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Abstract. The midsummer drought (MSD) in Central Amer-

ica is characterised in order to create annual indexes repre-

senting the timing of its phases (start, minimum and end),

and other features relevant for MSD forecasting such as the

intensity and the magnitude. The MSD intensity is defined

as the minimum rainfall detected during the MSD, mean-

while the magnitude is the total precipitation divided by

the total days between the start and end of the MSD. It is

shown that the MSD extends along the Pacific coast, how-

ever, a similar MSD structure was detected also in two sta-

tions in the Caribbean side of Central America, located in

Nicaragua. The MSD intensity and magnitude show a neg-

ative relationship with Niño 3.4 and a positive relationship

with the Caribbean low-level jet (CLLJ) index, however for

the Caribbean stations the results were not statistically signif-

icant, which is indicating that other processes might be mod-

ulating the precipitation during the MSD over the Caribbean

coast. On the other hand, the temporal variables (start, mini-

mum and end) show low and no significant correlations with

the same indexes.

The results from canonical correlation analysis (CCA)

show good performance to study the MSD intensity and mag-

nitude, however, for the temporal indexes the performance

is not satisfactory due to the low skill to predict the MSD

phases. Moreover, we find that CCA shows potential pre-

dictability of the MSD intensity and magnitude using sea

surface temperatures (SST) with leading times of up to 3

months. Using CCA as diagnostic tool it is found that during

June, an SST dipole pattern upon the neighbouring 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 im-

portant role in the annual modulation of the MSD features.

The waters in the PDO vicinity might be also controlling the

rainfall during the MSD, however, exerting an opposite effect

at the north and south regions of Central America.

1 Introduction

The geographical features of Central America imprint the

characteristics of the regional climate and weather at the isth-

mus. The region is conformed by a large and high mountain

system surrounded by the Pacific and Atlantic oceans, which

induces the maritime climate conditions governing in the re-

gion (Taylor and Alfaro, 2005). The interaction between the

easterly winds (trades), which in turns are the dominant wind

regime, and topography divide the region into two different

climate areas: the Pacific located leeward of the main wind

and the Caribbean presenting windward conditions.

The annual rainfall cycle for the entire region has already

been well documented for Central America (Alfaro, 2002),

and for the Eastern Tropical Pacific (ETP, Magaña et al.,

1999; Amador et al., 2006). In the Pacific region the an-

nual precipitation cycle exhibits a bimodal behaviour (Ma-

gaña et al., 1999; Taylor and Alfaro, 2005; Amador et al.,

2006). The first precipitation maximum occurs during May–

June when the nearby ocean waters have warmed to around
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29 ◦C over the eastern Pacific warm pool, and the easterly

winds have decreased, enhancing convection in the region.

During July-August a relative precipitation minimum is ob-

served, along with a decrease in the sea surface tempera-

tures (SSTs) over the eastern Pacific warm pool, and an in-

crease of the easterly winds. This reduction in the rainfall

is known as the midsummer drought (MSD, Magaña et al.,

1999; Amador et al., 2006). The second precipitation maxi-

mum occurs during August–September–October (ASO) and

is accompanied by a reduction of the trades and a relative

increase of the SSTs up to 28.5 ◦C over the eastern Pacific

warm pool. It is also during this quarter of the year that the

hurricane season is more active in the Tropical North Atlantic

(Amador et al., 2006).

On the other side, upon the Caribbean coast of Central

America the annual precipitation cycle contrasts the one in

the Pacific mainly during the boreal winter months, when

wetter and more humid conditions are found over the eastern

coast of Central America (Taylor and Alfaro, 2005; Amador

et al., 2006). A similar bimodal cycle, however, has been ex-

tensively reported over the Greater Antilles (Chen and Tay-

lor, 2002; Taylor et al., 2002; Spence et al., 2004; Ashby

et al., 2005). The reduction in rainfall experienced during

the summer months over the western Caribbean is argued to

have a similar pattern to that in the Pacific (Martin and Schu-

macher, 2011). Little is known about the origins of the MSD

in both, the Pacific and Caribbean. The processes involved

in such rainfall decrease are most probably different to those

operating in the western Central America and Mexico, how-

ever, both MSDs appear to share the Caribbean low-level

jet (CLLJ) as main process increasing the moisture flux in the

Caribbean, which suppresses convection and decreases rain-

fall (Magaña et al., 1999; Wang, 2007; Muñoz et al., 2008;

Amador, 2008; Whyte et al., 2008). In this study, we focus

on the variability of the MSD in the Pacific, nevertheless, we

also examine two stations in the Caribbean side, to contrast

the features present in both MSDs.

The development of the MSD has been explained in terms

of the interaction of changes in the divergent (convergent)

low-level winds over the warm waters nearby Mexico and

Central America (Magaña et al., 1999). Recent studies such

as Karnauskas et al. (2013) and Herrera et al. (2015) have

proposed different hypothesis about the origin of the MSD.

Karnauskas et al. (2013) argue that the MSD originates as

a response to one single precipitation-enhancing mechanism

occurring twice, contrary to a suppressing mechanism. The

latitudinal dependence in the two peaks of precipitation surge

as response to the biannual crossing of the solar declina-

tion, which leads to the two peaks in convective instability

and hence rainfall. This hypothesis, nevertheless, does not

explain the almost simultaneous occurrence of the MSD in

both southern Mexico and Central America (Magaña et al.,

1999). On the other hand, Herrera et al. (2015) describe the

origins of the MSD studying the air-sea interaction between

the CLLJ (Amador, 1998, 2008; Muñoz et al., 2008; Maldon-

ado et al., 2016) and the ocean waters in the neighbourhood

of the Pacific coast. Their findings show that the CLLJ peaks

in July, provokes a cooling of the SSTs over the Pacific and a

westward shift of low-level moisture convergence that com-

bined with subsidence produce the MSD.

The MSD is important for the region since it develops

mostly every year (see Fig. 4 in Magaña et al., 1999) in ar-

eas with high industrial and agricultural activities, which in

turn, are highly populated (Alfaro, 2014). Most of the popu-

lation lives in the Central American Pacific slope. Although

the MSD is present almost every year, it shows high vari-

ability in space and time (Amador, 2008; Alfaro, 2014), and

the understanding of this variability is still a scientific chal-

lenge (Amador et al., 2006; Amador, 2008; Herrera et al.,

2015). The beginning, and duration are uncertainty factors

for different socio-economic sectors such as the agricultural

and potable water supply. On the other hand, one can expect

that extreme MSD events impact negatively reducing the wa-

ter resources in zones with such characteristics (Hernández

and Fernández, 2015; Alfaro, 2014; Solano, 2015).

A better understanding of the variability of the MSD

would then contribute to the knowledge about the weather

and climate dynamics in the region, also to the information

given to the economic and social sectors. Water resources,

agriculture, and hydro-electrical power production are bene-

fited in terms of obtaining better data for planning, mitigation

and prevention to severe dry conditions, e.g. the droughts re-

ported in the North Pacific region of Costa Rica during July

2014 (Chinchilla-Ramírez, 2014).

Previous studies have analysed the influence of the SST

anomalies in the precipitation regime in Central America.

Enfield and Alfaro (1999) have shown that the magnitude of

the precipitation during the rainy season (from May to Oc-

tober) in Central America is highly modulated by the SST

anomalies at both oceans. Alfaro (2007) and Fallas-López

and Alfaro (2012b) studied the predictability of the rainfall

using canonical correlation analysis (CCA) with SST as pre-

dictor. Both studies found that the SST modify the response

on precipitation in different ways during each maximum, the

first rainfall peak being modulated mainly by the SST over

the tropical Atlantic, and the secondary maximum being con-

trolled by a dipole in the SST anomalies over the neigh-

bour oceans to the Central American coast. Moreover, Fallas-

López and Alfaro (2012a) found that the MSD intensity is

dependent on several global climate indexes such as the At-

lantic Multi-Decadal Oscillation (AMO), Niño 3 (N3), and

Pacific Decadal Oscillation (PDO). Maldonado and Alfaro

(2011) and Maldonado et al. (2013) utilised CCA to explore

the distribution of precipitation extreme events during the

second precipitation maximum finding that during the second

rainfall maximum, the total precipitation and temporal distri-

bution of precipitation events are controlled by a dipole in the

SSTs between the Pacific and the Caribbean-North Atlantic

waters. Given the above evidence, it would be expected that

SST is involved in the MSD variability at inter-annual scales.
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In fact, Alfaro (2014) found that warm (cool) conditions of

Niño 3.4 tend to be associated to drier (wetter) MSD events

in some regions of the North Pacific and Central Valley of

Costa Rica.

Other climate processes occur simultaneously with the

MSD, and could also alter the precipitation during June–

August (JJA) e.g the intensification of the North Atlantic

Sub-tropical High (NASH, Wang, 2007), the Western Hemi-

sphere Warm Pools (WHWM, Wang and Enfield, 2001,

2003), the North American Monsoon (Vera et al., 2006) and

the CLLJ (Amador, 1998, 2008). Recently, Hidalgo et al.

(2015) also found that the latitudinal position of the precip-

itation centre of mass is correlated with the intensity of the

CLLJ, i.e a weaker (stronger) jet is associated to the north-

ward (southward) shift of the latitudinal precipitation centre

of mass, resulting in rainfall above normal during JJA that

might be also associated with variations of the MSD events.

With that said, the targets of this study are first to con-

tribute to the understanding of the climate in the region, and

second to provide a systematic method for MSD forecast-

ing. This study consists of an analysis of the connection be-

tween the features of the MSD observed in the Pacific and

Caribbean coast of Central America and the anomalies in

the SST of the regional waters by means of a combination

of principal component analysis (PCA) and canonical corre-

lation analysis (CCA). The precipitation observations, how-

ever, are first examined in order to determine the data quality

and to characterised the MSD per station. The MSD is de-

scribed in terms of start, timing, end, duration, depth (inten-

sity) and total precipitation (magnitude). This representation

is also used to produce annual indexes of those variables. Pre-

vious reports have already characterised the existence of the

MSD in Costa Rica (Ramírez, 1983; Hernández and Fernán-

dez, 2015; Alfaro, 2014; Solano, 2015), nonetheless, in this

study the portray is expanded to include the entire the region.

This manuscript is organised as follows: in Sect. 2 is de-

scribed all the information relevant to the databases used in

this study. Section 3 is a explanation of the methodology ap-

plied in this analysis. In Sect. 4 the result and Sect. 5 the

discussion and concluding remarks are presented.

2 Data

A total of 25 gauge stations with daily observations of pre-

cipitation provided by the meteorological services in Central

America are used. Their location is shown in Fig. 1, and the

information about the coordinates of each station is given in

Table 1. The average annual cycle of precipitation for the se-

lected period in every station is shown in Fig. 2. The MSD

signal is noticeable in all the stations, around julian day 200

(July–August), except for Bluefields and Puerto Cabezas sta-

tions (in the Caribbean), where the rainfall reduction is ob-

served near the julian day 300 (August–September). Note

that the majority (23) of the stations are situated along the Pa-

cific coast with only two stations located along the Caribbean
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Figure 1. Spatial distribution of the gauge stations in Central Amer-

ica.

coast. The two Caribbean stations possess relevant features to

describe the precipitation behaviour in the Caribbean slope,

such as their location at the CLLJ exit and their contrasting

annual precipitation cycle to that in the Pacific. Thus, in or-

der to achieve a better representation of the complete region,

we consider the Caribbean stations for the analysis. Since

each meteorological station has a distinct time coverage, a

common time series length is determined according to the

percentage of missing data, and in this case, we pick a pe-

riod in which stations do not surpass the 40 % of missing

data. Therefore, the selected time series length covers from

1961 to 2012, ensuring that each station posses at least 60 %

of the data. The gaps in the time series are filled using the

methodology described in Alfaro and Soley (2009), which

uses autoregressive models of order 1. This method can filter

persistent signals comparable to the length of the filter, and

the estimated values are consistent with the statistical prop-

erties of the time series without external superposition of the

data.

The extended reconstructed sea surface temperatures

(ERSSTv3b, Xue et al., 2003; Smith et al., 2007) are used in

this study. The SST anomalies are constructed using a com-

bination of observed data along with models and historical

sampling grids. This global database has a horizontal resolu-

tion of 2.5◦ by 2.5◦. The domain bounded by −22 to 63◦ N

and 111 to 15◦ E is considered in order to capture the sig-

nal of the most important climate variability modes for the

Central American isthmus such as El Niño Southern Oscilla-

tion (ENSO), the Pacific Decadal Oscillation (PDO), the At-

lantic Multi decadal Oscillation (AMO), the North Atlantic

Oscillation (NAO), and the Tropical North Atlantic (TNA),

which in turns, have shown to be relevant in terms of vari-

ability of rainfall during the season JJA (Fallas-López and

Alfaro, 2012a, b). The SST anomalies are used as predictors

in the CCA models.

The Niño 3.4 index (Trenberth, 1997) provided by the In-

ternational Research Institute for Climate and Society (IRI,

2015) is used to estimate the relationship between this index
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Table 1. Geographical position of the gauge stations in degrees north for latitude and degrees west for longitude.

Station LAT LON Country Region Num. of years

without MSD

La Argentina 10.03 84.35 Costa Rica Pacific 3

Fabio Baudrit 10.00 84.43 Costa Rica Pacific 2

Juan Santa Maria 10.00 84.17 Costa Rica Pacific 3

Liberia 10.58 85.58 Costa Rica Pacific 9

Nicoya 10.15 85.45 Costa Rica Pacific 5

Santa Cruz 10.17 85.25 Costa Rica Pacific 8

Bagaces 10.53 85.25 Costa Rica Pacific 18

CIGEFI 9.94 84.04 Costa Rica Pacific 21

Bluefields 12.02 83.78 Nicaragua Caribbean 19

Ocotal 13.62 86.47 Nicaragua Pacific 6

Chinandega 12.63 87.13 Nicaragua Pacific 9

Juigalpa 12.10 85.37 Nicaragua Pacific 7

Managua 12.14 86.16 Nicaragua Pacific 5

Puerto Cabezas 14.05 83.38 Nicaragua Caribbean 9

Rivas 11.44 85.83 Panama Pacific 13

David 8.40 82.43 Panama Pacific 8

Los Santos 7.42 80.42 Panama Pacific 5

San Miguel 13.43 88.15 El Salvador Pacific 3

Asuncion Mita 14.33 89.71 Guatemala Pacific 11

Huehuetenango 15.32 91.50 Guatemala Pacific 4

LaborOvalle 14.87 91.48 Guatemala Pacific 12

La Fragua 14.96 89.58 Guatemala Pacific 13

Amapala 13.29 87.65 Honduras Pacific 18

Choluteca 13.32 87.15 Honduras Pacific 9

Tegucigalpa 14.06 87.22 Honduras Pacific 9

Huehuetenango La Fragua LaborOvalle Asuncion Mita Tegucigalpa

Puerto Cabezas Ocotal San Miguel Choluteca Amapala

Chinandega Managua Juigalpa Bluefields Rivas

Liberia Bagaces Santa Cruz Nicoya La Argentina
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Figure 2. Annual cycle of precipitation in every station for the period 1961–2012.

and relevant features of the MSD by means of empirical con-

tingency tables for conditional data.

Horizontal wind data at 925 hPa is provided by the

NCEP/NCAR reanalysis (Kalnay et al., 1996; Kistler et al.,

2001) which has a horizontal resolution of 2.5◦ by 2.5◦. The

wind data is used to calculate the CLLJ index as in Amador

(2008) and Maldonado et al. (2016).
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3 Methods

Based on the methodology developed in Alfaro (2014), and

also applied by Solano (2015), the daily precipitation times

series are filtered using a running triangular weight average

with a window of 31 days, to avoid or minimise interruptions

of the MSD due to weakening of the trades and/or approach-

ing of the ITCZ, as suggested by Ramírez (1983) and Alfaro

(2014). An algorithm to systematically identify the features

of the MSD is applied to the filtered daily precipitation time

series. Figure 3 shows the schematics of this approach. This

algorithm seeks for the timing of each phase of the MSD

(start, minimum, and end), besides the intensity and mag-

nitude of the MSD. Notice that this algorithm provides an

annual value of each quantity, which are used as indexes to

characterise the MSD later in this study. The start of the MSD

is considered as the moment when the decrease in precipita-

tion initiates, usually after May–June. The end of the MSD

is when the precipitation stops increasing, normally taking

place around September–October. The minimum occurs in

between the start and end of the MSD. The MSD intensity is

defined as the minimum rainfall detected during the MSD (or

the depth of the valley in Fig. 3), meanwhile the magnitude

is the total precipitation divided by the total number of days

between the start and end of the MSD. The description of the

whole MSD detecting process is explained as follows: first,

the algorithm scans for the precipitation minimum in the fil-

tered time series within a reasonable range of days for the

existence of the MSD, determined by the climatologies of

each station, i.e. typically from 1 June to 30 August. If the

precipitation minimum falls outside this period, it is not con-

sidered a MSD event. Second, the nearest inflection points to

the minimum are sought to determine the start and the end

of the MSD. The shortest distance allowed between the in-

flection points and the minimum is 5 days. Consequently, the

shortest MSD would have a duration of 10 days. Moreover,

the inflection points have the restriction that the difference

of precipitation between them and the minimum should be

at least 20 % per day. It is worth mentioning, that not all the

years present the inflection points and the minimum. For the

scope of this study, the years missing any of the MSD phases

are removed. The causes for those fails in the detection of

the MSD phases are several, however, they can be attributed

to anomalous years with a extended dry season at the begin-

ning of the year, combined with an earlier and severe MSD,

or anomalous drier condition during the secondary precipita-

tion maximum, years with no MSD at all, and in most cases

due to missing data in the observations. In Table 1 the num-

ber of years without MSD is shown per station. A statistical

summary of the features of the MSD is shown in Fig. 4.

The contingency tables method seeks for a significant pre-

dictive relationship between two variables, being one inde-

pendent and the other dependent (Alfaro, 2007; Fallas-López

and Alfaro, 2012a). The time series are divided into three

categories: below normal, normal and above normal (BN, N,
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Figure 3. Filtered daily time series for the observed precipitation

in station La Argentina during 1990. The dots represent the begin-

ning (A), minimum (B) and end (C) of the MSD. In this year the

MSD started by day 195 (14 July), reached the minimum at day

239 (27 August) and ended by day 280 (7 October).

AN, respectively) using the percentiles 33rd and 67th. Fallas-

López and Alfaro (2012a) have shown that using these cat-

egories provides a good measure of the possible states of

El Niño and the MSD indexes, besides, the information ob-

tained is easy to use for the public. Thus, the contingency ta-

bles are estimated for conditional events to study the depen-

dence of the MSD features (intensity and magnitude) with

ENSO events (independent variable). As mentioned above,

the years in which the algorithm does not detect any of the

phases or no MSD at all, are dismissed. The statistical sig-

nificance is estimated by means of bootstrapping with no re-

place (Gershunov and Barnett, 1998). With bootstrapping, a

synthetic time series normally distributed is generated from

random noise, then, we estimated contingency tables for the

artificial time series. This process is repeated several times to

obtain a number of random frequencies normally distributed,

which in this case is 1000 repetitions, thus, we obtain 1000

contingency tables per station. If the value of the observed

absolute frequency is greater than the 90th of the synthetic

frequencies, then the observation is significant at 0.1 signif-

icance level. The same can be said for the 0.05 and 0.01 of

significance level.

As a tool to investigate the variability of the MSD, we use

Canonical correlation analysis (CCA, Wilks, 2011) which

is a statistical technique that searches for pairs of patterns

in two multivariate data sets (fields), and constructs sets of

transformed data variables by projecting the original data

onto those patterns. These new variables maximise the in-

terrelationships between the two fields. The new variables

can be used, analogously to the regression coefficient in the

multiple regression. The new variables or vector weights are
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also known as canonical vectors, and their projection with

their respective fields as canonical variates. CCA can be use-

ful in different applications, such as: (i) to obtain diagnostic

aspects of the coupled variability of two fields, in the case

when the time series of observations of the two fields are si-

multaneous, or (ii) to perform statistical forecasts, in the case

when the time series of observations of one field precede

the other (e.g. Alfaro, 2007; Maldonado and Alfaro, 2011;

Fallas-López and Alfaro, 2012b; Maldonado et al., 2013).

In this study CCA is used as a diagnostic tool, however,

models for statistical forecasting can be built for future use.

Consequently, CCA is employed in order to analyse the re-

lationship between the SSTs monthly anomalies (SSTA, also

denoted field X) with each of the indexes (start, minimum,

end, intensity and magnitude of MSD) estimated to repre-

sent each of the features of the MSD (each index would be

the field Y , for the corresponding model), that is, we seek

for a statistical relationship between the large and regional

scale features of the SSTA and the characteristics of the

MSD in each of the stations (local scale). The above CCA

methodology is based on Maldonado et al. (2013) and it is

implemented as follows: the fields (SSTA, MSD indexes)

are first reduced by means of principal component analy-

sis (PCA) to assure stability in the CCA parameters. A max-

imum of 17 EOFs and CCA modes in the filtering stage are

allowed. This threshold was suggested by Gershunov and

Cayan (2003) and Alfaro (2007) to avoid overparameteri-

sation. The optimal combination of EOFs and CCA modes

are calculated by means of the goodness index (R2). Notice

that any set EOFs will produce unique CCA modes for that

specific set, then, once the best combination of EOFs is de-

termined, that set EOF is capturing the maximum variability

in each field (X and Y ), separately, for each specific CCA

model (intensity and magnitude). The maximum possible

number of CCA modes, however, is determined first by the

minimum number of EOFs between both fields. Then with

the goodness skill, the maximum number of CCA modes is

found for the best fit to avoid any overparameterisation in

the model Ŷ = bT ·X, where the elements of b are the or-

dinary least-squares regression coefficients computed with

CCA, and Ŷ is the predicted value of Y . The R2 is com-

puted using cross-validation models with 1-month window

from 1961–2012 for each station in all the models. This met-

ric also allows identifying the best month to predict any of

the MSD features. It is worth mentioning that at the end the

models would not necessarily have 17 EOF and CCA modes.
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Stations having indexes with more than 30 % of missing data

(i.e. fails detecting MSD events) are discarded. In total, 21

stations are left for the CCA models. Precipitation data are

transformed to a normal distribution using percentiles, to

achieve better performance in the EOF. The 21 stations hav-

ing less than 30 % of missing data are filled using the long-

term means of each index. Note that filling the data in this

step is not the same procedure described above.

4 Results

4.1 General features of the MSD

Figure 4 shows a statistical summary of the timing of

the MSD phases. Each phase exhibits subtle differences

throughout the stations. Those discrepancies suggest to study

this phenomenon separately per station. For example, from

Fig. 4, one can see that in the southern part of Central Amer-

ica (Panama, Costa Rica, Nicaragua) the MSD tends to start,

develop and end earlier than in the northern part (El Salvador,

Guatemala, Honduras), in agreement with previous studies

such as Alfaro (2002) and Herrera et al. (2015). In the south-

ern stations, typically, the start of the MSD is detected by

20 June, the minimum is reached by 19 July and the end by

20 August, meanwhile at the north the start is observed by 22

June, the minimum by 24 July and the end around 24 August.

Note that the difference can be up to 20 days in each phase

from south to north if the stations are analysed separately.

The results in Fig. 4 also show the high temporal and spa-

tial variability existent throughout the region agreement with

Alfaro (2002) and Amador (2008), but that feature is also ob-

served at local scales as noted by Ramírez (1983); Hernández

and Fernández (2015); Alfaro (2014), and Solano (2015).

The algorithm captures similar MSD structure in stations

located over the eastern Nicaragua (Bluefields and Puerto

Cabezas) at the Caribbean region. In addition, the stations

located at the Caribbean coast present later development of

the MSD, starting in average by 29 June, the minimum in

21 July, and the end at 14 August, therefore, being later

and shorter in the Caribbean than in the Pacific side of Cen-

tral America, showing a marked difference between the east-

ern and western Central America. This MSD structure over

the Caribbean has been previously studied by Martin and

Schumacher (2011), which concluded that the MSD in the

Caribbean is controlled by different external forcing than the

one operating in the Pacific sector.

This observed latitudinal difference in the timing in each

MSD phase is examined using a t test (not shown). The re-

sults, nevertheless, show no statistical difference among the

stations at 90 % of significance level, except for the start in-

dex in Bluefields station, indicating that in the Caribbean

slope the MSD is out-of-phase at least at the start. Thus, it

can be argued that the MSD over the Pacific occur simulta-

neously as found by Magaña et al. (1999).
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Figure 5. Mean and standard deviation for the MSD intensity (mm,

top) and magnitude (mm day−1, bottom) for the period 1961–2012.

Note the color scale is not the same in both figures, since the inten-

sity and magnitude are not necessarily of the same order of magni-

tude. The dots size represents the standard deviation.

The intensity and magnitude of the MSD also show

high spatial variability (Fig. 5), with a strong contrast be-

tween the Pacific and the Caribbean coasts. The Pacific side

presents drier MSDs than in the Caribbean basin. In the

western Central America, the mean intensity is 4.06 mm

(σ = 1.85 mm) and mean magnitude of 6.50 mm day−1

(σ = 2.00 mm day−1), with the highest score detected in

David, Panama with an intensity of 7.70 mm (σ = 2.01 mm),

and a magnitude of 10.45 mm (σ = 2.20 mm day−1). On the

Caribbean side, Bluefields and Puerto Cabezas show the

highest records in intensity and magnitude. The mean inten-

sity recorded in Bluefields is 16.64 mm (σ = 5.50 mm), and

Puerto Cabezas 8.81 mm (σ = 3.68 mm), whereas the mean

magnitude scored is 19.93 mm day−1 (σ = 5.39 mm day−1)

and 11.31 mm day−1 (σ = 3.30 mm day−1). As above, using

t test is determined that the differences in the MSD intensity

and magnitude indexes amongst the stations are statistically

significant at 90 % of significance level.

Inter-annual variability of the MSD intensity and magni-

tude is examined in Fig. 6. Correlations with Niño 3.4 index

are shown in Fig. 6a, c. Notice that all the stations show a

significant negative correlation, except one (San Miguel, El

Salvador), nevertheless in both cases the correlation is rela-

tively low (0.24 for intensity and 0.18 for magnitude), hence,

this result can be discarded. Tables 2 and 3 show a summary
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Figure 6. Top Pearson correlation between MSD intensity and (a) CLLJ index and (b) Niño 3.4 indexes. Bottom the same metric but for the

MSD magnitude with (c) CLLJ and (d) Niño 3.4 indexes. Niño 3.4 index is taken for June. The CLLJ index is estimated from the daily time

series, using the definition by Amador (2008) for July.

of the contingency tables calculated. In both cases, the ex-

treme values of the MSD intensity and magnitude present

a connection with ENSO events, however, those conditions

are not observed in all the stations, despite some of them

have a significant correlation with Niño 3.4 (e.g. Liberia and

Juigalpa). Notice that the results for the Caribbean stations

are not statistically significant. Alfaro (2014) and Solano

(2015) have found similar results for stations in Costa Rica;

and Fallas-López and Alfaro (2012a) reported the same rela-

tionship with other stations in Central America. This associ-

ation between the SST anomalies in the Niño 3.4 region and

the MSD intensity and magnitude over the west cost of Cen-

tral America can be connected with low-level wind anoma-

lies over the Caribbean Sea. Previous studies have found a

relationship between the fluctuation of the CLLJ and pre-

cipitation during the summer months (Wang, 2007; Amador,

2008). Figure 6b, d show the correlation of the intensity and

magnitude of the MSD with the CLLJ index. Similarly, most

of the stations show positive significant correlations, except

the stations in the Caribbean. It is known that in the sum-

mer months (JJA) during warm (cold) ENSO episodes the

CLLJ is stronger (weaker) than normal (Amador, 2008) with

a correlation of −0.53 (p value < 0.01). Hidalgo et al. (2015)

also noted that during stronger (weaker) CLLJ the ITCZ is

located south (north) from the normal position, leading to a

reduction (increase) in the total precipitation during boreal

summer (JJA), thus, affecting the MSD. Therefore, the bot-

tom line of this result is that the ENSO events modulate the

intensity and magnitude of the MSD. It is worth to mention

again that from these results, the ENSO events explain only

the inter-annual variability of the MSD in the Pacific coast.

The same estimations were done for the other variables (start,

minimum, end), however, the results do not shown significant

correlations with El Niño and CLLJ index (not shown).

4.2 Canonical correlation analysis

Models based on CCA are tailored for each of the indexes

describing the features of the MSD, defined in Sect. 3. Us-

ing the SST anomalies as predictor (X field), CCA identi-

fies SST patterns that are related to the perturbations of the

MSD features (Y field, predictant). The goodness index (R2)

is shown in Fig. 7. The intensity and magnitude show the

best skill score compared to the other indexes. These results

show that the models to study the timing of the MSD phases

have a poor performance using the CCA technique. Conse-

quently, those models are not considered in the further anal-

ysis. Both CCA models for MSD intensity and magnitude

show one of the highest values of R2 in April, which means

in operational terms, information concerning the MSD inten-

sity and magnitude can be retrieve up to 3 months in advance

of an event. This would be valuable for preparation and plan-

ning of the societal, economical and agricultural activities

during the MSD period. Notice that both models also shown

the highest results in July, concurrently with the existence of

the MSD, and the CLLJ.

In this study, we analyse the SSTA patterns identified by

the model in June, since for that month, CCA models show a

relative high R2, and there is also a 1-month leading time for

forecasting the MSD. Besides, the SST do not change signifi-

cantly from June to July, when the CCA models have the best

performance, thus, the SST in July is expected to be close to
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Table 2. Summary of contingency tables for each station. The tables were estimated using Niño 3.4 index and the mean intensity per year.

The categories were defined using the 33rd (below normal, BN) and 67th (above normal, AN). Years in which the algorithm failed detecting

any of the phases of the MSD, were removed. The star (*) represents cases in which the observed condition in column 2 or 3 dominates, and

has statistical significance > 90 %.

Station SST AN and SST BN and r (Kendall) p value

Intensity BN Intensity AN

La Argentina * * −0.38 0.00

Fabio Baudrit −0.05 0.62

Juan Santa Maria * * −0.34 0.00

Liberia −0.21 0.05

Nicoya * −0.24 0.02

Santa Cruz * * −0.26 0.01

Bagaces * −0.30 0.01

CIGEFI * −0.30 0.02

Bluefields −0.04 0.77

Ocotal * −0.27 0.01

Chinandega * −0.33 0.00

Juigalpa −0.21 0.04

Managua * * −0.39 0.00

Puerto Cabezas −0.02 0.87

Rivas −0.13 0.26

David * * −0.32 0.00

Los Santos * −0.22 0.03

San Miguel 0.25 0.01

Asuncion Mita −0.22 0.04

Huehuetenango * −0.14 0.16

Labor Ovalle * −0.35 0.00

La Fragua * * −0.42 0.00

Amapala * −0.40 0.00

Choluteca * −0.28 0.01

Tegucigalpa * * −0.26 0.02

  SST  
Month

Jan Feb Mar Apr May Jun Jul Aug

R
2
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Figure 7. Goodness index (R2) estimated as the average of the Pear-

son correlation between synthetic time series generated by cross-

validation models and the observed MSD features per station.

the SST in June. The best combination of EOF and CCA

modes for the MSD intensity are X = 14, Y = 4 EOFs and

2 CCA modes, and for the MSD magnitude X = 11, Y = 6

EOFs and 3 CCA modes, meaning that for each model (for

intensity and magnitude respectively) the best fit is achieved

when using 2 and 3 modes (canonical variates) respectively,

capturing the maximum influence of the SST on the precip-

itation field, and specifically in the modulation of the MSD.

Figure 8 shows the Pearson correlation between the predicted

time series generated using cross-validation models and the

observations of both intensity and magnitude in each station.

Each case, the station exhibits relative high significant corre-

lation, about 0.35 in average.

The X loadings (correlation between the canonical vec-

tors of the SST and the SSTA) of the first mode controlling

the MSD intensity shows a bipolar pattern in the correlation

with the SSTAs surrounding Central America (Fig. 9a, b).

The highest positive correlations are found over the Pacific

in the El Niño region, whereas the highest negative corre-

lation are found over the Tropical North Atlantic and near

to the Brazil coast. The influence of this variability mode

on the precipitation in Central America has been previously

studied by Enfield and Alfaro (1999); Maldonado and Alfaro

(2011) and Maldonado et al. (2013), but for the secondary
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Table 3. Same as Table 2 but for MSD magnitude.

Station SST AN and SST BN and r (Kendall) p value

Magnitude BN Magnitude AN

La Argentina * −0.38 0.00

Fabio Baudrit −0.04 0.71

Juan Santa Maria * * −0.36 0.00

Liberia * −0.17 0.10

Nicoya * −0.26 0.01

Santa Cruz * * −0.23 0.03

Bagaces * −0.23 0.06

CIGEFI * −0.23 0.07

Bluefields −0.06 0.66

Ocotal −0.06 0.55

Chinandega * * −0.32 0.00

Juigalpa −0.08 0.43

Managua * −0.25 0.01

Puerto Cabezas 0.02 0.87

Rivas −0.24 0.03

David * * −0.32 0.00

Los Santos * −0.26 0.01

San Miguel 0.19 0.06

Asuncion Mita * −0.28 0.01

Huehuetenango * * −0.21 0.01

Labor Ovalle * −0.35 0.00

La Fragua * −0.29 0.01

Amapala * −0.33 0.01

Choluteca * −0.26 0.01

Tegucigalpa −0.21 0.05

Table 4. Correlations between X mode times series and Oceanic El Niño Index (ONI, NOAA, 2016), El Niño Modoki Index (EMI, JAM-

STEC, 2016), Pacific Decadal Oscillation (PDO, NOAA, 2016), Tropical North Atlantic (TNA, NOAA, 2016), and Atlantic Multidecadal

Oscillation (AMO, NOAA, 2016). The differences ONI-TNA and ONI-AMO are calculated with the normalized indexes. Correlations are

marked with * and ** for 0.05 and 0.01 of significance level respectively.

Variable Mode ONI EMI PDO TNA AMO ONI-TNA ONI-AMO

Intensity 1 0.55∗∗ 0.07 −0.12 −0.62∗∗ 0.18 0.82∗∗ 0.56∗∗

2 −0.42∗∗ 0.00 0.16 −0.55∗∗ 0.52∗∗ 0.09 −0.41∗∗

Magnitude 1 0.70∗∗ 0.11 −0.01 −0.45∗∗ 0.21 0.81∗∗ 0.71∗∗

2 −0.02 0.03 0.39∗ −0.17 0.26 0.10 −0.02

3 −0.33∗ 0.15 −0.38∗∗ −0.66∗∗ 0.11 0.23 −0.32∗

peak of precipitation during August-October (ASO), thus,

this results shows that the rainfall during the MSD is gov-

erned by the same variability mode present during the highest

precipitation season in Central America. On the other hand,

for the MSD magnitude, the first mode exerts more influence

of the SSTA over the El Niño region, and the regional waters

close the west Mexican coast. Notice that in both cases also

high positive correlations are found near the western coast of

Mexico revealing that both models are affected by the influ-

ence of regional waters, varying with the same phase that the

superficial temperatures in the El Niño region. The Y load-

ings in both models are negatively correlated with most of

the stations (Fig. 9c, d). That means for a state in which the

water over the Pacific is warmer (colder) than normal, plus

the SST over the Atlantic colder (warmer) than normal, the

intensity and magnitude of the MSD drier (wetter). This re-

sults also connects the MSD period with the second rainfall

peak, that is, SSTs conditions for drier MSDs, would per-

sist leading to less rainfall during the second peak, following

the results in Maldonado et al. (2013). The temporal scores

(canonical variates) of this mode in both models show that

this mode has mainly inter-annual variations (Fig. 9e, f).

The X loadings of the second mode are shown in

Fig. 10a and b. The MSD intensity is dominated by nega-
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Figure 8. Pearson correlation of the CCA models with the time se-

ries of intensity (top) and magnitude (bottom) of MSD.

tive correlations with SST anomalies in the Tropical North

Atlantic, the Caribbean and Gulf of Mexico and the east-

ern Pacific, being more important than the first region. The

X loadings for the MSD magnitude on the other hand, re-

veal a tripolar configuration in the North Pacific. This tripo-

lar setting is located in the region where the PDO develops.

The PDO has shown more influence in the southern USA

and northern Mexico than in Central America (Muñoz et al.,

2010; Maldonado et al., 2016), and that could be the rea-

son that its influence is observed in the second mode. The Y

loadings in both cases (Fig. 10c, d) show a non-uniform dis-

tribution of the correlation. For the MSD intensity (Fig. 10c),

the stations are positively correlated with this mode, mean-

while, the MSD magnitude (Fig. 10d) shows a clear division

between northern and southern Central America, being the

former region (Guatemala, El Salvador, Honduras and west

Nicaragua) negatively correlated and the latter region (Costa

Rica, Panama and east Nicaragua) positively correlated. The

temporal scores for the intensity model exhibit mainly inter-

annual variability with a negative trend after 1990 (Fig. 10e),

while the temporal scores of the magnitude (Fig. 10f) present

a decadal variation, that again possibly relates to the influ-

ence of the PDO.

The MSD magnitude is the only feature with a third mode,

the X loadings (Fig. 11a) reveal that this mode is dominated

by regional SSTs in the Pacific and Tropical North Atlantic.

The north and south Pacific show a dipole being positive and

negative correlations respectively. The Y loadings (Fig. 11b)

show a north/south division being positively correlated to the

north and negatively to the south, while the temporal scores

(Fig. 11c) reveal an interannual variation of this mode.

Table 4 shows the correlation between the SST modes for

each CCA model and the indexes associated to the maxi-

mum correlation found using CCA. The results from this ta-

ble confirm our previous observations, while the first order

modes in the intensity and magnitude can be mainly driven

by El Niño 3.4 and Tropical North Atlantic, the combination

of these indexes, and even with low frequency events such

as the AMO turn to be more important. Higher order modes

of the magnitude show an important association with PDO

which is also a low frequency event.

5 Discussion and conclusions

The MSD is characterised using daily time series of rainfall

for 25 stations located mainly in the Pacific coast of Central

America during the 1961–2012 period. An algorithm to de-

tect the MSD phases is developed in order to compare the

timing of the MSD start, date of minimum, and end in each

station. This algorithm clearly captures the development of

the MSD over the Pacific, but also a similar MSD-like struc-

ture in two stations located in the Caribbean coast. The re-

sults confirm previous observations showing the high spa-

tial and temporal variability of the MSD, thus, suggesting

the need of a more detailed analysis. We, thus, analyse the

features of the MSD individually per station, using a combi-

nation of empirical analysis (contingency tables) and a more

sophisticated statistical method as the canonical correlation

analysis to diagnose the variability of the MSD in terms of

changes in the SSTA of the surrounding waters.

The MSD intensity and magnitude are correlated with the

Niño 3.4 and the CLLJ index in stations located over the

western side of Central America. These results reveal a sig-

nificant negative correlation in almost all the stations with

ENSO phases, i.e. warm (cold) anomalies in the Niño 3.4

region, corresponding to an enhanced (decreased) CLLJ in-

tensity, are associated with drier (wetter) MSD. The results

of the correlation with the CLLJ show also a positive as-

sociation of such process, indicating that with a stronger

(weaker) jet the MSD intensifies (decreases). However, other

processes such the migration of the ITCZ, the North Amer-

ican Monsoon and perturbations in the SLP fields over the

Amazon could also be engaged with anomalous MSD (Hi-

dalgo et al., 2015). The two stations placed in the Caribbean

side do not reveal results statistically significant, hence, sug-

gesting that other elements are involved explaining the an-

nual rainfall variability during their MSD period.

The outputs of CCA show that the MSD intensity is mainly

modulated by a bipolar configuration in the SST anomalies

formed between the Pacific and the Tropical North Atlantic

and Caribbean sea, meanwhile, the first mode controlling the

MSD magnitude shows more influence from El Niño and the

regional waters close to the western coast of Mexico and

Central America. This variability mode in both models has
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Figure 9. CCA mode 1 for both MSD intensity and magnitude. In the left column are the X (upper) and Y (middle) loadings, and the time

scores (bottom) for the intensity. In the right column the same but for the magnitude.

an inter-annual scale, with negative effects in precipitation,

i.e. when this mode is positive for both intensity and magni-

tude, a reduction in rainfall is observed in almost all the sta-

tions. Similar SST dipole has been reported to influence the

anomalies in rainfall during the months of the highest pre-

cipitation events (August–November), and it has been asso-

ciated with intensification/reduction of the trades, leading to

a decrease/increase of precipitation in Central America dur-

ing the second rainfall period (Alfaro, 2007; Maldonado et

al., 2013), however, these results show this mode is present

prior to the quarter ASO and is also modulating the precipi-

tation during boreal summer.

The second mode in both models presents more complex

structures, and it is difficult to distinguish a general pattern

affecting the intensity as well as magnitude of the MSD. For

the intensity model, the SST show a negative correlation pat-

tern over the equatorial Pacific and North Atlantic waters,

nevertheless, the latter region dominates; the time series for

this mode show a negative trend after 1990. Meanwhile, for

the magnitude, a tripolar configuration over the vicinity of
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Figure 10. Same as Fig. 9 but for Mode 2.

the PDO development region is found. Also negative cor-

relations are found over the Gulf of Mexico. The influence

of the PDO should be taken with caution and needs more

analysis since the PDO has shown more influence in the

southern USA and northern Mexico than in Central America.

The time series exhibited inter-decadal variability. As pre-

viously mentioned, the correlations between both variables

(intensity and magnitude) and this mode, however, do not

depict a clear pattern in the stations; for the MSD intensity

the correlations reveal a positive association with the SSTA,

meanwhile, for the MSD magnitude shows a division be-

tween the north and south Central America, being the north

(Guatemala, Honduras, El Salvador and west Nicaragua) af-

fected negatively and the south and Caribbean (Costa Rica,

Panama and east Nicaragua) positively. It is clear that the sec-

ond mode is not controlling the precipitation in both models

in the same way. The North Atlantic waters become more

important for the MSD intensity, hence, could be associated

with the same controlling mechanism present during the first

precipitation maximum (Alfaro, 2007; Fallas-López and Al-

faro, 2012b). While for the MSD magnitude the tripolar con-

figuration might suggest the influence of the PDO, also noted
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Figure 11. CCA mode 3 for MSD magnitude.X (a) and Y (b) load-

ings, and (c) the time scores.

in the contrasting effects of this mode between north and

south Central America.

The MSD magnitude is the only variable with higher CCA

modes. The third mode reveals the influence of regional wa-

ters close to the Central America Pacific and a dipole formed

between the north (positive) and south (negative) Pacific, af-

fecting with opposite sign the eastern (negative) and west-

ern (positive) part of Central America. This mode presents

an inter-annual variability scale. The CCA allows identifying

patterns of the SST affecting variables describing the MSD

such as the intensity and magnitude, however, it shows a poor

performance related to the temporal variables. Another ben-

efit achieved using CCA was the identification of particular

months suitable for prediction of the intensity and magnitude

of the MSD, being capable of forecasting up to 3 months in

advance, which is a reasonable time in terms of practical mat-

ters related to prevention and planning for the season. Finally,

it is worth pointing out that this analysis also provide a sys-

tematic method to study the MSD features, that can be used

for statistical forecasts of such phenomenon in an operative

context also.
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