial structure of the wind 

anomalies off Peru (north of ~ 20°S) during November 

1997–February 1998 (Fig. 5a) found in the satellite obser-

vations (Fig. 1b). Persistent positive (equatorward) along-

shore wind anomalies occured from April 1997 to October 

1998 (Fig. 5b) in the 5–10°S latitude band. There was a 

short relaxation period in August 1997 with weak negative 

anomalies south of 10°S. The strongest positive anomalies 

(> 1.5 m  s−1) occured between November 1997 and March 

1998. Furthermore, strong negative anomalies (< − 1 m  s−1) 

occured in December 1997–February 1998 north of 5°S. 

The general pattern of alongshore wind anomalies from the 

model was consistent with that from ERS (Fig. 1b). How-

ever, some discrepancies were found, such as an overesti-

mation of modelled wind anomalies in May–June 1997 and 

an underestimation in January 1997. Strong SST positive 

anomalies (> 3 °C) were seen between May 1997 and May 

1998 along the equator in the Eastern Paciic and along the 

Peru coast (Fig. 5c), with two main peaks (> 4 °C) between 

5 and 10°S in July–August 1997 and November 1997–April 

1998 (Fig. 5d). These peaks were related to the poleward 

propagation of downwelling coastal-trapped waves, which 

strongly deepened the thermocline during EN, shutting 

down the upwelling of cold water (Colas et al. 2008). The 

amplitude of the SST anomalies slightly reduced in Sep-

tember–October 1997 but remained quite strong (> 3 °C). 

Note that although the two SST anomaly peaks were of a 

relatively similar amplitude, only the second peak was syn-

chronous with strong wind anomalies (> 1.5 m  s−1, Fig. 5a) 

Fig. 4  Vertical structure of the 

mean meridional wind (shading, 

in m  s−1) and air temperature 

(black contours, in °C) at 15°S 

from a ERA-Interim and b 

WRF model. Data was averaged 

for the 1994–2000 period
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during November 97–April 98, whereas the wind response to 

the irst peak in July–August 1997 was weaker (< 1 m  s−1 in 

the model and less than 0.5 m  s−1 in ERS; Fig. 1b). Besides, 

the model also reproduced the negative wind anomalies 

north of 5°S between November 1997 and April 1998, a 

period during which SST anomalies were positive.

3.2  Alongshore momentum budget

First, in order to investigate the spatial patterns of the forces 

that induced the wind anomalies of Peru during EN, we 

computed the anomalies of the meridional component of 

the forces (involved in the meridional monthly momentum 

budget, see Eq. 5) in the irst layer of the model for the whole 

domain. Each term was then averaged for the period Novem-

ber 1997–February 1998 (Fig. 6a–d). Second, we computed 

the monthly alongshore anomalies of the forces (i.e. both 

zonal and meridional components were used in the projec-

tion along the NW–SE direction) and averaged them in a 

coastal band for the entire EN period (Fig. 6e).

Comparison of anomalies of advection, vertical shear of 

the meridional turbulent stress (hereafter named vertical 

mixing term), pressure gradient and Coriolis terms shows 

that pressure gradient and vertical mixing were the dominant 

forces (Fig. 6b, c). The pressure gradient anomaly was posi-

tive (Fig. 6c), thus accelerated the equatorward wind dur-

ing EN. Expectedly, vertical mixing anomaly was opposed 

to the equatorward wind thus negative (Fig. 6b). The two 

terms almost balanced each other everywhere in the domain, 

except in the region between 0–5°S where advection anom-

aly was relatively strong (Fig. 6a) and pressure gradient and 

vertical mixing anomalies were much weaker. Coriolis term 

anomalies had much smaller values (Fig. 6d).

Figure 6e shows the time evolution of the monthly anom-

alies of the surface forces projected in the alongshore direc-

tion. The terms were averaged in a 1°-wide coastal band 

between 7 and 15°S (this coastal region was chosen because 

the coastline is relatively rectilinear and the wind anoma-

lies were relatively homogeneous in space). The pressure 

gradient and vertical mixing were the main forces during 
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the entire time period. The dates corresponding to pressure 

gradient maximum (positive anomalies) values coincided 

with those of vertical mixing minimum (negative anomalies) 

values (e.g. in June-July and November–December 1997 and 

April–May 1998). The advection term was weaker, except in 

July–September and October–November 1997. The contri-

bution of the Coriolis force was negligible during the entire 

period. The tendency (ΔV′: month to month wind anomaly 

diference) was almost equal to the sum of all terms, show-

ing that the budget [see Eq. (5) in Sect. 2.3] is virtually 

closed. The small diferences in the budget (RMS error of 

~ 6% over the simulation period) come from the acoustic 

correction (see Sects. 2.1 and 2.3).

The wind intensification during EN occurred during 

diferent phases (Fig. 6e, dashed-black line). It began in 

March 1997 (ΔV′ ~ 1 m  s−1 from March to April 1997) 

and was maintained until June 1997, due to a positive 

equatorward pressure force stronger than the sum of the 

other (negative) terms. The wind anomaly then strongly 

decreased (ΔV′ ~ − 1.2 m  s−1 from June to July 1997) due 

to a negative advection of momentum between June and 

August 1997, which was related to the large scale forcing. 

A similar momentum budget for the BRY-EN experiment 

conirmed this large scale modulation (igure not shown). 

The wind acceleration became strong again in September 

1997 (ΔV′ ~ 1.5 m s−1 from September to October), when 

advection weakened and the pressure gradient dominated 

the other forces. The tendency was weak from January to 

May 1998. In the later phase of EN, the wind anomaly was 

strongly reduced from May to July 1998, due to a decrease 

of the pressure gradient.

Consistently with previous studies (Muñoz and Garreaud 

2005; Belmadani et al. 2014), alongshore pressure gradient 

anomalies were highly correlated (r = 0.8, p < 0.01) with 

alongshore wind anomalies averaged over the coastal band 

(line red and dashed-black line in Fig. 6e). Although it dis-

plays smaller spatial scales than the alongshore wind, the 

pressure gradient explains relatively well the wind intensi-

ication between 5 and 16°S during the peak of EN but also 

over limited portions of the coast in June 1997 and August 

1998 (Fig.  7a). More specifically, a strong correlation 

(r = ~ 0.75, p < 0.01) between alongshore pressure gradient 

anomalies and alongshore wind anomalies was found along 

the coast for latitudes between 4 and 18°S (Fig. 7b). In this 
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Fig. 6  Anomalies of the meridional component of the surface forces 

contribution (in m  s−1) during El Niño 1997/1998: a advection 

(V-ADV′), b vertical turbulent mixing (V-MIX′), c pressure gradient 

(V-PGF′), and d Coriolis force (V-COR′). Anomalies were computed 

with respect to a climatology over 1994–2000 and averaged over 

November 1997–February 1998. e Time series of the monthly anom-

alies of the alongshore component of the surface forces contribution 

in 1997–1998 (in m  s−1, with scale deined by the left-hand side y 

axis). The forces were averaged in a 100-km coastal band between 7 

and 15°S. Gray, black and black-dashed lines indicate tendency (the 

month to month wind anomaly diference), the sum of all terms and 

wind anomaly (relative to climatology), respectively (in m s−1, with 

scale deined by the right-hand side y axis)
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sense, on average over a coastal band (7–15°S) ~ 64% of the 

temporal variability of the wind anomalies was explained by 

pressure gradient anomalies, suggesting that vertical mixing 

behaved like a linear bottom frictional term equilibrating the 

pressure gradient. This led to the following relation 

V =
−1

c�

�P

�y
 with c the linear friction coeicient and ρ the sur-

face air density. From our model results, c was ~ 4 × 10−5 s−1, 

thus comparable to Muñoz and Garreaud (2005)’s estimation 

for the Chile central coast (c ~ 5 × 10−5 s−1). The steep orog-

raphy of the Andes precluded the development of an anoma-

lous cross shore low, thus the alongshore pressure gradient 

can not be equilibrated by the Coriolis force. Consequently 

the alongshore low built up until the frictional force (i.e. 

vertical mixing term) balanced the alongshore pressure 

gradient.

In summary, the pressure gradient term played a major 

role in initiating and terminating the wind anomaly during 

this EN event. In the next sections we study in detail the 

processes that drive the pressure gradient increase at the 

beginning of the event.

3.3  Air temperature and humidity contributions 
to the alongshore pressure gradient

As surface pressure is related to virtual temperature in the 

air column (see Sect. 2.4), we examined the relative contri-

butions of temperature and humidity anomalies to the vir-

tual temperature anomalies (VTA) [see Eq. (7) in Sect. 2.4] 
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during EN (November 1997–February 1998). The VTA dis-

tribution displayed the largest positive anomalies (> 4 °K) 

along the north coast between 4 and 8°S and in the low-

est 300 m (Fig.  8a). Temperature variations dominated 

VTA (Fig. 8b), while humidity anomalies contributed to at 

most ~ 15% of the VTA (north coast around 400 m, Fig. 8c). 

The humidity anomaly was stronger at 400  m because 

humidity was higher and nearly constant from the surface 

up to ~ 400 m before decreasing progressively with altitude 

during EN, whereas it progressively decreased with altitude 

with a relatively constant vertical gradient from the surface 

to 900 m under mean climatological conditions (Fig. 8d). 

These results show that the stronger temperature increase in 

the north of Peru was the main driver of the alongshore pres-

sure gradient anomaly during the EN event, while humidity 

did not play an important role.

This thermally driven pressure gradient was conirmed by 

the high correlation (r = 0.84, p < 0.01) between the surface 

wind anomaly in the coastal band and the alongshore SST 

gradient (Fig. 9). This correlation was slightly higher (0.87) 

with a 1 month lag (when the SST gradient leads the wind). 

This suggests that the anomalously warm surface ocean 

forced the low atmosphere by heating the air column more 

in the north than in the south, thus generating the pressure 

gradient that drove the equatorward wind anomaly.

3.4  Downward mixing of momentum during EN

Due to the air warming and humidification associated 

with the presence of anomalously warm surface waters in 

the nearshore region, shallow convection was enhanced. 

In the coastal band, the planetary boundary layer height 

(PBLH) increased by ~ 200 m (~ 50%) around June 97 and 

by ~ 100–150m (~ 100%) between December 1997–March 

1998 (Fig. 10). The PBLH increases were in phase with the 

SST anomalies peaks, and slightly stronger in the north than 

in the south, in agreement with the SST spatial changes (not 

shown).
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Fig. 10  Mean planetary boundary layer height (in meters, PBLH) of 

Peru. PBLH was averaged between 7 and 15°S and within 100  km 

from the coast. Red line marks PBLH during 1997–1998, and black 

dashed line the climatology. Error bars indicate standard deviation 

from the mean climatological values
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Given this PBL variability, a potential mechanism for the 

wind intensiication could be associated with the increase 

of turbulence in the PBL during EN, which may gener-

ate a more eicient downward vertical lux of momentum 

(Wallace et al. 1989). However, turbulent mixing tended 

to decelerate the wind even more during the warm EN 

phases (Fig. 6e). To further investigate why Wallace et al. 

(1989)’s mechanism can not explain the EN wind increase, 

we examined the vertical proiles of alongshore wind, tur-

bulent vertical mixing coeicient, momentum budget forces 

contribution, and temperature during climatological and EN 

conditions in November 1997–February 1998 (Fig. 11). The 

wind intensiication during EN occurred between the sea 

surface and ~ 1600 m (black line in Fig. 11a). The wind 

maximum (~ 8 m  s−1) shifted from ~ 300 m in mean clima-

tological conditions to ~ 500 m. There was a decrease of 

wind shear (dV/dz) below ~ 500 m during EN, mainly due 

to the velocity increase at the surface (~ 20%) and a virtu-

ally unchanged velocity at 300 m (black line in Fig. 11a). 

Turbulent vertical mixing coeicient  (Kz) increased almost 

twofold during EN reaching a maximum of ~ 40  m2  s−1 at 

200 m (~ 15 m2  s−1 in climatological conditions, blue line 
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in Fig. 11a). The impact on the turbulent stress (τ = Kz.dV/

dz) of the wind shear decrease and turbulent vertical mixing 

 (Kz) increase was such that the momentum vertical mixing 

term (dτ/dz) reduced (it is negative in mean climatological 

conditions, blue line in Figs. 11b, 12b) during EN condi-

tions (Fig. 6e; blue line in Fig. 11c). This also shows that 

the EN wind intensiication near the surface was not driven 

by downward mixing of momentum. The pressure gradi-

ent (positive in mean climatological conditions, red line in 

Figs. 11b, 12b) increase was maximum at the surface and 

decreased with height during EN conditions (red line in 

Fig. 11c). The Coriolis and advection terms did not change 

much during EN (magenta and green lines in Fig. 11c), but 

they are relatively important for the budget in mean clima-

tological conditions (magenta and green lines in Figs. 11b, 

12b). Note that the pressure gradient was strong at surface 

and in upper layers during EN. Air temperature decreased 

between the surface and 1600 m, showing no temperature 

inversion in this period (austral summer) in mean climato-

logical or EN conditions (Fig. 11d).

This time period is contrasted with the period 

July–August 1997, during which the surface wind anoma-

lies were weak (Figs. 5a, 12a) in spite of SST anomalies of 

the same order (~ 4 °C) as during November 1997–April 

1998 (Fig. 5b). Between the surface and 800 m the wind 

speed decreased with respect to mean climatological condi-

tions, and did not change in the upper layers (800–1600 m). 

The wind shear decreased between the surface and 400 m 

(black line in Fig. 12a), mainly due to the velocity decrease 

between 300 and 400 m (~ 10%) and a virtually unchanged 

velocity at surface. Mixing coeicient  (Kz) increased by 

almost 70% in this period, reaching a maximum of ~ 74  m2 

 s−1 at 250 m (~ 45 m2  s−1 in climatological conditions at 

220 m, blue line in Fig. 12a). The changes in wind shear and 

turbulent vertical mixing  (Kz) in this period counteracted 

such that the momentum vertical mixing term did not change 

signiicantly (blue line in Fig. 12c), thus compensation. The 

wind decrease below ~ 600 m was likely driven by advec-

tion, which decreased below 500 m (green line in Fig. 12c) 

whereas the pressure gradient change remained positive (red 

line in Fig. 12c). On the other hand, the pressure gradient 

vertical shear between the surface and ~ 600 m (Fig. 12c) 

was stronger than in November 1997–February 1998 period 

(Fig. 11c). Note also the well-marked temperature inversion 

in July–August 1997 (Fig. 12d). The efect of this particular 

vertical structure on the pressure gradient will be discussed 

below (Sect. 4.2).

3.5  Impacts of large scale atmospheric forcing 
and local SST forcing

In this subsection, we analyzed the model sensitiv-

ity experiments to study the respective roles of the large 

scale atmospheric signal (BRY EN experiment, forced by 

1997–1998 EN boundary conditions and neutral SST forc-

ing from the years 1994–1995) and of the SST local forc-

ing (SST-EN experiment, forced by EN SST forcing and 

1994–1995 neutral boundary conditions, see Sect. 2.5) in 

driving the EN wind anomalies.

Figure 13a displays the alongshore surface wind anoma-

lies (averaged in the coastal band between 7 and 15°S) for 

the CRTL, BRY-EN, SST-EN experiments. The large scale 

signal (BRY-EN simulation) during EN induced strong 

negative wind anomalies (~ − 1 m  s−1) between March and 

September 1997, and moderate (< 1 m  s− 1) positive anoma-

lies between October 1997 and March 1998. In contrast, 

the model forced by the 1997–1998 SST forcing (SST-EN) 

simulated persistent positive wind anomalies between May 

97 and August 97 (reaching ~ 1 m  s−1 in August 97) and 

between November 1997 and May 1998 (peaking at ~ 1.5 m 

 s−1 in January–February 98). There was a slightly nega-

tive anomaly in September 1997, which coincided with the 

slight decrease of SST anomaly in September–October 

1997 (Fig. 5b). Note that the wind anomaly was negligible 

in CRTL in Jul–Aug 1997, in spite of a strong SST anom-

aly (~ 3–4 °C, Fig. 5b). This can be explained by the large 

scale signal, which forced a decrease of the equatorward 

wind (negative anomalies of ~ − 1 m  s−1 in July–September 

1997 in BRY-EN) which compensated the wind increase 

(~ 0.5–1 m  s−1 in SST-EN) forced by the anomalously warm 

SST.

In the irst warm period (July–August 1997), the inten-

siication of the wind driven by the SST forcing (SST-EN 

experiment) was compensated by the large scale signal 

(BRY-EN) not only at the surface but also as high as 1400 m 

(Fig. 13b). During the second period (November 1997–Feb-

ruary 1998), boundary conditions (BRY-EN simulation) did 

not have a strong efect. The wind was modiied very little 

in the vertical with respect to climatological conditions. The 

wind intensiication below 200 m was fully forced by the 

anomalous SST (Fig. 13c).

Thus, the BRY-EN experiment showed that the large-

scale atmospheric signal propagating into the Peru region 

through the open boundaries could mitigate (or enhance) 

the coastal wind anomalies during EN. The SPA center 

was located around its mean climatological position into 

both periods (red lines in Fig. 14a, b). However, during 

March–September 1997, the SPA was weaker (− 1–2 hPa 

anomaly) than in mean climatological conditions (Fig. 14a). 

This weakening should produce negative anomalies for the 

surface atmospheric pressure of Peru, which likely contrib-

uted to a decrease of the alongshore wind of Peru in the 

BRY-EN simulation. Indeed, the maximum surface pres-

sure in the SPA was well correlated (0.67) with BRY-EN 

wind anomalies during the EN period. In contrast with the 

March–September 1997 period, the SPA was slightly more 
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intense in October 1997–March 1998 (Fig. 14b) and Sep-

tember 98 (not shown), favoring an intensiication of the 

coastal wind during these time periods due to SST forcing 

(Fig. 13a).

4  Discussion and conclusions

4.1  Summary

A regional atmospheric model was used to investigate the 

physical processes driving the wind intensiication of the 

Peru coast during the 1997–1998 EN event. As anoma-

lously warm waters accumulated near the coast, the equa-

torward coastal wind increased by ~ 1–1.5 m  s−1 during 

5–6 months (up to ~ 40% increase with respect to the cli-

matological mean over the 1994–2000 period). Simulated 

surface wind anomalies during EN were in good agree-

ment with observed wind anomalies. A momentum bal-

ance analysis showed that the coastal wind intensiication 

was mainly driven by the enhancement of the alongshore 

pressure gradient. Vertical mixing tended to counterbal-

ance the alongshore pressure gradient, leading to a quasi-

equilibrium between the alongshore pressure gradient and 

the frictional force, consistently with previous modeling 

studies in the region (Muñoz and Garreaud 2005; Bel-

madani et al. 2014). The enhancement of the alongshore 

pressure gradient occured because the atmospheric pres-

sure decreased more north (~ 6°S) than south (~ 14°S), in 

association with the larger increase of SST, air temperature 

and humidity of northern Peru. Surface warming induced 

an increase of the height of the PBL of up to two and 

half times and of the vertical turbulent mixing coeicient 

 (Kz = τ/(dV/dz)) of up to three times their values in mean 

climatological conditions. However vertical mixing of 

momentum (dτ/dz) remained negative and was stronger 

(in absolute value) during EN that in mean climatological 

conditions, thus did not accelerate the equatorward wind.

4.2  The back‑pressure efect during EN

The alongshore pressure gradient change was strong at 

surface and its vertical structure varied during the EN 

period: the pressure gradient change was strong between 

the surface and ~ 1000 m when there was no tempera-

ture inversion (e.g. in November 1997–February 1998; 

Fig.  11b, c). In contrast, it became negligible above 

600 m in the presence of a marked temperature inversion 

(e.g. in July–August 1997; Fig. 12b, c). Hashizume et al. 

(2002) showed that the so-called “back-pressure efect”, a 

mechanism compensating the surface pressure gradients, 

was strong in the case of a marked temperature inversion 

above the PBL. Oerder et al. (2016) found that this efect 

reduced signiicantly the intensity of the surface pressure 

gradient above mesoscale SST positive anomalies in the 

Peru region. This is also likely the case in the Peru coastal 

region in our simulation during the period July–August 

1997 (Fig. 12c). Note that temperature inversion is related 

to the strong atmospheric subsidence in the region led by 

the SPA (e.g. Haraguchi 1968).

In conclusion, it is likely that two conditions, a SST 

anomaly alongshore gradient and a weak (or absent) tem-

perature vertical inversion would be necessary to drive a 

strong surface wind anomaly in the coastal region. The SST 

gradient drives the pressure gradient, and the weak tempera-

ture inversion allows shallow convection to develop without 

triggering any “back-pressure efect”.

4.3  Land–sea thermal contrast

Bakun et al. (2010) suggested that the increase of humidity 

over coastal land during EN could enhance the local green-

house heating efect, thus increasing land temperature more 

than SST. This thermal contrast would lead to the presence 

of lighter air over land than over sea, an intensiication of 

the cross-shore pressure gradient and associated alongshore 

geostrophic wind. Similarly, Enield (1981) suggested that 

a land–sea thermal contrast may occur due to an increase of 

downward solar radiation over land, which would be due to 

a reduction of cloudiness during EN. As Bakun et al. (2010) 

and Enield (1981) suggested, humidity and incoming solar 

radiation increased over land during EN in our simulations 

(green and red lines respectively; Fig. 15). However, this 

increase in humidity and short wave radiation reaching the 

land surface did not support a strengthened land-sea ther-

mal contrast. Indeed, the simulated land–sea contrast, which 

was positive (i.e. air temperature was higher over land than 

over sea) in mean climatological conditions (not shown), 

decreased by ~ 100% during EN (blue line in Fig. 15) as 

the air temperature over sea increased much more than the 

air temperature over land (not shown). Note that a clear 

relation between land-sea thermal contrast and alongshore 

winds of Peru has not been demonstrated in previous stud-

ies. Using a set of GCM simulations with a spatial resolution 

of ~ 50 km in the Peru–Chile region, Belmadani et al. (2014) 

found that the land-sea thermal contrast (dT/dx) increased 

of Peru in scenarios of climate change: at 8°S, dT/dx was 

~ 4.5 × 10−2 K  km−1 in preindustrial climate conditions, 

and reached ~ 6.5 × 10−2 K  km−1 in 4 × CO2 climate condi-

tions, thus increased by ~ 40% (see Fig. 8c in Belmadani 

et al. 2014). In spite of this strong increase, the alongshore 

wind decreased moderately (~ 10%) of Peru. This reduc-

tion was driven by a decrease of the alongshore pressure 

gradient associated with a poleward displacement of the SPA 

in a warmer climate (Belmadani et al. 2014 and references 
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herein). This and our results suggest that an increase of the 

land–sea thermal gradient may not play a strong dynamical 

role for the alongshore wind, at least for the range of hori-

zontal resolution (~ 25 km in the present study and ~ 50 km 

in Belmadani et al. 2014) explored in our model simula-

tions. Note that these resolutions do not allow to represent 

the coastal terrain located between the Andes and the ocean 

with more than a few grid points.

In addition, our model simulated poorly the mean down-

ward shortwave radiation associated with the cloud cover, 

a well-known problem in models of the Southeast Paciic 

lower troposphere (e.g. Wyant et al. 2010). Despite this 

bias, the model reproduced reasonably well the surface air 

temperature distribution and, more importantly for the pur-

pose of the present study, the air temperature anomalies at 

surface during EN, in agreement with reanalysis data (not 

shown). The modelled air temperature increased more over 

sea than over the land during EN associated with the strong 

SST warming, thus reducing the land-sea thermal contrast. 

However, the land-sea thermal contrast may impact the wind 

at scales smaller than those resolved by the present model 

(e.g. Enield 1981). This process remains to be investigated 

using higher resolution model experiments in future work.

4.4  Dynamical processes during other EN events

Due to the model computational cost, our simulations were 

performed for a relatively short time period (1994–2000) 

including only one EN event. In order to evaluate if the same 

dynamical processes were active during other events, we per-

formed similar diagnostics using the ERA-Interim reanalysis 

data over the period 1979–2016. This data has a lower spa-

tial resolution (~ 80 km) than our regional model, but it can 

give hints of the processes at stake during EN events. The 

wind anomaly (in a coastal band of ~ 160 km and between 7 

and 15°S) for the 1997–1998 EN was ~ 0.6–0.8 m  s−1, less 
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than in our model (~ 1.0–1.2 m  s−1 for an average over 6 

WRF grid points). We found relatively strong wind anoma-

lies during most EN events, in particular in 1982–1983 

(~ 0.8 m  s−1), 1987–1988 (~ 1 m  s−1), 1992–1993 (0.7 m 

 s−1), 2015–16 (0.8 m  s−1) (Fig. 16). In agreement with our 

analysis, these four events were associated with positive 

alongshore SST gradient anomalies (e.g. ~ 0.15 × 10−2 

°C  km−1 in 1982–1983). There were also EN events with 

relatively weak wind anomalies (i.e. 2002–2003). Note that 

strong SST gradient anomalies occurred during relatively 

short time periods in 1993, 2002 and 2008, and were not 

associated with positive wind anomalies. We may conjecture 

that other processes such as a compensation by the large 

scale forcing through a modiication of the SPA or the pres-

ence of temperature inversion with a back-pressure efect 

may be active during these periods.

4.5  Local air‑sea coupled processes during EN

Local air-sea coupled interactions not investigated in the pre-

sent study may also play a role during EN. First, the increase 

of humidity in the north of Peru leads to intense precipita-

tion on land and over the nearshore ocean (Takahashi 2004), 

which may enhance the ocean surface stratiication. This 

may mitigate wind-driven oceanic vertical mixing in the 

north and thus help maintaining the anomalous alongshore 

SST gradient driving the coastal wind. On the other hand, 

the stronger coastal wind (Figs. 1b, 5a), SST (Fig. 5b) and 

humidity (Fig. 8c) anomalies in the north would increase 

evaporation and thus cool the ocean more eiciently than 

further south. This efect may mitigate the SST gradient and 

thus reduce the wind anomaly. Studying such feedbacks, 

which were not taken into account in our forced atmospheric 

model framework, is beyond the scope of the present study. 

These questions, which can be addressed using a regional 

high resolution, ocean–atmosphere coupled model (e.g. 

Oerder at al. 2016), will be the purpose of future studies.
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