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Abstract: This is Part II of a two-part review about climate and climate variability focused on the Eastern 
Tropical Pacific (ETP) and the Caribbean Sea (CS). Both parts are aimed at providing oceanographers, marine 
biologists, and other ocean scientists, a guiding base for ocean-atmosphere interaction processes affecting the 
CS, the ETP, and the waters of Isla del Coco. Isla del Coco National Park is a Costa Rican World Heritage site. 
Part I analyzed the mean fields for both basins and a larger region covering 25º S - 35º N, 20º W - 130º W. Here 
we focus on a smaller area (65º W - 95º W, 0º - 20º N), as a complement to Part 1. Incoming solar radiation and 
surface energy fluxes reveal the complex nature of the ETP and CS for convective activity and precipitation on 
seasonal and intraseasonal time scales. Both regions are relevant as sources of evaporation and the associated 
moisture transport processes. The American Monsoon System influences the climate and climate variability of 
the ETP and CS, however, the precise way systems affect regional precipitation and transport of moisture, within 
the Intra Americas Sea (IAS) are not clear. Although the Caribbean Low-Level Jet (CLLJ) is known to act as a 
conveyor belt for moisture transport, intraseasonal and seasonal modes of the CLLJ and their interactions with 
other IAS systems, have to be further investigated. Trans-isthmic jets, exert a variable seasonal wind stress force 
over the ocean surface co-generating regions of great marine productivity. Isolated convection, the seasonal 
migration of the Intertropical Convergence Zone, the hurricane season, the Mid-Summer Drought, the seasonal 
and intraseasonal behavior of low-level jets and their interactions with transients, and the southward incursion 
of cold fronts contribute to regional seasonal precipitation. Many large-scale systems, such as El Niño-Southern 
Oscillation, the Atlantic Multidecadal Oscillation and the Madden-Julian Oscillation (MJO, also influence 
the variability of precipitation by modulating regional features associated with convection and precipitation. 
Monthly tropical storm (TS) activity in the CS and ETP basins is restricted to the period May-November, with 
very few cases in December. The CS presents TS peak activity during August, as well as for the number of hur-
ricanes and major hurricanes, in contrast to the ETP that shows the same features during September. Rev. Biol. 
Trop. 64 (Suppl. 1): S23-S57. Epub 2016 Febrary 01.

Key words: Cocos Island, Isla del Coco, seasonal and intraseasonal variability modes, Madden-Julian 
Oscillation, Caribbean Low-Level Jet, Chocó Jet, trans-isthmic low-level jets, atmospheric rivers.

The Intra Americas Sea (IAS) is defined 
here as a region comprising the Gulf of Mexico 
(GM), the Caribbean Sea (CS), the Eastern-
most Tropical Pacific (ETP) and embedded 
continental areas. The dominant rain-producing 
systems of this tropical region are primarily 
convective in nature, however, their origin may 
be very broad. Convection may be the result 
of land and sea breeze processes, direct solar 

heating, wind-topography interactions, tropical 
waves, and tropical cyclones, among other pro-
cesses. The region is also affected by systems 
coming from mid and high latitudes, including 
cold fronts and “temporales”, periods of light 
to moderate rainfall lasting several days over 
a synoptic scale domain (Hastenrath, 1991; 
Amador, Chacón, & Laporte, 2003). Most of 
the above systems are present in both the CS 
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and the ETP and provide a mean of interac-
tion between these two water bodies within 
the IAS. This study is Part II of Amador et 
al. (2016). In Part I, mean atmospheric and 
oceanic features of the ETP and parts of the 
Atlantic Ocean were discussed for the area 
25º S - 35º N, 20º W - 130º W. In addition, 
major atmospheric low frequency modes of 
variability, such as the El Niño-Southern Oscil-
lation (ENSO), the Pacific Decadal Oscillation 
(PDO) and the Atlantic Multi-decadal Oscilla-
tion (AMO) were examined, pointing out their 
interactions with other atmospheric systems, 
including the way they modulate precipitation 
and wind, and their association with annual 
tropical cyclone frequencies.

The objectives and framework of this 
research are also those of Amador et al. (2016). 
This part is dedicated to review seasonal and 
intraseasonal modes of atmospheric variabil-
ity on the ETP and CS regions. Tropical 
intraseasonal variability of atmospheric and 
oceanic variables significantly impacts atmo-
spheric state in these regions. As a comple-
mentary objective, this work is also aimed 
at constructing a data base for future climate 
change studies based on the smaller domain 
(part of the ETP, including Coco’s Island 
waters, and the Caribbean basin). The inte-
gral objectives of this work and its compan-
ion are in accordance with the framework of 
the project “Consejo Nacional de Rectores 
(CONARE): Interacciones océano-atmósfera 
y la biodiversidad marina de la Isla del Coco, 
Costa Rica”, in order for oceanographers, 
marine biologists, ecologists, and other ocean 
and atmospheric scientists, to have a guiding 
base for most ocean-atmospheric interaction 
processes affecting, among others, the waters 
of the Coco’s Island. This island is a World 
Heritage site of Costa Rica, with one of the 
highest concentration hotspots of biodiversity 
and endemics per unit area of the Indo-Pacific 
(Allen, 2008).

Atmospheric systems impacting the IAS 
and affecting the ETP and CS are reviewed so 
that the atmospheric connection between the 
two oceans (Atlantic and Pacific) and parts 

of the IAS can be discussed and highlighted. 
In the next section data and procedures used 
here are provided, followed by a review of the 
seasonal oceanic and atmospheric components 
of IAS climate. Surface incoming solar radia-
tion, sensible, latent and net surface heat fluxes 
are analyzed and linked with patterns of atmo-
spheric variables. The ETP and CS wind fields 
are emphasized as major contributors to ocean 
motion and associated dynamical and chemical 
properties. Low-level jets affecting the ETP-
CS are also discussed (Caribbean Low-level 
Jet, CLLJ; Chocó Jet, CJ; and trans-isthmic 
jets, TJs) along with the seasonal distribution 
of evaporation and precipitation patterns. A 
Sidebar is appended to briefly discuss atmo-
spheric rivers (a significant atmospheric feature 
relevant to regional climate) and their potential 
connections with the CS, the ETP and mid-
latitudes. The following section in this article 
is devoted to depict intraseasonal modes (10 
to 30 day high frequency oscillations, and the 
30-90 day or so Madden-Julian Oscillation, 
MJO), and their relationship with precipi-
tation. This approach follows approximately 
the categorization used by Serra et al. (2014) 
when discussing tropical intraseasonal modes 
of the atmosphere. The last section of this work 
depicts the tropical cyclone (TC) monthly fre-
quency distribution as a function of hurricane 
intensity or status for both basins since 1965, 
when meteorological satellites started to be 
used for this purpose. Finally, in the last sec-
tion, a summary and final remarks for future 
research are presented.

1.	 Data and procedures

The region of analysis is defined here as 
65º W - 95º W, 0º - 20º N, and covers part of the 
IAS (see, Fig. 1 of Part I). Radiation, latent and 
sensible heat fluxes, net surface energy flux, 
and evaporation data used, are from the Objec-
tively Analyzed Air-sea Fluxes (OAFlux) Proj-
ect (Yu, Jin, & Weller, 2008). Surface fluxes 
used here did not show any significant differ-
ences with those of Tropflux over the analysis 
area (not shown). Besides that, Kumar, Vialard, 
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Lengaigne, Murty & McPhaden (2012) in 
an evaluation of several data sets of air-sea 
fluxes for the global tropical oceans, reported 
the OAFlux and Tropflux performed best. Sea 
surface temperature (SST) information was 
retrieved from both, the OAFlux Project, and 
the National Oceanic and Atmospheric Admin-
istration (NOAA) Optimum Interpolation (OI) 
0.25-degree daily SST analysis (Reynolds 
et al., 2007). Precipitation comes from the 
Tropical Rainfall Measuring Mission (TRMM) 
version 7 (3B42; Huffman et al., 2007). Salin-
ity at 5-meter depth from the Simple Ocean 
Data Assimilation (SODA) dataset (Carton, & 
Giese, 2008) is obtained from http://iridl.ldeo.
columbia.edu. Surface pressure data is from 
the publicly available global ERA (European 
Reanalysis)-Interim Reanalysis (Dee et al., 
2011). The Cross-Calibrated Multi-Platform 

(CCMP) Ocean Surface Vector Analysis data 
was used to analyze monthly winds. The 
revised hurricane database (HURDAT2) from 
the National Hurricane Center (NHC) provided 
the time series of tropical cyclone frequency 
and intensity for the ETP and Caribbean basins. 
All data used in this study are described in 
more detail in Table 1 of Amador et al. (2016).

2.	 Seasonal and intraseasonal oceanic 
and atmospheric variability

2.1	 Radiation and surface energy fluxes

The surface energy fluxes are defined here 
as positive if downward (ocean heat gain). The 
net surface heat flux (NS) is the sum of the 
net shortwave (SW) radiation, the latent and 
the sensible heat fluxes and the net longwave 
radiation (not shown in this study).

Fig. 1. Seasonal distribution of surface incoming short wave radiation (W m-2) for (a) December-January-February (DJF), 
(b) March-April-May (MAM), (c) June-July-August (JJA) and (d) September-October-November (SON).
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The seasonal distribution of SW radiation 
(Figs. 1a to d) clearly shows the relative migra-
tion of solar heating into both hemispheres. 
Over parts of the ETP and CS, radiation 
exceeds 200 Wm-2 year round with maxima in 
March-April-May (MAM) in both basins (Fig. 
1b). A minimum of solar radiation is found 
from 6 - 8º N over the ETP in June-July-August 
(JJA, Fig. 1c), extending to September-Octo-
ber-November (SON, Fig. 1d). This reflects, to 
some extent, the effect of the cloud tops associ-
ated with the northward migration of the Inter-
Tropical Convergence Zone (ITCZ). The ETP 
presents a maximum west of northern Central 
America during summer, while the Caribbean 
shows maximum regional values of more than 
260 Wm-2 during the same season. The CS 
maximum, as is shown in Section 2.6 below, 
is associated with a minimum in regional 
precipitation. The Western Hemisphere Warm 
Pool (WHWP, Wang & Enfield, 2001; 2003), 

a prominent region for convective activity and 
tropical storm generation, occurs over these 
two basins during JJA and SON, on average. 
Also during JJA, there is a minimum of SW 
radiation related to the low-level stratus cloud 
decks, west of South America (SA). Stratus 
decks reflect a large portion of solar radiation, 
contributing to relatively low SST (see Fig. 3b 
in Fiedler, & Talley, 2006) and low precipita-
tion rates (Ma, Mechoso, Robertson, & Ara-
kawa, 1996). SON completes the annual cycle 
showing minimum SW radiation values over 
the ETP, partially associated with the south-
ward displacement of the ITCZ and convection 
in the Panama Bight (Figs. 1c and d). Over the 
CS, the minimum in SW is associated with a 
maximum in cloudiness and precipitation near 
Central America (e.g., Fig. 1c).

The seasonal patterns of sensible and latent 
heat fluxes are presented in Figures 2 and 3, 
respectively, for all seasons in chronological 

Fig. 2. Seasonal distribution of sensible heat flux (W m-2) for (a) December-January-February (DJF), (b) March-April-May 
(MAM), (c) June-July-August (JJA) and (d) September-October-November (SON). See text for definition of net surface 
energy flux.
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order (denoted a, b, c and d, as in Fig. 1). As 
can be observed in these figures, sensible heat 
flux is, as expected, one order of magnitude 
smaller than latent heat (Fig. 3), however, it 
also contributes significantly to favor convec-
tive activity (Chen, Li, & He, 2012). Minimum 
values of sensible heat flux all year round are 
found over a large portion of the CS and west 
of Costa Rica. The former region, located 
northward of the Colombia and Venezuela 
coasts, is characterized by strong upwelling, 
while the latter is connected with the Costa 
Rica Dome (Umatani, & Yamagata, 1991; 
Fiedler, 2002; Alfaro, & Cortés, 2012). Nega-
tive sensible heat flux is associated with the 
cooling of the ocean surface not only due to 
thermal differences between the sea surface 
and the air above, where heat transfer is affect-
ed by surface wind speed. In JJA the extension 
of the CLLJ into the Pacific coast near the Gulf 

of Papagayo (see below), can partially explain 
the surface cooling and negative values of sen-
sible heat flux. Seasonal latent heat flux (Figs. 
3a to d) presents minimum values over most 
of the ETP adjacent to Central America, in 
contrast to the CS that shows fluxes in excess 
of 100 Wm-2 most of the year. The availability 
of latent heat in the Caribbean is a potential 
source of moisture for Central America and 
the IAS as a whole (Durán-Quesada, Gimeno, 
Amador, & Nieto, 2010). In the CS, precipita-
tion is relatively meager, except in its western-
most side near Central America, partly due to 
the role of the CLLJ, as a large-scale forcing 
mechanism (Amador, 2008). Over the ETP, 
minimum values are observed all year round, 
except west of 85º W and near SA. The latter 
region is known to be a source for moisture 
transport toward Central America, especially 
during boreal autumn (Durán-Quesada et al., 

Fig. 3. Seasonal distribution of latent heat flux (W m-2) for (a) December-January-February (DJF), (b) March-April-May 
(MAM), (c) June-July-August (JJA) and (d) September-October-November (SON). See text for definition of net surface 
energy flux.
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2010). See also Section 2.6 on monthly precipi-
tation distribution.

The NS shows a marked annual cycle 
(Figs. 4a to d). December-January-February 
(DJF) mean (Fig. 4a) presents a positive struc-
ture just below 10º N and 90º W. Although not 
shown here, the northern Caribbean, the GM 
and north Atlantic show negative values for 
NS flux with maximum intensity east of the 
GM and over the region of the Gulf Stream 
(Amador et al., 2016). MAM is a transition 
season with primarily positive NS flux values 
over the analysis area (Fig. 4b). Although there 
is positive NS during this season, precipita-
tion is mostly confined to the ITCZ, which is 
slowly moving northward at this time. Large 
positive NS is observed in the CS and part of 
the Atlantic (Fig. 4c) during JJA. The absolute 
maximum NS is found just south of the Equa-
tor. For SON (Fig. 4d) the NS over the Atlantic 

decreases to negative values especially over 
the GM.

2.2	 Sea surface temperature,  
sea level pressure and salinity

The monthly SST distribution, using the 
OI dataset is represented in Figure 5. The 
tropics receive a maximum of incoming solar 
radiation (of the order of 240 Wm-2), and SST 
is particularly warm in the vicinity of the CS 
and the GM. The WHWP has been defined 
as enclosed by the 28.5ºC isotherm (Wang, 
& Enfield, 2001), so, the solid black line, in 
all panels of Figure 5, denotes that isotherm. 
The WHWP corresponds to the second largest 
warm water body after the Indo-Pacific Warm 
Pool (Wang, & Enfield, 2001; 2003). The 
WHWP has a marked seasonal cycle in which 
warmer temperatures are phased sequentially 
from the Eastern North Pacific (ENP) and west 

Fig. 4. Seasonal distribution of net surface energy flux (W m-2) for (a) December-January-February (DJF), (b) March-
April-May (MAM), (c) June-July-August (JJA) and (d) September-October-November (SON). See text for definition of net 
surface energy flux.
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of Central America to the rest of the IAS. The 
structure extends along the western Tropical 
North Atlantic (TNA) following the description 
by Wang & Enfield (2001). According to Wang 
& Enfield (2003), there is an important link 
between seasonal variations in tropospheric 
heat and moisture over tropical Americas and 
the development of the WHWP. Moreover, the 
WHWP anomalies have a significant impact on 
the development of tropical convection (Wang, 
Enfield, Lee, & Landsea, 2006). The WHWP 
is comprised of the Eastern Pacific Warm Pool 
(EPWP) to the west of the land bridge and 
the Atlantic Warm Pool (AWP) to the east, as 

observed in Figs. 5d to l. The AWP has been 
shown to be important for the IAS on both 
seasonal and interannual time scales (Wang et 
al., 2006). The AWP has the potential to influ-
ence local winds, precipitation and tropical 
cyclone development (Wang, & Lee, 2007). 
Using observations, Wang et al. (2006) show 
a relationship between variations in the AWP 
and the vertical wind shear that may affect the 
Atlantic hurricane activity. The above results 
may have another explanation according to 
Amador (2008), since the CLLJ can also force 
the observed meridional SST gradient, due to 

Fig. 5. Monthly climatology of sea surface temperatures (°C) using the OISST dataset.
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Ekman pumping equatorward of the jet core 
(Figs. 5f to i and Sec. 2.4 below).

The period between summer and autumn is 
of particular importance since the AWP is fully 
developed (Figs. 5f to k). The AWP relevance 
for climate in the IAS, as well as interactions 
with the CLLJ and convective systems, has 
been extensively studied. The role of the AWP 
for the climate system goes beyond regional 
interactions since Atlantic variability has been 
proposed to affect global atmospheric circula-
tion (Wang, & Enfield, 2003). The WHWP 
is also important to moisture availability due 
to the enhancement of evaporation over this 
region. The AWP is known to play a role as a 
source of moisture (Gimeno, Drumond, Nieto, 
Trigo, & Stohl, 2010; Gimeno et al., 2011) and 
modulate moisture transport to Central Ameri-
ca (Durán-Quesada et al., 2010). Moreover, the 
relationship between warmer SSTs and regional 
winds is key for moisture transport processes. 
The SST is also fundamental to atmosphere-
ocean interactions and marine processes (e.g., 
evaporation and ocean productivity).

On the EPWP, SST conditions vary on 
much shorter time scales, some of which have 
been associated with a disruption of the annual 
cycle of precipitation on the Pacific side of 
Central America and southern Mexico known 
as the Mid-Summer Drought or MSD (Magaña, 
Amador, & Medina, 1999). The MSD also var-
ies on intraseasonal time scales (Amador, 2008; 
Fig. 3), a multi-scale factor that is far from 
being understood.

Important differences on the order of 1ºC 
(Figs. 6a to d) were found in the two cited SST 
products (OAFlux SST and OI SST), with the 
summer and autumn months tending to show 
the smallest differences (Figs. 6g to j). The 
differences in SST data sets shown in Figure 6 
have significant implications for defining the 
components and evolution of the WHWP using 
the 28.5ºC isotherm. Also, over the Caribbean, 
differences in the north-south SST gradient 
estimated with these two datasets may have 
important implications for the interpretation of 
the ocean-atmosphere energy budgets and the 
wind-shear and associated cyclone activity, as 
discussed by Wang et al. (2006).

The three-month averages of mean sea 
level pressure (MSLP) have a marked seasonal 
intensification of the Azores High in boreal 
winter (not shown here, see Fig. 6 of Amador et 
al., 2016). During DJF (Fig. 7a), the MSLP dis-
tribution is characterized by a strong meridio-
nal pressure gradient. At this time, cold weather 
systems from the Northern Hemisphere (NH) 
penetrate south into the tropics (cold fronts). 
During DJF and MAM (Fig. 7b) the Pacific 
High (see Fig. 6 of Amador et al., 2016) is also 
well developed, with the difference that during 
MAM the high pressure over continental North 
America shifts southward. As observed in JJA 
(Fig. 7c), the Azores high also exhibits a maxi-
mum. At the same time, the Pacific High is 
weakened and the low pressure over the Pacific 
enhances the east-west pressure gradient. SON 
(Fig. 7d), a period of intense regional precipi-
tation, presents low pressures over almost the 
whole region.

Monthly salinity distributions (Fig. 8) 
show, in general terms, a structure character-
ized by a more saline CS in comparison with 
the ETP. However, the evolution of the salinity 
patterns show a marked annual cycle over the 
ETP, in contrast to the CS. During DJF (Figs. 
8a to c), the minimum of salinity is located in 
the west coast of southern Colombia and Ecua-
dor. Some rivers in Colombia, such as the San 
Juan and Baúdo have fresh water discharges 
of 82.1 and 23.7km3 year-1 (Restrepo, & Kjer-
fve, 2004), respectively, partially explaining 
the minimum of salinity in that region. A 
remarkable increase in salinity over the ETP 
is observed from April to June (Figs. 8 d to f) 
and during the second part of the rainy season 
in Central America (Figs. 8h to k), suggesting 
an increase in evaporation associated with the 
ITCZ migration.

2.3	 Wind fields

2.3.1	 Regional Monsoons and Trades

The American Monsoon System

A monsoon-type pattern in North and 
South America is featured by the seasonal 



S31Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 64 (Suppl. 1): S23-S57, February 2016

distribution of surface pressure and low-level 
inflow of oceanic moisture (Mechoso, Rob-
ertson, Ropelewski, & Grimm, 2005). The 
distribution of precipitation showing marked 
seasonal peaks is considered as an indicator of 
such monsoon-like circulations in the Americas 
(Vera et al., 2006). Those seasonal circulations 
and precipitation distributions have been iden-
tified as a regional monsoon system (Maddox, 
McCollum, & Howard, 1995; Adams, & Com-
rie, 1997) and named the American Monsoon 
System (AMS). The AMS is comprised of 
two individual systems located in the NH and 

Southern Hemisphere (SH) of the Americas. A 
brief description of both the North American 
Monsoon System (NAMS) and South Ameri-
can Monsoon System (SAMS) is provided 
below, focused on the main features of the 
NAMS due to its dynamical influence on the 
IAS weather and climate.

The NAMS is characterized by intense 
precipitation over northwestern Mexico and 
the southwestern United States (US). Sum-
mer rainfall in northwestern Mexico and the 
southern US has a large dependence on the 
NAMS. Douglas, Maddox, Howard & Reyes 

Fig. 6. Monthly sea surface temperature differences (°C) between OAFlux and OISST datasets.
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(1993), point out that for those regions the 
NAMS linked precipitation contributes up to 
40 % of summer rainfall, meanwhile in some 
regions of Mexico, rainfall associated with 
the NAMS can contribute up to 70 % of the 
annual rainfall. The reversed thermal contrast 
is also an important component of the monsoon 
over water (Ropelewski, Gutzler, Higgins, & 
Mechoso, 2005) and complex orography over 
the southwestern US and Mexico together with 
the upper-level lows enhance precipitation in 
these regions.

During the pre-development of the NAMS, 
the low-level circulation is characterized by 
easterly and south-easterly low-level winds 
which enhance the transport of moisture (Hig-
gins, Yao, & Wang, 1997) and gulf surges up 

the Gulf of California (Fuller, & Stensrud, 
2000). Observations, reanalysis and modeling 
studies have been used to determine the origin 
of the moisture (Schmitz, & Mullen, 1996; 
Higgins et al., 1997; Castro, McKee, & Pielke, 
2001; Bosilovich, Sud, Schubert, & Walker, 
2003). The dominant sources of monsoon pre-
cipitation are the result of local continental 
evaporation and transport from adjacent oce-
anic regions. Moisture for the NAMS develop-
ment is supplied by the GM, CS, Pacific Ocean 
and the Gulf of California, so that these are 
the major oceanic components for the NAMS 
onset (see for example Hu, & Domínguez, 
2015). The reference observational study of 
the NAMS is the North American Monsoon 
Experiment, NAME, (Higgins et al., 2006). 

Fig. 7. Seasonal distribution of mean sea level pressure (+1000 hPa) for (a) December-January-February (DJF), (b) March-
April-May (MAM), (c) June-July-August (JJA) and (d) September-October-November (SON).
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This experiment provided a large dataset of 
observations to study the components of the 
NAMS (Higgings, & Gochis, 2007). The mod-
eling strategy was useful in the improvement 
of the ability in the simulation and prediction 
of monsoon precipitation (Gochis, Shuttle-
worth, & Yang, 2002). Moisture transport has 
been extensively discussed in studies such 
as those of Mestas-Núñez, Enfield & Zhang 
(2007) and Wang (2007), which highlight the 
importance of the moisture transport from the 
CS and GM as well as the relationship between 

the Great Planes Low-Level Jet (GPLLJ) and 
the NAMS. Mo, Chelliah & Carrera (2005) 
proposed a connection amongst the GPLLJ, 
the CLLJ and moisture transport. Moreover, 
transport from the CS and related transport 
mechanisms are then crucial to understand the 
evolution of the NAMS.

The SAMS is defined by intense precipi-
tation mainly over Central Brazil and Bolivia 
(Mechoso et al., 2005). The low-level jets mois-
ture transport that favors the development of 
the monsoon circulation and the intensification 

Fig. 8. Monthly climatology of salinity at 5 m depth (g kg-1).
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of precipitation is a common feature of both 
systems (SAMS and NAMS). The dynam-
ics underlying the onset of the NAMS and 
the SAMS is an important ongoing subject 
of study. Field campaigns, as mentioned in 
Amador et al. (2016), have been implemented 
to improve the knowledge on the dynamics 
of these systems. A review of progress in the 
understanding of the AMS and future challeng-
es were discussed by Vera et al. (2006). Disrup-
tions in the AMS may have repercussions for 

the ETP and Caribbean weather and climate as 
proposed by Amador (2008), in regard to their 
relation with the CLLJ. According to Amador 
(2008) the CLLJ is the response of the large-
scale circulation to monsoons as ocean-land 
latitudinal thermal structures.

The trades

Trade winds owe their origin to the north-
south temperature gradient between the poles 

Fig. 9. Monthly climatology of wind at 10 m (m s-1).
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and the Equator. As the Earth rotates, the winds 
turn to the right and to the left, reacting to the 
Coriolis force in the NH and SH, respectively. 
Figure 9 presents the monthly distribution of 
the wind vector over the ETP and CS. Trades 
are observed as north-easterlies in the CS and 
as south-westerlies in the southern portion of 
the ETP, once they cross the Equator. A sea-
sonal change in wind speed (e.g., boreal winter 
and boreal summer) is one of the most relevant 
features of the IAS, linking the CS and ETP 
basins during much of the year (Figs. 9a to d).

2.3.2	 The Caribbean or the Intra-Americas  
Low-Level Jet 

Moisture transport by the CLLJ from the 
Caribbean to Central America and the central 
US is not only of scientific relevance, but also 
of great economic value to social welfare.

The National Center for Environmental 
Prediction/National Center for Atmospheric 
Research Reanalysis (NCEP/NCAR, Kalnay et 
al., 1996), North America Regional Reanaly-
sis (NARR, Mesinger et al., 2006), European 
Reanalysis (ERA-40, Uppala et al., 2005) and 
ERA-Interim (Dee et al., 2011) data show 
CLLJ mean wind maxima of about 12-14m 
s-1 near 925hPa, or approximately 800m.a.s.l. 
(Amador, 1998; Muñoz, Busalacchi, Nigam, 
& Ruiz-Barradas, 2008; Durán-Quesada et 
al., 2010; Serra et al., 2010). Amador (1998) 
reported the presence of a structure character-
ized by intensified trades with a core located 
approximately at 75º - 70º W between 12º - 15º 
N, at the 925hPa level during boreal summer. 
Amador (1998) also presented evidence that 
the structure was barotropically unstable and 
suggested that it was not related to local SST 
gradients (Fig. 5). Magaña et al. (1999) pro-
posed this low-level jet structure to be implicat-
ed in the seasonal distribution of precipitation 
over Central America and Mexico. Recent 
publications have been focused on the struc-
ture and importance of the CLLJ for regional 
climate, as is discussed below. The lower levels 
are found to present the strongest westward 
winds over the Caribbean. The zonal wind field 

in Figure 9 shows the presence of this low level 
jet structure during boreal summer (Amador, 
1998) and boreal winter (Amador et al., 2003), 
the latter for an extended data period. The 
CLLJ does not have a single temporal peak but 
two, it usually reaches the highest wind speeds 
in July but a secondary peak of intensity occurs 
in February (Amador et al., 2003; Amador, & 
Mo, 2005; Amador et al., 2006; Wang, 2007). 
Figures 9a and g, for January and July, respec-
tively, show a difference in CLLJ 10 m wind 
strength below the jet core, being stronger that 
of January. Although the reason is not clear, it 
may just respond to different methods in the 
reanalysis data. Note that the equinox seasons 
have weaker winds than the solstice seasons 
(Figs. 9d and i; versus Figs. 9f and l).

In recent years various research groups 
have focused attention on the study of this 
imperfectibly understood jet structure, mainly 
because of its importance as a regional modu-
lator of climate. Wang (2007) found an asso-
ciation between the maximum intensity of the 
CLLJ during summer, a maximum of sea level 
pressure (SLP), the MSD and a minimum of 
cyclone-genesis in the Caribbean Sea. Vertical 
wind shear associated with the CLLJ is shown 
by Wang & Lee (2007) to have an impact 
on the Atlantic hurricane activity, in agree-
ment with earlier work by Amador & Magaña 
(1999). Using an index to measure the intensity 
of the CLLJ, Wang (2007) studied the relation 
of the CLLJ with the SST and SLP fields, so 
that during winter the CLLJ is related to the 
strengthening of the North Atlantic Subtropi-
cal High (NASH) and the weakening of the 
wintertime Aleutian Low. That suggested large-
scale teleconnections through the NH winter 
polar vortex. Meanwhile during summer the 
increased (decreased) intensity of the CLLJ 
is due to positive (negative) SLP anomalies 
near the NAMS region. A strong (weak) CLLJ 
is associated with a weak (strong) summer 
monsoon perhaps thermally forced in the low-
latitudes by the WHWP modulating the CLLJ 
as a result of a Gill type dynamical response to 
heating anomalies (Magaña et al., 1999; Wang, 
Lee, & Enfield, 2008).
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Regarding SST, the results of Wang 
(2007), indicate that warm (cool) anomalies 
of the Caribbean are related to weak (strong) 
CLLJ. Whyte, Taylor, Stephenson, & Camp-
bell (2008) showed the CLLJ variations to be 
the first empirical orthogonal function mode 
of the zonal wind during July (representing up 
to 40 % of the variability). The authors focus 
their study on the SST gradients and propose 
the intensification of the CLLJ to be modu-
lated by a Pacific (warm) to Atlantic (cool) 
SST gradient. Muñoz et al. (2008) analyzed 
the structure of the CLLJ during its peaks and 
describe the CLLJ as an aspect of the Bermuda 
High, with an intensity modulated by land-sea 
temperature and orographic influences, with 
the strengthening of the CLLJ during late 
spring being a result of the east-west gradient 
of diabatic heating between Central America 
and the Caribbean.

A detailed study on the hydrodynamics of 
the CLLJ was reported by Cook & Vizy (2010), 
in which the authors consider the geopotential 
gradient to explain the seasonal cycle of the 
CLLJ. They pointed out that this gradient tight-
ens in July due to the presence of the NASH 
and in February due to the heat low of northern 
SA as proposed by Amador (2008). Large-
scale circulation patterns of the NH summer 
and winter CLLJ components suggested that 
they respond to land-ocean thermal contrasts 
during the summer season of each continent. 
Amador (2008) also argued that the CLLJ is a 
natural component of the American monsoons 
as a result of the continent’s approximate north-
south land distribution. According to Cook & 
Vizy (2010) the minimum of the CLLJ during 
October is a result of the increase of SST, and 
“a well-developed atmospheric boundary layer 
that mixes heat vertically and weakens the 
925hPa meridional height gradients”.

Wang (2007) analyzes the CLLJ vari-
ability and its relation to climate, and finds (as 
hypothesized by Magaña et al., 1999) a relation 
between the CLLJ and the MSD. The CLLJ 
also contributes to the generation of orographic 
precipitation (Amador et al., 2003; Muñoz et 
al., 2008; Amador, 2008; Cook, & Vizy, 2010). 

At the same time, according to Amador (2008), 
it enhances the eastward low-level divergence 
(convergence) of the moisture flux, causing a 
minimum (maximum) of precipitation over the 
central Caribbean (western Caribbean).

The level of the maximum winds deter-
mines to a great extent, in regions of low-
level jets, the atmospheric mixed layer height 
(MLH) and the availability of moisture in the 
boundary layer. The MLH may be crucial, 
in the case of the CLLJ, to better understand 
large-scale moisture transport variability on 
synoptic and intraseasonal scales to Central 
America (Durán-Quesada et al., 2010), the 
GM (Mestas-Núñez et al., 2007) and the cen-
tral US (Higgins et al., 1997). Precipitation 
variability also depends on the CLLJ multi-
scale interaction with other atmospheric global 
scale systems such as ENSO (Amador, 2008; 
Méndez, & Magaña, 2010), the North Atlantic 
Oscillation (NAO, Mestas-Núñez et al., 2007), 
with easterly waves (Serra et al., 2010) and the 
GPLLJ (Mo et al., 2005).

Little is known in regard to the processes 
controlling the CLLJ. Processes associated 
with the SST meridional gradient have been 
proposed recently (Ranjha, Svensson, Tjern-
strom, & Semedo, 2013). However, according 
to Amador (2008) it is more likely that SST 
meridional gradient is associated with the 
CLLJ equatorward induced Ekman pumping. 
CLLJ induced upwelling due to strong surface 
winds cooled down the SST by 1-2ºC during 
the summer Experimento Climático de Aguas 
Cálidas (ECAC) Phase 3 campaign of 2001 
(Amador, 2008). 

2.3.3	 The Chocó Jet

During the NH fall season south-westerly 
winds from the SH extend across the equator 
into the tropics of the NH as the ITCZ displaces 
northward from its NH winter position. These 
winds from the Pacific Ocean are respon-
sible for bringing moisture to Central America 
and western Colombia, especially during late 
spring to fall (Durán-Quesada et al., 2010). 
As discussed earlier, the wind as it crosses the 
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Equator turns right due to the change of sign 
of the Coriolis force (see monthly wind values 
in Fig. 9) and to the local land-sea tempera-
ture gradient, among other factors (Hastenrath, 
1991). The flow penetrates Colombia as a west-
erly low-level jet near 5º N. Poveda & Mesa 
(2000) described this jet as attaining its maxi-
mum values of 6-8 m s-1 near 925 hPa, dur-
ing October-November (not clearly shown in 
Figs. 9j and k since the CJ maximum is almost 
overland). The CJ brings enough moisture to 
the Chocó region, making it one of the rainiest 
sites in the world (Poveda, & Mesa, 2000). The 
relationship of the CLLJ and CJ with ENSO 
is completely opposite. During warm (cold) 
ENSO phases the CLLJ shows stronger (weak-
er) than normal wind speeds during boreal 
summer (Amador et al., 2003; Amador, 2008), 
whereas the CJ presents the opposite behavior 
(Poveda, & Mesa, 2000). The importance of the 
relationship of the CJ with ENSO forcing goes 
beyond current climate conditions. The convec-
tive cells linked with the CJ have been used to 
explain the advance of moraines in the Central 
Cordillera of Colombia, as well as the increase 
of moisture that western Colombia experienced 
during the last glaciation (Martínez, Keigwin, 
Barrows, Yokohama, & Southon, 2003). Com-
plementary to the explanation of the CJ dynam-
ics relying on the meridional SST gradients and 
the cross-equatorial flow, it can also be added 
that anticyclonic vorticity is advected across 
the Equator by the divergent wind that results 
from the cross-equatorial temperature-pressure 
gradient. Zuluaga & Poveda (2004) and Poveda 
et al. (2005) have indicated that latent heat 
release, due to large amounts of condensation 
and rainfall linked with mesoscale convective 
systems, enhance the strengthening of the CJ.

2.3.4	 Trans-isthmic jets

In certain regions of Central America 
and Mexico, gaps in the topography allow 
the easterlies from the Caribbean to penetrate 
the mountains passes and reach the Pacific 
(Umatami, & Yamagata, 1991; Fiedler, 2002; 
Xie, Xu, Kessler, & Nonaka, 2005). Strong 

winds coming from southern Mexico and 
Central America gaps, exceed 10 m s-1, and 
have been explained in the past as a product 
of the large pressure gradients between the 
GM, the CS and the ETP. Cold fronts from the 
NH have been proposed to push the high pres-
sure southward, triggering the acceleration of 
winds through these gaps, generating the Tehu-
antepec, and sequentially the Papagayo and 
Panama jets southward. However, Chelton, 
Freilich & Esbensen (2000) performed a sta-
tistical analysis to study the link between those 
pressure gradients and the trans-isthmic jets 
(TJs). They found a poor correlation between 
variations in intensity of the Papagayo and 
Panama jets with the Tehuantepec Jet (see 
Fig. 1 of Amador et al., 2016), although the 
first two jets were significantly correlated 
with each other. The authors explain that the 
Tehuantepec Jet is driven by the across-gap 
pressure gradient, whereas the Papagayo and 
Panama Jets are driven by large-scale varia-
tions of the trade winds.

As described in section 2.3.2, the CLLJ 
reaches its maximum speed during the summer 
months of the NH, and a secondary maximum 
during the winter months. When this strong 
current reaches the Caribbean coast of Costa 
Rica and Nicaragua, the mountains block part 
of it, but the semi-flat topography in the north-
ern part of Costa Rica, allows this current to go 
through the continent and generate a jet on the 
Pacific coast, the Papagayo Jet. The strongest 
values are observed, however, during winter 
(Figs. 9a, b, l). MAM are months where this jet 
is observed but with a weaker speed. During 
the NH summer, when the CLLJ strengthens, 
the Papagayo Jet is also observed, but as in 
the previous case, its values are low as esti-
mated by the data used. In contrast to this, the 
Pan American Climate Studies Sounding Net-
work (PACS-SONET) data shows a vigorous 
Papagayo Jet associated with the CLLJ during 
select summers (Amador, 2008).

Like the CLLJ, the Tehuantepec Jet is 
related to the strengthening and displacement 
of the NASH, displaying stronger speeds dur-
ing October and through the winter. This jet 
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is not shown completely here, it is just barely 
seen in the top left corner of Figures 9a, b 
and c. Like the Papagayo Jet, the Tehuantepec 
Jet also shows a secondary maximum during 
July-August. According to Xie et al. (2005) 
and Romero-Centeno, Zavala-Hidalgo & Raga 
(2006), this behavior could be related to the 
MSD, as the Papagayo Jet is not only restricted 
to the coast but extends as far as 2200km off-
shore, inhibiting the northward penetration of 
low-level moisture transported by the southerly 
trade winds. During September, the TJs are 
weak, hence the moisture transport is stronger 
and the precipitation increases along the Pacific 
coast of Central America.

Another Central American mountain gap 
barely known or studied is the Gulf of Fonseca 
pass, between Nicaragua, Honduras and El 
Salvador (see Fig. 1 of Amador et al., 2016). 
This is due, perhaps, to the lack of high-
resolution oceanic and atmospheric data in 
that region (a jet-like horizontal structure is 
scantily observed in Figs. 9a and g when the 
CLLJ has a maximum in July-August). The 

Panama mountain gap allows a southward jet 
to form during the winter months (Figs. 9a to 
c), presumably associated with the equatorial 
flank of the CLLJ and the southernmost posi-
tion of the NASH. The Panama Jet disappears 
after April, while the other jets stay active but 
weaken until September, when the Papagayo 
Jet reduces to a minimum almost in phase 
with the CLLJ.

In the previously mentioned studies about 
gap flows, it has been shown that the ITCZ and 
the jets interact, with the strong jets inhibiting 
precipitation when the ITCZ migrates close to 
them. Chelton et al. (2000) showed how the 
Tehuantepec and Panama jets turn anticycloni-
cally toward the west, which is consistent with 
jets that are inertially balanced at the coast and 
become more geostrophically balanced with 
distance away from the coast. The Papagayo 
Jet does not have this anticyclonic turn, which 
led the above authors to suggest that the 
winds are geostrophically balanced through the 
Papagayo gap.

Sidebar 1: Atmospheric rivers and their connection with the Caribbean Sea, 
the eastern tropical Pacific, and midlatitudes- E. Rivera

In Sections 2.1 and 2.2, the role of the ETP and the CS as sources of moisture for Central 
America and the IAS region, as a whole, was discussed. During the boreal winter, water vapor 
originated from those oceanic regions can also be transported into western North America 
through episodic structures, known as atmospheric rivers (ARs), and released as precipitation.

Filamentary structures of enhanced water vapor transport that originate in the tropics 
and subtropics are known as atmospheric rivers. ARs are major contributors to the annual 
precipitation in the western portions of mid-latitude continental regions (Ralph et al., 2006; 
Neiman, Ralph, Wick, Lundquist, & Dettinger, 2008; Stohl, Forster, & Sodemann, 2008; 
Roberge, Gyakum, & Atallah, 2009; Neiman, Schick, Ralph, Hughes, & Wick, 2011; Viale, 
& Núñez, 2011; Lavers, Villarini, Allan, Wood, & Wade, 2012; Lavers, & Villarini, 2013). 
ARs cover 10 % of the globe at any given time and are responsible for about 90 % of the 
moisture flux in the extra-tropical troposphere (Zhu, & Newell, 1998). The term “pineapple 
express” is used to describe wintertime ARs that form near Hawaii (central Pacific) and 
make landfall along the west coast and some portions of the interior southwest of the US. 
According to Ralph, Neiman & Wick (2004), and Ralph, Neiman & Rotunno (2005), these 
features are located in the warm sector of extra-tropical cyclones, ahead of the cold front, 
where a low-level jet is present. In the southwestern US, inland-penetrating ARs are also 
associated with cold season cutoff lows (Knippertz, & Martin, 2007; Rivera, Domínguez, & 
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2.4	 Wind stress curl

The wind stress strength helps the upper 
layers of the ocean achieve certain speed in 
the same direction as the wind, but the Coriolis 
force, due to the Earth’s rotation, causes these 
currents to turn to the right in the NH. This 
process can lead to the known Ekman transport 
that can be interpreted as a balance of the wind 

stress and Coriolis forces. Thus, the curl of 
the wind stress force provides an idea of the 
rotation that a vertical column of air would 
experience in a varying wind field (Kessler, 
2006). Positive (negative) wind stress curl 
causes divergence (convergence) in the Ekman 
layer and upward (downward) Ekman pump-
ing (upwelling and downwelling, respectively). 
In the areas of strong low-level wind currents 

Fig. S1. (a) SSM/I precipitable water (cm) and (b) ERA-Interim vertically-integrated water vapor transport (kg m-1 
s-1; color shadings with vectors superimposed) fields associated with an AR rooted in the eastern tropical Pacific that 
impinged the Baja Peninsula in Mexico and portions of the Southwestern United States during 30 November 2007.

Castro, 2014) that bring moisture from the reservoir in the ETP. Figure S1 shows an AR that 
originated in the CS, passed to the ETP and impinged on the Baja California Peninsula in 
Mexico and parts of Arizona in the US on 30 November 2007. As observed, the maximum 
precipitable water content and moisture transport associated with this AR event exceeded 3cm 
and 500 kg m-1 s-1, respectively.

On intraseasonal time scales, Ralph, Neiman, Kiladis, Weickmann & Reynolds (2011) 
showed that changes in the tropical circulation across the Pacific Ocean, associated with 
the positioning of the convective phase of the MJO (briefly described below) allowed the 
propagation of an extra-tropical wave packet into the central tropical Pacific. This favored 
the formation of an intense AR, rooted in the tropics, which produced heavy precipitation and 
flooding in the US Pacific Northwest during March 2005. Guan, Waliser, Molotch, Fetzer & 
Neiman (2012) determined that AR activity and snow accumulations in the Sierra Nevada 
are enhanced when MJO convection is located in the far western Pacific. On the other hand, 
Bao, Michelson, Nieman, Ralph & Wilczak (2006) hypothesize that direct AR-related pole-
ward transport of moisture from the ETP presents an interannual variability associated with 
ENSO due to changes in the intensity of the descending branch of the meridional Hadley 
circulation. The authors suggest that ARs connected with this tropical oceanic region are 
more (less) likely to occur in neutral (warm) phases of ENSO. Nonetheless, quantification of 
AR precipitation over western North America that originated in the ETP and the CS, as well 
as the modulation of AR activity and intensity by the MJO, ENSO and other low-frequency 
modes of variability are still subjects of study.
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(jets), patterns of upwelling and downwelling 
are expected on both sides of the jet, depending 
on their spatial orientation, benefiting biologi-
cal processes in the ocean, as is the case for the 
Costa Rica Dome (Fiedler, 2002; Cronin et al., 
2002; Xie et al., 2005). Figures 10a to d show 
the seasonal wind stress curl computed with 
CCMP data. Positive wind stress curl (upwell-
ing) can be found mostly during fall and winter 
near the Tehuantepec Jet, specifically to its 
right exit, whereas negative wind stress curl 
(downwelling) is usually found to its left exit. 
The same pattern is observed during winter 
and spring in the area of the Panama Jet and 
the Papagayo Jet. For the CLLJ, that dipolar 
behavior of the wind stress curl is present most 

of the year in the CS with strong upwelling 
north of Colombia and downwelling just south 
of Cuba. The wind stress curl shows the posi-
tion and migration of the ITCZ throughout the 
year, identifiable as an area of positive wind 
stress curl values that displaces to its north-
ernmost position during summer and its south-
ernmost during winter, when the upwelling is 
stronger than in summer due to the stronger 
northerly winds during this season.

2.5	 Ocean eddies

Ocean eddies are important not only for 
climate and ocean modeling, but for their 
effect on ocean biology. Gruber et al. (2011) 

Fig. 10. Seasonal distribution of wind stress curl (10-7 N m-3) for (a) December-January-February (DJF), (b) March-April-
May (MAM), (c) June-July-August (JJA) and (d) September-October-November (SON).
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confirmed a proposed hypothesis with regard 
to eddy generation and propagation. Eddies can 
affect biological productivity of nutrient-rich 
areas, being just unstable ocean currents of 
10-100km in length. According to Mahadevan 
(2014) eddies affect “the primary productivity 
of the regions, the fate of particulate organic 
carbon produced by photosynthesis and the 
regions’ biogeochemical budgets”. Since the 
TJs are prone to generate eddies in the Pacific 
waters of Central America (upwelling areas), 
the Costa Rica Dome may suffer important 
productivity changes throughout the seasons. 
Since there is a great deal of intraseasonal vari-
ability in the Papagayo Jet, it will be important 
to assess its effects on the productivity associ-
ated with the Costa Rica Dome.

Regional winds may result in strong 
upwelling along the Pacific coast of Central 
America and the study of this wind-upwelling 
link goes back to the early 20th Century (see 
for example, Hurd, 1929). The pioneer stud-
ies focused on the winter months in which the 
“Northers” (Roden, 1961) are more frequent 
and frontal incursions are a maximum. With 
the availability of satellite observations, the 
study of air-sea interaction processes related to 
the upwelling in the ETP region found a new 
perspective. However, the observed winter 
upwelling associated with the winds through 
the topographic gaps was not linked to the 
presence of strong eddies until the 1980s. As 
stressed in section 2.3.4, topographic gaps are 
present across the Isthmus of Tehuantepec and 
Panama, across Honduras ending at the Gulf of 
Fonseca and across Costa Rica ending at the 
Gulf of Papagayo. The overview of the wind 
field (Fig. 9) shows that low level winds funnel 
through these gaps, mostly during the winter 
months, exerting a stress force over the surface 
waters of the ETP. The first satellite detection 
of mesoscale eddies west of Papagayo and 
Tehuantepec was provided by Stumpf (1975) 
and it was not until the late 1980s that the com-
munity became interested in formally studying 
these ocean structures.

Clarke (1988) and Umatani & Yamagata 
(1991), among others, used modeling to explain 

the physical mechanisms for the ocean eddies. 
The association between Ekman pumping and 
the wind stress curl has also been used to 
explain the generation of eddies (e.g., Crépon, 
& Richez, 1982). Later studies such as that of 
Clarke (1988) explained the generation of the 
westward propagating anti-cyclonic eddies as 
an air-sea interaction process, reasoning that 
waters move southward due to the forcing of 
the low level winds.

Using a shallow water model, Umatani 
& Yamagata (1991) found that some char-
acteristics of the eddies are: a) a westward 
propagation that exceeds the long Rossby wave 
speed, b) a propagation speed associated with 
upper-layer thickness anomalies, c) a dynami-
cal balance with the planetary wave dispersion 
and the non-linear planetary geostrophic diver-
gence associated with order-one layer thickness 
changes, and d) a temperature dependent life 
cycle. Umatani & Yamagata (1991), as well as 
Zamudio, Leonardi, Meyers & O’Brien (2001), 
showed that eddies can be generated even 
when the wind forcing is almost negligible. 
One question to consider is if the eddies can 
be obtained neglecting the wind forcing. And 
if so, what other mechanisms can be linked 
with the generation and evolution of eddies. 
Hansen & Maul (1991), also considering the 
North Equatorial Counter Current, proposed 
that boundary friction in the Costa Rica Coastal 
Current may be responsible for anti-cyclonic 
vorticity linked instabilities. The observational 
evidence supports the idea that augmented 
oscillations in the Costa Rica Coastal Current 
due to increased shear flow can lead to the 
breaking of cyclonic and anti-cyclonic eddies 
(Zamudio et al., 2001). Ubelmann & Fu (2011) 
analyzed the case of eddies formed during 
tropical instability wave events in which the 
generation of eddies is related to the stretching 
and tilting through the evolution of a complex 
density front. Therefore, the generation of 
eddies is normally associated with: a) trans-
isthmic winds, b) instability of coastal currents, 
and c) vorticity conservation.

With the current ocean observation facili-
ties (thermal images, surface height, and 
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near-surface winds) and eddy-resolving numer-
ical models, the problem of the propagating 
eddies can be studied from different perspec-
tives. Here we present recent research results. A 
full review through 2006 is provided by Willett, 
Leben & Lavín (2006). Using Lagrangian drift-
ing buoys, local meteorological stations and 
Advanced Very High Resolution Radiometer 
(AVHRR) imagery, Ballestero & Coen (2004) 
analyzed the generation and propagation of 
eddies in the Gulf of Papagayo. Their results 
agree with the previous findings, which suggest 
that the generation mechanisms are forcing by 
inertially rotating Papagayo winds and poten-
tial vorticity conservation in the Costa Rica 
Coastal Current. Palacios & Bograd (2005) 
studied the inter-annual variability of the num-
ber and characteristics of eddies. Their findings 
suggest that the warm phase of ENSO enhances 
eddy activity due to an increase of winter cold 
surges. A similar result was reported by Zamu-
dio et al. (2006) in a study based on a high-
resolution numerical ocean model. According 
to their report, the number and intensity of anti-
cyclonic Gulf of Tehuantepec eddies increased 
during warm ENSO events. The authors also 
note that eddy variability is not only forced by 
wind variations, but also by free propagating 
baroclinic downwelling coastal trapped waves.

Adams et al. (2011) studied the observed 
depth of eddy-driven impacts using the HYbrid 
Coordinate Ocean Model (HYCOM). They 
found that these impacts can extend from the 
upper-ocean and main thermocline to deep-
sea benthic environments. This result is very 
important as the study suggests that deep 
eddies can play a role in the transport of biota, 
chemicals and hydrothermal vent-derived heat. 
Using the eddy detection and tracking method 
by Kurian, Colas, Capet, McWilliams & Chel-
ton (2011), Liang et al. (2012) determined that 
the main eddy generation mechanism is a com-
bination of low-frequency wind and boundary 
forcing. According to their results, the above 
mechanism accounts for 68-80 % (62-90 %) 
of the mesoscale variability in the Tehuantepec 
(Papagayo) oceanic region. According to results 
by Chang et al. (2012), the propagation of sea 

surface height signals is mainly observed west 
of Tehuantepec and Papagayo. This is because 
wind is weaker over the Panama gap, so that 
only localized sea surface height response 
along the jet axis is detected. The study indi-
cates that coastal Ekman pumping is the initial 
forcing of eddies and their growth is sup-
ported by dynamical instabilities of the mean 
flow. Eddies west of Tehuantepec (Papagayo) 
have a period of approximately 85 (50) days 
and wavelength of 660 (590) km. Recently, 
Velázquez-Muñoz, Martínez & Durazo (2014) 
studied the ocean response of offshore wind 
stress events using a three dimensional model. 
Their results suggest that the continental shelf 
may prevent eddy formation in the eastern Gulf 
of Tehuantepec. Moreover, it was found that 
anti-cyclonic eddies are induced by the effect 
of winds where the water depth rapidly changes 
away from the coast.

2.6	 Precipitation and evaporation

Precipitation

Physical processes explaining precipita-
tion on scales from days to years in the IAS 
region depend on various factors. Among them, 
it is cited, the dynamics of the CLLJ on various 
time scales (Amador, 1998; Wang et al., 2006; 
Amador, 2008), the WHWP variability (Wang 
et al., 2006), the interaction of the SST with 
synoptic scale systems (Salinas, 2006; Méndez, 
& Magaña, 2010; Serra, Kiladis, & Hodges, 
2010), the ITCZ-CLLJ interaction (Hidalgo, 
Durán-Quesada, Amador, & Alfaro, 2015), 
ENSO-CLLJ interactions (Amador, 2008), and 
other global scale signals (Savijarvi, Niemela, 
& Tisler, 2005; Amador, Alfaro, Lizano, & 
Magaña, 2006).

The distribution of precipitation in the IAS 
is also determined by convective processes 
over the Caribbean, the seasonal migration of 
the ITCZ, the hurricane season, cold fronts and 
the MSD, among other systems. The IAS is 
sensitive to intense rainfall events and severe 
floods which affect the Caribbean islands and 
Central America. In general terms, the dis-
tribution of precipitation over this region is 
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bimodal. A significant reduction of precipita-
tion during July-August is the main feature of 
the regional precipitation distribution, espe-
cially on the Pacific side. The climatology 
of monthly precipitation (Fig. 11) shows the 
presence of the ITCZ, as a well-determined 
band over the ETP. Maximum values of pre-
cipitation associated with the ITCZ depend 
on the season and region. The Panama Bight 
is a region with strong convection, leading to 
precipitation rates on the order of 20 mm day-1. 
Precipitation along the Pacific slope is partly 

under the influence of the seasonal migration 
of the ITCZ (Fig. 11).

Portig (1965) and Hastenrath (1966) pro-
vide the earliest descriptions of the distribution 
of precipitation over Central America. Precipi-
tation along the Caribbean slope is mainly trig-
gered by the transport of moisture from the CS, 
local topography and cyclonic systems devel-
oping in the Atlantic (Amador et al., 2003). 
Central America has two rainfall maxima, one 
in May-June and one in September-October, 
with a marked dry spell in July-August. Winter 

Fig. 11. Monthly climatology of precipitation (mm month-1).
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and early spring are normally dry periods along 
the Pacific slope, as described by Alfaro (2002).

The dry period between the two rainfall 
maxima is the MSD (Fig. 4 of Magaña et al., 
1999) and is just partially observed in Figs. 11f, 
g and h, as a relative minimum of precipitation. 
The distribution of precipitation over Central 
America has also been found to be important 
to mean storm activity in the Eastern Pacific 
(Curtis, & Gamble, 2008). The use of statisti-
cal and numerical modeling has also been used 
to study precipitation and its variability in the 
Caribbean for improving forecasting (Ashby, 
Taylor, & Chen, 2005; Martínez-Castro et al., 
2006; Curtis, & Gamble, 2008). These studies 
reveal that important model biases exist in this 
region related primarily to the physical parame-
trizations used. Great efforts are being made to 
overcome these biases in model parameteriza-
tions (Biasutti, Sobel, & Kushnir, 2006). The 
assimilation of observations is found to sig-
nificantly reduce these biases in a recent NCEP 
Climate Forecast System Reanalysis dataset 
(Saha et al., 2010). Both the Pacific Ocean and 
CS contribute to the fluctuations observed in 
Caribbean rainfall rates (Chen, & Taylor, 2002; 
Taylor, Enfield, & Chen, 2002). A dry season in 
the Caribbean occurs during winter, followed 
by a sharp increase in precipitation after March. 
It is also important to remark that interannual 
variability in precipitation in the Caribbean is 
in part related to large-scale disturbances such 
as ENSO and the NAO, which also tend to 
affect the NASH (Amador, & Magaña, 1999; 
Giannini, Kushnir, & Cane, 2000; Mapes, Liu, 
& Buenning, 2005).

The Mid-Summer Drought

The IAS shows complex annual and 
monthly patterns in the distribution of precipi-
tation. Central America, as part of the IAS, is 
not an exception. One of these features, the 
MSD refers to a decrease in precipitation dur-
ing July and August along the Central Ameri-
can Pacific coast. This region also presents 
a dry period during winter and early spring, 
followed by a peak in precipitation during June 

and another maximum in autumn. This MSD 
is popularly known as ‘veranillo’ and has been 
used by local farmers to determine the season 
for some agricultural crops. The MSD is a 
permanent feature of regional precipitation and 
is strongly related to low level winds and the 
NASH (Magaña et al., 1999; Wang, 2007). The 
link between the MSD and SST anomalies over 
warm water bodies is partially explained by 
variations in convective activity (Magaña et al., 
1999). The MSD, as well as the intensification 
of the CLLJ as mentioned earlier, is also related 
to an intraseasonal strengthening and west-
ward expansion of the NASH (Wang, 2007). 
The MSD is then associated with changes in 
convective activity linked to SST distribu-
tion, incoming solar radiation and the seasonal 
cycle of the easterly wind flow (Magaña et al., 
1999). According to Wang (2007), the MSD is 
a large-scale phenomenon associated with both 
the NASH and the strength of the CLLJ. Kar-
nauskas, Seager, Giannini & Busalacchi (2013) 
based on the analyses of daily precipitation 
and diagnostic reanalysis fields proposed an 
extension of the work by Magaña et al. (1999). 
Karnauskas et al. (2013) argued that the MSD 
is related to the latitudinal dependence of the 
two climatological precipitation maxima to the 
biannual crossing of the solar declination angle.

In a recent paper, Hidalgo et al. (2015), 
linked precipitation patterns in the IAS with the 
CLLJ and the ITCZ, by proposing a dynamical 
mechanism that includes some physical pro-
cesses in the CS and the ETP. Using data from 
the Global Precipitation Climatology Project 
(GPCP) covering Central America, the CS, 
the ETP and northern SA, four indexes that 
characterized the ITCZ were estimated: the 
latitudinal center of mass of precipitation (LA), 
the longitudinal center of mass of precipitation, 
the average precipitation in a region bounded 
by 10° S - 25° N and 100° W - 55° W, and 
the spread of the precipitation patterns. A very 
strong correlation was found between summer 
LA and a summer index of the CLLJ. This 
suggested connections between Pacific and 
Caribbean climatic processes. The sign of the 
correlation implies that when the jet is stronger 
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(weaker) there is a lower (higher) LA, and at 
the same time less (more) precipitation in the 
Pacific slope of Central America. The connec-
tion between the CS and ETP climate is not 
only related to low or high-level wind conver-
gence, but to local convection in the western 
CS and the establishment of an upper zonal 
circulation that may be playing a role in the 
process. This circulation seems to be consistent 
during years when LA is lower than normal, 
apparently reinforcing the jet, and presents 
weaker strength during years of high LA. In 
addition to these processes, during warm (cold) 
ENSO events, the CLLJ is stronger (weaker) 

than normal at 925 hPa (Amador, 2008), so the 
displacement of the ITCZ southward is more 
(less) severe.

Maximum values of evaporation are 
observed over the Caribbean (Fig. 12), Gulf of 
Mexico and tropical Atlantic with a maximum 
along the Gulf Stream (not shown), whereas 
minimum values are noticed along an equato-
rial belt (Fig. 12). Evaporation increases for 
the Caribbean during spring and summer (Figs. 
12d to h), decreasing as autumn develops. 
Compare the consistency between Figures 3 
and 12 for different time scale averages.

Fig. 12. Monthly climatology of evaporation (mm month-1).
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3.	 Intraseasonal modes

3.1	 High frequency oscillations

Large synoptic and shorter (few hours 
and few tenths of km) scale variability of near 
ocean surface parameters, SST, air temperature, 
pressure and specific humidity, were observed 
during the ECAC Phase 3 campaign for the 
period July 7-24, 2001, especially in the vicini-
ty of the CLLJ core (Amador, 2008). Similarly, 
the atmospheric MLH showed considerable 
short and synoptic scale fluctuations (using in 
situ twice daily sounding observations) near 
and below the CLLJ core during this phase. A 
comparison of observed air temperature, spe-
cific humidity and wind profiles with those of 
NCEP-NCAR reanalysis, at grid points close 
to the observed sounding data, presented large 
differences in these parameters underestimat-
ing the actual atmospheric conditions (Amador, 
2008). In this respect, there is a clear negative 
consequence to estimate the moisture avail-
ability and potential moisture transport with 
just reanalysis data. As expected, sensible heat 
and latent heat fluxes, and the wind stress also 
showed large synoptic and shorter scale vari-
ability (Amador, 2008), characteristics that are 
not captured by reanalysis data.

During warm (cold) ENSO phases, winds 
associated with the CLLJ core are stronger 
(weaker) than normal, so precipitation anoma-
lies are positive (negative) in the western 
Caribbean near Central America and negative 
(positive) in the central IAS (Amador, 2008). 
Global scale signals such as AMO and PDO, 
together with changes in transient activity in 
the Caribbean (e.g., easterly waves, Serra et al., 
2010) and changes in the intensity of the CLLJ 
have been suggested to have an important role 
in rainfall patterns (droughts) over Mexico 
(Méndez, & Magaña, 2010). The variability of 
the CLLJ on synoptic and shorter time scales 
has not been fully studied. Therefore, its rela-
tionship with precipitation changes on those 
scales, and in the context of global scale sig-
nals such as ENSO, PDO, AMO, is practically 
unknown. This has, indeed, an adverse impact 

on regional medium and short-term weather 
forecasts, not only in the IAS region, but also 
in other regions such as the US Great Plains 
(Mo et al., 2005).

The possibility of the waves providing 
energy to the mean flow to maintain the 
CLLJ during summer also needs to be further 
explored (Salinas, 2006). Large-scale wave 
signatures, in relation to energy sources were 
studied in this region using reanalysis (Serra 
et al., 2010). It was found that some individual 
waves were maintained as they passed from 
the Atlantic into the east Pacific, whereas oth-
ers were generated locally in the CS and the 
ETP. The tropospheric flow associated with the 
CLLJ over Central America shows a large syn-
optic and intraseasonal variability (Amador et 
al., 2006; Amador, 2008) when analyzed with 
PACS-SONET project data (Douglas, Fernán-
dez, & Peña, 1999).

3.2	 Madden-Julian Oscillation

The MJO (Madden, & Julian, 1972) is 
the most important mode of intraseasonal 
variability in the tropical atmosphere. It is 
characterized by a convective envelope, associ-
ated with large-scale low and upper-level wind 
anomalies, that propagates eastward from the 
Indian Ocean at a speed of 5 m s-1 and has a 
periodicity of 30-90 days (Zhang, 2005). Fol-
lowing Wheeler & Hendon (2004), the MJO 
cycle has been categorized into eight phases. 
Phases 1 and 8 correspond to MJO convection 
located in Africa and the Western Hemisphere, 
respectively. Phases 2-3 and 4-5 represent MJO 
convection over the Indian Ocean and adjacent 
ocean, respectively, and phases 6-7 relate to 
the propagation of the MJO convective signal 
through the western Pacific Ocean.

In the last decade, several studies have 
explored the relationship between the MJO and 
intraseasonal variability in the ETP, Central 
America and the Caribbean (e.g., Barlow, & 
Salstein, 2006; Maloney, & Esbensen, 2007; 
Barrett, & Leslie, 2009; Klotzbach, 2010; Mar-
tin, & Schumacher, 2011; Ventrice, Thorncroft, 
& Roundy, 2011; Yu, Han, Maloney, Gochis, & 
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Xie, 2011; Crosbie, & Serra, 2014; Klotzbach, 
& Oliver, 2015). Barlow & Salstein (2006) 
analyzed daily station data and determined that 
MJO activity in the ETP modulates the sum-
mertime precipitation on the Gulf of Mexico 
and the Pacific side of southern Mexico and 
Central America. In the most sensitive regions, 
the authors found that daily rainfall during the 
positive phase of the local MJO (enhanced con-
vection) can be twice as large as that during the 
negative phase of the local MJO (suppressed 
convection). Using buoy and satellite observa-
tions for the boreal summers of 2000-2003, 
Maloney & Esbensen (2007) showed that near-
surface westerly (easterly) wind anomalies at 
intraseasonal periods over the ETP warm pool 
occurred when convection is enhanced (sup-
pressed) to the east of 120° W. The periods 
of anomalous easterlies were associated with 
intensified activity of the Gulf of Tehuantepec 
and Gulf of Papagayo wind jets. Martin & 
Schumacher (2011) examined satellite precipi-
tation estimates and reanalysis winds in order 
to recognize a link between the MJO and the 
intraseasonal variability of precipitation in the 
CS region. They found that MJO modulation 
is strongest during SON. By considering the 
propagation phases of the MJO convection, 
as determined by Wheeler & Hendon (2004), 
these authors identified positive precipitation 
anomalies of up to 50 % with respect to the 
annual mean and decreased CLLJ intensity in 
phases 1 and 2 of the MJO. The opposite is 
true for phases 5 and 6. The MJO influence 
on regional precipitation is still an open prob-
lem for tropical research. Magaña & Caetano 
(2005) argued that the bimodal structure of pre-
cipitation over the Pacific side of Mesoamerica 
is not a form of intraseasonal variability in con-
vective activity related to the MJO, but a char-
acteristic of the annual cycle in precipitation.

Barrett & Leslie (2009) suggest a physi-
cal relationship between the MJO and tropical 
cyclone activity in the Western Hemisphere. 
As the MJO propagates east of the dateline, its 
low-level signal vanishes and only the upper-
level signature remains present by the time 
it reaches the North Atlantic. If strong, this 

latter component produces large-scale upper-
level convergence (divergence) that favors 
(disfavors) tropical cyclone formation. Yu et al. 
(2011), however, show that surface signatures 
of the MJO propagate from the Indo-Pacific 
Ocean to the Atlantic through the Isthmus of 
Panama. Klotzbach (2010) studied the con-
nection between the MJO phases and tropical 
cyclone frequency in the Atlantic basin over 
the 1974-2007 time period. The author found 
that the number of named tropical storms that 
formed in CS and the GM in phases 1 and 2 
of the MJO is five times larger than in phases 
6 and 7. According to Ventrice et al. (2011), 
the MJO directly modulates African easterly 
wave activity (AEW). During MJO phases 1 
to 3 (6 to 8), AEW activity is locally enhanced 
(suppressed). In addition, phases 1 to 3 (7 
and 8) are related to greatest (least) frequency 
of tropical cyclone formation in the Atlantic 
basin. This consistently follows the intrasea-
sonal variations of AEW activity. Klotzbach & 
Oliver (2015) obtained similar results to those 
of Klotzbach (2010) and Ventrice et al. (2011) 
when analyzing long-term records (from 1907 
to 2011). Crosbie & Serra (2014) performed 
regional model simulations of the boreal sum-
mers of 2002-2009 over the ENP and deter-
mined that the MJO mainly acts as a suppressor 
of tropical cyclogenesis during the suppressed 
phase and marginally favors tropical cyclone 
formation in the basin during the active phase.

4.	 Monthly frequency of tropical 
cyclones

The IAS is one of the most active regions 
in the world as far as the generation of tropical 
storms (TS) is concerned. The two components 
of the WHWP, the EPWP and the AWP, are 
energetically rich so that organized convection 
can lead to the development and intensifica-
tion of disturbances. TS generated in the ETP 
often directly or indirectly impact the CS and 
vice versa (see Peña, & Douglas, 2002 for 
mechanisms), and on occasion, these systems 
cross the continental region from the CS into 
the ETP. TS are the most deadly systems in the 
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region for both the CS (with a large number of 
island states) and Central America. These sys-
tems also affect the economies of many coun-
tries in the region, some of them among the 
poorest in the Americas. For the latter region, 
see for instance, the work of Amador (2011) on 
socioeconomic impacts in Central America due 
to tropical storms during 2010.

TS are not only important on a seasonal 
basis. Scientists, including those from the 
social sciences, are exploring historical obser-
vations in order to determine if long-term 
behavior of TS frequency, intensity and paths 
is related to anthropogenic global warming. 
According to Lander & Guard (1998) and 
Elsner & Kocher (2000), no increase in global 
tropical cyclone frequency (TSF) has been 
demonstrated. Moreover, there is some dis-
agreement amongst researches about TSF, some 
studies suggesting that future changes may be 
regionally-dependent (e.g., Sugi, Noda, & Sato, 
2002). The definition of TS intensity is another 
highly complicated issue since it depends on 
the metrics that are being used, such as average 
intensity, storm life, etc. Central America has 
been identified as a hot spot in the tropics for 
climate change (Giorgi, 2006). In this work, 
only the total number of named TS showed a 
significant trend at the 99 % confidence limit 
in the CS according to the Mann-Kendall test 
(Amador et al., 2016).

In this section, the monthly behavior of 
TS is explored using only named TS in both 
basins for the period 1966 to 2014. A separa-
tion in TS status or categories was considered 
to determine which months present the maxi-
mum storm frequency per category. Figure 
13 shows the monthly frequency distribu-
tion of TS (asterisks), hurricanes (pink bars) 
and strong hurricanes (red bars) for the ETP. 
Strong hurricanes are defined as those that 
reached category 3 or greater. As observed in 
this figure, September is the month with maxi-
mum total named TS, hurricanes and major 
hurricanes. Note that during this month and 
August, the historical number of hurricanes is 
about half of the named TS. August, however, 
behaves differently from July, which shows 
much less named TS but a comparable number 
of major hurricanes. Figure 14 presents the 
same data as Figure 13, except for the CS. 
Contrary to the ETP, the CS has its peak activ-
ity during August in all three classes, named 
TS, hurricanes and major hurricanes. Other 
months such as July and September also pres-
ent a good degree of cyclone activity. The TS 
season appears to end smoothly during October 
in the CS, in contrast to the ETP, which shows 
a more abrupt end to TS and hurricane activ-
ity. June is a month that clearly contrasts the 
named TS number in the ETP with that of the 
CS. In both basins the TS season is restricted 
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Fig. 13. Mean monthly frequency of total named tropical storms (asterisks), hurricanes (light red) and major hurricanes 
(hurricane intensity reached or surpassed category 3 in red) over the eastern tropical Pacific from 1966 to 2014.
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to the period May-November, with very few 
cases in December.

5.	 Summary and conclusions

This work is Part II of a two-part review 
about climate and climate variability in some 
regions of the IAS, with emphasis on the CS 
and ETP. Both studies aimed at providing some 
basic material to oceanographers, marine biolo-
gists and other marine scientists on climate 
(Part I) and on ocean-atmosphere interaction 
processes on seasonal to intraseasonal time 
scales (Part II). High quality data from different 
sources were used, including information for 
the last decade (Section 1).

Incoming solar radiation and surface ener-
gy fluxes reveal, with good detail, the com-
plex nature of the ETP and CS for convective 
activity and precipitation. The central CS and 
southeastern ETP are relevant regions that con-
tribute to moisture transport and precipitation 
for Central America (Durán-Quesada et al., 
2010). Using two different sets of SST data (OI 
and OAFlux), the nature and evolution of the 
WHWP were depicted. This study found some 
appreciable differences in the SST distribution 
between these databases, so caution is advised 
when using this information to define the 

WHWP as in Wang & Enfield (2001), or when 
estimating ocean-atmosphere energy budgets. 
The salinity field showed in general, as expect-
ed, a more saline CS than the ETP, however 
the northward migration of the ITCZ can have 
a significant impact on this field over the latter 
region due mainly to evaporation processes. 

There is no doubt that the AMS influences 
the climate and climate variability of the ETP 
and CS, however, the precise way systems act 
to affect regional precipitation or transport of 
moisture to other regions are not clear. The 
AMS determines the strength of the meridi-
onal SLP, the intensity of the trades, and the 
continental distribution of surface temperature 
and precipitation. The NAMS and SAMS are 
both, characterized by intense low-level jets 
(GPLLJ and South America Low-Level Jet, 
respectively) transporting moisture to convec-
tive regions. The CLLJ, a natural mode of the 
AMS as proposed by Amador (2008), is known 
to act as a conveyor belt for moisture transport 
(Durán-Quesada et al., 2010). However, daily, 
intraseasonal and seasonal modes of the CLLJ 
and their interactions with other systems, such 
as tropical waves or cyclones, have not been 
fully investigated. In the context of the region-
al low-level jets, the CJ effect on moisture 

Fig. 14. Mean monthly frequency of total named tropical storms (asterisks), hurricanes (light red) and major hurricanes 
(hurricane intensity reached or surpassed category 3 in red) over the Caribbean Sea from 1966 to 2014.

45

40

35

30

25

20

15

10

5

0

N
um

be
r o

f T
ro

pi
ca

l S
to

rm
s

Month

Ja
nu

ar
y

Fe
br

ua
ry

M
ar

ch

A
pr

il

M
ay

Ju
ne Ju
ly

Au
gu

st

Se
pt

em
be

r

O
ct

ob
er

N
ov

em
be

r

D
ec

em
be

r



S50 Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 64 (Suppl. 1): S23-S57, February 2016

transport to Central America during autumn is 
also an important research topic.

Trans-isthmic jets, flow passing through 
the mountain gaps in Central America, have 
a relevant role in the transport of moisture to 
the ETP and exert a variable seasonal wind 
stress force over the ocean surface to co-
generate regions of great marine productivity, 
such as the Costa Rica Dome. One of the most 
prominent ocean-atmosphere processes in both 
basins is the effect of the force exerted on the 
ocean by the near surface wind. In a region with 
synoptic scale low-level jets (CLLJ, CJ), and 
several TJs, this effect is observed as regions 
of upwelling-downwelling and the generation 
of ocean gyres. The wind stress curl estimated 
from the CCMP data is consistent with the 
presence of the CLLJ and the TJs, and partially 
explain the generation of areas of great marine 
productivity in the region.

As part of the north-south processes inter-
action, ARs have become a topic of interest 
due to their prominent role in enhancing water 
vapor transport toward high latitudes (Knip-
pertz, & Martin, 2007; Rivera et al., 2014). In a 
Sidebar section, a study case was presented to 
show the structure of an AR and the moisture 
transport associated with it, in this case bring-
ing water vapor from the CS to the ETP, and 
from there to higher latitudes.

Regional distribution of precipitation is 
due to a seasonal combination of factors. 
Among these factors are, isolated convec-
tion, the seasonal migration of the ITCZ, the 
hurricane season, the MSD, the seasonal and 
intraseasonal behavior of low-level jets and 
their interactions with transients, and the south-
ward incursion of cold fronts. Many large-scale 
systems also contribute to the variability of 
precipitation in the region, such as ENSO, the 
AMO and the MJO, by modulating regional 
features associated with convection and pre-
cipitation. This diversity of systems and scales 
of motion have important implications for the 
ability of the scientific and operative communi-
ties to make predictions at different time hori-
zons. In all the above processes the transport 
of moisture by the systems is crucial, however 

moisture is one of the least measured atmo-
spheric fields in both basins.

Using data from the GPCP for Central 
America, the CS, the ETP and northern SA, 
Hidalgo et al. (2015) estimated four indices 
that characterized the ITCZ. One of them, the 
latitudinal center of mass of precipitation (LA) 
showed a very strong correlation between sum-
mer LA and a summer index of the CLLJ. This 
suggested connections between Pacific and 
Caribbean climatic processes. In that work a 
dynamical mechanism was proposed to explain 
the observed correlations.

Large synoptic and shorter scale variability 
of near ocean surface parameters, SST, air tem-
perature, pressure and specific humidity were 
observed during the ECAC Phase 3 campaign 
for the period July 7-24, 2001, especially in the 
vicinity of the CLLJ core (Amador, 2008). This 
experiment showed a clear negative conse-
quence of the actual observing networks in the 
region, since estimates of moisture availabil-
ity and potential moisture transport with just 
reanalysis data may produce large errors. As 
expected, sensible heat and latent heat fluxes 
and the wind stress also showed large synoptic 
and shorter scale variability (Amador, 2008), 
characteristics that are not captured by current 
reanalysis products.

An important global mode that influences 
regional convection and precipitation is the 
MJO, however its effect on seasonal or intra-
seasonal precipitation variability is still an open 
problem for tropical research (e.g., Magaña, 
& Caetano, 2005; Barlow, & Salstein, 2006). 
Crosbie & Serra (2014) used regional model 
simulations during the boreal summers of 
2002-2009 over the ENP to determine that 
MJO mainly acts as a suppressor of tropical 
cyclogenesis during the suppressed phase and 
marginally favors tropical cyclone formation in 
the basin during the active phase.

Monthly TS activity in the CS and ETP 
basins is restricted to the period May-Novem-
ber, with very few cases in December. The CS 
presents TS peak activity during August, as 
well as for the number of hurricanes and major 
hurricanes, in contrast to the ETP that shows 
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the same features during September. The end of 
the TS season is more abrupt in the ETP than 
in the CS, in other words, October in the ETP 
is a much less active period than September-
October for the CS. 

The IAS is still an open laboratory for 
atmospheric research. This region holds many 
meteorological systems imperfectibly known 
in nature. The CLLJ interaction with easterly 
waves and other modes of intraseasonal vari-
ability and their effect on the generation of 
tropical cyclones and precipitation distribution 
is far from being a resolved problem. Some 
mechanisms modulating the MSD have been 
proposed, however, none of them has been 
tested with enough observed data. The impor-
tance of zonal and meridional moisture trans-
port from this tropical area to other regions 
in the IAS and to mid-latitudes is beyond any 
doubt, however, better knowledge on the pri-
mary mechanisms involved in this advection is 
still missing. Most data used here come from 
reanalysis efforts of good quality generated at 
global centers for weather and climate. Unfor-
tunately, the number of upper air observations 
in the IAS, fundamental to test reanalysis 
data, has not followed that effort at the same 
pace. Field experiments in the IAS devoted to 
acquire data at different time and space scales 
would be a remarkable improving factor to pro-
mote a better understanding of the physical and 
dynamical mechanisms involved in the weather 
and climate of the IAS.
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RESUMEN

La región oriental del Pacífico Tropical. Parte 
II: Modos atmosféricos de variabilidad estacional e 
intra-estacional: Esta es la Parte II de una revisión en dos 
partes del clima y la variabilidad climática, enfocada en el 
Pacífico Tropical del Este (PTE) y el Mar Caribe (MC). 
Ambas partes del trabajo tienen como objetivo proveer a 
oceanógrafos, biólogos marinos y otros científicos mari-
nos, una guía base de las interacciones océano-atmósfera 
que afectan el PTE, el MC y las aguas de la Isla del Coco, 
Patrimonio de la Humanidad de Costa Rica. La Parte I 
analizó para el PTE y MC y para las región 25º S - 35º N, 
20º W - 130º W, los campos medios anuales. En este tra-
bajo el área de interés es 65º W - 95° W, 0º - 20º N, como 
complemento a la Parte I. La radiación solar y los flujos 
superficiales de energía muestran una compleja naturaleza 
del PTE y MC, en relación con la actividad convectiva 
y la precipitación en escalas de tiempo estacionales e 
intra-estacionales. Ambas regiones son importantes como 
fuentes de evaporación y para los procesos de transporte 
regional de humedad. El Sistema Monsónico de América 
(SMA) influencia el clima y variabilidad climática del PTE 
y CS, sin embargo, la forma precisa en que los sistemas 
actúan para afectar la precipitación regional y el transporte 
de humedad, en la región de los Mares Intra Americanos 
(MIA), no es clara. A pesar de que la Corriente en Chorro 
del Caribe (CCC) actúa como una cinta transportadora de 
humedad, los modos estacionales e intra-estacionales de la 
CCC y sus interacciones con otro sistemas en la región del 
MIA, tienen que ser aún investigados. Las corrientes trans-
istmicas ejercen un variable esfuerzo estacional del viento 
sobre la superficie oceánica cogenerando regiones de gran 
productividad marina. Convección aislada, la migración 
estacional de la Zona de Convergencia Intertropical, la 
temporada de huracanes, el veranillo, el comportamiento 
estacional e intra-estacional de las corrientes de bajo nivel 
y su interacción con sistemas transitorios y la incursión 
en latitudes bajas de frentes fríos contribuyen a la preci-
pitación estacional en la región. Muchos sistemas de gran 
escala, como el Niño-Oscilación del Sur, la Oscilación 
Multidecenal del Atlántico y la Oscilación de Madden-
Julian contribuyen también a la variabilidad de la preci-
pitación, al modular características regionales asociadas a 
la convección y la precipitación. La actividad mensual de 
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tormentas tropicales (TT) se restringe en el PTE y MC al 
periodo mayo-noviembre, con muy pocos casos en diciem-
bre. El MC presenta picos de TT durante agosto, lo mismo 
que el número de huracanes y el de huracanes fuertes, 
en contraste con el PTE que muestra estas características 
durante septiembre. El final de la temporada de TT es más 
abrupta en el PTE que en el MC, en donde octubre es un 
periodo menos activo que septiembre-octubre en el MC.

Palabras clave: Isla del Coco, modos de variabili-
dad climática estacional e intra-estacional, Oscilación 
de Madden-Julian, Corriente en Chorro de Bajo Nivel 
del Caribe, Chorro del Chocó, corrientes trans-ístmicos, 
ríos atmosféricos.
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