
413
Marine and Fishery Sciences 37 (3): 413-434 (2024) 
https://doi.org/10.47193/mafis.37X2024010106

ABSTRACT. The low-level circulation of the atmosphere over Isla del Coco has been studied 
and the presence of a northerly wind at low levels of the atmosphere in the eastern tropical Pacific, 
in addition to the deep Hadley circulation cell, has been confirmed. Using data from pilot balloons 
(May 1997 through January 1999, October 2007 through April 2008), the northern flow is between 
1 and 5 km high, depending on the time of year, with a maximum speed located between 2 and 3 km 
above the surface. The generating mechanism of the surface return flow in the Hadley circulation 
cell has been formulated as a sea breeze, Ekman pumping of the boundary layer, and it could even 
be a response to the Rossby wave generated by warming in the Chocó region. These results agree 
with those obtained from the ERA5 reanalysis (January 1979 through December 2020), which show 
that the southern return cell varies in position and height during the course of the year, with a poorly 
organized circulation in March and strengthening from July to February. The incorporation of data 
of low, medium and high cloud cover from Year of the Tropical Convection (boreal summer 2009) 
evidenced the presence of high-level clouds in the ITCZ region and low-level clouds to the south of 
the ITCZ, latitudes where the south surface circulation cell is located.

Key words: Low-level atmosphere, Hadley circulation cell, Ekman pumping, ERA5, Central America, 
pilot balloons, Chocó region.

Un análisis observacional de la circulación meridional somera del Pacífico tropical oriental 
utilizando datos YOTC y globos piloto de la Isla del Coco, Costa Rica

RESUMEN. Se ha estudiado la circulación de la atmósfera en niveles bajos sobre la Isla del 
Coco y se ha confirmado la presencia de un viento del norte en los niveles bajos de la atmósfera 
en el Pacífico Oriental Tropical, además de la celda de circulación profunda de Hadley. Utilizando 
datos de globos piloto (mayo 1997 a enero 1999, octubre 2007 a abril 2008), el flujo del norte está 
entre 1 y 5 km de altura, dependiendo de la época del año, con una velocidad máxima situada entre 
2 y 3 km sobre la superficie. El mecanismo generador del flujo de retorno superficial en la celda de 
circulación de Hadley ha sido formulado como una brisa marina, bombeo de Ekman de la capa límite, 
e incluso podría ser una respuesta a la onda de Rossby generada por el calentamiento en la región del 
Chocó. Estos resultados concuerdan con los obtenidos del reanálisis ERA5 (enero 1979 a diciembre 
2020), que muestran que la celda de retorno sur varía en posición y altura a lo largo del año, con una 
circulación mal organizada en marzo y fortaleciéndose de julio a febrero. La incorporación de datos 
de nubosidad baja, media y alta del Año de la Convección Tropical (verano boreal 2009) evidenció 
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INTRODUCTION

The winter and summer hemisphere Hadley 
cells are relevant circulations of the tropical at-
mosphere. They consist of ascending motion close 
to the equator, divergent flow at upper tropospheric 
levels, convergent flow toward the Intertropical 
Convergence Zone (ITCZ) near the surface, and 
descending motion in the subtropics, as in the 
North Atlantic and Pacific subtropical highs (Ama-
dor et al. 2006, 2016a). In addition to this deep 
circulation, there is a secondary circulation em-
bedded on the deep Hadley circulation, known as 
Shallow Meridional Circulation or SMC (González 
and Mora-Rojas 2014).

This SMC is observed as a southerly flow at 
the lowest levels, with a shallow northerly return 
flow (SRF) between 1 and 5 km, in contrast to 
the well-known northerly flow of the deep Hadley 
circulation located within 10 and 12 km. Wang 
et al. (2005) found that the SMC in the eastern 
Pacific is strongest between 85° W and 125° W, 
with a tendency to become deeper toward the west, 
which seems to be correlated with the increase of 
the inversion height toward the west (von Ficker 
1936; Neiburger et al. 1961). Its meridional extent 
also varies in the zonal direction. For example, east 
of 105° W, the SMC is confined between 5° S and 
the northern ITCZ, which occurs at approximately 
10° N, whereas near 120° W the SMC penetrates 
to 15° S.

Shallow meridional circulations occur in other 
parts of the globe (Trenberth et al. 2000), for in-
stance Africa, Middle East, Australia, the tropical 
eastern Pacific and Atlantic. The deep well-known 
Hadley circulation displays maximum magnitude 

in July and a secondary maximum in January, 
whereas the second circulation is the lower-trop-
ospheric overturning cell centered near 800 hPa. 
Trenberth et al. (2000) described two examples 
of this circulation. The first one was the region-
al meridional cross section of the divergent flow, 
averaged between 170° W and 90° W, for July, 
illustrating the simultaneous occurrence of deep 
and shallow Hadley cells. The second one, showed 
the regional meridional cross section of the diver-
gent flow, averaged between 30° W and 10° E, for 
January, illustrating the occurrence of the shallow 
Hadley cell during a period when the deep Hadley 
cell is largely absent.

Several authors have provided observational 
insights into the role of sea surface temperature 
(SST) in boundary layer (BL) processes in the East-
ern Tropical Pacific (ETPac) in the past. Lindzen 
and Nigam (1987) proposed a mechanism of me-
ridional sea surface temperature (SST) gradients 
and resulting pressure gradients (Back and Breth-
erton 2009) to explain low-level winds in the BL 
trade cumulus, finding that SST’s and its gradients 
are positively correlated in the vertical through the 
depth of the trade cumulus layer.

Wallace et al. (1989) and Deser et al. (1993) 
studied the meridional variations of the static sta-
bility upon the area over the cold tongue at 1° S 
and a frontal zone at 2° N, to understand the for-
mation of stratiform clouds on the warm side of the 
front. When the northward-moving BL flow crosses 
northward upon the cold tongue at 1° S, high static 
stability (Chelton et al. 2001) inhibits the down-
ward turbulent mixing of northward momentum 
from aloft. The low-level wind diverges over the 
SST frontal zone at 2° N (i.e. toward warmer wa-
ters) and the BL is destabilized, increasing turbu-
lence and downward mixing of northward momen-

la presencia de nubes altas en la región de la ZCIT y nubes bajas al sur de la ZCIT, latitudes donde se encuentra la situada la celda de 
circulación superficial sur.

Palabras clave: Atmósfera de bajo nivel, celda de circulación de Hadley, bombeo de Ekman, ERA5, América Central, globos piloto, 
región del Chocó.
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tum. Satellite images and SST data used by Deser 
et al. (1993) show that when the front is strong 
(weak), there is a maximum (minimum) of cloud-
iness. A strong (weak) front is found during cold 
(warm) the El Niño/Southern Oscillation (ENSO) 
episodes. The strong low-level southerly winds 
are influenced by the ENSO and the annual cycle 
(Amador et al. 2006, 2016a), displaying strong-
er flow during cold seasons, in particular during 
cold seasons of warm years. Furthermore, there 
is feedback between strong SST gradients forcing 
shallow cloudiness, and radiative cooling caused 
by cloudiness and subsequent strengthening of 
SST gradients (Amador et al. 2006). All these fac-
tors regulate the precipitation in the ITCZ region 
north of the equator (Amador et al. 2006, 2016a; 
Durán-Quesada et al. 2020).

Another aspect of the dynamics was noted earlier 
by Tomas and Webster (1997), who pointed out 
that strong cross-equatorial flow can lead to an area 
in the meridional plane, between the equator and 
the zero absolute vorticity at the surface, where 
the absolute vorticity has the opposite sign of the 
Coriolis parameter f, which is the condition for 
inertial instability.

Using data from EPIC 2001, McGauley et al. 
(2004) found the strongest meridional wind speed 
between 0° N and 5° N; however, these winds 
do not accelerate due to the forcing of the strong 
pressure gradient found in the boundary layer. The 
meridional pressure gradient changes its direction 
above 1 km at certain latitudes, resulting in the 
reversal of the meridional wind near 1,200 m of al-
titude and 5° N, where the northerlies are strongest.

Zhang et al. (2004) and Nolan et al. (2007) at-
tributed the cause of the SMC to sea surface tem-
perature (SST) gradients, comparing the SMC to a 
large-scale circulation resembling sea-breeze, driv-
en by meridional SST gradients. The authors found 
a stronger SMC when the ITCZ does not display 
deep convection. Nolan et al. (2010) performed a 
study where the SRF is analyzed as a sea-breeze-
like response to surface gradients of pressure and 
temperature, particularly near the equator. Wang 

et al. (2005) and de Szoeke et al. (2005) used data 
from EPIC 2001 as well and found a weak return 
circulation during the boreal fall, located at 95° W 
and above the boundary layer. The authors also 
found most of the stratocumulus in a narrow area 
over the convective mixed layer, within 1° N and 
3° N, while those found south of the equator are 
near the inversion base.

The treatment of the circulation between 10° S 
and 10° N as a sea-breeze circulation (Nolan et al. 
2007) does not account for important mechanisms 
such as the variation of the Coriolis parameter with 
latitude, which causes important variations in the 
inertial stability. Vorticity in the region of the ITCZ 
produces Ekman pumping out the boundary layer 
(González and Mora-Rojas 2014). The most likely 
horizontal trajectory for this air is toward an area 
with low inertial stability, equatorward rather than 
poleward where the inertial stability β2y2 is larger 
and this one more effectively retards the flow. 

In other modeling results, the SMC could be a 
response to a Rossby wave generated at the heat 
source near El Chocó (Mesa-Sánchez and Ro-
jo-Hernández 2020), which produces two cyclones 
converging into the heat source. The northern cy-
clone has negative vorticity, whereas the southern 
one is weaker and has positive vorticity. This posi-
tive cyclone is associated with the shallow convec-
tion nearby the main position of the SMC.

On the other hand, Huaman et al. (2021) ana-
lyzed data from the OTREC 2019 field campaign, 
and found interesting results about the existence, 
weakening or strengthening of the deep and shal-
low clouds and circulations at the transit of tropical 
easterly waves. The authors found intense convec-
tive activity while the cyclonic part of the tropical 
wave is passing over the region of the ITCZ, but 
at the pass of the anticyclonic part of the tropical 
wave at the second or third day, weak and shal-
low convection develops south of the ITCZ. This 
behavior has been explained by the vertically in-
tegrated moisture flux convergence (MFC). When 
the MFC convergence term is positive, the ITCZ is 
strong and the circulation is deep. When the MFC 
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convergence term is negative, deep convection is 
absent, and positive MFC advection from south 
of the ITCZ enhances a shallow circulation and 
convection. The moist static energy (MSE) was 
also used to study the shape of the vertical mo-
tion profile in the ITCZ. The horizontal advection 
of MSE is negative during deep convection, but 
positive and southward of the ITCZ when shallow 
convection is observed. 

The meridional displacement of the ITCZ was 
studied by Kang et al. (2008) by using a GCM 
model coupled to a slab mixed layer ocean. Their 
experiment showed that by warming one hemi-
sphere and simultaneously cooling the other 
through a cross-equatorial flux, subsidence would 
be present in the tropics of the cooled hemisphere, 
enabling the formation of the observed shallow 
clouds. The asymmetry between the Hadley cells 
in both hemispheres was also explored by Hack et 
al. (1989) and Hack and Schubert (1990) using dy-
namical arguments based on the Eliassen meridion-
al circulation equation (with variable coefficients: 
static stability, baroclinicity and inertial stability), 
and by Schubert et al. (1991) based on potential 
vorticity dynamics. These dynamical arguments 
are quite different from those used by Lindzen and 
Hou (1988), since they are not based on a steady 
state assumption, but rather involve wind and mass 
fields that are evolving into states that satisfy the 
Charney-Stern necessary condition for combined 
barotropic-baroclinic instability.

Idealized analytical and numerical models of 
zonally symmetric flow have provided knowledge 
about the individual Hadley cells. For instance, 
Lindzen and Hou (1988) simulated the seasonal mi-
gration of these cells in response to the north-south 
migration of the sea surface temperature maximum. 
Their results show that, as the center of the heat-
ing moves off the equator, the latitude separating 
the winter and summer cells moves much further 
into the summer hemisphere while the summer cell 
becomes negligible. The summer cell is the one 
found in the hemisphere where the ITCZ is locat-
ed, while the winter cell is found in the opposite 

hemisphere. Using a high-resolution version of a 
numerical model, Hack et al. (1989) and González 
and Mora-Rojas (2014) found that when the heat 
source is at 2° N, the winter cell is 50% stronger 
than the symmetric cells, while the summer cell is 
half the strength of the symmetric cells. The lati-
tude where the two cells meet is no longer the area 
of maximum vertical velocity; instead, it remains 
near the latitude of the heat source, as previously 
concluded by Lindzen and Hou (1988). When the 
heat source is located at 6° N, the winter cell dom-
inates and it is more than four times as intense as 
the symmetric cells. In agreement with this, Zhang 
et al. (2008) found that all SMCs undergo marked 
seasonal cycles, with the one on the eastern Pacific 
peaking throughout the boreal fall.

The main goal of this article was to use observa-
tional and reanalysis data from different sources to 
add more observational evidence of the SRF over 
the ETPac, more specifically at Isla del Coco, lo-
cated 495 km SSW of Cabo Blanco on the Nicoya 
Peninsula, Costa Rica (Lizano 2001).

MATERIALS AND METHODS

Year of Tropical Convection (YOTC) data

This paper used analysis from the Year of Tropi-
cal Convection (YOTC) research program (Waliser 
et al. 2012) to examine the relationship of SSTs, 
clouds, and low-level circulation features over the 
ETPac during the boreal summer, where the SMC 
has been previously observed. These data have a 
horizontal resolution of 0.5° × 0.5°, 15 vertical 
levels between 1,000 and 100 hPa and a temporal 
resolution of 6 h, from May 2008 through April 
2010. We only considered analyses from the boreal 
summer of 2009, during which time the multivar-
iate ENSO index (https://psl.noaa.gov/enso/mei/) 
ranged from 0.36 to 0.96, corresponding to weak 
warm anomalies over the ETPac. The agreement 
between ECMWF and QuikSCAT surface diver-

https://psl.noaa.gov/enso/mei/
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gence and vorticity analyses over the ETPac found 
by McNoldy et al. (2004), provided confidence that 
the ECMWF-based YOTC analyses were accurate-
ly depicting conditions over this region.

Pilot balloons data

Data gathered from the pilot balloons from the 
PACS-SONET project (Douglas and Murillo 2008) 
during May 1997 through January 1999 at Isla del 
Coco, Costa Rica, provided further information on 
the existence of the shallow return flow (SRF) near 
5.5° N-87° W (Alfaro 2008). Additional data were 
obtained from pilot balloons during a multidisci-
plinary research expedition in October 2007 and 
April 2008 (Cortés Núñez et al. 2009; Maldonado 
and Alfaro 2010).

ERA5

To compare the observational data to some sta-
tistical climatology, the reanalysis data from ERA5 
(Hersbach et al. 2020) was used, which provided 
a spatial resolution of 0.25° × 0.25°, 37 vertical 
levels, with data from January 1979 to December 
2020.

RESULTS

YOTC

Low clouds were usually found between the 
surface and 2 km, while high clouds were located 
above 8 km. Low-level trade winds from the south-
ern hemisphere converged strongly with those of 
the northern hemisphere forming an ITCZ at ap-
proximately 10° N (Figure 1 A). High-level clouds 
were found near the average position of the ITCZ 
(low-level wind convergence), whereas low-level 
clouds were observed south of the ITCZ, including 
the southeastern Pacific, which corresponded to 
areas of maximum meridional low-level wind (Fig-

ure 1 B). Low-level convergence associated with 
the ITCZ in the ETPac was located between 2.5° N 
and 15° N, with maximum surface southerly winds 
between the equator and 5° N (Figure 2). These 
results were also consistent with those presented by 
Amador et al. (2006, 2016a, 2016b), Durán-Que-
sada et al. (2020), and with the QuikScat diver-
gence patterns found by McNoldy et al. (2004) for 
1999-2002 average values. The strongest values of 
low-level divergence were found between the equa-
tor and 2° N, with less well-defined convergence 
often occurring near 5° N, noting of course that the 
YOTC data sampled only a brief period during the 
transition from La Niña to El Niño. By July, the 
ITCZ was generally located between 8° N and 10° 
N, and it continued moving north until September, 
when it reached its northernmost position, often 
slightly north of 10° N (Figure 2). During summer 
months, cyclonic vorticity was present north of 8° 
N, zero relative vorticity near 7° N (white shading) 
and anticyclonic vorticity south of 7° N (Figure 3). 
Strong low-level southerly winds south of the ITCZ 
displayed magnitudes between 4 to 7 m s-1 (Figure 
4), and started decreasing in magnitude and hori-
zontal extent during October (not shown). Further-
more, Figure 4 is in agreement with the humidity 
convergence presented in Alfaro (2002). As part of 
the SMC, a shallow return flow (northerly winds) 
near the equator has been observed over the ETPac 
in the lowest 2-5 km of the atmosphere. To exam-
ine the characteristics of the SMC over this region 
in more detail, Figure 5 shows monthly averaged 
cross sections of YOTC meridional winds between 
85° W and 95° W for the months of May, July and 
September 2009, respectively. Left panels, show-
ing the full depth of the troposphere, revealed the 
traditional deep Hadley circulation with a stronger 
cross-equatorial cell and upper-level northerlies to 
the south of the ITCZ. To better reveal details of 
the lower-level SMC, the right panel of Figure 5 fo-
cus on the 1,000-600 hPa layer. As noted in earlier 
figures, low-level winds converged between 5° N 
and 10° N during these months. South of the ITCZ, 
low-level southerlies with peak speeds between 6 
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Figure 1. Fractional low and high-level cloud cover (scale on right) and surface wind (with the reference 10 m s-1 vector shown 
at the bottom) for high level (A) and low level (B).
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Figure 2. May-October 2009 divergence (10-5 s-1) and streamlines at 1,000 hPa in sequence from A) to F).
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Figure 3. May-October 2009 vorticity (10-5 s-1) and streamlines at 1,000 hPa in sequence from A) to F).
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and 7 m s-1 were observed within 20° S and 10° N. 
Atop this layer of southerly winds, a weak northerly 
(1-2 m s-1) return flow centered near 2.5° N was 
observed near the levels 800-700 hPa.

Some strengthening of the SMC between May 
and the later months was consistent with wind 
profiler observations from this region (Zhang et 
al. 2004). North of the ITCZ, low-level northerlies 
were present roughly between 10° N and 20° N, 
with no evidence of a shallow southerly return flow 
to the north. Note that the northerly maximum in 
July found near 12° N and 900 hPa could be par-
tially a reflection of the Papagayo Jet (Chelton et 
al. 2000; Amador et al. 2006, 2016b; Mora-Rojas 
2017; Durán-Quesada et al. 2020) which had a peak 
northerly component near 925 hPa.

Characteristics of the SMC, and in particular, 
the northerly return flow between 800 hPa and 
700 hPa in the 2009 YOTC analyses were largely 
consistent with the ETPac observations of this flow 
presented in Zhang et al. (2004). With such con-

sistency between model analyses and observations, 
examining additional years of model analyses and 
interannual variability patterns would be helpful 
for understanding the variability of the SMC in 
this region.

Pilot balloons

Data from pilot balloons were analyzed at dif-
ferent vertical levels, and a southern shallow return 
flow was found over Isla del Coco (Figure 6). Ver-
tical profiles of the meridional wind at mid-levels 
of the atmosphere during different months and 
years were observed (Figure 6 A). The layer where 
northerly winds can be located, varied in depth 
and maximum speed throughout the year, starting 
near 900 m (∼ 910 hPa) and extending upwards 
to mid-levels near 5,000 m (∼ 555 hPa). Peak 
speeds were found within 2,000 m (∼ 800 hPa) 
and 3,000 m (∼ 700 hPa). In more detail, it can be 
observed the spring meridional wind and the north-
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Figure 6. Meridional wind (A) and zonal wind (m s-1) (B) at 5° N, 87° W from pilot balloons.
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erly flow as negative wind from 900 m to approx-
imately 3,500 m high (Figure 6). The return flow 
was not observed in June 1997; however, the SRF 
began to develop at lower levels again during July, 
and a stronger northerly flow was confined at lower 
levels in the fall, peaking at 3,000 m with an aver-
age speed of about 3 m s-1, as well as a noticeable 
southerly flow above 3,000 m. These results were 
consistent with those presented by Maldonado and 
Alfaro (2010) and Alfaro (2008). 

Westerly winds were found at low levels, con-
sistent with the trade winds from the southern 
hemisphere curving north-eastward as they cross 
the equator, converging with trade winds from the 
northern hemisphere (Figure 6 B). At mid-levels 
over this region, a layer of easterly winds was 
found throughout most of the year, starting slightly 
below 1,000 m and extending upward to approxi-
mately 4,000 m through the spring and higher than 
6,000 m through the summer. September and Octo-
ber displayed the lowest values of easterly winds, 
and the winter months showed a deeper layer of 
easterly winds with increasing height.

ERA5

The ERA5 data analysis showed the existence 
of a SMC in the ETPac as well, more specifically 
the southern SMC on the atmosphere aloft Isla del 
Coco. Shallow meridional cells often met at higher 
latitudes as the ITCZ moved northwards with sea-
sons, this meant the SMC follows the heat source 
as this last one moved meridionally throughout the 
year (Figures 7-12), reaching its northernmost po-
sition during the boreal summer (except 2009) and 
shifting southwards during fall. The displacement 
of the shallow southern cell had a similar pattern, 
usually centered at lower latitudes during winter, 
and moving to higher latitudes as the ITCZ moved 
northwards with the seasons (except in 1997), 
reaching its maximum latitude during the boreal 
summer and moving southwards in fall as the ITCZ 
moved southwards again. Additional years should 
be incorporated to understand the variation of the 

vertical level at which the SMC was centered, as 
this one ranged within 900 hPa and 810 hPa. Dur-
ing El Niño events, the southern cell tended to be 
centered at lower latitudes when compared to La 
Niña and neutral years. Moreover, the northern and 
southern SMCs met at lower latitudes during El 
Niño and at higher latitudes during La Niña.

Streamlines of meridional and vertical wind 
showed a well-defined circulation for most of the 
available years and seasons, i.e. 1997 (months 
March, June, September, December), 1998 (from 
May through December), 1999 (except for the 
months February, March, June), 2007 (for most 
part of the year, except in January), 2008 (for most 
of the year, except in February, March) and 2009 
(June, September and November) (Figures 7-12).

DISCUSSION

Several authors have documented a SMC in the 
eastern tropical Pacific over the past 20 years, a 
low-level cell characterized by its own dynamics. 
This cell is embedded in the well-known Hadley 
circulation on each hemisphere, although they are 
not zonally nor meridionally symmetric cells and 
are not found continuously all around the globe, 
instead these cells have been observed and mod-
eled as localized cells at certain longitudes. Some 
authors have formulated the formation and main-
tenance of the SMC as a sea-breeze-type circula-
tion, without considering the latitudinal variation 
of the Coriolis parameter. Other studies simulated 
heat sources at the equator and nearby to observe 
the consequent circulation at low levels of the at-
mosphere, finding symmetric cells when the heat 
source is located at the equator. According to the 
simulations, a stronger and more organized SMC 
is observed on the winter hemisphere, with strong 
inflow at low levels and a weak-but almost perma-
nent-return flow at mid-levels of the atmosphere. 
Moreover, the latitude where the two cells meet 
remains close to the heat source. However, the lat-
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Figure 7. Streamlines, cross sections in 1997, 87° W. A) Winter. B) Summer. C) Spring. D) Fall.
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Figure 8. Streamlines, cross sections in 1998, 87° W. A) Winter. B) Summer. C) Spring. D) Fall.
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Figure 9. Streamlines, cross sections in 1999, 87° W. A) Winter. B) Summer. C) Spring. D) Fall.
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Figure 10. Streamlines, cross sections in 2007, 87° W. A) Winter. B) Summer. C) Spring. D) Fall.
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Figure 11. Streamlines, cross sections in 2008, 87° W. A) Winter. B) Summer. C) Spring. D) Fall.
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Figure 12. Streamlines, cross sections in 2009, 87° W. A) Winter. B) Summer. C) Spring. D) Fall.
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itude of maximum ascending motion behaves in a 
different manner, as it does not always match the 
latitude of the heat source.

This SMC in the eastern tropical Pacific has been 
observed in data from different sources, e.g. from 
the reanalysis ERA5 to real data, such as the one 
gathered from pilot balloons. Our results showed 
that this meridional circulation near 87° W, where 
Isla del Coco is located, with a latitudinal coverage 
ranging from 0 to 4° N and its strongest activity, 
occurs at levels within 900 hPa to 700 hPa. This 
SMC is located close to the equator during warm 
episodes of ENSO, while for cold and neutral 
events, it is located further north of the equator. 
The most intense and organized SMC was found 
during the boreal summer and fall, consistent with 
a strong austral winter and spring cell, respective-
ly. In the vertical meridional wind profile analy-
sis, a northerly return flow was observed at low 
and mid-levels of the atmosphere for most of the 
year (2009). This northerly flow was particularly 
noticeable from 900 m (∼ 910 hPa) to 5,000 m 
(∼ 555 hPa), peaking within 2,000 m (∼ 800 hPa) 
and 3,000 m (∼ 700 hPa).

The Year of Tropical Convection wind data 
from 2009 was used to construct another vertical 
profile of the meridional wind in that region, and 
a shallow return flow was found as well, located 
at low levels of the atmosphere. Southerly winds 
at surface levels contrast with the northerly return 
flow at mid-levels of the atmosphere just aloft. 
The low-level southerly winds flow from 20° S to 
10° N, converging from 5° N to 10° N during May, 
July and September and reaching peak speeds of 6 
to 7 m s-1. The northerly flow is not as strong as 
the surface flow, ranging from 1 to 2 m s-1, and it 
is usually centered at approximately 2.5° N, within 
850 hPa and 700 hPa, depending on the month. 
Another feature evidencing the SMC is the stra-
tocumulus clouds found north and south of the 
equator, suggesting that shallow convection occurs 
in that area. Philander et al. (1996) pointed it out 
that thin layers of stratus clouds develop in regions 
of subsidence where the surface winds evaporate 

water vapor from the ocean. A strong low-level 
atmospheric inversion traps this moist air forming 
stratus clouds at the base of the inversion. Most 
of the data from the reanalysis ERA5 displays a 
clear and persistent pattern of a SMC with variable 
latitudinal position, as it migrates with the seasonal 
migration of the ITCZ: northward during the boreal 
spring and summer, and southward during fall and 
winter. In the fall season, the cell is stronger than 
the one found in the summer season, and by winter 
the cell is centered at the lowest latitudes, almost 
near the equator. Another interesting result from 
the reanalysis ERA5 was that the cell is centered 
at lower latitudes during El Niño events due to 
the warmer temperatures found at lower latitudes. 
The latitude where both cells converge was found 
at lower latitudes during El Niño events as well, 
in contrast with its position during La Niña and 
neutral events.

Results from this study agree with some of the 
previously modeled mechanisms for the generation 
of a shallow meridional circulation, discussed in 
the introduction. A simulated diabatic heat source 
at the Chocó region has been tested in recent years 
(Mesa-Sánchez and Rojo-Hernández 2020) to re-
produce the large-scale circulation in Meso-Amer-
ica and the northern area of South America. A re-
sulting Rossby wave seems to be responsible for 
part of the dynamics of the low-level circulation 
south of the ITCZ, as this wave generates two vor-
tices west of the heating source, explaining the 
westerly winds converging at the heating source. 
Our data evidenced these westerly winds at low 
levels of Isla del Coco. The SMC is embedded in 
the southwestern cyclone, which is weaker than the 
northwestern one.

Easterly waves moving within the ITCZ have 
also been identified (Huaman et al. 2021) as a 
mechanism for explaining the low-level circulation, 
clouds and convection observed in this region dur-
ing the authors research experiment. The cyclonic 
part of the tropical wave enhances intense con-
vective activity at the ITCZ, and the anticyclonic 
part of the tropical wave does not allow for deep 
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convection, producing and enhancing the SMC and 
the shallow convection south of the ITCZ. 

Results from this study show a complex pattern 
of the SMC at the eastern tropical Pacific, which 
seems to be more likely associated to the super-
position of signals, from transitory disturbances 
(easterly waves) of different time scales interacting 
with the ITCZ, to the already recognized diabatic 
heating ‘pulses’ associated to the enormous latent 
heat released in the Choco region, producing ‘puls-
es’ of Ekman pumping and a Rossby wave pattern 
around the heat source. Additional studies should 
be conducted toward the understanding of the im-
plications for the weather and climate at this island.
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