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Spatiotemporal variability and ENSO modulation of subsurface

anticyclonic eddies (Puddies) in the Peru-Chile eastern
boundary upwelling system

Gandy Maria RosaLes QUINTANAY, Takeyoshi Nagar?, and Luis Alfredo IcocHEA SALASY

Abstract: In eastern boundary upwelling systems (EBUSs), eddies are crucial for offshore
transport of biogeochemical tracers and their vertical exchanges. We investigate the spatial and
temporal variability of subsurface-intensified anticyclonic eddies (Puddies) in the Peruvian
EBUS using high-resolution reanalysis and observations. Results show that subsurface intensi-
fied anticyclonic eddies dominate the subsurface layer, accounting for 54% of the total number of
subsurface eddies. They exhibit a marked seasonal cycle, peaking in austral autumn closely
aligned with eddy kinetic energy and Peru-Chile Undercurrent (PCUC) variability. The num-
ber of subsurface intensified anticyclonic eddies increases during El Nifio events (1997-1998,
2015-2016), and moderately warm years (2008, 2012 and 2014), coinciding with a deepening of
the o g= 26-isopycnal near the coast, as the equatorial warm pool propagates poleward as the
coastal trapped waves. This propagating deepening of the isopycnal intensifies the PCUC and
fosters greater subsurface eddy generation. Several methods were used to estimate the phase
speed of the propagation. For the reanalysis data, the poleward phase speeds of the first baro-
clinic mode internal Kelvin wave obtained by solving the vertical modal equation range from 0.8

! with higher values in higher latitude, that are consistent very well with the direct

tol7ms—
estimation of the propagation speeds using the first order polynomial fit to the peaks of isopyc-
nal displacement. Using the coherence spectral analysis, the mean propagation speed of 40-85-m
bandpassed o ¢ observation data between Chicama and Callao was estimated to be 0.87 m s 1,
consistent with those estimated using reanalysis. These findings underscore how large-scale cli-
mate variability, through coastal-trapped-Kelvin waves propagation and subsequent PCUC in-

tensification, significantly modulates the subsurface eddy activity in the Peruvian EBUS.
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1. Introduction

The Peru-Chile Undercurrent (PCUC) is a
subsurface poleward flowing current that runs
along the coasts of Peru and Chile. Previous
studies reported that the PCUC is sourced pri-
marily by the southern branch of the Equatorial
Undercurrent (EUC) (Lukas and FIRING, 1984;
TOGGWEILER et al.,, 1991; ROSALES QUINTANA et al,,
2021). The influence of the EUC is intensified es-
pecially when warm events or El Niflos occur
(ROSALES QUINTANA et al, 2021). Under neutral
El Nifio southern oscillation (ENSO) conditions,
the EUC's contribution to the PCUC is minimal.
Instead, the primary and secondary Equatorial
Countercurrents at around 8°S and 10°S appear
to play a more substantial role (MONTES et al.,
2010).

Several studies pointed out that the PCUC,
when flowing over abrupt topographic features,
initiates the formation of subsurface eddies
(CONTRERAS et al, 2019; THOMSEN et al, 2016).
When the PCUC generates potential vorticity
(PV) with a sign opposite to the background
values at the sloping bottom boundary, submeso-
scale instabilities, such as centrifugal and sym-
metric instabilities, can be triggered, leading to
intense microscale turbulence. This turbulent
mixing adjusts PV to a neutral value, often re-
sulting in subsurface eddies characterized by
lenses of near-zero PV water that detaches from
the slope as anticyclones. These subsurface anti-
cyclones and cyclones tend to be highly coherent
and initially form at small submesoscale, com-
monly referred to as submesoscale coherent vor-
tices (SCVs) (MOLEMAKER et al., 2015; THOMSEN
et al, 2016). SCVs, often being nutrient-rich and
dominated by anticyclones in the subsurface lay-
ers, frequently coalesce into larger mesoscale
subsurface eddies (MOLEMAKER et al, 2015).
Identified in several eastern boundary upwelling
systems (EBUS), these subsurface anticyclonic

eddies are commonly named after the undercur-
rents that generate them, such as Cuddies (Cali-
fornia Undercurrent Eddies) and Puddies (Peru-
Chile Undercurrent Eddies). Furthermore, sur-
face eddies within EBUS are known to play a
role in transporting nutrients offshore and dark
subsurface layers, leading to a reduction in pri-
mary production (GRUBER et al, 2011). They
have been found to significantly influence the
heat budget, likely providing feedback to the
tropical Pacific climate system by influencing sea
surface temperatures, thus affecting large-scale
winds over timescale consistent with ENSO
(Tontazzo, 2010; CoLas et al, 2012; TAKAHASHI
and DEWITTE, 2016). A study by CONEJERO et al.
(2020) demonstrated that the interannual varia-
bility in the kinetic energy of surface eddy is
mainly associated with strong Eastern Pacific El
Nifio events, which intensify mesoscale activity
off Peru, while Central Pacific El Ninos showed
minimal influence. Although subsurface eddies
have widely been recognized within EBUS, their
main characteristics and interannual variation,
especially under extreme events such as El Nifio
still have received much less attention compared
to their surface counterparts (CHAIGNEAU et al,
2008; CHELTON et al., 2011; ESPINOZA-MORRIBERON
et al,, 2019).

ComBEs et al. (2015) employed a ROMS model
at 1/12° resolution to study eddies and Puddies,
revealing a strong correlation between intrather-
mocline eddies (ITEs), or Puddies, and the EN-
SO equatorial signal. Their study found an in-
verse relationship between PCUC transport and
the volume of coastal waters transported by
Puddies with fewer Puddies forming during El
Nino. However, this counterintuitive mechanism
linking decreased Puddy formation with intensi-
fied PCUC transport during El Nifo still remains
elusive. In contrast, CONEJERO et al. (2020) re-
ported that the subsurface EKE at 200 m depth
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Fig. 1 Map of the Peruvian coast, showing Chicama (7.8°S - 79.7°W) and Callao (12
°S-77.3°W) observational stations location, and the 450 m isobath along the coast-

line. Background shows a snapshot of op= 26 isopycnal depth for Nov 30th, 1997.

Shading indicates deepening of the isopycnals from shallow (black) to deeper

layers (white).

increases from northern Peru to central Chile
during Eastern Pacific El Nifio events (see Fig.
S9 in CONEJERO et al. 2020), similar to ESPINOZA-
MORRIBERON et al. (2017) that found an increase
in the surface EKE off the Peruvian coast during
El Nino. While heightened PCUC transport and
increased subsurface EKE during El Nifio imply
an uptick in subsurface eddy activity, the precise
nature of this subsurface eddy modulation in re-
sponse to ENSO remains uncertain. In this
study, we used high-resolution reanalysis data
and observations to investigate subsurface eddy
characteristics and behaviour.

Our objectives are to (1) elucidate the spatio-
temporal variability of subsurface eddy activities
in response to ENSO, and (2) explore the un-

derlying mechanisms driving these variations.
2. Data
2.1. Observation data

We used temperature and salinity data ob-
tained from the Peruvian Sea Institute
(IMARPE) (https://repositorio.imarpe.gob.pe),
covering the period from 2015 to 2020. Observa-
tions were conducted at two fixed stations along
the Peruvian coastline at Chicama station (7.8°S -
79.7°W) and Callao (12°S - 77.3°W), as shown in
Fig. 1. Data were recorded at 1-meter intervals
from the surface down to a depth of 100 meters.
Sampling occurred at least twice a month with a
maximum of 15 observations per month.
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2.2. Reanalysis data

We used the 1/12° resolution GLORYS12V1
reanalysis dataset from the Copernicus Marine
Environment Monitoring Service (CMEMS) (ht
tps://data.marine.copernicus.eu/products). This
product (product ID: cmems_mod_glo_phy_my_
0.083deg P1D-m) provides daily data from Janu-
ary 1993 to December 2019, including zonal ()
and meridional () velocity components, tem-
perature, and salinity at depths from the surface
to 5728 m, and sea surface height data (LELLOU-
CHE et al., 2018). The dataset is based on the Nu-
cleus for European Modelling of the Ocean
(NEMO) model version 3.1 and incorporates da-
ta assimilation from in-situ and satellite observa-
tions, making it suitable for mesoscale ocean dy-
namics studies.

In this study, our focus is on the southern Pe-
ruvian coastal region (within 10°S-18.5°S and
70°W-84°W). However, we also explore the
northern region (north of 10°S) for computing
the phase speed of the coastal trapped waves.
GLORYS12V1 data set reproduces well the ob-
servational data off Peru. We compared the tem-
perature section at Chicama and Callao (Fig. 2),
from where it can be seen almost the same pat-
terns for the isopycnals of 255 and 26 (solid and
dotted lines respectively), and intensity. For in-
stance, during the first trimester of 2016 at Chi-
cama, the isopycnal of 25.5 deepened significant-
ly in both reanalysis and observations, to later
became shallower at the end of 2016. Similarly,
during early 2017, observational temperature in-
creased, reaching values close to 28C and 21T
at Chicama and Callao, respectively, that was
well represented by reanalysis data in both sta-
tions. To statistically validate the reliability of
the reanalysis data in representing well the ob-
servation, we used the annual and seasonal Tay-
lor diagrams comparing density profiles from

Chicama and Callao stations (Fig. 2). Annual re-
analysis data shows very good agreement with
the IMARPE observations (reaiiao= 0.97 , Tehicama
= 0.99), with slightly higher variance than IM-
ARPE (normalized standard deviation = 1.25)
for both stations. Seasonal comparison showed
the highest correlation during austral winter
season at Callao station, and summer and au-
tumn at Chicama station.

Furthermore, we define the surface layer as
the layer within the upper 50 meters, while the
subsurface layer is defined as the layer within
isopycnals of 0y = 26-26.5 kg m 3, this is to cap-
ture the subsurface eddies originated from the
poleward Peru Chile Undercurrent which can be
identified off Peru within the isopycnals of 25.
5-26.5 (ROSALES-QUINTANA et al. 2021), and to
avoid influence from the surface. The locations of
the observational and reanalysis data in this
study are represented in a map in Fig. 1.

3. Methodology
3.1. Eddy kinetic energy

The eddy kinetic energy was computed sepa-
rately for the surface and subsurface layers us-
ing Eq. (1).

EKEZ%(u/H—v/Z), M

where #” and v” are fluctuating zonal and meri-
dional velocity, respectively, calculated by sub-
tracting the mean velocities throughout the re-
cord from instantaneous velocities. To accurately
map the spatial pattern of subsurface EKE that
is caused only by subsurface intensified eddies,
we compute the subsurface EKE only when that
exceeds the surface averaged EKE (hereafter as
the “subsurface-intensified EKE"). This allows us
to avoid averaging surface intensified EKE
caused by surface eddies that penetrate deep in-
to the subsurface layer. On the other hand, sur-
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Fig. 2 Temperature section comparison for reanalysis and observations at (a,b) Chicama (8°S) and (c,d)
Callao (12°S) stations from 2014 to 2019. Solid and dotted lines emphasize the isopycnals of 25.5 and 26.0 re-
spectively. Reanalysis data is shown as daily samples, and observations with a maximum of 15 samples per

month. Right column panels are the Taylor diagram for annual and seasonal comparisons between datasets.
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face EKE is averaged within the top 50 m re-
gardless of whether it is higher or lower than
the subsurface layer, that is, surface EKE could
also be affected by subsurface intensified eddies.
To capture seasonal variations, EKE was aver-
aged for austral summer (December to Febru-
ary), autumn (March to May), winter (June to
August) and spring (September to November)
over the period from 1993 to 2019. To investigate
interannual variability, the monthly mean EKE
was calculated over the same period.

3.2. Eddy identification and tracking

For eddy identification, we utilize the Okubo-
Weiss (OW) parameter, defined as Eq. (2)
which distinguishes rotating flows (OW<0)
from the deformation regime (OW>0) (OkuBo,
1970; WErss, 1991), following a method similar to
Nacar et al. (2015), previously applied for the
California EBUS.

0v 0u

ou \’
(@) * O0x Oy

where # and v are the zonal and meridional

OW =4 . (2)

velocities, and x and y are the zonal and meri-
dional coordinates. The eddy detection criteria
involved searching for closed OW contours at —
2 x 107" (s72). Cyclonic and anticyclonic ed-
dies were distinguished according to the average
vertical component of relative vorticity ¢ within
the detected eddy as in Eq. (3),
0v Ou

¢ =%z oy (3)

In the Southern Hemisphere, cyclonic eddies
have ¢<0, indicating clockwise rotation, whereas
anticyclonic eddies have &>0. Surface eddy de-
tection used OW values averaged over the top
50 m, while subsurface eddy detection used OW
values within 0y = 26-26.5 kg m >, Surface ed-
dies were identified only when the absolute OW
value averaged in the surface layer within an ed-
dy is higher than that in the subsurface layer,

while subsurface eddies are required to have
both higher absolute OW values and relative
vorticity within the subsurface density layer
than that of the surface layer. The upper limit of
the equivalent eddy radius, computed from the
area within the eddy, is 200 km to extract meso-
scale eddies. Also, to ensure that the detected
features are true eddies and not filament-like
structures, we employed a criterion for the as-
pect ratio (0.95-1.2). The eddies were then
tracked by comparing the areas of the eddy
shared between two consecutive time steps, re-
taining only those that lasted longer than 10
days. As mentioned in the Introduction, Puddies
are originated from the PCUC. However, the ed-
dy detection and tracking employed in the pres-
ent study are not perfect to search the eddy ori-
gin. In some cases, detection fails due to the
temporal evolutions of the eddies that prevent
the continuous tracking, making it difficult to
trace back the eddy origin. Furthermore, as the
reanalysis is assimilated with the observation da-
ta, that do not necessarily capture the entire his-
tory of the subsurface eddies, the search for the
origin of the subsurface eddy would be not feasi-
ble. On the other hand, our analyses for the sub-
surface layer are conducted within the density
range 0p= 26-26.5 kg m >, which does not out-
crop except very near the coast, excluding the
possibility of the subsurface eddies caused by
subduction processes. Accordingly, although our
eddy detection and tracking have these limita-
tions, we consider all the detected and tracked

subsurface anticyclones as Puddies.

For each tracked eddy, the eddy non-linearity
parameter is defined as the ratio of the swirl ve-
locity U to the eddy propagation velocity ¢, U’c,
which is obtained as averaged value based on
our eddy tracking results for each layer (the
same ¢ = 0.034 m s~ ! is found for each layer).
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Where U/c > 1 suggests that the feature is non-
linear and maintains its coherent structure dur-
ing their propagation (FLIERL, 1981) and capa-
ble of trapping matters inside and travelling
with them.

3.3. Phase speed estimation
3.3.1. Vertical mode and speed of internal Kel-
vin wave for reanalysis data
To investigate the phase speed (C,) of the in-
ternal Kelvin wave, linearized equations for
along shore momentum, vertical momentum,
density conservation, and continuity are com-
bined into one equation for the vertical velocity.
2 2
%(22@>+<%+N2) 0w _o, (4)
where N?= —g(d,g/dz)/po is the square of

buoyancy frequency, g is the gravitational accel-
eration, with o (z) as the laterally averaged
density and o, as the constant density. Here, we
assume flat bottom and coast as a vertical wall,
no cross-shore velocity, considering the Boussi-
nesq approximation. Assuming a following wave
solution for vertical velocity w of variable separa-
tion type, w=W (z2) sin (kx—wt), where k is
along-shore wavenumer, w is the frequency, and
t is the time in Eq. (4), the vertical mode equa-
tion for the internal Kelvin wave induced verti-
cal velocity can be obtained in the Sturm-
Liouville system (Eq. (5)).
2 2 2
el +<7N - >W=0 (5)

Cp
Daily buoyancy frequency square N? along

450 m isobath as a function of depth, latitude and
time is computed only during El Nifio events.
Then, the obtained buoyancy frequency is used
to solve (Eq. (5)) for each water column nu-
merically with arbitrary % as an input parameter
and the boundary conditions for W (z) = 0 at the
surface z = 0 and the bottom z = 450 m. The ob-
tained eigenvalues, A; provide wave frequencies

square w? for each mode i. Therefore, wave
phase speeds C, for each mode 7 can be obtained
by JAi /k. The eigenfunction represents a verti-
cal structure of the vertical velocity.
3.3.2. Estimation using cross correlations for
reanalysis data

To assess the meridional propagation charac-
teristics, we estimated C, along the 450 m iso-
bath off the coast of Peru using the oy= 26 iso-
pycnal depth fluctuations from 1993 to 2019.
Specially, we focused on anomalous vertical dis-
placements of the op= 26 isopycnal during El Ni-
no conditions across latitudes between 5°S to 19
°S, spaced approximately 2° apart. Before com-
puting C,, we first isolate time periods corre-
sponding to El Nifio events, then we remove the
seasonal cycle and long-term trends by subtract-
ing the monthly climatology and detrending the
signal. A Butterworth bandpass filter (4" order,
20-120 days passband) was applied to retain in-
traseasonal variability commonly associated with
coastal trapped waves. After the preprocessing,
we then compute a normalized cross-correla-
tions between the filtered time series at a refer-
ence latitude (14°S) and all other selected lati-
tudes. For each latitude pair, the lag correspond-
ing to the maximum cross-correlation was identi-
fied and extracted. The spatial lag was comput-
ed based on the meridional distances between
latitudes (assuming a spherical earth approxi-
mation). A linear regression was then performed
between the lag in days (6¢) and the spatial dis-
tance (8x), where the slope (7 = 6¢t/6x) repre-
sents the time delay per unit distance. The C p
was then computed as the reciprocal of this
slope as, C p= 1/7 , and converted to meter per
second.
3.3.3. Estimation using the 1°° order polyno-

mial fitting for reanalysis data

Since the reanalysis can provide data along

the coast at every grid point, the speed of the
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Fig.3 Eddy kinetic energy (EKE) [m?s~ 2] spatial distribution averaged over the surface (0 to 50 m depth)
and subsurface (0y = 26-26.5 kg m~3) layers for the period 1993-2019. The subsurface EKE values were
included in the average only when they exceeded the surface EKE.

propagating signal can be estimated more direct-
ly than observation data at a few locations.
Therefore, C, was estimated by analysing along-
shore transects of the op= 26 isopycnal depth
anomalies derivate from reanalysis data during
El Nino events. For each selected event, time-
distance diagrams were constructed by plotting
0p= 26 isopycnal depth fluctuations as a function
of distance along the Peruvian coastline and
time, enabling the visualization of propagating
internal signals. The peak detection was per-
formed for the isopycnal depth. Peak points con-
nected clearly that implied propagating signal,
were manually extracted from the time-distance
diagrams. Subsequently, a first-degree polyno-
mial fit was applied to each segment of the se-
lected peaks. The slope of the fitted line provid-
ed an estimate of the C, To capture spatial
variability of C,, the obtained C, was bin-aver-
aged as a function of latitude.
3.3.4. Estimation using coherence analysis for
observational data set

For observational data in Chicama (7.8°S) and
Callao (12°S) (IMARPE), we selected the peri-
od that has continuous approximately weekly da-
ta from 2015 through 2020 in 40-85 m depth,
avoiding influences from the surface. To isolate

propagating waves signals as previously applied
to reanalysis data, we use a fourth-order Butter-
worth banpass filter to each time series, with a
filter designed to retain variabilities within the
period of 20-120 days to investigate coastal trap-
ped Kelvin waves (Camayo and Camros, 2006;
DEWITTE et al, 2012; BELMADANTI et al, 2012; PoLr
et al, 2022). The phase lag, 06 was extracted in
the frequency ranges where coherence square is
higher than 0.15, which then used to compute
time lags, 8¢ by 06/ (Z2rw). The phase speed C,
can be obtained by dzx/dt, where dz is the great-
circle distance between Chicama (7.8°S) and
Callao (12°S).

4. Results
4.1. Eddy Kinetic Energy

Surface EKE exhibits large values within 200-
300 km of the coast, with slightly elevated levels
north of 12°S and very high values south of 14°S
along the Peruvian coast, consistent with previ-
ous studies (Comges et al, 2015) (Fig. 3). In
contrast, subsurface EKE shows a distinct spa-
tial distribution, with higher values (= 0.02 m?
s~ 2) concentrated in the southern part of the

2

study area, and up to 0.025 m? s~ 2 restricted to

the nearshore coastal area, between 14°S and 18
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Fig. 4 Seasonal variability of the eddy kinetic energy (EKE) [m? s 2] averaged for the sub-
surface layer (within oy = 26-26.5 kg m™°) from 1993 to 2019. The subsurface EKE was
averaged only when the EKE values were larger than that in the surface layer.

°S. This suggests that subsurface eddies are gen-
erated primarily in the southern region, com-
pared to the surface eddies that can develop
along the entire coastline. At the subsurface,
high seasonal variability was found in the aver-
aged EKE off the south coast of Peru. High EKE
values are seen mainly during austral autumn,
winter and spring with values higher than 0.02
m? s~ 2 that are concentrated south of 14°S (be-
ing winter the highest peak), while during aus-
tral summer, EKE showed its lowest values in
the same region (Fig. 4). These changes in EKE
seem to be synchronized with the seasonal varia-
bility of the PCUC, which intensifies from au-
tumn to the beginning of winter. FLORES et al.
(2013) used the 15T isotherm depth as an indi-
cator of the PCUC and its variability off Peru.
They showed that when the PCUC intensifies,
the 15C isotherm deepens up to 250 m during
the austral autumn. In contrast, during the aus-
tral spring, the PCUC weakens, resulting in a

shallower 15C isotherm. Such behaviour is simi-
lar to that observed in the equatorial Pacific,
where the EUC strength is tightly linked to the
thermocline depth variability (KESSLER et al,
1995). Our eddy detection and tracking results
(in section 3.2) align well with the EKE enhance-
ment during the austral autumn and winter sea-
sons, showing an increase in the number of de-
tected subsurface eddies, particularly subsurface
anticyclones, Puddies. This implies a strong link
between the seasonal variability of the PCUC
and the formations of the subsurface eddy.

4.2. Eddies detected off Peru

To better understand how the subsurface ed-
dies modulate interannually and how they can
be linked to EKE wvariations, we analysed 27
years of reanalysis data and used eddy detection
and tracking techniques. Consistent with the
findings of CoMmBES et al. (2015), our results show
that surface intensified cyclones (56%) are more
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Fig. 5 Abundance of surface and subsurface detected and tracked eddies that lived longer than 10 days for

(a) surface cyclones, (b) surface anticyclones, (c) subsurface cyclones and (d) subsurface anticyclones. For

counting eddies, we consider the eddy that lasted longer than 10 days from the time it is born and followed

it until it dies. We represent the cumulative count of daily eddy appearance for 27 years, within a grid cell
of 0.25° X 0.25°. The eddies found offshore are most likely originated from the nearshore within the PCUC.

abundant than anticyclones (44%) in the sur-
face layer. In contrast, subsurface anticyclones
dominate the subsurface layer, accounting for
54% of all eddies (Fig. 5). The differences in the
spatial distributions detected eddies between
those in the surface layers (Fig. 5 a-b) and the
subsurface layers (Fig. 5 c-d) are evident. In the
surface layer, cyclones are distributed in the
wide region from nearshore to the offshore up to
1,200 km from the coast especially in the south-
ern region (16-18°S), while anticyclones are
mostly concentrated within 100 -600 km from the
coast. In the subsurface layer, cyclones are re-
stricted to nearshore, predominantly south of 16°

S, while anticyclonic eddies exhibited localized
hotspots along the coast at 12°S - 14°S and south
of 16°S. In addition to spatial distributions, sub-
surface-intensified eddies show distinct temporal
patterns. Fig. 6 shows monthly statistics, reveal-
ing that subsurface anticyclonic eddies, Puddies,
are more prevalent in austral autumn (April to
May) with its highest peak in April (with
around 150 Puddies), followed by a second peak
during austral winter (July, with 135 Puddies,
Fig. 6a). Subsurface cyclones follow a similar
trend with peak occurrences in May and June.
Both anticyclonic and cyclonic eddies shown a
marked decline in activity during the austral
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spring, reaching their lowest abundance in Octo-
ber and November, respectively. Although the
subsurface EKE shows its highest peak during
winter season (Fig. 4), these subsurface eddy

activities, intensified in autumn is consistent

with the enhanced EKE in autumn, suggesting
that subsurface eddy activities are highly consis-
tent with the seasonal variability of PCUC (VEg-
GARA et al, 2016). Moreover, the numbers of sub-
surface cyclones and anticyclones increase
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Table 1.

Non-linearity parameter defined as the ratio of the swirl ve-

locity U to the theoretical propagation velocity (¢ = 0.034 m

s of the eddy. Where U/c>1 suggests nonlinearity, main-

taining its coherent structure during their propagation.

Eddy type U/c Abundance %
Surface Cyclones 34 56
Surface Anticyclones 36 44
Subsurface Cyclones 31 46
Subsurface Anticyclones 33 54

during November and December, respectively.
In contrast, surface-intensified eddies showed
their highest abundance mostly during austral
autumn to spring (April-October).

Another notable contrast between subsurface
cyclones and anticyclones is that the latter tends
to have longer lifespans (Fig. 6b); some subsur-
face anticyclonic eddies persist for up to 245
days, while cyclones have a maximum duration
of 110 days. Most subsurface eddies have radii
between 25 and 30 km (Fig. 6d) with anticy-
clones tending to be larger than cyclones; 66% of
anticyclones have radii below 35 km, while it is
as high as 83% for cyclones (Fig. 6e). Moreover,
we found that both surface and subsurface ed-
dies exhibited high non-linearity (Fig. 6¢c), al-
lowing them to trap and transport matter. Our
results showed that surface-intensified cyclones
(U/c = 3.4) and anticyclones (U/c = 3.6) have
on average higher non-linearity than subsurface
eddies, which showed U/c = 3.1 for cyclones and
U/c = 3.3 for anticyclones. The mean non-
linearity for subsurface eddies (U/c = 3.2) is
found to be statistically different with a 5% sig-
nificance level from that for the surface one (U/c
= 3.5), indicating that subsurface eddies are
slightly leakier than surface eddies (See Table
1.

4.3. o0y~ 26 isopycnal depth variability

To examine how differently El Nifio events in-
fluence the subsurface eddy abundance off Peru,
we utilize the op= 26 isopycnal depth variability
as a proxy for changes in the upper limit of the
PCUC. The o0p= 26 isopycnal depth tends to
deepen during warm events, with greater south-
ward penetration along the coast. ENSO events
are commonly defined by the averaged sea sur-
face temperature anomaly (SST) along the
Equatorial Pacific at the Ninos areas such as Ni-
fio 3.4 (5° N-5°S, 170°W-120°W) and Nifio 1 + 2
(0°-10°S, 90°W-80°W). The latter region is partic-
ularly relevant for the South American coast.
The two bottom panels of Fig. 7 show the SST
anomaly for Nifo3.4 and Nifio 1 + 2 from 1993 to
2019, highlighting the El Nino events defined by
the threshold of = 0.5, following the definition of
Oceanic El Nifio index (ONI) and Coastal El Ni-
fio index (ICEN). A recent work by BER-
TRAND et al. (2020) has further categorized
ENSO phases beyond the canonical El Nino 3.4
definition, considering the intensity of rainfall/
dry conditions, and zonal location of the warm
pool, which has been used in this study to define
El Nifo type.

During extreme (Ex) El Nifio events, such as
those of 1997-1998 and 2015-2016, SST anoma-
lies in Nifio 1 + 2 rose to about + 4C, while Nifio
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3.4 anomalies reached = + 2.5 C, corresponding
to a markedly increased number of subsurface
anticyclonic eddies (Puddies), as described later
in section 4.5. The isopycnal depth also deepened
significantly across latitudes, reaching up to 25
m of its amplitude during 1997-1998 (Fig. 7). Al-
though both events are classified as extreme,

they differed somewhat. The 1997-1998 event
produced a uniform deepening of the op= 26 iso-
pycnal from 5°S to 19°S, while the 2015-2016
event caused a more prolonged and pronounced
deepening primarily in the northern latitudes (5
°S to 12°S). This distinction may be partly attrib-
uted to the anomalously warm conditions pre-
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ceding the 2015-2016 event (the Central Pacific
El Nifio 2014-2015) and to long-term back-
ground warming (SANTOSO et al, 2017).

During two eastern Pacific (EP) El Nifios (e.g.
2002-2003, 2006-2007), moderate isopycnal deep-
ening compared to extreme events are seen,
with Nifio 3.4 and Nifo 1 + 2 anomalies generally
ranging between + 0.5C and + 2C. Comparing
these events, the op= 26 isopycnal depth showed
more pronounced deepening during 2002-2003,
with a meridional extension up to 14°S (> 10 m
of isopycnal deepening), while the 2006-2007
event showed a more localized deepening con-
centrated in the northernmost region (reaching
only up to 10°S). Central Pacific El Nifios (CP),
such as 2004-2005, 2009-2010 and 2014-2015, pri-
marily affect the central equatorial Pacific and
inducing weaker and more localized changes in
isopycnal depth along the Peruvian coast. Previ-
ous studies pointed out that CP events are less
related to the thermocline variations and that
their variability might be more influenced by at-
mospheric forcing (Kao and Yu, 2009; SANTOSO
et al, 2017). On the other hand, Ex and EP
events are associated with basin-wide thermo-
cline and wind variations. The op= 26 isopycnal
in Fig 7 showed a very weak deepening during
CP 2004-2005 and 2014-2015 with values be-
tween 5-13 m, that is different from CP 2009-
2010 with deeper variability (up to 20 m of iso-
pycnal deepening) limited to the northernmost
region. Coastal El Nifio (Co) events, exemplified
by the 2017 event, caused a very short in time
and highly localized isopycnal deepening of ~15
m near the northern Peruvian coast (5°S to 8°S).
These events, unique to the Peruvian upwelling
system, are driven by regional atmospheric and
oceanic processes rather than basin-wide condi-
tions, with impacts confined to the nearshore re-
gions (Ramirez and Briones, 2017). We also de-

fined moderately warm (W) periods (ie., 2008-
2009 2012-2013, early 2014) marked by positive
SST anomalies in Nifio 1 + 2 (Fig. 7), although
they never fully developed into classical El Nifo
conditions (Su et al, 2014), nor classified as El
Nifio events, these warm periods still appear to
influence the isopycnal depth and likely contrib-
ute to increased subsurface eddy formation.
Strong La Nifia (Sx) events (1999-2000, 2007-
2008, 2010-2011) lead to significant shoaling of
the isopycnal (Fig. 7) and are associated with
enhanced upwelling, cooler subsurface waters,
and increased productivity along the coast. Dur-
ing these extremely cold periods, we observed a
corresponding negative trend in subsurface ed-
dy formation as described in section 4.5.

4.4. Interannual variability of EKE

We previously demonstrated that changes in
the depth of the op= 26 isopycnal are synchron-
ized with the onset of warm events. We now ex-
plore whether this relationship also appears in
the eddy kinetic energy (EKE). The average
EKE within the first 100 km from the coast (Fig.
8) showed pronounced meridional variability,
with elevated values observed primarily in two
latitudinal bands: from 5°S to 11°S, and from 14°S
to 18°S, in both the surface and subsurface lay-
ers. Over time, changes in EKE correspond well
to the deepening of the op= 26 isopycnal. At the
surface, EKE notably intensifies during the two
extreme El Nifio events (Ex) 1997-1998 and
2015-2016. In Ex 1997-1998, enhanced EKE was
widespread throughout the entire meridional
range, while in Ex 2015-2016 the increases were
pronounced over time but concentrated in the
region north of 11°S. On the other hand, EP
events showed moderate EKE confined to the
northernmost region (2006-2007) or spread sep-
arately within the northernmost and southern-
most regions (2002-2003). But for the subsur-



Modulation of subsurface eddies off Peru 109

ool U i
VCPEXx Co
15 16 17 18 19

0 0.01 0.02

0.03 0.04 0.05

[m? s

EE subsurface

]
gd

i 0k

by

—

N

19 b Al i ) 1 -
93 94 95 96 97 98 99 00 O1 02 03 04 05 06 O7 08 09 10 11 12 13 14 15 16 17 18 19

0 0.01 0.02

0.03 0.04 0.05

m?s?)

Fig. 8 Spatial-temporal variability of the monthly averaged eddy kinetic energy (EKE) [ m?s~2 ], for the
surface (upper 50 m depth) and subsurface (within o,= 26-26.5 isopycnal) layers within the first 100 km
from the coast. EKE varies along latitudes from 5°S to 19°S, and years from 1993 to 2019. Shaded areas in-
dicate ENSO phases as follow; Extreme El Nifio (Ex), Eastern Pacific El Nifo (EP), Central Pacific El
Nifio (CP), Coastal El Nifio (Co), Strong La Nifia (Sx), and moderately warm periods (W).

face layer, EP events exhibit much less EKE of
0.03 - 0.04 m? s~ 2 than that in the surface layer.
Even if the EKE increases, it is rather patchy
and limited to the southernmost region, south of
14°S. EKE during Central Pacific El Nifios (CP)
were mainly enhanced in the surface layer and
restricted to the northernmost region, while CP

events did not show a clear enhanced EKE in
the subsurface layer. We define moderately
warm periods (W) in which temperature rang-
es * 0.5C, such as 2008-2009, 2012 and 2014,
that were also characterized by elevated EKE
restricted mostly to the northernmost region at
the surface layer, and to the southernmost re-
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gion at the subsurface layer (south of 14°S),
expect for 2014 that showed continuous enhance-
ment in EKE along the entire region from 5°S to
19°S. The 2017 Coastal El Nifo (Co), showed
similarly enhanced EKE in the surface and sub-
surface layers, which was, however, not as
strong as the other warm events (ie. Ex, EP and
W events) and limited to the region between 5°S
to 8°S for both layers. On the other hand, strong
La Nifla (Sx) events were marked by very low
subsurface EKE, deviating from the patterns ob-
served in the surface layer where EKE did not
completely vanish. The EKE variations during
strong La Nifla (Sx) events are consistent with a
negative trend in the number of subsurface ed-
dies detected during the same events (as descri-
bed in section 4.5).

These results imply that the formation of sub-
surface eddies is more vigorous during most
types of the El Nifo, and they are highly weak-
ened during La Nina events, suggesting that
ENSO-related variability is likely to exert a
strong influence on subsurface eddy activities off
Peru.

4.5. Interannual variability of the eddies de-
tected off Peru

We have shown that the op = 26 isopycnal
depth and subsurface EKE increased during
warm events. Here, we examine whether this
was reflected in the number of eddies detected
in the subsurface layer and compare that to the
surface counterpart (Fig 9). The surface and
subsurface eddies detected and tracked off Peru
exhibited substantial interannual variations that
would be influenced by ENSO events. During Ex
1997-1998 and 2015-2016, numbers of tracked
subsurface anticyclonic eddies, Puddies, showed
marked increases with up to 6 eddies generated
per month (Fig. 9b), while, for the latter Ex

event, the number of subsurface cyclones were
also increased as much as subsurface anticy-
clones. In the surface layer, the number of anti-
cyclones were always lower than cyclones (Fig
9a). During EP 2002-2003 and 2006-2007 events,
the number of subsurface eddies especially sub-
surface anticyclones showed a decreasing ten-
dency, leading to more abundant subsurface cy-
clonic eddies than subsurface anticyclonic ed-
dies. Differently, during CP events, the number
of subsurface anticyclones was always higher
than cyclones, except for CP 2009-2010 where
the number of subsurface anticyclones showed a
peak but with decreasing tendency. On the other
hand, in the surface layer, cyclones surpassed
anticyclones during all CP events. During Co
2017 event, subsurface eddies, both cyclones and
anticyclones showed peaks of up to 7 eddies for a
month, that are different from the surface ed-
dies. Moderate warm periods (W) persistently
showed elevated number of subsurface eddies,
with the highest peak in 2008-2009 event in both
layers. In the surface layer, W events exhibited
higher number of eddies during 2008-2009 and
2014-2015 (Fig. 9a). During strong La Nifia (Sx)
events (1999-2000, 2007-2008, 2010-2011), the
number of subsurface eddies exhibited a de-
creasing tendency compared to the previous
year especially for subsurface anticyclones.
Within Sx events, the tendency shows decreas-
ing number of subsurface anticyclones followed
by an increase near the end of the events with
the highest increase happened during 2007-2008.

A scatter plot between averaged isopycnal
depth at op= 26 from 10-19°S and numbers of
subsurface eddies suggests that the abundance
of subsurface eddies (both cyclones and anticy-
clones) showed weak statistically significant pos-
itive correlations with the isopycnal depth (r =
0.17, r = 0.26, respectively, p-value < 0.05, in Fig
10), while the correlations are statistically not-
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significant for surface eddies. This indicates that
when the isopycnal deepens, it appears to have
influence on the formation of subsurface eddies.

In the surface layer, cyclones dominate almost
constantly over anticyclones (Fig. 9a). However,
the trend of number of cyclone and anticyclones
does not always synchronize. During the EP of
2002-2003, cyclones exhibited a small peak, while
anticyclones decreased, demonstrating an oppo-
site trend. After these events, surface-layer cy-

clones and anticyclones generally showed similar
tendencies over the years. Furthermore, in both
the surface and subsurface layer, we identified a
positive trend between 1993 and 2019 in the
number of eddies detected, which could be due
to global warming, as Congjero et al. (2020)
suggested by using EKE in the surface layer.
However, since this topic is beyond the scope of
this study, we will leave it for future investiga-
tion.
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4.6. Coastal trapped wave propagation
Isopycnal depth along the Peruvian coast
clearly responded to ENSO variability and other
warm events. To further address these patterns,
we investigate the possibilities of the poleward
propagating coastal trapped waves by estimat-
ing the speed of the propagation, C, in the study
region using several methods. The C, of the first
baroclinic mode was estimated by solving the
vertical mode equation (5) during El Niflos
events along the 450-m isobath (5°S-19°S) in Fig.
11. The results show distinct latitudinal variabili-
ty in Cp, with notably slower propagation in the
southernmost region, south of 16°S. During most
of the El Nino events, C, usually shows poleward

phase speeds larger than 0.8 ms™, with a maxi-
mum C, during Ex 1997-1998 event (1.7 ms™
Fig. 11a). On average, C, ranged between 0.6 to
1 ms' (0.95 ms™ overall, Fig. 11b) along the
coast, with a general decreasing trend towards
higher latitudes. The eigenfunction solution as a
function of latitude and oy (Fig. 1lc) showed
maximum amplitude near oy = 26 kgm™, sug-
gesting that our choice of the isopycnal to detect
the propagation was reasonable although the
maximum amplitude shifts denser layer south-
ward. The strong latitudinal dependence sug-
gests significant regional differences in baroclin-
ic wave dynamics during El Nino years. We
compared these results with the estimates of C,
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(a) Phase speed (C,) calculated from the first baroclinic mode between 1993 to 2019 and the (b)

averaged C, [ms™] across latitudes. (¢) Eigenfunction of the first baroclinic mode for vertical velocity as

function of density.

using the cross-correlation analysis and the 1%
order polynomial least square fitting to the
peaks in isopycnal deepening only during El Ni-
no events. The obtained C, are consistent values
to the modal analysis also with the same decreas-
ing trend for higher latitudes. Overall C, calcu-
lated from cross-correlations resulted in 1.2 ms ™,
while C, ranged between 0.5 ms™ to 0.83 ms™!
(from south to north off Peru, Fig. 12 b) when
using the 1% order polynomial least square fit-

ting.

For observational data, coherence analysis of
the band-passed anomalies of the 40-85 m-
averaged oy at Chicama (7.8°S) and Callao (12°S)
during 2015 through 2020 in which relatively
continuous data are available, revealed two dis-
tinct peaks in coherence square accompanied by
positive phase lag (Fig. 13). The highest coher-
ence peak corresponds to the fluctuation period



114 La mer 63, 2025

2500 [

2000 |44

Distance [ km ]
@
]

-
(=3
o
=]

500

(B

S Gt g P R oF o o e e

200 '
150
100 10

812
50 ,43

To14
0

-16

50 -18

P P2 A

Cp [ms™]

Fig. 12 Phase speed (C,) calculated from alongshore transects for reanalysis data. (a) Point-by-point ex-
tracted data within the op= 26 isopycnal depth anomalies, for the Ex 1997-1998 event. (b) Averaged C,
[ms™'] for all El Nifio events (1997-1998, 2002-2003, 2008-2009, 2012-2013, 2014, 2015-2016, 2017, where

Nifio 1 + 2 >+ 0.5 anomaly)

of 50-56 days and the second highest peak to
30-32 days. The time lags for these two peaks
were estimated as 1-5 days and 11-12 days re-
spectively, that correspond to mean phase
speeds at 1.85 and 0.53 ms™, respectively. Aver-
aging phase speeds for those exceeds a coher-
ence squire value 0.15, the mean phase speed is
obtained as 0.87 ms !, which is consistent with
the phase speeds estimated with many different
methods for reanalysis data.

5. Discussions

Using a 27-year high-resolution reanalysis da-
taset, we detected and tracked eddies, including
Puddies, in the Peru-Chile eastern boundary up-
welling system. Previous studies have empha-
sized the dominant subsurface anticyclonic ed-
dies over cyclones in the subsurface layer. The
aim of this study is to document the main char-
acteristics of surface and subsurface eddies, ana-
lyse their spatial temporal variability, and identi-
fy a possible link to the ENSO variability.

Eddy detection and tracking analysis revealed

that subsurface-intensified anticyclonic eddies
(54%) are more prevalent than cyclones, and
that the former increase during warmer condi-
tions and extreme warming events such as El
Nino. We found a higher number of subsurface-
intensified anticyclonic eddies (Puddies) com-
pared to subsurface-intensified cyclones during
extreme El Nifio events in 1997-1998 and 2015-
2016, as well as in other moderately warm years
(2008, 2012 and 2014).

In contrast to the findings of CoMBES et al.
(2015), who reported an inverse relationship be-
tween the volume of subsurface eddies and the
250-day-lagged Nifio 3. 4 index for the entire
Peru-Chile EBUS, our results suggest that sub-
surface anticyclonic eddies -Puddies- increase
during El Nino and warm events. This discrep-
ancy may reflect regional differences within the
EBUS. Our conclusion is supported by the in-
crease in EKE in the subsurface layer within the
first 100 km from the coast during warm events.
Similarly, CoNgJERO et al. (2020) reported en-
hanced surface EKE off Peru during El Nifo
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events. They also pointed out that EKE off Peru
and Chile respond differently to El Nino, with
EKE increasing off Peru and decreasing off
Chile. This underscores the need to consider

these regions separately when investigating
ENSO-related variability. HORMAZABAL et al
(2004), using in-situ mooring data off the Chilean
coast (30°S), found an inverse relationship be-
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tween EKE and the Nino 3.4 index during 1997-
1998, whereas CHAIGNEAU et al. (2008) reported
enhanced EKE off Peru during the same period,
consistent with CoNEJERO et al. (2020) and our
results.

However, it should be noted that the increase
in the number of tracked subsurface anticyclonic
eddies is not proportional to the amplitude of
warm events, although the warm events tend to
be associated with relatively large numbers of
subsurface anticyclonic eddies. For example, the
most extreme warming during 1997-1998 did
not yield the greatest number of subsurface anti-
cyclonic eddies. This reflects on the positive but
low correlation found between the number of
subsurface eddies and the isopycnal depth. In-
stead, we found strong correspondences be-
tween the Nifo index, EKE, and isopycnal depth
variations. One possible explanation is that, in
addition to the ENSO variability, local wind curl
modulates the PCUC and the formation of Pud-
dies. Another factor could be a limitation in the
eddy detection and tracking, which may not per-
fectly capture all the eddies. Additionally, the de-
cay of the coastal trapped Kelvin wave may dif-
fer from one event to another, which may vary
the eddy dynamics in complex ways (DEWITTE
et al, 2012; HormAzZABAL et al, 2004; CZESCHEL et
al., 2018).

Previous studies (Camayo and Campos, 2006;
BELMADANI et al., 2012) have shown that coastal
trapped Kelvin waves in northern Peru propa-
gate with periods of 80-120 days and that their
periods can change as they interact with topo-
graphic features while traveling poleward. Some
waves radiate Rossby waves, while others inter-
act with the mesoscale eddies. Here, applying
the coherence analysis for observation data from
2015 to 2020, we found that the subsurface densi-
ty fluctuations with periods of 50-56 and 30-32
days translate poleward from Chicama through

Callao with a speed C, at 1.85 and 0.53 ms ™, re-
spectively. Averaging speeds for the data with
coherence square higher than 0.15 and positive
phases, the average phase speed is found to be
087 ms . We also estimated C, of the coastal
trapped waves for the reanalysis data with a lon-
ger period (1993-2019) and higher spatial reso-
lution. Using the cross-correlation analysis for
isopycnal depth at oy = 26 kgm™ along 450 m
isobath off Peru, the mean C, is found to be 1.2
ms !, while C, ranged from 0.5 ms™ to 0.83 ms '
with a poleward decreasing trend. These pole-
ward phase speeds are in good agreement with
the theoretical speeds for the first baroclinic
mode internal Kelvin wave during El Nifo
events obtained by solving the vertical mode
equation along 450 m isobath for their magni-
tude and a poleward decreasing trend (CAMAYO
and Campos, 2006; BELMADANI et al, 2012; ECHE-
VIN et al, 2014).

Our analyses performed separately for surface
and subsurface eddies, revealed distinct differen-
ces in their spatiotemporal distribution and asso-
ciated characteristics. Surface eddies were found
to be predominantly cyclonic (56%), with anti-
cyclonic eddies accounting for the remaining
44%. Both types exhibited pronounced seasonal
variability, with their highest occurrence from
middle austral autumn, winter and early spring,
and a marked decline later in the biggening of
austral summer. On the other hand, subsurface
anticyclones (54%) were found to dominate over
cyclones (46%), with a marked seasonal pattern,
peaking in abundance during the austral autumn
(April) followed by austral winter season, and
reaching their lowest numbers in the spring.
The observed seasonality in surface eddy abun-
dance is likely driven by intensified upwelling
associated with seasonally varying winds pat-
terns, while subsurface eddies appear to form
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primarily due to flow instabilities within the
PCUC as it moves along the continental slope
(THOMSEN et al, 2016; CONTRERAS et al., 2019).
Previous studies have demonstrated that sur-
face eddies can be highly nonlinear, thus trap-
ping and transporting water and its constituents.
Our results indicate that surface cyclones tend
to be more non-linear than anticyclones, consis-
tent with earlier findings (e.g. CHELTON et al.
2007; NAaGAI et al. 2015; CzescHEL et al. 2018).
eddies
strong non-linearity, suggesting that they can

Subsurface also exhibit moderately
transport matter, albeit with somewhat leakier
than surface eddies. On the other hand, subsur-
face anticyclones tend to live longer than their
cyclonic counterparts or those at the surface.
Given their longer lifetimes, subsurface anticy-
clones may exert a stronger influence on deeper
layers. Most subsurface eddies have radii be-
tween 25 to 30 km, while about 66% of anticy-
clones have radii smaller than 35 km. Cyclones
tend to be smaller, with 83% having radii less
than 35 km.

Although our study marks a significant ad-
vance in understanding the characteristics of
surface and subsurface eddies in the Peruvian
EBUS region, we also acknowledge some limita-
tions. We focused on data from the last 27 years
and did not include earlier extreme events (e.g.
Ex 1972-1973, Ex 1982-1983, EP 1986-1987, EP
1991-1992 events) that would have bolstered our
conclusions. The eddy detection and tracking
methods we used are not perfect to track the ed-
dies from their generation to dissipation. The de-
tection criterion based on the layer average pa-
rameters such as OW could become unsatisfied
to determine it as an eddy, leading to interrup-
tion of the tracking. This would have introduced
cases where Puddies formed away from the
PCUC. In addition, the reanalysis data assimilate

the observation data that most likely do not cov-
er entire lifetime of each eddy. Thus, although
reanalysis data are very useful to investigate the
interannual variations of eddy field on average, it
can be difficult to trace back the origin of each
eddy by using the eddy detection and tracking
techniques for the reanalysis data. The high-
resolution numerical simulations covering equa-
torial and Eastern Pacific regions forced with re-
alistic surface forcing are, therefore, ideal to
achieve more accurate analyses especially on
subsurface eddies and their interannual modula-
tions.

Furthermore, we did not address the biologi-
cal responses to mesoscale variability under EN-
SO and non-ENSO conditions. Future research
should integrate longer datasets and high-resolu-
tion modelling for both physics and biogeochem-
istry to account for seasonal and interannual
modulations of the PCUC. Such comprehensive
approaches would provide a more holistic under-
standing of this complex upwelling system,
which is strongly influenced by ENSO dynamics.

6. Conclusions

In this study, we investigated the spatial-
temporal variability of surface and subsurface
eddies in the Peruvian eastern boundary upwell-
ing system (EBUS) by employing high-resolu-
tion reanalysis and observational data. The rean-
alysis data successfully reproduced the interan-
nual variability observed in the region.

Although previous research has primarily fo-
cused on surface-intensified eddies, this work of-
fers new insights into the less explored subsur-
face-intensified eddies. We characterized their
fundamental properties, explored their temporal
and spatial variability, and assessed their re-
sponse to extreme climate events such as El Ni-
no and La Nina. We summarize the results of the
analyses as follows.
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1. Prevalence and characteristics of subsurface
eddies: subsurface anticyclones (Puddies)
dominate the subsurface layer, accounting for
~ 54% of all detected subsurface eddies.
They show a pronounced seasonal cycle, with
peak occurrences during austral autumn and
early winter, corresponding to seasonal varia-
bility in eddy kinetic energy (EKE) and
modulation of the Peru-Chile undercurrent
(PCUC). Puddies are primarily concentrated
in the central to southern regions of the
study area. They tend to be highly nonlinear,
exhibit larger radii (25-30 km) and possess
longer lifetimes (up to 245 days) compared to
their cyclonic counterparts.

2. Response to climatic extremes: Between 1993
and 2019, subsurface anticyclones (Puddies)
exhibited significant variability in response to
climate extremes. Their abundance was
closely tied to periods of elevated EKE, par-
ticularly during El Nifio events and moder-
ately warm years. Conversely, their occur-
rence declined markedly during La Nina
events, notably in 2007 and 2010.

3. Contrasting mechanisms for surface and sub-
surface eddies: Surface-intensified eddies are
predominantly influenced by winds and sur-
face currents, whereas subsurface eddies are
more sensitive to changes in the PCUC and
the thermocline structure, especially under
ENSO conditions. During El Nifio events, the
arrival of the equatorial warm pool induces
thermocline deepening and enhances the
PCUC along the Peruvian slope. This deepen-
ing is associated with coastal trapped waves,
which are generated following the arrival of
equatorial Kelvin wave at the eastern boun-
dary. Phase speeds derived from the vertical
mode equation for the first baroclinic mode
Kelvin wave along the 450-m isobath showed
a range 0.8-1.7 ms ! with a decreasing trend

toward higher latitudes, consistent with the
estimated phase speeds for the reanalysis da-
ta using the cross-correlations, C, = 1.2 m
s~ ! and 1°* order polynomial fitting, C, rang-
ing between 0.5 m s~ ! to 0.83 m s~ ! during
El Nifio events. Furthermore, phase speed es-
timated from coherence analysis for the ob-
servational data indicated mean C, = 0.87
ms ™! between Chicama (7.8°S) and Callao (12
°S), which is also in good agreement with
that for the reanalysis data and the solution
of the vertical mode equation.

These findings agree with prior studies and
highlight a significant event-dependent varia-
tions between different El Nino types. Coastal
trapped waves enhance subsurface eddy activity
by modulating stratification and current
strength, which might suggest that coastal trap-
ped wave can act as critical intermediaries, link-
ing large scale equatorial variability with local
subsurface eddy dynamics in the Peruvian
EBUS.
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