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Abstract: Central America is a region susceptible to natural disasters and climate change. We reviewed the 
literature on the main atmospheric and oceanographic forces and climate modulators affecting Central America, 
for different spatial and time scales. We also reviewed the reported correlation between climate variability, 
natural hazards and climate change aspects (in the past and future). In addition, we examined the current state of 
seasonal prediction systems being applied to the region. At inter-annual scales, El Niño/Southern Oscillation is 
the main climate modulator; however, other indices such as the Tropical North Atlantic, Atlantic Multi-Decadal 
Oscillation and Pacific Decadal Oscillation, have shown a correlation with precipitation anomalies in the region. 
Current seasonal forecast systems in the region have shown a constant development, including incorporation of 
different approaches ranging from statistical to dynamical downscaling, improving prediction of variables such 
as precipitation. Many studies have revealed the need of including –in addition to the climatic information– 
socio-economic variables to assess the impact of natural disasters and climate change in the region. These studies 
highlight the importance of socio-economic and human life losses associated with the impacts caused by natural 
hazards for organizations and governments. Rev. Biol. Trop. 66(Suppl. 1): S153-S175. Epub 2018 April 01.
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Central America is a region regularly 
affected by natural threats. The source of these 
catastrophes covers a vast variety of natural 
hazards associated with its geographic location 
such as: prolonged cyclonic seasonality from 
both the Caribbean Sea and Pacific Ocean, 
geomorphology, and threats of hydro-meteoro-
logical origin (Pérez-Briceño, Alfaro, Hidalgo, 
& Jiménez, 2016). This region has a persistent 
occurrence of isolated large-scale phenomena 
or a combination of them, generating physical 
damage and economical losses. For example, 
not only intense, less frequent extreme events 
cause devastation in the region, but also high 
frequency meteorological events of lower 
intensity can cause most of the impacts in the 

region (Oficina de las Naciones Unidas para la 
Reducción del Riesgo de Desastres [UNISDR] 
& Centro de Coordinación para la Prevención 
de los Desastres Naturales en América Central 
[CEPREDENAC], 2014). In fact, Retana (2012) 
found that the indirect effect of hurricanes over 
Central America causes extreme precipitation, 
with higher frequency of occurrence from Sep-
tember to November, and major impact over 
the Pacific slope. A secondary mechanism of 
rainfall production identified were cold surges 
(Retana, 2012; Alfaro & Pérez-Briceño, 2014; 
Pérez-Briceño et al., 2016), affecting mainly 
the north and the Caribbean sides of Costa Rica 
and Honduras from December to January. Reta-
na (2012) reported low pressure systems that 
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occur between April to November was another 
source of extreme precipitation; however, their 
effects are more homogeneous over the region.

Natural threats, however, depend on the 
degree of vulnerability of the exposed ele-
ments, as well as, the phenomenon’s occur-
rence and adaptation capacity (Muñoz et al., 
2012; Neri & Magaña, 2016). Alfaro, Quesada, 
& Solano-Chaves (2010); Hidalgo & Alfaro 
(2012), and Pérez-Briceño et al. (2016) found 
that the recent increment of annual impacts 
due to hydro-meteorological events cannot be 
explained without including socio-economic 
variables. In addition, the complex topogra-
phy of the region requires that the study of 
climatic effects must be approached from a 
regional perspective.

To understand better the impacts of natural 
threats, mainly related to hydrometeorological 
hazards, the objectives of this paper are two-
fold: a) to review the main atmospheric and 
oceanic forces and climate modulators affect-
ing Central America and their connection to 
climate variability and change. In addition, b) 
to examine the current seasonal prediction sys-
tems implemented in the region.

MATERIALS AND METHODS

We reviewed the literature on the main 
atmospheric and oceanographic forces and cli-
mate modulators affecting Central America, for 
different spatial and time scales. The structure 
of this review is organized accordingly to the 
aims of the paper. In the first half, the main cli-
mate features and climate variability responses 
are revised. The second half of the paper will 
be focused on the seasonal forecast system 
currently tested and implemented by Central 
American institutions. The appendix 1 present-
ed a list of abbreviations used in this review.

RESULTS AND DISCUSSION

Climatic features of Central America

The geographical location of Central 
America plays a significant role in describing 

the climate variability of the region. Sur-
rounded by two large water masses, the Eastern 
Tropical Pacific (ETPac) ocean on the western 
side (Fiedler & Lavín, 2006), and the Caribbe-
an Sea on the eastern side, along with the Gulf 
of Mexico, the entire area is known as the Intra-
Americas Sea (IAS) (Amador, 2008) as shown 
in Fig. 1. The IAS also plays an important role 
in the global climate, because it receives large 
amounts of radiation coming from the Sun onto 
the Earth surface, and this regional waters act 
like an energy reservoir.

The IAS region is sensitive to the effect of 
both large-scale and regional-scale dynamical 
systems acting in its vicinity. The most domi-
nant synoptic influence over the IAS region is 
the North Atlantic Subtropical High (NASH) 
(Taylor & Alfaro, 2005; Amador, Alfaro, Liz-
ano, & Magaña, 2006; Amador, Rivera, et 
al., 2016). Subsidence associated with the 
spreading of the subtropical high from the 
north Atlantic to the North American landmass 
dominates during boreal winter (December 
to February), as do the strong easterly trades 
found on its equator ward flank. Coupled with 
a strong trade inversion, a cold ocean and 
reduced atmospheric humidity, the region is 
generally at its driest during this period. With 
the onset of boreal spring, however, the NASH 
moves offshore, and the easterly trade wind 
intensity decreases with its convergence with 
the Southern Hemisphere winds in the ETPac. 
Especially for Central America, the variation in 
the strength of the trade winds is an important 
determinant of climate throughout the year. 
There is also a high and weak trade inversion: 
the ocean warms and atmospheric moisture is 
abundant (Hidalgo, Durán-Quesada, Amador, 
& Alfaro, 2015). Besides the NASH, other 
significant synoptic influences include: (a) the 
influence of the Inter Tropical Convergence 
Zone (ITCZ) (Hidalgo et al., 2015; Quirós-
Badilla & Hidalgo-León, 2016) and its season-
al migration - mainly affecting the Pacific side 
of southern Central America; (b) the intrusions 
of polar fronts of mid-latitude origin (called 
“Nortes” in Spanish) which modify the dry 
winter and early summer climates of the entire 
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Caribbean and Central American region; (c) 
westward propagating tropical disturbances - a 
summer season feature associated with much 
rainfall especially over the Caribbean region 
(Amador et al., 2006; Amador, Rivera, et al., 
2016); (d) the Western Hemisphere Warm Pool 
(WHWP) (Wang & Enfield, 2001, 2003; Wang 
& Fiedler, 2006); (e) the Caribbean low-level 
jet (CLLJ) (Amador, 1998, 2008; Maldona-
do, Rutgersson, Amador, Alfaro, & Claremar, 
2016) and its interaction with the ITCZ (Hidal-
go et al., 2015) and (f) the midsummer drought 
(MSD) (Magaña, Amador, & Medina, 1999; 
Karnauskas, Seager, Giannini, & Busalacchi, 
2013; Herrera, Magaña, & Caetano, 2015; Mal-
donado, Rutgersson, Alfaro, Amador, & Clare-
mar, 2016). These elements depict the general 
frame of the regional climate and variability 
in the region (Wang, Lee, & Enfield, 2008), 
and form part of the vast variety of regional 
climate components present in this area. Even 
with the above identified influences, many of 
the dynamical and physical mechanisms and 
interactions with the regional climate are still 
not fully understood (Amador, 2008).

As it will be seen in the following sections, 
at inter-annual time-scales the most dominant 
influence to moisture in the region is the 

El Niño/Southern Oscillation (ENSO) varia-
tions (Hidalgo, Alfaro, & Quesada-Montano, 
2017), while other climatic phenomena from 
the Pacific and Atlantic influence precipitation 
at inter-annual and lower frequencies (Alfaro, 
2007c; Maldonado, Alfaro, Fallas-López, & 
Alvarado, 2013; Amador, Durán-Quesada, et 
al., 2016; Maldonado, Alfaro, Rutgersson, & 
Amador, 2016; Maldonado, Rutgersson, Alfaro 
et al., 2016).

Wind field: The trade winds are the low-
level tropospheric flow, typically known as 
the Hadley Cells. The Hadley Cell is part of 
the equator-ward branch transporting large 
amounts of moisture, producing an area of 
uplift (convergence) that destabilizes the strati-
fication at low latitudes. They are responsible 
for the convective activity and associated pre-
cipitation distribution that take place near or 
within the ITCZ. At local scales, the interac-
tion with the topography helps to explain the 
temporal and spatial rainfall variability in some 
areas of Central America (Amador, Chacón, 
& Laporte, 2003). Two subtropical high-pres-
sure systems located near 30 ºN, in both the 
Pacific Ocean (the North Pacific high) and 
in the NASH, produce (in average) a relative 

Fig. 1. The Intra-Americas Sea region as defined by Amador (2008). The terrain elevation 
is represented by the color-scale.
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strong meridional pressure gradient between 
the subtropics and tropics, which accelerates 
the air masses towards the equator, generating 
the trade winds.

Monsoonal systems such as the North 
American Monsoon System (NAMS) and the 
South American Monsoon System (SAMS) 
interact in different ways with the trade winds, 
and are important mechanisms that explain the 
precipitation during the warm season in the 
ETPac. Vera et al. (2006) reviewed both sys-
tems in more detail. According to Amador et 
al. (2006), the most relevant monsoon system 
for ocean-atmosphere dynamics in the ETPac 
is the NAMS. The NAMS is generated due to 
the seasonal thermal contrast that occurs in this 
season over the ETPac and the entire Ameri-
can continent (e.g. Higgins et al., 2003). The 
NAMS has been shown to be associated with 
the summer time precipitation of the ETPac 
(Higgins, Yao, & Wang, 1997; Mock, 1996).

At regional scales, during the boreal sum-
mer, more complex circulations than those in 
winter develop in the IAS region. Low-level 
flows occur during the boreal summer, par-
ticularly the Gulf of California low-level jet 
(Douglas, 1995; Douglas, Valdez-Manzanilla, 
& García-Cueto, 1998), the Chocó low-level 
jet (CJ, Poveda & Mesa, 2000), and the CLLJ 
(Amador, 1998, 2008). The second mechanism 
is developed by the CJ in the western coast of 
Colombia near 5º N. It reaches its maximum by 
October-November, then decreases its intensity 

until it becomes almost absent during the period 
of February to March. Low-level warm air and 
moisture convergence associated with the CJ 
and low surface pressure and orographic verti-
cal motion on the western Andes contribute to 
deep convective activity, which is organized as 
meso-scale convective complexes (Poveda & 
Mesa, 2000). Durán-Quesada, Gimeno, Ama-
dor, & Nieto (2010) have pointed out the asso-
ciation between the CJ and the moisture input 
from the Pacific Ocean to Central America.

The third low-level flow, the CLLJ, peaks 
in winter and summer (Amador, 1998, 2008; 
Amador et al., 2003; Maldonado, Rutgers-
son, Amador, et al., 2016). The mean annual 
cycle of the CLLJ index at 925 hPa is shown 
in Fig. 2. During summer, it is barotropically 
unstable, and has potential interaction with 
transients, such as easterly waves. It has been 
associated with precipitation in the Pacific 
slope of Central America (Hidalgo et al., 2015, 
2017). From May to July, easterly waves lose 
energy and momentum strengthening the mean 
current and causing the low-level jet to peak 
in July. The CLLJ is an important element to 
explain the convective activity during July 
through November, and contributes to the 
understanding of the climate of the region. 
CLLJ has been found as the most important 
mechanism for moisture transport from the 
Caribbean Sea to Central America (Durán-
Quesada et al., 2010; Gimeno et al., 2012). In 
winter, however, its formation is distinct to the 

Fig. 2. Annual cycle of the Caribbean low-level jet (CLLJ) index as defined by Amador (2008). The CLLJ index is estimated 
using the area average of the zonal wind at 925 hPa for the region 12.5 ºN - 17.5 ºN and 70 ºW - 80 ºW. The climatology is 
calculated using the monthly values from ERA-Interim reanalysis products for the time period 1979-2014. The horizontal 
resolution is 0.75º latitude by longitude.
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summer component (Amador, 2008; Cook & 
Vizy, 2010; Wang, 2007).

During the northern hemisphere winter, 
the ITCZ is at its southernmost position (Srini-
vasan & Smith, 1996), and SSTs over the 
adjacent areas of the Caribbean and the Pacific 
are relatively uniform, with values usually 
below 28 ºC (Amador et al., 2003). The trade 
winds are also intensified and a frequent south-
ward displacement of air masses occurs. From 
December - March, cold air masses coming 
from Canada and the Polar Regions penetrate 
deep into the tropics and produce strong winds 
associated with intense periods of rainfall 
(Schultz et al., 1997; Schultz, Bracken, & 
Bosart, 1998; Zárate-Hernández, 2013).

Interaction with topography (i.e. wind 
is funneled through topographical gaps in 
southern Mexico and Central America), and a 
strong gradient in the sea level pressure (SLP) 
between the basins (a low in the Pacific and a 
high in the Caribbean) due to the intrusion of 
cold outbreaks, produce strong near-surface 
wind events that can extend far into the ETPac 
(Brenes et al., 2003; Amador et al., 2006; 
Alfaro & Cortés, 2012). High SLP over the 
southwestern Caribbean generates northerly 
surface winds across the Isthmus of Panama 
that extend offshore from the Gulf of Panama 
into the ETPac region (Amador et al., 2006). 
During this season, these intense winds over 
the Caribbean are associated with the winter 
branch of the CLLJ (Amador, 2008; Maldo-
nado, Rutgersson, Amador, et al., 2016), and its 
interaction with the mountains forces rainfall in 
Central America.

According to Amador et al. (2006) and 
Amador, Rivera, et al. (2016), the wind stress 
curl has a strong seasonal cycle with a marked 
meridional migration of the up-welling (posi-
tive curl) and down-welling (negative curl) 
areas that is mostly associated with the south-
east and northeast trade patterns and its north-
south migration in the ETPac. The distribution 
of this variable is almost zonal, and most of 
the large-scale features are located north of the 
equator. In general, the fluctuations in the mag-
nitude of the wind stress curl in the tropics are 

mainly related to seasonal atmospheric circula-
tion and the ITCZ.

Moisture transport: Durán-Quesada et 
al. (2010) identified two main moisture sources 
for Central America. The first one and the most 
important is the Caribbean Sea. The second 
appears near the equatorial Pacific region. 
These results were highlighted also by Gimeno 
et al. (2012) who indicated that the major 
amount of humidity in the continental part of 
Central America originates from the nearby 
oceans. A third continental source of moisture 
was found by Durán-Quesada (2012) over 
Venezuela due to the water recycling processes.

The intensity and extent of the moisture 
sources vary throughout the year. The Carib-
bean source (CS) does not vary significantly 
along the year, except by a slight displacement 
towards the Gulf of Mexico during winter. In 
contrast, the Pacific source (PS) shows signifi-
cant variation throughout the year, and disap-
pears as a source during winter and spring, 
mainly due to the influence of the ITCZ 
(Durán-Quesada et al., 2010). Seasonally, dur-
ing the boreal summer, the humidity transport 
from the CS is more effective and contributes 
to precipitation in Central America, while the 
moisture that departs from PS is not even able 
to reach the entire Central American region, 
contributing to precipitation only in its south-
ernmost portion, specifically in Costa Rica. 
Through the boreal winter, there is a reduction 
in the moisture transport, consistent with the 
precipitation pattern over Central America. 
The latter results in dry conditions (mainly in 
the Pacific basin) during this season. Mois-
ture convergence in Central America during 
winter is clearly less important than during 
spring (March, April, May) and autumn (Sep-
tember, October, November), when the mois-
ture flux over the continental area becomes 
more relevant.

To understand the role of the CLLJ for 
moisture transport, it is worth mentioning that 
the CLLJ acts not only as a moisture belt, but 
also as a humidity collector that is capable of 
modulating surface evaporation as a result of 
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its moisture content (Wang, Lee, & Enfield, 
2007). Many studies found that the core of the 
CLLJ is consistent with the maximum nucle-
us of moisture gain over the Caribbean Sea 
(Wang, 2007; Wang & Lee, 2007; Wang et al., 
2007; Durán-Quesada et al., 2010). The major 
contribution occurs during boreal summer, and 
for the case of the CS region, coincides with 
the maximum observed winds in the core of the 
CLLJ. However, the second maximum mois-
ture source of the CLLJ in boreal winter is not 
associated with any important transport, mainly 
due to the incidence of the dry season. The dry 
season is characterized by less intense jet winds 
than in summer and a minimal amount of pre-
cipitable water.

Durán-Quesada et al. (2010) highlighted 
that the contribution of moisture to Central 
America that originates in the PS region is 
partly determined by the presence of the CJ, 
which in turn allows the development of deep 
convection in the region. This contribution is 
more noticeable over northern Colombia when 
it appears to be combined with the effect of 
orographic lifting, as described by Poveda & 
Mesa (2000). The importance of the PS region 
is greatest during those parts of the boreal 
summer and autumn that coincide with the 
maximum velocities within the core of the CJ. 
A significant part of the moisture transported 
by this jet is unable to reach Central America 
completely, due to the loss of moisture in the 

ITCZ and the presence of a mountain range 
in Costa Rica. 

According to Durán-Quesada, Gimeno, & 
Amador (2017), inter-annual variability of pre-
cipitation is highly dependent on the low-level 
jets with the atmospheric variability modes. 
Evaporative sources show opposite anomaly 
patterns during warm and cold ENSO phases, 
as a result of the strengthening and weakening, 
respectively, of the CLLJ during the summer 
months. Trends in both moisture supply and 
precipitation over the last three decades suggest 
that precipitation trends are not homogeneous 
for Central America. Trends in moisture supply 
from the CS and PS show a marked north-south 
seesaw, with an increasing supply from the CS 
Sea to northern Central America. Long-term 
trends in moisture supply show increases dur-
ing the transition months (March and October).

Precipitation: The NASH produces strong 
easterly trades winds towards the equator: this 
is the dominant wind regime in Central Amer-
ica. The interaction between the trades and the 
topography, plus the location of the isthmus, 
imprint the regional features of the climate 
and weather. This interaction produces two 
regional climates (Fig. 3) - Pacific and Carib-
bean (Taylor & Alfaro, 2005; Amador et al., 
2006). Nonetheless, the complex orography is 
capable of producing local climate and weather 
patterns, noted mainly in the high variability 

Fig. 3. Annual cycle of precipitation time series filtered with a triangular window of 31 days as in Soley (1994). The blue 
line shows the annual cycle of precipitation of the Nicoya station located on the Pacific side of Costa Rica, while the pink 
line shows the annual cycle of rainfall for Puerto Cabezas station in the Caribbean side of Nicaragua. The climatology 
is calculated for the period 1969-2010 from daily precipitation data. The data was provided by the respective National 
Meteorological Services.
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observed in precipitation with respect to the 
altitude (Fernández, Chacón, & Melgarejo, 
1996; Amador et al., 2003).

The Pacific side presents a bimodal rain-
fall distribution around the year (Fig. 3, Alfaro, 
2002). A first maximum occurs in May-June, 
partly because of the northern migration of the 
ITCZ. However, the migration of the ITCZ 
neither explains the generalized deep convec-
tion during the rainy season over the whole 
region since the ITCZ is not found at latitudes 
10º - 12º N (Alfaro, 2000; Maldonado, Alfaro 
et al., 2016), nor explain the beginning and 
the ending of the rainy spells. Additionally, to 
this migration, the SST of the neighboring seas 
have warmed reaching about 29 ºC and deep 
convection activity is developed along with a 
sub-tropical lower-tropospheric cyclonic circu-
lation anomaly over the subtropics.

A relative minimum of precipitation 
through July-August in the Pacific is caused 
by the MSD (Magaña et al., 1999; Karnauskas 
et al., 2013; Herrera et al., 2015; Maldonado, 
Rutgersson, Alfaro et al., 2016). During the 
occurrence of the MSD in these months, the con-
vective activity diminishes. Due to a decrease 
of about 1 ºC in the SST over the ETPac, the 
associated cyclonic circulation anomaly weak-
ens, resulting in an acceleration of the low-lev-
el flow that crosses the isthmus. This leads to a 
formation of divergence anomalies that inhibit 
deep convection activity, and the strengthen-
ing of the easterlies, forcing upward motion 
and intense precipitation over the Caribbean 
side and subsidence and clear skies upon the 
Pacific slope (Hidalgo et al., 2015). The second 
maximum peaks during August through Octo-
ber due to the presence of fewer deep clouds, 
which would produce an increment of incom-
ing solar radiation increasing the SST above 
28 ºC. Then, this warming in the SST produces 
an increase of evaporation from the oceans to 
the atmosphere; in addition, weakened trade 
winds and a low-level convergence anomaly 
lead to enhanced deep convection. Normally, 
this season presents the highest frequency of 
extreme events over the Pacific slope (Alfaro 
et al., 2010; Maldonado et al., 2013).

On the Caribbean side, rainfall decreases 
during these months, due to a decrease in 
the strength of the trade winds (Taylor & 
Alfaro, 2005; Amador et al., 2006). The Carib-
bean side shows a different rainfall mode 
(Fig. 3), as pointed out by Taylor & Alfaro 
(2005). Precipitation during the winter months, 
along this coast, is mostly related to humid-
ity convergence, mid-latitude air intrusions 
(Schultz et al., 1997, 1998), and less frequent 
low-level cloud systems traveling from the east 
(Velásquez, 2000).

Hurricanes: Taylor & Alfaro (2005) 
describe that tropical storms and hurricanes are 
seasonally common in the northern Caribbean 
and Gulf of Mexico. These phenomena deserve 
brief discussion due to the significant loss of 
life, the extensive infrastructural damage, and 
the disruption to the Central American and 
Caribbean economies and way of life that occur 
with hurricane landfall or even relative close 
approximations (Amador, 2011; Pérez-Briceño 
et al., 2016). On average, eight hurricanes will 
pass near or through the Caribbean region in 
a year, but this number can vary significantly 
from year to year. Global climatic phenomena, 
such as ENSO, seem to play a role in determin-
ing the number of storms which will devel-
op and pass through the Caribbean. During 
the warm ENSO phase, an apparent decrease 
occurs in the frequency of tropical storms due 
to an increase in wind shear over the Caribbean 
during the hurricane season (Alfaro, 2007a). 
Goldenberg, Landsea, Mestas-Nuñez, & Gray 
(2001) show evidence of decadal variation in 
storm activity with some decades on average 
being less active (1970s to 1990s) than others 
(1920s to 1960s). The hurricane season runs 
from June to November with a peak in Sep-
tember (Alfaro & Quesada, 2010; Alfaro et al., 
2010). The ETPac is itself an important region 
of hurricane development affecting mainly the 
Pacific coast of Mexico, and occasionally the 
northern part of Central America (Guatemala 
and El Salvador) (Amador, Hidalgo, Amador 
et al., 2012; Farfán, Alfaro, & Cavazos, 2013).
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Alfaro (2007a); Alfaro & Quesada (2010) 
and Alfaro et al. (2010) studied the variabil-
ity in the annual number of tropical cyclones 
(TC) for the Atlantic as a function of the 
inter-annual and decadal variability of SST. 
Given a scenario below normal, neutral and 
above normal in some selected SST indices 
for 1944-2004 (61 years), a contingency table 
analysis was used to calculate the conditional 
probabilities for scenarios below normal and 
neutral and above normal for different annual 
time series of TCs activity in the Atlantic basin. 
This annual activity was conditioned on the 
difference between the normalized SST of the 
Tropical North Atlantic (TNA) and the Equato-
rial Eastern Pacific. Lower than average activ-
ity years were observed with cooler (warmer) 
than average temperatures in the TNA (Eastern 
Equatorial Pacific), greater wind shear over the 
TNA but smaller over the ETPac, near Central 
America; and higher (lower) SLP in the TNA 
(Eastern Equatorial Pacific). Higher than aver-
age activity years were observed in general 
terms with opposite anomaly patterns in the 
regions described previously.

Climate variability elements in  
the Intra-Americas Sea  
Large scale modulators

El Niño/Southern Oscillation (ENSO): 
ENSO is a two-component physical mechanism 
that describes the coupling of SST anomalies in 
the tropical Pacific Ocean and the fluctuation 
in tropical SLP gradient in the Western and 
Eastern Pacific Hemispheres, also known as 
the Southern Oscillation. El Niño is associated 
with unusual strong warming events that occur 
every two to seven years and goes hand in hand 
with the basin-scale tropical Pacific anomalies 
(Wang & Fiedler, 2006). ENSO variability in 
the ETPac is centered along the equator, but 
is closely related to variability of the tropical 
WHWP. Authors such as Chen & Taylor (2002) 
and Bell & Chelliah (2006) suggest that ENSO 
forces variations in the SST field and vertical 
wind shear that trigger the inter-annual vari-
ability of the hurricane season during ENSO 

events. Moreover, direct teleconnection (not 
necessarily related to changes in hurricane 
frequencies) has been established in several 
studies that suggest an increase (decrease) of 
precipitation (especially in the Pacific slope of 
Central America) associated with cold (warm) 
ENSO phases (Dai & Wigley, 2000; Giannini, 
Cane, & Kushnir, 2001; Cid-Serrano, Ramírez, 
Alfaro & Enfield, 2015; Hidalgo et al., 2017; 
Maldonado, Rutgersson, Amador, et al., 2016; 
Sánchez-Murillo, Durán-Quesada, Birkel, 
Esquivel-Hernández, & Boll, 2016).

The Atlantic Multi-Decadal Oscillation 
(AMO): AMO is a 70 year period mode in SST 
(Delworth & Mann, 2000; Enfield, Mestas-
Nuñez, & Trimble, 2001). This signal has 
also been found in different modeling analysis 
(Delworth, Manabe, & Stouffer, 1993; Del-
worth & Greatbatch, 2000; Latif et al., 2004), 
and it was detected as the first rotated empiri-
cal orthogonal functions with a large response 
in the North Atlantic SST (Mestas-Nuñez & 
Enfield, 2001). The AMO signal modulates 
precipitation variations in different regions 
such as the IAS (Giannini, Kushnir, & Cane, 
2000; Enfield et al., 2001). Wetter (drier) con-
ditions over Central America (north-east Bra-
zil) during JJA (DJF) were found by Zhang & 
Delworth (2006). AMO has also played a sig-
nificant role in modulating the impact of ENSO 
on droughts. The connection between AMO 
and other regional features such as the Atlantic 
Warm Pool (AWP) has also been studied. Wang 
et al. (2008) showed that warm (cool) phas-
es of the AMO are associated with repeated 
large (small) AWPs, suggesting the relationship 
between the AMO and Atlantic TCs. The latter 
agrees with results that indicate the presence 
of multi-decadal variations in hurricane activ-
ity due to the Atlantic SST (Goldenberg et al., 
2001). AMO is then of importance related to 
the low frequency variability of precipitation 
as it modulates the distribution of moisture 
and extreme rainfall events (Maldonado et al., 
2013, Maldonado, Alfaro et al. 2016; Maldo-
nado, Rutgersson, Alfaro et al. 2016).
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The Pacific Decadal Oscillation (PDO): 
The Pacific Decadal Oscillation (PDO) is a 
long-lived El Niño-like pattern of the vari-
ability of the Pacific climate (Zhang, Wallace, 
& Battisti, 1997). Mantua, Hare, Zhang, Wal-
lace, & Francis (1997) highlight the PDO as 
the dominant pattern of Pacific Decadal Vari-
ability. Even when the PDO is referred to as an 
El Niño-like pattern, it differs from ENSO in 
the time scale of the persistence of events, and 
its fingerprint is more noticeable in the extra-
tropics rather than the tropics (Mantua & Hare, 
2002). The pattern of a warm PDO phase is fea-
tured by cooler than normal SSTs in the central 
North Pacific and warmer than normal SSTs 
along the west coast of the Americas. Symme-
try in SST anomalies patterns between northern 
and southern hemispheres exhibited by the 
PDO has been noted by Evans et al. (2001). 
The mechanisms of the PDO are complex and 
are still an open issue; however, some studies 
suggest the importance of the tropical coupling 
for the existence of the PDO (Feng, Wu, Lin, 
& Meng, 2010). Schneider & Cornuelle (2005) 
propose the PDO evolves from a composition 
between the forces due to Niño 3.4, and the 
changes of the Aleutian low (inter-annual fre-
quencies) and the Kuroshio-Oyashio Extension 
(decadal time scales). The importance that the 
PDO may have for global climate is related to 
a correlation between the PDO index (Mantua 
et al., 1997) and precipitation anomalies in 
Central America.

Mantua et al. (1997) founded that the warm 
PDO phases are associated with anomalously 
dry periods in the eastern coasts of Eurasia, 
Northwest Pacific of USA, Central America 
and northern South America. The same phase 
also seems to be related to the wetter than 
normal conditions in the Gulf of Alaska, South-
west USA and Mexico, South-east Brazil, 
South central South America and Western Aus-
tralia. Fallas-López & Alfaro (2012a, b) and 
Maldonado, Rutgersson, Amador, et al. (2016) 
founded that during winter the PDO forces 
are more appreciable in combination with the 
El Niño phases. The PDO intensifies El Niño 
signal in SLP and precipitation anomalies, if 

both processes have the same phase. The PDO, 
however, modulates precipitation mainly over 
Mexico and southern parts of the USA.

The North Atlantic Oscillation (NAO): 
Greatbatch (2000) made a detailed revision 
of the NAO. It is the most important vari-
ability mode in the North Atlantic Ocean. One 
way to define and index for NAO is through 
the difference between normalized mean win-
ter (December to March) SLP anomalies at 
Lisbon, Portugal and Stykkisholmur, Iceland 
(Hurrell, 1996). NAO is an element of the Arc-
tic Oscillation pattern, NAO is linked with SST 
anomalies in the East/South-east of Greenland.

NAO has been also associated with the 
strengthening of the NASH and the North-East-
ern trade winds, affecting thus the circulation in 
the IAS. Therefore, the impact of the NAO is 
associated with climate features over the IAS, 
SST in the TNA, the size of the WHWP and 
the CLLJ. Seasonal variations of the NAO may 
be reflected in its influence on the IAS easterly 
winds and precipitation patterns (Wang, 2007; 
Fallas-López & Alfaro, 2012a; Maldonado, 
Rutgersson, Amador, et al., 2016). Malmgren, 
Winter, & Chen (1998) found that during the 
boreal summer, the NAO index has an inverse 
relation with the observed precipitation pat-
terns over Puerto Rico.

Regional-scale modulators

Regional circulation systems: Two 
important regional circulation systems modu-
late the weather and climate in the region. 
The first mechanism is the CLLJ over the 
Caribbean Sea, and the second is the CJ. The 
CLLJ is important for moisture transport in the 
region, and to explain the convective activity 
during the summer months. During winter, it 
has a second maximum; nonetheless, it has 
shown no relation with convection during this 
season (Amador, 1998, 2008). The CJ peaks 
in October-November, and contributes to the 
moisture transport for the southernmost part of 
Central America (Durán-Quesada et al., 2010). 
Furthermore, the CJ is associated with deep 
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convection activity over the western Andes 
region in Colombia (Poveda & Mesa, 2000).

SST of Neighboring Oceans: The influ-
ence of the SST anomalies on the precipita-
tion variability field has been widely studied 
(Enfield & Alfaro, 1999; Alfaro, 2000, 2007b; 
Wang & Enfield, 2001, 2003; Wang et al., 
2007, 2008; Wang & Lee, 2007; Maldonado 
et al., 2013; Maldonado, Alfaro et al., 2016; 
Maldonado, Rutgersson, Alfaro et al., 2016). 
The beginning and ending of the rain spells are 
related to fluctuations in the SST of the Atlantic 
and Pacific Oceans (e.g. Alfaro, Cid & Enfield, 
1998). SST anomalies are also associated with 
the magnitude of rainfall and frequency of 
rainy days (Maldonado & Alfaro, 2010, 2011; 
Maldonado et al., 2013). Amador et al. (2006) 
pointed out that the seasonal cycle of SST is 
important in defining key climatological fea-
tures, especially during summer-autumn, such 
as the WHWP development (Wang & Enfield, 
2001; Wang & Fiedler, 2006), the appearance 
of MSD (Magaña et al., 1999; Karnauskas et 
al., 2013; Herrera et al., 2015; Maldonado, 
Rutgersson, Alfaro, et al., 2016) and favor-
able areas for cyclogenesis (Goldenberg et al., 
2001). During the northern winter, SST iso-
therms over the Caribbean and the ETPac are 
mostly zonally distributed, with values usually 
below 28 - 29 ºC, except in the central ETPac, 
and to the west of Central America, where there 
is a maximum of SST throughout the year. As 
result of this SST distribution, there is a rela-
tively strong vertical trade wind shear, along 
with a reduction in evaporation. These condi-
tions do not allow major convective activity to 
occur in most of the Pacific slope of Central 
America during this season. In addition, the 
ITCZ is at its southernmost position (Sriniva-
san & Smith, 1996) during the boreal winter.

In boreal summer, the WHWP dominates 
the SST distribution over most of the ETPac 
region (Magaña et al., 1999; Wang & Enfield, 
2001, 2003). Variations in surface variables 
(precipitation and temperature) in different sec-
tors of Mesoamerica, including its west coast, 
are the result of a combination of fluctuations 

in the equatorial tropical Pacific and in the 
TNA (Amador et al., 2006). Studies such as 
Alfaro, Cid, & Enfield (1998), Alfaro & Cid 
(1999a, 1999b) and Enfield & Alfaro (1999) 
show that the strongest rainfall signal occurs 
when TNA and tropical Pacific SST anomalies 
are in a configuration of meridional dipole 
(anti-symmetric) across the ITCZ, that is, when 
these anomalies have an opposite sign. The 
rainy season in south Central America tends to 
start early and end late in years that begin with 
warm SST in the TNA. Ending dates are also 
delayed when the ETPac is cold.

Local-scale modulators

Topography is the main local modulator 
of the variability in the region. Fernández et al. 
(1996) explored the variability of rainfall with 
altitude in Central America by examining the 
vertical rainfall distribution in Costa Rica along 
a topographic profile which crossed the country 
from the Pacific to the Caribbean coasts. The 
mountain profile, with highest peak of approxi-
mately 3000 m, is oriented perpendicular to 
the prevailing large-scale north-easterly trade 
winds. Their analysis of rainfall amounts and 
the seasonal and diurnal variations at 14 rain-
gauge stations located on or close to the topo-
graphic profile reveals considerable variation 
with altitude. Maximum rainfall on both the 
windward (Caribbean) and leeward (Pacific) 
sides of the main mountain range occur at inter-
mediate altitudes rather than on the mountain 
tops. (See also the work of Chacón & Fernan-
dez, 1985). Average yearly maxima of 7 735 
mm on the windward side and 6 692 mm on the 
leeward side were observed at about 2 000 m 
and 800 m respectively. According to Amador 
et al. (2006), changes in the intensity of the 
trade winds in the Caribbean Sea and the Gulf 
of Mexico exert an important control on pre-
cipitation by means of wind-topography inter-
actions. Boreal winter cold fronts descending 
from extra-tropical latitudes generate strong 
low- level wind jets throughout the Tehuante-
pec, Papagayo and Panama Gulf passages.
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Interaction between the terrains with the 
induced flow coming from the Pacific ITCZ, 
due to some prevailing synoptic system, pro-
duces a type of disturbance that contributes 
to precipitation in Central America, which is 
named the “temporales” (Hastenrath, 1991; 
Fernández et al., 1996). These are periods of 
weak-moderate nearly continuous rain, lasting 
several days and affecting a relatively large 
region. Their definition includes the condi-
tion that the wind must be weak; however, 
Amador et al. (2003) have shown that in some 
cases winds can be intense and long-lasting. 
Fernández et al. (1996) identify at least four 
synoptic configurations that can eventually 
generate conditions for a temporal: (1) deep 
lower and middle troposphere troughs in the 
easterlies (hurricanes excluded), (2) intrusions 
of an upper troposphere troughs in mid-latitude 
westerlies, (3) outbreaks of cold air from North 
America (Zárate-Hernández, 2013; 2014), and 
(4) the direct and indirect effect of hurricanes. 
Velásquez (2000) also found that westward- 
traveling, low-level cloud systems (Peña & 
Douglas, 2002) over the Caribbean reaching 
the Pacific, which are not necessarily associ-
ated with mid-latitude cold air intrusions can 
also generate conditions for a temporal. The 
frequency of these events presents a great 
deal of inter-annual and intra-seasonal vari-
ability, and their relationship to ENSO or to 
other large-scale climatic signals is still unclear 
(Amador et al., 2006).

Sea-breeze circulations are relevant 
regional modulators of the climate, on islands 
and peninsulas, since they favor the develop-
ment of convective systems. These circula-
tions are marked by a diurnal cycle due to 
the thermal contrast between the coastline 
and sea. They can be associated to a diurnal 
cycle of precipitation. However, in coastal 
regions with nearby complex topography, like 
Central America, the induced flow can impact 
the temporal and spatial distribution of the 
meso-scale features in rainfall. Besides that, 
there is evidence in regions with similar char-
acteristics to the Central American isthmus 
(i.e. West coast of Colombia), that the sea 

breeze can penetrate over near-coastal moun-
tains into a valley approximately 100 km away 
(Mapes et al., 2003).

Historical and projected climate/weather 
hazard in Central America: Alvarado & Alfaro 
(2003) studied the TC frequency in the Carib-
bean Sea that affected Costa Rica during the 
20th century. None of the 125 cyclones passed 
over Costa Rica, and the closest tracked was 
the 1993 tropical storm Bret. The 1988, cate-
gory 5, hurricane Gilbert was the most intense; 
however, the hurricane Joan during the same 
year is considered the cyclone with the most 
severe damage over Costa Rica. Hurricane 
Mitch in 1998 is catalogued as the cyclone with 
more damages in Central America and with 
more rain accumulated by topographic effects. 
The 40s (80s) was the decade with more (less) 
hurricane events. The modulation of this aspect 
could be the combination of inter-annual and 
inter-decadal variability in the ETPac and 
TNA. It is concluded that the intensity of a 
temporal in Costa Rica is not directly associ-
ated with cyclone’s magnitude, because it 
depends also on the relative cyclone’s position 
and its velocity over the Caribbean Sea. Tropi-
cal storm landing in the southern part of Cen-
tral America are rare. Few cases are found in 
recorded history: Díaz-Bolaños (2004) reported 
a tropical storm landing in the northern part 
of Costa Rica in 1887, and Hurricane Martha 
landed near Panama in between November 
21-25th in 1969 (Solano, Alfaro & Quesada, 
2011). In November 24th, 2016 hurricane 
Otto landed over Costa Rica, and was the first 
recorded case of a land-falling hurricane over 
the country (Brown, 2017).

Alfaro & Pérez-Briceño (2014) exam-
ined the impacts of cold fronts or outbreaks, 
easterly waves and TCs that originated in the 
surrounded seas of Central America. They 
found that impacts associated with cold fronts 
(tropical cyclones) were located mainly in the 
Costa Rican Caribbean (Pacific) slope, while 
those associated with easterly waves have a 
more even spatial distribution through the 
country. Pérez-Briceño et al. (2016) found 
that extreme hydro-meteorological events in 
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Central America are common, and the impacts 
usually occur in areas where natural and social 
variables result in emergency situations. In 
their 2016 study, they analyzed the temporal 
distribution of impacts associated with occur-
rence of three types of meteorological events: 
TCs, easterly waves and cold fronts. The study 
showed that towns with the greatest popula-
tions of each country, like capitals: Ciudad de 
Guatemala (Guatemala), Distrito Central (Hon-
duras), San Salvador (El Salvador), Managua 
(Nicaragua), San Jose (Costa Rica), Ciudad de 
Panama (Panama) have high correlation with 
impact occurrences. They concluded that in 
this kind of analysis, it is necessary to consider 
socioeconomic variables like poverty, health 
and Human Development Index, to infer robust 
conclusions about impact causes.

Amador, Alfaro, Rivera, & Calderón 
(2010) used indexes of the CLLJ, Niño 3, TNA, 
AMO, and Outgoing Long-Wave Radiation 
(OLR) as quantified for the period 1950-2007, 
to study their relationship with TC frequency 
for summer-autumn of the Northern Hemi-
sphere. A remarkable inverse relationship is 
found between both, the strength of the wind 
speed at 925 hPa and the vertical wind shear at 
low levels, and the monthly relative frequency 
of TCs for two selected areas in the Carib-
bean. The July peak in wind speed and low-
level vertical wind shear are associated with a 
minimum in the monthly relative frequency of 
TCs. On the contrary, a decrease in the wind 
speed and vertical shears are associated with 
a maximum value of the relative frequency 
of TCs. Stronger (weaker) than normal CLLJ 
summer winds (July-August) during warm 
(cold) ENSO events imply a stronger (weaker) 
than normal vertical wind shear at low-levels 
in the Caribbean. This condition may inhibit 
(allow) deep convection, disfavoring (favor-
ing) TC development during these months. 
Correlation values of the monthly mean CLLJ 
core winds and the monthly normalized values 
of TNA - Niño 3 index for 1950-2007 showed 
statistical significance greater than 99 % during 
July-August. During El Niño years, low-level 
wind increases at the jet core, strengthening the 

low-level convergence near Central America 
at the jet exit and the low-level divergence in 
the central Caribbean at the jet entrance. The 
descending motion associated with the latter 
acts as an inhibiting factor for convection and 
TC development.

TC activity in the Caribbean is not only 
sensitive to ENSO influences, but to the 
strength of the CLLJ vertical wind shear, to 
the barotropic energy conversions induced by 
the lateral wind shear, to the intensity of the 
regional scale descending motion associated 
with the jet entrance, and to the SST cool-
ing generated by the CLLJ at the sea surface. 
Climatology of a group of General Circulation 
Models (GCMs) used in the 2007 report of 
the IPCC were tested to study their ability to 
capture the low-level wind annual cycle over 
the Caribbean and the known CLLJ structure 
(Amador et al., 2010; Hidalgo et al., 2015). 
Some models do not capture basic characteris-
tics of the jet. A discussion of cyclone potential 
over the Caribbean, based on the relationships 
developed using the model’s climatology, is 
presented for the period 2010-2050.

Current state of seasonal climate fore-
cast systems: As Maldonado et al. (2013) 
explain, Central American National Meteoro-
logical and Hydrological Services (NMHS) 
have periodic Regional Climate Outlook Fora 
(RCOF) to elaborate seasonal predictions. 
Since 1997, Regional Climate Outlook Forums 
(RCOFs) have taken place in various Latin 
American countries, to produce seasonal pre-
diction products (International Research Insti-
tute for Climate and Society [IRI], 2001). 
They have been funded by several interna-
tional agencies with the assistance of local and 
regional entities such as the Regional Commit-
tee of Hydraulic Resources (CRRH) in Central 
America (Donoso & Ramírez, 2001; García-
Solera & Ramírez, 2012).

Alfaro, Soley, & Enfield (2003) and Alfa-
ro, Hidalgo, Mora, Pérez-Briceño, & Fallas 
(2016) add that generally, these forums gath-
er representatives of the Meteorological and 
Hydrological services, as well as members of 
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the scientific and academic community, who 
work on the elaboration of regional and local 
climate forecasts for the next 1-2 seasons. The 
objective of these forums is to use national 
climatic experience to elaborate a regional 
consensus for the climate outlook. In Central 
America, precipitation is the variable generally 
forecasted for the months following the forum. 
The forecast is presented in a format that is 
useful for the agencies involved. The recom-
mended methodology for the forecast is quite 
simple, and this forecast is later integrated geo-
graphically with the coordinated inputs from 
the countries of the region, and is used as a tool 
for the meteorological services and as a basis 
for expected impact scenarios for stakeholders 
and decision-makers.

Alfaro et al. (2003) and Alfaro, Hidalgo, 
Mora et al. (2016) mentioned also that scien-
tific and academic communities have discussed 
certain problems that arise during the develop-
ment of the forums and how the research results 
can be better used to improve the forums’ 
products. One of the problems identified dur-
ing the RCOFs is that because there is not a 
standardized methodology for producing the 
forecast, the contributions from different coun-
tries can result in a disjointed regional forecast 
that is sometimes physically inconsistent across 
political borders. Moreover, it appears that the 
statistics behind the tools used are not famil-
iar to some of the participants, such that the 
national climate forecasts are sometimes based 
only on subjective evaluations. Some of the 
roots of these problems have been identified: 
i) the resources of some institutions are limited 
to the routine tasks, and only a small portion 
of their budget is allocated for research and 
capacity building; and ii) there have been very 
few opportunities for training on the concepts 
required for the RCOFs.

A total of 41 RCOFs maps were assessed 
in a recent work of Alfaro, Hidalgo, Mora et 
al. (2016). For that purpose, 156 rain gauge 
stations, along with 689 and 17 158 grid points 
from TRMM and CHIRPS data sets were used, 
respectively. Seasonal total rainfall stations 
were compared also with three other outlooks: 

Climate Predictability Tool outputs, previous 
RCOF month conditions persistence and one 
predicting always neutral conditions. Their 
results showed that RCOFs maps have an 
aggregate value to decision-makers, because 
they have skillful information most of the 
times. Outlooks based on an Always Neutral 
forecast had the worse median skill results for 
all cases, meaning that decisions taken without 
considering climate outlook information is 
worse than those taken in account the RCOF 
maps. Additionally, the inclusion of objective 
tools with a more specific given weight in the 
consensus map production, could increase the 
RCOFs skill.

Precipitation: the precipitation in Central 
America shows different relationships with 
the tropical Atlantic and Pacific oceans in the 
inter-annual and decadal scales (Alfaro, 2002). 
In the inter-annual scale, the wettest (driest) 
years in the region were dominated in general 
by warmer (colder) SST in the tropical Atlantic 
compared with the ETPac. While in the decadal 
scale, the precipitation shows positive correla-
tions with both tropical ocean regions.

Alfaro (2007c) used a statistical model 
based on Canonical Correlation Analysis 
(CCA) to explore the predictability of early 
May, June, July (MJJ) and late August, Septem-
ber, October (ASO) rainfall seasons in Central 
America. Explanatory variables are seasonal 
Atlantic and Pacific Ocean SST for the region 
inside 112.5º E - 7.5° W and 7.5º S - 62.5° N 
during 1958-1998. For the early rainfall sea-
son, MJJ, positive (negative) tropical Atlantic 
SST anomalies were associated with positive 
(negative) rainfall anomalies over a broad area 
located at the north of the studied region. For 
the late season, ASO, opposite sign anomalies 
in the Atlantic and Pacific oceans that surround 
Central America were associated with a strong 
rainfall signal, in which positive & negative 
(negative & positive) SST anomalies in the 
Pacific & Atlantic Tropical oceans, tend to be 
associated with lobes of negative (positive) 
rainfall anomalies mainly at Central American 
Pacific slope. The model results were cross 
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validated, showing significant skill values over 
an important portion of the studied region.

Fallas-López & Alfaro (2012a) used the 
statistical technique of contingency table analy-
sis to produce predictive schemes associated 
with rainfall in Central America. As a first 
step, principal component analysis was used to 
produce indices using 146 daily station records. 
Two rainfall components were obtained associ-
ated with Central America Pacific and Carib-
bean slopes. The objective to support the 
Regional Climate Outlook Forums utilized the 
predictive schemes which used the trimesters 
of May-June-July, August- September-October 
and the 4-month period of December-January-
February-March as targets for predictions in 
rainfall. Different climate indices were used 
as predictors, associated with several climate 
variability sources that influence the climate 
patterns in Central America, and using one or 
two bimonthlies before the predicted season. 
Useful predictive schemes were found for prac-
tically all the relationships mentioned previ-
ously, noting that most of the Central America 
climate variability could be explained by the El 
Niño (La Niña) (e.g. inter-annual variability) 
and the Atlantic (AMO, mainly, e.g. multi-
decadal variability) indices. This categorical 
seasonal prediction tool was extended recently 
by Cid-Serrano et al. (2015) and Ramírez, Cid, 
& Alfaro (2015).

In addition, Fallas-López & Alfaro (2012b) 
elaborated a seasonal climate prediction for 
Central America based on CCA. SSTs from 
the oceans around the isthmus were used as 
predictors. Precipitation was used as a predic-
tand field, using 146 meteorological stations 
located in Mesoamerica with monthly records 
from 1971 to 2000. The SST area used was 60º 
N - 60º S and 270º - 0º W. In general, the SST 
associated with previous trimester was used for 
every predicted season. The CCA showed the 
best precipitation results for ASO, which is the 
trimester associated with the season of maxi-
mum precipitation over the Central American 
Pacific slope. Some of the modes identified 
in the analysis display spatial patterns associ-
ated with known climate variability sources as 

ENSO, meaning that CCA is useful for season-
al prediction in Central America and for predic-
tor patterns explanation and possible associated 
climate indices. Results showed that CCA use 
in Central America can also help in the RCOF 
tasks, providing objective analysis for the pre-
dictive relationships found in the region.

Recently, as is explained in Maldonado 
et al. (2013), after RCOF, meetings with dif-
ferent socioeconomic stakeholders took place 
to translate the probable climate impacts from 
predictions. From the feedback processes of 
these meetings has emerged that extreme event 
and rainy days’ seasonal predictions are nec-
essary for different sectors. As is shown in 
their work, these predictions can be tailored 
using CCA for rain during ASO, showing 
that extreme events and rainy days in Central 
America are influenced by inter-annual vari-
ability related to ENSO and decadal variability 
are associated mainly with AMO.

Maldonado & Alfaro (2010, 2011) gen-
erated models based on CCA for prediction 
of extreme precipitation events during ASO, 
using as predictor the SST. The skill is due to 
the hydrological response of the SST anoma-
lies over the isthmus as predictor, and as pre-
dictands: the accumulated monthly rainfall, 
days with precipitation, the percentage of days 
exceeding the 80th percentile (extreme wet) 
and the percentage of days that do not exceed 
the 10th percentile (dry extreme). It was found 
that using the July SST results in a relation-
ship between ENSO and AMO events with the 
occurrence of precipitation extremes for ASO. 
Maldonado, Rutgersson, Alfaro et al. (2016) 
have also implemented a similar approach 
using CCA to study the MSD intensity and 
magnitude and their association with SST 
anomalies. They found that the SST contrast 
between the Pacific and Caribbean waters is the 
most important variability mode controlling the 
MSD intensity and magnitude at inter-annual 
scales. In addition, Maldonado, Alfaro et al. 
(2016) found, using CCA, that for the early 
rainy season the SST anomalies over the TNA 
region are the most relevant variability mode 
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explaining total and extreme precipitation, and 
frequency of rainy days during May-June.

Temperature: Alfaro (2000) used 337 
grid points (0.5° latitude × 0.5° longitude), over 
Central America, from a monthly air surface 
temperature data set to adjust multiple regres-
sion models between the temperature first prin-
cipal components (dependent variables) and 
several SST indices (independent variables) for 
all the seasons. These models show that indices 
related with ENSO have the main influence 
over the region when compared with the influ-
ence of the other indices, having positive corre-
lation with all the surface temperature seasons. 
It could be an indicative of latent and sensible 
heat transfer from the ocean to the overlying 
atmosphere. All these models had percentage 
of detection greater than 50 % and false alarm 
rates lower than 10 %. In the decadal scale, the 
temperature in Central America shows similar 
relationships with the tropical Atlantic and 
Pacific oceans through positive correlations 
with both oceanic regions.

Hidalgo et al. (2017) produced a high-
resolution grid (5 km) monthly average tem-
perature data-set over Central America from 
1970 to 1999. The data were used along with 
an existing precipitation data-set to study vari-
ability in the region. Consistently with other 
studies, it was found that annual precipitation 
trends in Central America are generally statisti-
cally non-significant, while significant tem-
perature trends are generalized in the region. 
Most of the significant temperature trends are 
positive, but some regions in Honduras and 
Panama experienced cooling trends. At inter-
annual time-scales, precipitation in large part 
of the region (and more strongly in the Pacific 
slope) is strongly correlated with ENSO and 
the CLLJ, while temperature variations are 
strongly correlated to ENSO and Tropical 
Atlantic SST variations.

Alfaro & Lizano (2001) explored the influ-
ence of the surrounding tropical oceans on 
the Central American Pacific coast, using a 
Transfer Function Model which was fixed to 
SST anomalies of the Gulf of Tehuantepec, 

Papagayo, Panama and Quepos time series. 
As independent variables, the following were 
used: Niño 3.4, Tropical North and South 
Atlantic indices. These models show that Niño 
3.4 has the most important influence over the 
region when compared with the influence of 
the other indices, having positive correlation 
with all the SST anomalies series. It shows an 
influence of this index on the relative thermo-
cline’s depth in front of the Central American 
Pacific Coast.

Alfaro (2007b) used a model based on 
CCA to explore climate associations in surface 
temperature in Central America and the March-
May predictability. This trimester allocates 
the maximum according to the annual cycle, 
using as predictor field SST in the Atlantic and 
Pacific oceans, from 1958 to 1998 (41 years). 
The stronger relationship was found with Niño 
3, noticing that positive (negative) East equato-
rial pacific SST anomalies are associated with 
positive (negative) air surface temperature over 
almost all the Central American isthmus.

Climate change projections: Results of 
the projected climate in the 2050-2099 period 
showed median significant reductions in pre-
cipitation (as much as 5-10 %) and runoff (as 
much as 10-30 %) in northern Central America. 
Therefore, in this sub-region the prevalence 
of severe drought may increase significantly 
in the future under a moderate emissions 
scenario (Hidalgo, Amador, Alfaro, & Que-
sada, 2013). Similar results were confirmed by 
Hidalgo, Alfaro, & Quesada-Montano (2017), 
who found not only that the northern part of the 
regions would be drier at mid-century, but also 
that the southern part would be wetter. This was 
explained by the authors by a projected south-
ern displacement of the ITCZ.

According to Hidalgo & Alfaro (2012), 
the most consistent result is that the current 
north-south socio-economic contrast between 
the countries (in which the southern countries 
of Panama and Costa Rica present better living 
conditions than the rest of the Central Ameri-
can countries), is not diminished in the future; 
in fact, for some climate and social-condition 
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scenarios this contrast is exacerbated in the 
future. Moreover, Panama and Costa Rica are 
the only countries that present improved liv-
ing conditions at the end of the century when 
considering the positive effect of the increases 
in gross domestic product (GDP) and the nega-
tive effects of climate change. It is worrisome 
that the north-south differences in the living 
standards will keep growing in the region, and 
therefore attention should be given to the socio-
economic and physical aspects that may play a 
role in increasing these differences (Hidalgo & 
Alfaro, 2012).

Future challenges: Rivera & Amador 
(2008) measured the ability of two GCMs 
(ECHAM4.5 and CCM3.6) to simulate key 
climate features of Central America which 
is determined by the evaluation of both pre-
cipitation and low-level wind fields for the 
period 1990-1999. According to the evalu-
ation, ECHAM4.5 exhibits a more realistic 
representation of the regional climate. There-
fore, its output is used to provide the initial 
and boundary conditions necessary to perform 
a dynamical downscaling using the regional 
model MM5v3.

Rivera & Amador (2009) determined that 
GCM ECHAM4.5 shows more ability than 
CCM3.6 to simulate key climate features of 
Central America. For such reason, output from 
ECHAM4.5 was used to perform a dynamical 
downscaling experiment using the MM5v3 
model, in which a set of high-resolution simu-
lations (of up to 30-km horizontal resolution) 
was generated for January 2000. The results 
of the dynamical downscaling allowed the 
conclusion that MM5v3 can suitably reproduce 
aspects of the Central American climate that 
GCMs cannot capture because of their coarse 
horizontal resolution, their limitations in rep-
resenting both the regional topography and the 
meso-scale dynamical interactions. Compari-
son with data derived from observations indi-
cates that the MM5v3 simulates the region of 
maximum low-level wind that is related to the 
CLLJ, although the regional model underesti-
mates its intensity. Regarding the precipitation 

patterns, they agree with those derived from the 
observations (drier areas in the Pacific, wetter 
areas in the Caribbean). Nevertheless, there is 
a generalized overestimation in the amount of 
simulated rain. The analysis of the standard 
deviation for a twelve-member sample shows 
areas in which MM5v3 has greater dispersion 
or uncertainty (mainly to the south of Panama).

Additionally, Alfaro (2014) used seven 
daily gauge stations records, located at two 
important river basins of Costa Rica, Tarcoles 
and Tempisque, to study and to character-
ize the MSD from 1937 to 2012. Among the 
aspects considered are the MSD Start, Tim-
ing, End, Duration, Intensity and Magnitude. 
The modulation and seasonal predictability of 
these aspects by climate variability sources as 
Equatorial Eastern Pacific was lately explored, 
showing that warmer (cooler) conditions in 
Niño 3.4 tend to be associated to drier (wetter) 
MSD events. Maldonado, Rutgersson, Alfaro 
et al. (2016) found that in addition to El Niño 
conditions, MSD intensity and magnitude are 
also modulated by the inter-oceanic tempera-
ture gradient between the Pacific and Atlantic 
Oceans, which makes this variability mode 
the most important. Maldonado, Rutgersson, 
Alfaro et al. (2016) found that CCA shows 
potential predictability of the MSD intensity 
and magnitude using SST with leading times 
of up to three months. Using CCA as a diag-
nostic tool, it is found that during June, an SST 
dipole pattern upon the neighboring waters to 
Central America is the main variability mode 
controlling the inter-annual variability of the 
MSD features. However, there is also evidence 
that the regional waters are playing an impor-
tant role in the annual modulation of the MSD 
features. The waters in the PDO vicinity might 
be also controlling the rainfall during the MSD, 
while exerting an opposite effect at the north 
and south regions of Central America.

Alfaro, Hidalgo, & Mora (2016) used 162 
gauge stations to build skillful CCA prediction 
models for May-June (MJ) season as the first 
peak of the rainy season, using as predictands 
monthly rainfall accumulations and Standard-
ized Precipitation Index (SPI) values over 
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Central America. SST anomalies were used as 
predictors handling a domain bounded by 63° 
N - 10° S and 152° E - 15° W, along with the 
Palmer Drought Severity Index (PDSI) values 
covering the isthmus. Leading times from 
December to April were explored in the predic-
tor fields. CCA models, using February´s SST 
anomalies and April´s PDSI showed significant 
skill values for the prediction of MJ accumula-
tions and the Standard Precipitation Index (SPI) 
over an important portion of Central America. 
Models´ loadings showed that warmer (cooler) 
Eastern equatorial SST anomalies in the Pacific 
along with cooler (warmer) SST anomalies in 
the TNA during February, tend to be related 
with drier (wetter) conditions in almost all 
the isthmus during the next MJ season. It is 
suggested that SST mode could modulate MJ 
precipitation in Central America influencing 
the position of the ITCZ and the strength of 
the trade winds. Additionally, it was observed 
that drier (wetter) soil moisture (PDSI) in April 
tends to be related with drier (wetter) precipita-
tion conditions in almost all the isthmus during 
next MJ period. The prediction of the MJ pre-
cipitation as the first peak of the rainy season 
is important in the Central American isthmus, 
because wetter (drier) MJ seasons tend to be 
associated with early (late) onsets of the rainy 
season on the Pacific slope. Having a late start 
of the rains, followed by a drier season in MJ 
in conjunction with a deep MSD, would affect 
significantly key socioeconomic sectors in the 
isthmus like hydro-power generation, water 
supply for human consumption (as main cities 
in the isthmus are located on the Pacific slope) 
and agriculture.

In that sense, Maldonado, Alfaro et al. 
(2016) showed that the SST over TNA controls 
the MJ precipitation fluctuations at inter-annual 
scales, due to its connection with the tropical 
upper tropospheric trough. Warmer (colder) 
temperatures generate SLP below normal in the 
Caribbean region, associated with an increase 
in the heights at 200 hPa. This vertical configu-
ration reduces the wind shear between 850 and 
200 hPa and increases the input of humidity to 
mid-levels, creating favorable conditions for 

deep convection and favoring the generation of 
TC activity. In the Pacific, a positive anoma-
lous low-level moisture flux is observed from 
the ocean to the continental parts of the region 
and may enhance the formation of meso-scale 
systems. The classic prediction schemes show 
a lead time of one or two months; this is an 
operational advantage for climate services. 
The atmospheric model outcomes replicate the 
main results found in the composite analysis, 
reflecting its potential use for Model Output 
Statistics predictive schemes.

Amador & Alfaro (2014) make an analysis 
of some of the atmospheric systems (east-
erly waves, cold fronts and TC) hitting Central 
America, to estimate their effects on socio-
economic activities and potential impacts on 
World Heritage Sites (WHS) during the period 
2002-2012. The second objective is to iden-
tify, for a case study, the potential effects of 
hydro-meteorological events associated with 
a tropical storm on the Diquis Delta region in 
southern Costa Rica. This site, an important 
unique archaeological site of stone spheres, has 
been proposed by this country as a WHS. To 
achieve both, public data bases like HURDAT 
(North Atlantic Hurricane Database), and infor-
mation from regional newspapers and National 
Emergency Committees, among other sources, 
were used for the study of socio-economic 
impacts caused by these natural hazards.

To accomplish the latter, course resolution 
NCEP/NCAR (National Center for Environ-
mental Prediction / National Center for Atmo-
spheric Research) Reanalysis atmospheric data 
served to initialize MM5v3. This approach 
permitted obtainment of higher resolution grid 
data for a set of atmospheric variables for a 
case study associated with the formation of 
tropical storm Alma upon the Pacific basin. 
The MM5v3 resulted winds and precipita-
tion, among other variables, were then used to 
evaluate potential impacts on the WHS region. 
Among the systems analyzed for Central Amer-
ica, TCs were the ones that most severely 
impacted regional social life and worsened the 
already weak regional economies. During the 
period analyzed, TCs affected regions where 
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WHS are very relevant to cultural life and tour-
istic income. The MM5 derived data shows its 
potential for providing detailed space and time 
atmospheric data to help quantify and anticipate 
impacts for WHS protection and management. 
The overall results are expected to bring to the 
attention of organizations and governments 
the importance of socio-economic and cultural 
losses associated with the impacts caused by 
natural hazards near WHS in the region.

Conclusions: In this paper, we examined 
the main climate forces and climate modula-
tors in Central America and their connec-
tion with natural disaster and climate change. 
Furthermore, we reviewed the current climate 
forecast systems implemented in the region. 
Below we summarize the main findings from 
the literature:

El Niño/Southern Oscillation is the main 
climate modulator; however, other indices, such 
as TNA, AMO and PDO have shown a relevant 
association with precipitation anomalies and 
extreme rainfall events during different season. 
In addition, regional SSTs have revealed signif-
icant association with precipitation fluctuations 
at inter-annual and seasonal scales.

The assessment of natural threats (with 
hydro-meteorological origin) and climate 
change impact on Central America society 
needs the addition of socio-economic vari-
ables to fully understand such phenomena 
and their impacts.

Forecast systems in Central America have 
been improved in the recent years. CCA is 
the most utilized technique at seasonal scales, 
since CCA can be used not only as a diag-
nostic tool of the atmospheric conditions, but 
also as a forecast technique similar to simple 
linear regression.

The regional model MM5v3 shows its 
potential for providing detailed space and 
time atmospheric data to help quantify and 
anticipate impacts for WHS protection and 
management. We, therefore, hope to have pro-
vided a congruent overview that will attract 
the attention of organizations and govern-
ments to the socio-economic and human 

impact of hydrometeorological extremes in the 
WHS region.
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RESUMEN

Una revisión de los principales controladores y de 
la variabilidad del clima en América Central y sistemas 
de pronóstico estacional: América Central es una región 
susceptible a desastres naturales y cambio climático. En 
el presente estudio, se revisaron los principales forzantes 
atmosféricos y oceánicos, así como los moduladores del 
clima que afectan la región, en diferentes escalas espa-
ciales y temporales. Además, se revisó la asociación entre 
variabilidad climática con amenazas naturales, así como 
aspectos de cambio climático (pasado y futuro) en la 
región. Adicionalmente, se revisaron el estado actual de los 
sistemas de predicción estacional usados en América Cen-
tral. A escalas de tiempo interanuales, El Niño/Oscilación 
del Sur es el principal modulador del clima en la región, 
sin embargo, otros índices climáticos como el Atlántico 
Tropical Norte, la Oscilación Multidecadal del Atlántico y 
la Oscilación Decadal del Pacífico han mostrado una aso-
ciación significativa con las anomalías de precipitación en 
el área. Mientras que la temporada de huracanes se relacio-
na con eventos extremos de precipitación. Los sistemas de 
predicción estacional actuales en la región han mostrado un 
desarrollo sostenido, incluyendo reducción de escala diná-
mica como estadística, incrementando la predictibilidad en 
variables como precipitación. Sin embargo, varios estudios 
han reportado la necesidad de incluir, además de la infor-
mación climática, variables socio-económicas para evaluar 
el impacto de desastres naturales y cambio climático en la 
región, lo cual, ha llamado la atención de organizaciones 
y gobiernos sobre la importancia de pérdidas de vidas 
humanas y socio-económicas asociadas con los impactos 
causados por amenazas naturales.
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