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Abstract

Dengue represents a serious public health problem in tropical and subtropical re-
gions worldwide. The number of dengue cases and its geographical expansion has
increased in recent decades, driven mostly after by social and environmental fac-
tors. In Costa Rica, it has been endemic since it was first introduced in 1993. In
this article, wavelet analyzes (wavelet power spectrum and wavelet coherence) were
performed to detect and quantify dengue periodicity and describe patterns of syn-
chrony between dengue incidence and climatic and environmental factors: Normalized
Difference Water Index, Enhanced Vegetation Index, Normalized Difference Vegeta-
tion Index, Tropical North Atlantic indices, Land Surface Temperature, and El Nifio
Southern Oscillation indices in 32 different cantons, using dengue surveillance from
2000 to 2019. Results showed that the dengue dominant cycles are in periods of 1,
2, and 3 years. The wavelet coherence analysis showed that the vegetation indices
are correlated with dengue incidence in places located in the central and Northern
Pacific of the country in the period of 1 year. Climatic variables such as El Nino 3,
3.4, 4, showed a strong correlation with dengue incidence in the period of 3 years and
the Tropical North Atlantic is correlated with dengue incidence in the period of 1
year. Land Surface Temperature showed a strong correlation with dengue time series
in the 32 cantons.

1 Introduction

Dengue is a mosquito-borne viral infection caused by four antigenically distinct dengue
virus serotypes (DENV-1, DENV-2) DENV-3, DENV-4) and is transmitted by the bite of
an infected female mosquito Aedes aegypti as the main vector, and which is more common
in rural areas, with Aedes albopictus as a secondary vector. Dengue is a flu-like illness
that affects individuals of all ages that could cause significant health, economic, and social



burden in a population [40]. The clinical profile of patients can range from asymptomatic
infection to severe cases.

In recent years, the complex interaction of biological, socioeconomic, environmental,
and climatic factors has facilitated the rapid emergence of this viral infection throughout
the world, becoming endemic and a relevant public health problem in more than 100 coun-
tries [52]. In the last decades, the number of dengue cases reported to the World Health
Organization (WHO) has increased from 505,430 cases in 2000 to more than 4.2 million in
2019 [49./52].

Seasonal case patterns and vector abundance suggest that dengue transmission is sensi-
tive to climatic and environmental factors [11,26,29]. Climatic conditions can alter spatial
and temporal dynamics of vector ecology, potentially increasing vector ranges, lengthening
the duration of vector activity, and increasing the mosquito’s infectious period [29]. Pre-
cipitation provides habitats for the aquatic stages of the mosquito life cycle and strongly
influences vector distribution [11,26,48]. On the other hand, water temperature plays a
significant role in mosquito reproduction since this directly affects it survival at all stages
of their life cycle [17]. Temperature increases are also linked with a faster rate of viral
replication within the vector and with a shorter extrinsic incubation period [29]. Further-
more, higher humidity is associated with an increase in Ae. aegypti feeding activity, which
enhances the spread of the diseases.

The complexity of dengue transmission has driven many studies to assess its correlation
with meteorological and ecological variables [7},[13,/18,24}25,37,41,/42,45]. Most of these
works evaluated the effects and correlation between dengue incidence and climate variables
[32,33]. There are other climate factors, like seasonal vegetation dynamics which may also
influence the biology of the vector populations at relatively local scales affecting the dengue
dynamics [8,130,/47]. Barrera et al. [2] suggested that dense vegetation can promote Ae.
aegypti pupal productivity by contributing organic material to the habitat, and influence
water temperature and evaporation by creating shades. All these results show a correlation
between dengue incidence and various climatic and environmental variables.

This study focuses on Costa Rica, where, after intense prevention and control cam-
paigns, the mosquito Ae. aegypti was eradicated in 1961. In 1970, the lack of continuity
in active surveillance caused the mosquito to be found again on the Pacific coast. By
September 1993, the first dengue case was reported in the country, and since then, dengue
infections have been documented annually. The patterns and periodicity of transmission
are different across the country. Despite the coastal regions being the most affected ar-
eas, trends observed over the years show variations in transmission peaks in all affected
areas, posing a challenge for public health authorities to allocate and optimize available
resources. In 2019, Costa Rica reported three times more cases than the previous year [35].
The number of reported cases in 2019 is the highest in the history of dengue in Latin
America [35].

This work aimed to study the incidence patterns of dengue in 32 different municipali-
ties of Costa Rica and its correlation with climatic and vegetation variables using wavelet
analysis. This method decomposes a time series in both the time and frequency domains,
revealing how different periods change over time into non-stationary signals. Furthermore,
wavelet analysis allows conclusions to be drawn about the synchronicity of the series for
some periods. First, the wavelet power spectrum is computed to identify the periodicity
present in the time series of dengue incidence. Then, using coherence analysis, we quan-



tify associations between monthly dengue cases and local meteorological covariates, and
examine the decomposed frequency components to identify possible time delays (phase
differences) and significant associations.

Epidemic data is typically noisy, complex, and non-stationary. Changes in the peri-
odicity over time are due to external factors or inherent characteristics of the disease. It
is important to understand the mechanistic processes that lead to the spread of dengue
and the external factors with which they can relate. Wavelet analysis allow a retrospective
study to characterize outbreaks over time, which provides important guidelines for future
modeling approaches in which explicit mechanisms can be incorporated.

This article is organized as follows: Section [2} describes the data and methods, Section
[} present the results, and Section [4] gives our final thoughts and discussion.

2 Methods

2.1 Data

For this study, we used data for 32 different locations, from January 2000 to December
2019. This data corresponds to weekly dengue incidence records provided by the Ministry
of Health of Costa Rica. The data is aggregated monthly and is square-root transformed
and standardize [7].

Costa Rica is a mountainous country located between the Caribbean Sea and Pacific
Ocean. Thus, we use indices related with both ocean anomalies. El Nino Southern Oscil-
lation (ENSO) is a natural phenomenon in the ocean-atmospheric system over the tropical
Pacific; it is responsible for some anomalies such as changes in the sea surface temperatures
(SST) [23]. For this research, El Nino 142, El Nino 3, El Nino 4, and El Nifio 3.4 indices [20]
were used. Data were accessed at |[https://www.cpc.ncep.noaa.gov/data/indices/
ersst5.nino.mth.81-10.ascii]. Information related to anomalies in the Atlantic Ocean
is measured with the TNA index, abbreviation of Tropical North Atlantic, provides infor-
mation on sea surface temperatures in the North-Eastern Tropical Atlantic Ocean [34}50].
Data are available at [https://www.esrl.noaa.gov/psd/data/correlation/tna.data].

Normalized Difference Water Index (NDWI) represents the changes in the liquid water
content of the leaves, giving a picture of the water stress of the vegetationr [16}[21}36].
The time series of the Enhanced Vegetation Index (EVI) and the Normalized Difference
Vegetation Index (NDVI) provide spatial and temporal information about vegetation [22].
The NDVTI has been widely used for remote sensing of vegetation and has been applied to
mosquito studies and vector-borne diseases [19,27,47]. EVI responds to canopy structural
variations, including leaf area index (LAI), canopy type, plant physiognomy, and canopy
architecture, and NDVT is more sensitive to chlorophyll. The two vegetation indices com-
plement each other. [28]. Land Surface Temperature (LST) is defined as a measure of
how hot the surface of the Earth would feel to the touch |51]. These last indices where
download using the R package MODIS Tools, which extracts the information from MODIS
Land Products Subsets [https://modis.ornl.gov/data/modis_webservice.html|. The
MOD13Q1 product was used to EVI, NDVI, and NDVI data, and the MOD11A2 product
to the night and day LST data.
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2.2 Wavelets analysis

Wavelets have been used to study time series with different purposes: to evaluate the main
characteristics of non-stationary time series [7,9,14.2431//41,43], to analyze spatial patterns
[7,45], to study the relationship between population and environmental time series; finding
the phase and/or synchrony patterns [7,9,24], and to study multiple time series [1,,15]. Here,
we used wavelet analysis to study patterns in dengue incidence in Costa Rica and identify
its correlation with specific climate and vegetation variables in 32 different locations.

2.2.1 Wavelet power spectra

The wavelet analysis is based on a wavelet transform defined as

W,(s,7) % /: () 0" <t - T) it — /_OO (D)0 (H)dt (1)
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where * denotes the complex conjugate form and W () represent a family of functions
derived from a single function called the “mother wavelet”. The signal is decomposed in
these functions which can be expressed in terms of two parameters, one for the time position
7, and the other for the scale of the wavelets s.

(1) = %\P (t - T) 2)

For this study we use the Morlet mother wavelet [5}6]:
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The local amplitude of any periodic component of the time series and how it evolves with
time, can be retrieved from the modulus of its wavelet transform [39].
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Ampl(s,7) = W (s, 7)| (4)

The square of the amplitude has an interpretation as time-frequency (or time-period)
called the wavelet power spectrum [3].

Power(s, 1) = §|W(S,T)\2 (5)

2.2.2 Wavelet coherence and phase difference

To quantify the time series synchronization between dengue and the different climate and
vegetation variables, we compute the wavelet coherence given by

| < Way(s,m) > |?
R, ) - : 6
AT S W) > P < Wy(o,7) > )
The angle brackets indicate smoothing in both time and frequency, W, (s, 7) and W, (s, 7)
are the wavelet transform of the series x(t) and y(t), respectively. W ,(s,7) = Wa(s, 7)W, (s, 7)
is the cross-wavelet transform [7]. The value of R, ,(s,7) range between 0 and 1, where 1
represent a perfect linear relationship between the time series z(t) and y(¢). Additional to




this analysis, it is possible to compute the phase difference associated to the two signals,
which gives information about series synchronization (i.e., in phase or out of phase). The
Morlet wavelet is a complex wavelet, so the phase difference can be computed in terms of
the real (R) and the imaginary (Z) part, as shown in

I(< Wyy(s,m) >)
R(< Wyy(s,m) >) (7)

The instantaneous time lag between the time series x(t) and y(t) is also computed [7].

Furthermore, Torrence and Compo [46] offer a description of wavelet analysis and
Cazellez et al. offer a perspective of the use of these techniques in ecological [5,/6] or
epidemic scenarios [4].

All of the computations were done by using R version 2.4 (www.R-project.org) [44]
and the wavelet time series analyses were done with the algorithms implemented in the R
package WaveletComp version 1.1 [39]. All significance levels were based on 1000 bootstrap
series and, to test the null hypothesis of non-periodicity, significance is evaluated with
simulation algorithms in which surrogate time series are provided with a similar spectrum
(AR time series). [38.39).

D, (s, 7) =

3 Results

3.1 Wavelet analysis — dengue periodicity

In general, wavelet time series analysis revealed that the dominant periods for the incidence
of dengue, in the 32 municipalities, are in the bands of 1, 2, and 3-yr, in accord with the
periodicity range of dengue in Vietnam [45], Pert [10] and Thailand [712]. Periods of 4 and
6-yr are observed in Siquirres, Talamanca, Turrialba, Upala, Golfito, Alajuela, Puntarenas,
Matina, Osa, Santa Ana, Limoén, and Atenas, but this must be interpreted cautiously
because of the short length of the time series. These periods are not stationary, they vary
over time and space. Before 2008, the cycles of 1 and 2-yr leading in most locations. But,
after 2008, the prevalent dengue periodicity change to cycles of 1 and 3-yr (see Figure .
The years 2008-2010 mark a decrease period in the variability of dengue incidence.

3.2 Coherence and phase analyses — synchrony between dengue
incidence, climate and vegetation variables

For each time series, the wavelet power spectrum is first calculated to determine the domi-
nant periods individually and then the coherence between each covariate and the incidence
of dengue is calculated.

Enhanced Vegetation Index (EVI)

The index of vegetation shows a continues band for the period of 1-yr in the municipalities of
La Cruz, Esparza, Santa Cruz, San José, Santa Ana, Perez Zeledén, Puntarenas, Carrillo,
Canas, Atenas, Alajuelita, Alajuela, Nicoya, Orotina, Desamparados, and Liberia. On
the other hand, Siquirries, Turrialba, Pococi, Matina, Montes de Oro, Osa, Corredores,
Guacimo, Limén have short time interval whit a significant periodicity on the scale of
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Figure 1: Time series of monthly data for dengue incidence from 2000 to 2019 in 32
municipalities of Costa Rica.
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Figure 2: Wavelet power spectra (color map) of dengue incidence from 2000 to 2019, in 32
municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Data to compute the
wavelet power spectrum of dengue cases is square rooted and standardize; colors code for
increasing power intensity, from blue to red; 95% confidence levels are encircled by white
lines, and shaded areas indicate the presence of significant edge effects. On the right side
of each wavelet power spectra is the classical Fourier spectrum of the time series.



1-yr. Golfito, Talamanca, Parrita, Upala, Quepos, Garabito, and Sarapiqui do not reach
significance in any period when simulations are compared to the null hypothesis.

Wavelet coherence analysis shows that EVI is significantly associated with dengue in-
cidence in the 1-yr periodic band, for all municipalities except Quepos, Parrita, Upala,
Golfito, and Garabito. For these places where there is no marked annual seasonality for
the vegetation indices (Turrialba, Matina, Osa, Corredores, Guacimo, Limén, Talamanca,
and Sarapiqui) the correlation with dengue incidence present small areas of high significance
(see Figure S1).

Phase differences (see supplementary material) suggest that the annual wave of dengue
and EVI are in phase in all localities with an approximate lag of 3 months. Something
to highlight is that in Osa, a continuous band for the vegetation index is recorded in the
period of 1-yr after 2011, and one year later, a band period with the same scale for the
incidence of dengue is shown with a strong correlation with EVI from 2012 to 2017.

Normalized Difference Vegetation Index (NDVI)

For NDVI, the wavelet analysis shows a marked and significant annual periodicity over
time in the municipalities of La Cruz, Esparza, Santa Cruz, Santa Ana, Carrillo, Canas,
Alajuela, Nicoya, Libera, Puntarenas, Atenas, and Orotina. For the rest of the localities,
there is no correlation or the significant area is present in short periods throughout the
time.

Analyzing the direct association between the incidence of dengue and the NDVI, a
significant local coherence is observed in the 1-yr band for all municipalities listed above,
where the annual periodicity of the NDVI is relevant. The correlation between dengue cases
and DNVT for Siquirres, Desamparados, Peréz Zeledon, Pococi, Montes de Oro, Corredores,
Sarapiqui, Guacimo, Talamanca, and Upala happen only in small interval of time. For
Alajuenlita, Matina, Turrialba, Osa, Quepos, Parrita, Limén, Golfito, and Garabito there
is not correlation (see Figure S2).

The phase difference (see supplementary material) reveals that the time series are in-
phase. With total sync or an approximate delay of 3 months in Alajuela, Atenas, Canas,
Carrillo, Desamparados, Esparza, La Cruz, Liberia, Nicoya, Puntarenas, Santa Ana, and
Santa Cruz, where an increase in the vegetation index is followed by a rise in dengue cases.

Normalized Difference Water Index (NDWTI)

Similar to the results for EVI and NDVI, the wavelet coherence analysis for NDWI shows
a high and significant coherence for the 1-yr periodic mode with the places located in the
center and the North Pacific of the country (La Cruz, Esparza, Desamparados, Carrillo,
Canas, Atenas, Alajuela, Alajuelita, Pococi, Puntarenas, Montes de Oro, Nicoya, Orotina,
Liberia, Santa Cruz, Santa Ana, and San José). For those places, the wavelet analysis of
the NDWTI time series shows a continuous high significant area in the period of one year
throughout time. A weaker correlation is observed with the municipalities of Siquirres,
Turrialba, Parrita, Corredores, Golfito, Sarapiqui, Matina, Limoén, and Upala. There is
not correlation in the municipalities of Talamanca, Guacimo, Garabito, and Quepos (see
Figure S3).

The two-time series are in phase with a delay time of zero (full synchronization) at three
months. NDWTI is the leading time series in cities located in the North Pacific and Central



Regions. While the leading series is not clearly defined in most of the municipalities of the
Atlantic and the South Pacific.
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Figure 3: Map of the wavelet coherence between the incidence of dengue and the corre-
sponding index (EVI, NDVI, and NDWT). Dark green corresponds to those places where
the area of high significance is more continues over time. Light green corresponds to those
places where the correlation is only in short periods and yellow to those where there are
no significant areas.

Land Surface Temperature (LST)

Wavelet power spectrum analysis shows a strong annual component for LSN and LSD in
all municipalities. For LSN, a continuous band in the 1-yr is present in all cantons, while
for LSD only a continuous band is observed for La Cruz, Esparza, Desamparados, Carrillo,
Liberia, Osa, and Pococi and a non-stationary behavior, in the same scale, for the rest of
localities.

Wavelet coherence evinces a significant association of dengue incidence with seasonal
temperature in the dominant wave of 1-yr. The lapse of time over which these patterns are
correlated and are statistically significant varied across the time and geographic locations
(see Figures S4-S5).

The phase difference for the 1-yr band indicates that land surface temperature and
dengue incidence signal are out of phase. The positive peak of dengue lags behind the neg-
ative peak of the land surface temperature with a difference of 3 (in-phase) to 6 (completely
mirror images of each other) months. This pattern is regular in all municipalities over time,
except for Limén, Corredores, Canas, Atenas, Perez Zeledon, Quepos, Parrita, Garabito,
and Upala, where the incidence of dengue leads over LSD, LSN or both (supplementary
material).

Tropical North Atlantic (TNA)

The wavelet power spectrum for the TNA data shows a dominant period in the 1-yr, 18-
month (1.5-yr), 3-yr, and 6-yr range (see Figure [4)). The period of 6-yr should be taken
carefully due to the series length.

The wavelet coherence analysis shows a significant correlation between the TNA index
and the incidence of dengue in all municipalities (except for Matina and Quepos), especially
in the band corresponding to the periods of 1 and 3-ys (see Figure S6). After 2011, there



is a significant correlation between the time series in the one-year band for all localities
except Alajuelita and Garabito.

For Desamparados, Santa Cruz, San José, Santa Ana, Pérez Zeledén, Carrillo, Atenas,
Alajuelita, Alajuela, Nicoya, Orotina, Osa, Montes de Oro, Golfito, Upala, Garabito, and
Sarapiqui, the phase difference reveals that the dengue wave is in perfect synchronization
with the TNA wave in the 3-yr band from 2009 to 2014, approximately. For all locations,
TNA and dengue incidence signals are in phase, but the lagging and leading wave changes
with geographic location and over time (see supplementary material).

TNA TNA-Average Wavelet Power

riod (years)

So5F 2 P SR

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

Figure 4: (Left) Wavelet power spectrum of Tropical North Atlantic index from 2000 to
2019 (periodicity on y axis, time on x axis). Data to compute The wavelet power spectrum
of TNA is standardize; colors code for increasing power intensity, from blue to red; 95%
confidence level are encircled by white lines, and shaded areas indicate the presence of
significant edge effects. (Right) Average wavelet power spectrum.

Sea surface temperatures (ENSO SST)

The wavelet power spectrum was performed for the four different Nino indices: Nino 1 + 2,
Nino 3, Nino 3.4, Nino 4 (see Figure [5)). The results show that the dominant non-stationary
peaks, for the four indices, are in the 1-yr, 1.5-yr, and 3-yr bands (see Figure [5)).
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Figure 5: (Color Maps) Wavelet power spectrum of Sea surface temperatures (ENSO SST)
indeces from 2000 to 2019 (periodicity on y axis, time on x axis). Data to compute the
wavelet power spectrum of ENSO SST indices is standardize; colors code for increasing
power intensity, from blue to red; 95% confidence level are encircled by white lines, and
shaded areas indicate the presence of significant edge effects. (Red line) Average wavelet
power spectrum for El Nino 142, El Nino, El Nino 3.4, and El Nino 4, respectively.

The coherence between the incidence of dengue and the Nino 1 4 2 index is not clear.
There is possible to identify small areas of significance between this and the dengue in-
cidence in some places in the Pacific (Liberia, Puntarenas, Esparza, Garabito, Montes de
Oro, Nicoya, Orotina and Carrillo) and the Atlantic (Matina, Siquirris, Pococi, and Limén)
in the band of 1 year, from 2001 to 2007 approximately. On the other hand, Nino 3, 3.4, and
4 are correlated with dengue incidence in the period of 1, 1.5, 2, and 3-yr. The correlation
is non-stationary and vary over time and geographically. However, there is a strong corre-
lation between those indices and dengue incidence in most of the localities in the period of
3-yr (see Figure [6)).

(a) El Nino 3 (b) El Nino 3.4 (c) El Nino 4

Figure 6: Map of the wavelet coherence between the incidence of dengue and the corre-
sponding index (El Nino 3, El Nifio 3.4, El Nino 4). Red color corresponds to those localities
that have an area of high significance in the band of 3-yr. The cream color corresponds to
those places where there is a significant area for periods different to 3-yr.
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La Cruz X X X X X P1 P3 P3 P3
Esparza X b X X X P1 = P3 P3
Puntarenas X X X X X P1 - P3 P3
Carrillo X X X X X P1 P3 P3 P3
Canas X X X X X P1 - P3 P3
Atenas X X X X X P1 P3 P3 P3
Alajuela X X by X X P1 P3 P3 P3
Nicoya X X X X X P1 P3 P3 P3
Orotina X X X X X P1 P3 P3 P3
Liberia X X X X X P1 P3 P3 P3
Santa Cruz X X X X X P1 P3 P3 P3
Santa Ana X X X X X P1 P3 P3 P3
San José X 2001/2007-2013/2017  x X X P1 P3 P3 P3
Alajuelita X X X X - P3 P3 P3
Matina 2010/2013 X X - - P3
Turrialba 2010/2014 2004/2008-2011/2015 x X P1 - P3 P3
Siquirres X 2011/2013 2003/2008-2010/2014 x X P1 - P3 P3
Desamparados  x 2012/2017 X X X P1 P3 P3 P3
Perez Zeledéon — x 2004/2006-2013/2018  x X X P1 P3 P3 P3
Pococi X 2001/2003-2011/2014 x X X P1 - - P3
Montes de oro  x 2000/2003-2013/2017  x X X P1 - P3 P3
Corredores 2005/2007 - 2013/2017 2013/2015 2005/2008-2015/2017 x X P1 P3 - P3
Limén 2010/2013 2007/2013 X X P1 - - -

Talamanca 2011/2014 2011/2014 X X P1 P1 - -

Sarapiqui 2011/2014 2012/2015 2011/2015 X X P1 - - P3
Guacimo 2010/2015 2002-2011/2014 2010/2014 X X P1 = = P3
Osa 2012/2017 2013/2016 X X P1 P3 P3 P3
Quepos X X - - P3
Parrita 2013/2014 X X P1 P3 P3 P3
Upala 2013 2012/2015 X X P1 P3 P3 P3
Golfito 2013/2017 X X P1 P3 P3 P3
Garabito X X - P3 P3 P3

Table 1: (x) represent those places where there is a significant correlation between the
incidence of dengue and the corresponding index. When the correlation time interval is
short, the dates for the area of high significance are indicated. P1 represents places where
there is a notable correlation in the 1-yr band for the incidence of dengue and TNA after
2011. P3 corresponds to those places where there is a strong correlation between the ENSO
variables and the incidence of dengue in a band of 3-yr.

Table 2: Synchronization and lag results summary.

EVI Vegetation indices showed a strong correlation with dengue incidence in the 1-yr The lag is approximately 3
NDVI period. The time series move in-phase. months, however, there are peri-
NDWI ods when both signals are in sync.

3-6 Months
LST (LSN-LSD) LSN and LSD are correlated with dengue indices in the period of 1-yr. Time series
move out of phase.

TNA The TNA series has dominant periods of 1, 1.5, and 3 years. It is in phase with | 3 Months in the | 6 Months in the
the time series of dengue cases and there is a strong correlation with those in the band of 1-yr band of 3-yr
periods of 1-yr and 3-yrs.

Lag in the Lag in the

ENSO SST Non-stationary period in the band of 1-yr and 3 yr. period of 1-yr. period of 3-yr.

Nifio 3 3 Months | 15 Months

Nifio 4 3-6 Months | 15 Months
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4 Discussion

Wavelet analysis was performed over monthly time series of dengue incidence and six dif-
ferent satellite climate and vegetation variables in Costa Rica (i) to detect and quantify
dengue periodicity in 32 different cantons and (ii) to associate the relationship between
dengue incidence, climate and vegetation variables in those places.

Wavelet power spectra showed that the dominant periods of dengue in the 32 locations
in Costa Rica are in the 1, 2, and 3-yr bands. These periods are not stationary; they vary
over time and space. After 2008, a high area of significance in the period of 3-yr appears in
most places which, according to the wavelet coherence analysis, dengue incidence correlates
with the Nino 3, 3.4, 4, and TNA index in the same period.

The wavelet coherence analysis shows a strong correlation between the vegetation indices
(EVI, NDVI, and NDWI) and the incidence of dengue in cantons located mainly in the
center or North Pacific of the country. For cantons in the Atlantic or the South Pacific, the
areas of significance are small or do not exist. The time series are in phase with a lag of 3
months, but there are some periods where the two series are in sync. The LSN and LSD
indices are strongly correlated with the incidence of dengue in all municipalities. The time
series are out-phase with a lag ranging from 3 to 6 months. The TNA is correlated with
dengue cases in the periods of 1-yr and 3-ys. After 2011, there is a marked correlation in
the 1-year band for all places except Matina, Quepos, Alajuelita, and Garabito. Nino 3,
3.4, and 4 show a significant correlation in different band periods, but the correlation in
the 3-yr band is dominant in most localities. On the other hand, the correlation between
the Nino 1 4 2 index and the incidence of dengue is less clear.

Weather and climate influence disease ecology on many levels creating complex dynam-
ics. Although it is known that dengue dynamics can be affected by various climatic and
vegetation variables, not all of them must be present for successful spread. Human factors,
such as behavior, immunity, and socioeconomic factors, could also contribute to dengue
spread and complexity. This analysis showed that even in the same country, the vari-
ables correlated with dengue cases could change, highlighting the importance of analyzing
a localized way.

As far as we know, this is the first study for Costa Rica that incorporates a wide variety
of climatic variables and considers the cantons of interest to the health authorities. This
type of analysis provides a better understanding of the local dynamics of diseases, which
allows for improved prediction models and health interventions at specific sites. It can be
enriched with the incorporation of new socioeconomic variables and with a cluster approach,
which allows characterizing the regions and identifying the conditions and characteristics
shared by the different cantons.
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Supplementary Material: Wavelet Analysis of Dengue Incidence
and its Correlation with Weather and Vegetation Variables in
Costa Rica
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and EVI

Figure S1: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and EVI in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled by
white lines, and shaded areas indicate the presence of significant edge effects. On the right
side of each wavelet coherence is the average cross-wavelet power (Red line). The arrows
indicate whether the two series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and NDVI

Figure S2: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and NDVT in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled
by white lines, and shaded areas indicate the presence of significant edge effects. Average
cross-wavelet power (Red line). The arrows indicate if time series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and NDWI

Figure S3: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and NDWTI in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled by
white lines, and shaded areas indicate the presence of significant edge effects. On the right
side of each wavelet coherence is the average cross-wavelet power (Red line). The arrows

indicate whether the two series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and LSD

Figure S4: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and LSD in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled by
white lines, and shaded areas indicate the presence of significant edge effects. On the right
side of each wavelet coherence is the average cross-wavelet power (Red line). The arrows
indicate whether the two series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and LSN

Figure S5: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and LSN in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled by
white lines, and shaded areas indicate the presence of significant edge effects. On the right
side of each wavelet coherence is the average cross-wavelet power (Red line). The arrows
indicate whether the two series are in-phase or out-phase.
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Figure S6: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and TNA in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled by
white lines, and shaded areas indicate the presence of significant edge effects. On the right
side of each wavelet coherence is the average cross-wavelet power (Red line). The arrows

indicate whether the two series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and Nino 142

Figure S7: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and Nino 142 in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis).
Colors code for increasing power intensity, from blue to red; 95% confidence levels are
encircled by white lines, and shaded areas indicate the presence of significant edge effects.
On the right side of each wavelet coherence is the average cross-wavelet power (Red line).

The arrows indicate whether the two series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and Nino 3

Figure S8: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and Nino 3 in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled by
white lines, and shaded areas indicate the presence of significant edge effects. On the right
side of each wavelet coherence is the average cross-wavelet power (Red line). The arrows

indicate whether the two series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-

tween dengue incidence and Nino 3.4

Figure S9: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and Nino 3.4 in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis).
Colors code for increasing power intensity, from blue to red; 95% confidence levels are
encircled by white lines, and shaded areas indicate the presence of significant edge effects.
On the right side of each wavelet coherence is the average cross-wavelet power (Red line).
The arrows indicate whether the two series are in-phase or out-phase.
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Wavelet coherence and average cross-wavelet power be-
tween dengue incidence and Nino 4

Figure S10: Wavelet coherence (color map) between dengue incidence from 2000 to 2019,
and Nino 4 in 32 municipalities of Costa Rica (periodicity on y-axis, time on x-axis). Colors
code for increasing power intensity, from blue to red; 95% confidence levels are encircled by
white lines, and shaded areas indicate the presence of significant edge effects. On the right
side of each wavelet coherence is the average cross-wavelet power (Red line). The arrows
indicate whether the two series are in-phase or out-phase.
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Phase difference provides information about time series synchronization . An absolute
value less (larger) than /2 or the equivalent period (days, weeks, months, or years) indi-
cates that the two series move in phase (anti-phase, respectively). The sign of the phase
difference shows which series is the leading one in this relationship. In the figures below,
the horizontal lines indicate the points corresponding to —7/2 and /2.

The left panels in Figures S11, S12, S13 show that the incidence of dengue and the
time series for EVI, NDVI, and NDWTI are in phase. However, the leading and lagging
series change over time. When the difference is negative, the climate and vegetation index
is the leading series, if it is positive, the incidence of dengue is the leading one. The lag
range between 0 to 3 months. On the other hand, the panels on the right present the series
without consistent behavior over time.
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Figure S11: Phase difference at period 1-yr. Left panel: cantons in-phase. Right panel:
cantos with an irregular behaviour over time.
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Figure S12: Phase difference at period 1-yr. Left panel:
cantos with an irregular behaviour over time.
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Figure S13: Phase difference at period 1-yr. Left panel: cantons in-phase. Right panel:
cantos with an irregular behaviour over time.

Figure S14 show that the LSD and LSN are out-phase with dengue incidence. Positive
values indicate that LSD and LSN are the lagging series with a lag period from 3 to 6

months.
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Figure S14: Phase difference at period 1-yr. Left panel: cantons in-phase. Right panel:
cantos with an irregular behaviour over time.

Figures S15 and S16 shows that most of the cantons are in phase with the Nino 3, Nino

3.4, and Nino 4 in the last years.
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Figure S15: Phase difference at period 3-yr. Left panel: cantons in-phase. Right panel:
cantos with an irregular behaviour over time.
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Figure S16: Phase difference at period 3-yr. Left panel: cantons in-phase. Right panel:
cantos with an irregular behaviour over time.
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Table 3: Summary results: (x) represent those places where there is a significant correlation
between the incidence of dengue and the corresponding index. When the correlation time
interval is short, the dates for the area of high significance are indicated. P1 represents
places where there is a notable correlation in the 1-yr band for the incidence of dengue

and TNA after 2011.

P2 and P3 corresponds to those places where there is a strong

correlation between the ENSO variables and the incidence of dengue in a band of 2-yr and
3-yr, respectively.
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