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Abstract: Dengue is a vector-borne disease affected by meteorological factors and is commonly
recorded from ground stations. Data from ground station have limited spatial representation and
accuracy, which can be overcome using satellite-based Earth Observation (EO) recordings instead.
EO-based meteorological recordings can help to provide a better understanding of the correlations
between meteorological variables and dengue cases. This paper aimed to first validate the satellite-
based (EO) data of temperature, wind speed, and rainfall using ground station data. Subsequently,
we aimed to determine if the spatially matched EO data correlated with dengue fever cases from
2011 to 2019 in Malaysia. EO data were spatially matched with the data from four ground stations
located at states and districts in the central (Selangor, Petaling) and east coast (Kelantan, Kota Baharu)
geographical regions of Peninsular Malaysia. Spearman’s rank-order correlation coefficient (ρ) was
performed to examine the correlation between EO and ground station data. A cross-correlation
analysis with an eight-week lag period was performed to examine the magnitude of correlation
between EO data and dengue case across the three time periods (2011–2019, 2015–2019, 2011–2014).
The highest correlation between the ground-based stations and corresponding EO data were reported
for temperature (mean ρ = 0.779), followed by rainfall (mean ρ = 0.687) and wind speed (mean
ρ = 0.639). Overall, positive correlations were observed between weekly dengue cases and rainfall
for Selangor and Petaling across all time periods with significant correlations being observed for the
period from 2011 to 2019 and 2015 to 2019. In addition, positive significant correlations were also
observed between weekly dengue cases and temperature for Kelantan and Kota Baharu across all
time periods, while negative significant correlations between weekly dengue cases and temperature
were observed in Selangor and Petaling across all time periods. Overall negative correlations were
observed between weekly dengue cases and wind speed in all areas from 2011 to 2019 and 2015
to 2019, with significant correlations being observed for the period from 2015 to 2019. EO-derived
meteorological variables explained 48.2% of the variation in dengue cases in Selangor. Moderate to
strong correlations were observed between meteorological variables recorded from EO data derived
from satellites and ground stations, thereby justifying the use of EO data as a viable alternative to
ground stations for recording meteorological variables. Both rainfall and temperature were found to
be positively correlated with weekly dengue cases; however, wind speed was negatively correlated
with dengue cases.
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1. Introduction

Dengue is an Arboviral disease that is spreading rapidly across tropical and subtropical
regions throughout the world [1]. With the global incidence of dengue infections rising
dramatically at rates of 250 million infections each year in recent decades, it is concerning
that now about half of the world’s population is at risk of contracting dengue [2]. The
Aedes aegypti and Aedes albopictus mosquitoes are the primary vectors that are responsible
for the transmission of the dengue virus to humans [1]. Dengue transmission is affected
by several interrelated factors such as meteorological, hydrological and social factors and
virus serotypes [3]. Meteorological variables such as rainfall, temperature and humidity are
weather factors strongly associated with dengue outbreaks. For example, increased rainfall
and temperature were shown to increase the incidence of dengue infections, by increasing
the number of mosquito breeding sites, enhancing the mosquito breeding cycle, promoting
vector development (maturation period shortened), increasing vector survival and blood-
feeding patterns. This results in an increase in the vector population and subsequently
increases the probability of vector–human interaction, which leads to increased viral
transmission [4,5].

In Malaysia, a recent systematic review by Hii et al. (2016) identified several studies
that reported on the relationship between various meteorological factors and dengue
infections [6]. Most of these studies reported that temperature, rainfall, and wind speed
influence the dynamics of dengue disease. However, the majority of these studies used
meteorological data recorded from ground-based stations to examine the relationship of
weather variables with dengue infections [6]. Meteorological data recorded at ground-based
stations are easily accessible, have a low cost, and may be considered the gold standard
as per the World Meteorological Organization standards for obtaining meteorological
data [7,8].

However, using meteorological data from ground-based stations may not provide
an accurate representation of weather data in a given area as they are subject to several
limitations [7]. These include the fact that ground-based stations are more spatially repre-
sentative of certain areas of interest rather than others. For example, ground-based stations
tend to be centred around locations that have key industries of interest (i.e., airports) [7].
Therefore, accurate and reliable meteorological data are often not available for areas that
lie at greater distances beyond the coverage of ground-based stations. Other limitations
include the availability of only the point reading of weather data from ground stations and
failure to maintain complete records, resulting in missing data [7].

To overcome these limitations, several studies suggested the use of Earth Observation
(EO) meteorological data derived from satellites as an alternative for meteorological data
recorded at ground-based stations [7]. This is because EO data obtained from satellites
tend to have a wide coverage which could be used to obtain meteorological data in areas
where ground-based measurements are unavailable or incomplete. Several studies have
reported on the validity of EO meteorological data against data recorded at ground-based
stations [7,9,10], wherein the majority of these studies conclude that EO data are valid and
reliable to use. As each of the above studies derives EO data from a range of satellites, it is
important to validate the EO data for each study location.

More recently, EO data derived from satellites has been used in several dengue-related
studies [11,12]. However, as of yet, in Malaysia, no published studies exist that use EO
meteorological data to examine the correlation between temperature, wind speed, and
rainfall with dengue infections. With the existing limitations of ground-based meteorologi-
cal data, it is important to ensure that EO data derived from satellites are well correlated
with spatially matched ground station data to justify the use of EO weather data as an
alternative to ground station data. In this study, we first validated the satellite-based EO



Int. J. Environ. Res. Public Health 2022, 19, 6449 3 of 24

data observations of (temperature, wind speed, and rainfall) with ground station data.
Subsequently, we determined if the spatially matched EO data correlates with dengue cases
from 2011 to 2019 in Malaysia.

2. Materials and Methods
2.1. Study Location

The data were obtained from states and districts in the central (Selangor, Petaling) and
east coast (Kelantan, Kota Baharu) geographical regions of Peninsular Malaysia. These
areas were selected for the following reasons: (a) The variation in climatic patterns between
the east and west coast of Peninsular Malaysia, wherein the North East Monsoon (NEM)
affects states in the east coast of Peninsular Malaysia (i.e., Kelantan) from November to
March, while the South West Monsoon (SWM) affects states in the central south west region
of Peninsular Malaysia (i.e., Selangor) from May to September [13]; (b) both Selangor and
Kelantan reported the highest number of dengue infectious within the respective Southwest
and Northeast geographical regions of Peninsular Malaysia from 2011 to 2019 as shown in
Appendix A—Figure A1 [14]; (c) all selected states had a high population density [15].

2.2. Study Data

The following three types of data were used in this study: (a) EO-based meteorological
data, (b) ground-based station meteorological data, and (c) dengue case data. The data
used in this study are open-source data and were obtained for the period from January
2011 to December 2019.

(a) EO-based meteorological data

Rainfall data were sourced from the Global Precipitation Measurement (GPM) and
Tropical Rainfall Measuring Mission (TRMM) [16]. Temperature data were sourced from the
MODIS Terra and Aqua—Modis NASA Distributed Active Archive Center (DAAC)), which
are sources of land surface temperatures (i.e., maximum, minimum, and mean temperature),
and were converted to land air temperatures [17]. Wind speed was sourced from the Climate
Forecast System version 2 (CFSv2) of the National Centres for Environmental Prediction
(NCEP) [18]. Further information on the EO-based data is shown in Table 1. The EO
meteorological data were obtained in raster format, with a spatial extent of latitude from
00 to 80 N and longitude from 98.50 E to 1200 E. The spatial resolution for rainfall was
0.1◦ × 0.1◦ longitude–latitude grid; for temperature it was 0.05◦ × 0.05◦; and for wind
speed it was 0.205◦ × 0.205◦, as shown in Figure 1. The temporal resolution of the EO
variables was measured daily.

Table 1. EO meteorological data.

Meteorological
Data Source Measurement Unit Resolution

(Degrees, Longitude, Latitude)
Ground

Area (km)

Rainfall Global Precipitation
Measurement (GPM)

Millimetres
(mm) 0.10◦ × 0.10◦ 11.11 × 11.11

Temperature Moderate Resolution Imaging
Spectroradiometer (MODIS)

Celsius
(◦C) 0.05◦ × 0.05◦ 5.55 × 5.55

Wind speed Climate Forecast System
version 2 (CFSv2) Meter per second (m/s) 0.205◦ × 0.205◦ 22.77 × 22.77

(b) Ground-based station meteorological data

The ground station data for Malaysia were sourced from the National Oceanic and
Atmospheric Administration (NOAA) and are available at https://www.noaa.gov/ (open
source) for a duration of nine years (1 January 2011 to 31 December 2019). A total of
four ground stations were included in this study namely, the Kota Baharu ground station
(Station ID 486150, latitude 6.170, longitude 102.290), Kuala Krai ground station (Station ID

https://www.noaa.gov/
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48616, latitude 5.530, longitude 102.200), Subang Jaya ground station (Station ID 486470,
latitude 3.130, longitude 101.550), and Sepang ground station (Station ID 486500, latitude
2.740, longitude 101.710) which provided data on rainfall, temperature, and wind speed
(ground station locations are shown in Figure 2). The stations provided daily values for the
period from January 2011 to December 2019 (same with the EO data). The ground-based
stations used the same units of measurement with the EO data except for temperature
which was measured in Fahrenheit (◦F) and converted to ◦C.
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Figure 2. Rainfall, Temperature and Wind speed data collected from Ground based stations (n = 4) in
Peninsular Malaysia.

(c) Dengue case data

Dengue case data from 2011 to 2019 were sourced from the dengue surveillance
database of the Disease Control Division, Ministry of Health, Malaysia. Since the im-
plementation of the Prevention and Control of Infectious Disease Act 1988 (Act 342) in
Malaysia, it has been mandatory to report all laboratory-confirmed dengue cases within
24 h to the nearest health officer [19]. A confirmed dengue case is one that meets the clinical
case definition and laboratory confirmation of dengue fever [19]. Daily dengue data were
aggregated based on weeks (based on epidemiology weeks, which start on Sunday) and
according to states and districts in Malaysia [20]. The data set comprised of aggregated
data with all personal identifiers removed. The spatial distribution of the dengue cases is
represented at the level of districts and states.

2.3. Data Analysis

Data were analysed using the R programming software version 4.0.3 by Hornik and R
Core Team, RStudio, PBC from 250 Northern Ave, Boston, MA, United States of America
and Statistical Package for the Social Sciences (SPSS) version 26.0 by the International
Business Machines, IBM Corp. Released 2019 from Armonk, NY, United States of America.
Before the analysis, data pre-processing for the dengue case and meteorological data
included checking for missing values, duplicate values, abnormal values and outliers. Both
the dengue case data and ground station-based meteorological data were valid, complete,
and free from missing, duplicate or abnormal values. The EO-based meteorological data
were cleaned, while missing values which constituted 0.5% were omitted from the analysis
and duplicate entries which constituted 0.2% were removed (Appendix A—Figure A2).
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The analysis was conducted by aggregating the daily data into weeks, which was based
on epidemiological weeks (with Epid week beginning from Sunday) [20]. Weekly rainfall
was represented by a 7-day cumulative rainfall in a given week. Weekly temperature and
wind speed were represented by a 7-day average in a given week. The analyses performed
were, first, a correlation analysis between the EO-based data (temperature, rainfall, and
wind speed) and ground station meteorological data (temperature, rainfall, and wind
speed). Second, a cross correlation analysis was performed with an 8-week lag period to
examine the magnitude of correlation between the EO-based data (temperature, rainfall,
and wind speed) and dengue infections. Third, a multivariate linear regression analysis
was conducted that aims to examine the relationship between the meteorological variables
(temperature, rainfall and wind speed) and dengue cases. Details of the analysis are further
explained below.

2.3.1. Correlation Analysis between EO-Based and Station-Based Meteorological Data

Data were tested for normality prior to the correlation analysis using the Shapiro–Wilk
test, wherein p values < 0.05 indicate a normal distribution [21]. Using the coordinates
from the ground station, we determine the corresponding pixel from the raster file, from
which the EO-based values were extracted. These values were used to correlate with the
ground station data readings. A correlation analysis between the EO and ground-based
station meteorological data of temperature, rainfall, and wind speed was performed using
Spearman’s rank-order correlation coefficient (ρ) wherein ρ values between the ranges of
less than 0.10, 0.10 to 0.39, 0.40 to 0.69, 0.70 to 0.89, and 0.90 to 1.00 indicated negligible,
weak, moderate, strong, and very strong correlation, respectively [22]. The significance
level of the correlation was set at p < 0.05. The correlation between the ground station and
EO meteorological data was conducted from 2 January 2011 to 28 December 2019, and for a
total of 468 weeks.

2.3.2. Correlation Analysis between Meteorological Data and Dengue Cases

The correlation between EO-based data (temperature, rainfall, and wind speed) and
dengue infections was examined using a cross-correlation analysis with an eight-week lag
period to examine the magnitude of correlation. The cross-correlation was performed at
the state and district levels, wherein dengue cases were represented by all cases within
the specific state and district, respectively, from the following three time periods: (a) the
overall period from 2011 to 2019, (b) 2011 to 2014 (prior to change in the dengue surveil-
lance and testing process) and (c) 2015 to 2019 (after revisions to the dengue surveillance
and testing process) [23]. In order to match the EO-based meteorological data and cases
representative of a spatial area (state/district boundary), all cases for that area and all pixel
values of EO data for the same area were used. The average value of each meteorological
variable for each epidemiological week was estimated using a spatial extraction procedure
which was performed for the respective states and districts. The spatial extraction was
based on state and district polygon layers provided by Malaysian Centre for Geospatial
Data Infrastructure (MaCGDI) and National Geospatial Centre (PGN). Spatial extraction
(mathematical clipping) was performed using the R programming language with the aid
of SP, raster, ncdf4 and rgdal base statistical and spatial processing packages. EO-based
meteorological data were imported into the R programming software as a raster object
and shapefiles that contained state and district administrative border polygons. Data were
extracted from the raster file and subsequently aggregated based on mean values. Extracted
data were then formatted and checked for completeness and duplicates prior to performing
the cross-correlation analysis.

2.3.3. Multivariate Linear Regression Analysis between Meteorological Variables and
Dengue Cases

A multivariate linear regression analysis was performed to examine the relationship
between the meteorological variables (temperature, rainfall and wind speed) and dengue
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cases. Selangor state was selected for the multivariate linear regression analysis as it had the
highest cross correlation values between meteorological variables and dengue cases in the
cross correlation analysis. The assumption of multivariate linear regression were satisfied
and were as follows: evidence of linearity and homoscedasticity was ascertained by the
linear and homoscedastic distribution of the predicted and residual values on the scatter
plot (Appendix A—Figure A5). There was no evidence of multicollinearity as the Variation
Inflation Factor (VIF) values for the predictor variables ranged from 1.26 to 1.49 (less than
10). A log transformation was applied to the factor variable (dengue case) to satisfy the
assumption of normality (Kolmogorov–Smirnov test of normality p value 0.200). The level
of significance for the regression model was set at p < 0.05. Standardized Coefficients Beta
(B) and R square was reported.

3. Results
3.1. Correlation between EO and Station-Based Meteorological Data

All the EO meteorological variables were found to be significantly positively correlated
with the meteorological data recorded by the respective ground stations. Rainfall estimates
were reported to have significant, positive and moderate to strong ρ correlations of 0.641,
0.669, 0.702 and 0.736 for the Sepang, Kuala Krai, Subang and Kota Baharu ground stations,
respectively. Temperature estimates were found to have significant, positive and strong ρ

correlations of 0.724, 0.757, 0.797 and 0.838 for the Subang, Sepang, Kuala Krai and Kota
Baharu ground stations, respectively. Wind speed estimates were found to have significant,
positive and moderate to strong ρ correlations of 0.519, 0.658 and 0.742 for the Sepang,
Subang and Kota Baharu ground stations, respectively. Overall, the correlations across all
the meteorological parameters were much stronger in the Kota Baharu district compared to
the other districts. When comparing the magnitude of correlation among meteorological
variables, the highest correlation between the ground-based stations and corresponding EO
data were reported for temperature (mean ρ = 0.779), followed by rainfall (mean ρ = 0.687)
and wind speed (mean ρ = 0.639). The correlation values for the meteorological data
between the four ground-based stations and the corresponding EO data are shown in
Table 2. Figures 3–5, show the scatter plots for the correlations between ground-based
stations and the corresponding EO data.

Table 2. Correlation between rainfall, temperature and wind speed data from EO and ground-based
stations (n = 4), Malaysia (2011 to 2019).

Ground Station Satellite Coordinate
(Lat, Long) Spearman Correlation p-Value

Rainfall

Kota Baharu * 6.17, 102.29 0.736 <0.001

Kuala Krai ** 5.53, 102.20 0.669 <0.001

Subang *** 3.13, 101.55 0.702 <0.001

Sepang **** 2.74, 101.71 0.641 <0.001

Temperature

Kota Baharu * 6.17, 102.29 0.838 <0.001

Kuala Krai ** 5.53, 102.20 0.797 <0.001

Subang *** 3.13, 101.55 0.724 <0.001

Sepang **** 2.74, 101.71 0.757 <0.001

Wind speed

Kota Baharu * 6.17, 102.29 0.742 <0.001

Subang *** 3.13, 101.55 0.658 <0.001

Sepang **** 2.74, 101.71 0.519 <0.001
Note: * Station ID 486150; ** Station ID 48616; *** Station ID 486470; **** Station ID 486500; Correlation analysis
was conducted over a duration of 468 Weeks.
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3.2. Cross-Correlation between EO Data (Temperature, Rainfall and Wind Speed) and
Dengue Cases

(a) Rainfall and dengue cases

For the period from 2011 to 2019, a positive correlation between weekly dengue
cases and rainfall at lags 2 and 3, which increased with subsequent lags and became
significant at lags 4 and 6 onwards was observed for Selangor and Petaling, respectively
(Figure 6). No significant correlations between weekly dengue cases and rainfall were
identified in Kelantan and Kota Baharu for the period from 2011 to 2019. The highest
correlation values were observed at lag 8 for Selangor (0.223) and Petaling (0.155) and lag
6 for Kelantan (0.015) and Kota Baharu (0.018). Meanwhile, for the period between 2015
and 2019, a positive correlation between weekly dengue cases and rainfall at lags 0 and 4
was observed, which increased with subsequent lags and became significant at lags 2, 4, 5,
7 and onwards for Selangor, Petaling, Kelantan and Kota Baharu, respectively (Figure 7).
The highest correlation values were observed at lag 8 for Selangor (0.304), Petaling (0.181),
Kelantan (0.181) and lag 6 for Kota Baharu (0.142). During the periods from 2011 to 2014, no
significant correlations were reported between weekly dengue cases and rainfall (Figure 8).
Overall positive correlations were observed between weekly dengue cases and rainfall
for Selangor and Petaling across all the studied time periods with significant correlations
observed for the periods from 2011 to 2019 and 2015 to 2019. In addition, all areas were
found to have positive significant correlations between weekly dengue cases and rainfall
for the period from 2015 to 2019.
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(b) Temperature and dengue cases

For the period from 2011 to 2019, a negative correlation between weekly dengue cases
and temperature at lags 0 and 4, which increased with subsequent lags was observed in
Selangor and Petaling, respectively (Figure 9), with significant negative correlations at
lag 3 onwards for Petaling. Meanwhile, a positive correlation between weekly dengue
cases and temperature at lags 0 and 1 was observed, which increased with subsequent
lags and became significant at lags 2 and 5 onwards in Kelantan and Kota Baharu. The
highest correlation values were observed at lag 8 for Selangor (−0.010), Petaling (−0.217),
Kelantan (0.294) and Kota Baharu (0.227), respectively. For the period from 2015 to 2019,
positive correlations between weekly dengue cases and temperature at lags 0, 2 and 3 were
observed, which decreased (i.e., for Selangor and Petaling) and increased (i.e., Kelantan
and Kota Baharu) with subsequent lags with significant positive correlations at lag 0, 5 and
6 onwards for Selangor, Petaling, Kota Baharu and Kelantan, respectively (Figure 10). The
highest correlation values were observed at lag 0 for Selangor (0.376), Petaling (0.511), and
lag 8 for Kelantan (0.247) and Kota Baharu (0.260), respectively. During the periods between
2011 and 2014, positive correlations between weekly dengue cases and temperature at lag 0,
which increased with subsequent lags, with significant positive correlations at lags 0 and 2
onwards were observed for Kelantan and Kota Baharu (Figure 11). Conversely, a negative
correlation between weekly dengue cases and temperature at lags 0 and 5, which increased
with subsequent lags, was observed in Selangor and Petaling, with significant negative
correlations at lag 0 onwards for Petaling. The highest correlation values were observed at
lag 8 for Kelantan (0.388) and Kota Baharu (0.346), lag 4 for Petaling (−0.240) and lag 7 for
Selangor (−0.010).
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Overall positive significant correlations were observed between weekly dengue cases
and temperature for Kelantan and Kota Baharu across all time periods. Negative/reduced
positive significant correlations between weekly dengue cases and temperature were ob-
served in Selangor and Petaling across all time periods, respectively.

(c) Wind speed and dengue cases

For the period between 2011 and 2019, a positive correlation between weekly dengue
cases and wind speed at lag 0, which decreased with subsequent lags, was observed in
Selangor and Petaling, respectively, while negative correlations between weekly dengue
cases and wind speed at lag 0 were observed, which increased with subsequent lags in
Kelantan and Kota Baharu, respectively (Figure 12). The highest correlation values were
observed at lag 0 for Selangor (0.096), Petaling (0.088), and lag 8 for Kelantan (−0.065)
and Kota Baharu (0.049), respectively. None of these correlations were significant. For the
period from 2015 to 2019, a positive correlation between weekly dengue cases and wind
speed was observed at lag 0, which decreased with subsequent lags with significant positive
correlations at lag 0 onwards in Selangor and Petaling, respectively. Negative correlations
between weekly dengue cases and wind speed were observed at lag 0, which increased
with subsequent lags, and had significant negative correlations at lag 0 and 6 onwards for
Kelantan and Kota Baharu (Figure 13). The highest correlation values were observed at
lag 0 for Petaling (0.148), lag 1 for Kota Baharu (−0.206), lag 2 for Selangor (0.134) and
lag 8 for Kelantan (−0.172). During the period between 2011 and 2014, no significant
correlations were reported between weekly dengue cases and wind speed except for in
Kota Baharu (Figure 14). Overall negative/reduced positive correlations were observed
between weekly dengue cases and wind speed in all areas from 2011 to 2019 and 2015 to
2019, with significant correlations being observed for the period from 2015 to 2019.
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Table 3 describes the cross correlation estimates between dengue cases and EO-based
meteorological data, in Malaysia from 2011 to 2019.

Table 3. Cross correlation estimates between dengue cases and EO-based meteorological data,
Malaysia.

Dengue Cases and Rainfall

Area/Duration Highest
Correlation Lag Direction of

Correlation Significance

2011 to 2019

Selangor 0.223 8 Positive, increasing
with increasing lags Significant at lag 4 onwards

Petaling 0.155 8 Positive, increasing
with increasing lags Significant at lag 6 onwards

Kelantan 0.015 6 No obvious pattern Non-significant

Kota Baharu 0.018 6 No obvious pattern Non-significant

2011 to 2014

Selangor 0.060 7 Positive with
increasing lags Non-significant

Petaling 0.045 3 Positive with
increasing lags Non-significant
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Table 3. Cont.

Dengue Cases and Rainfall

Area/Duration Highest
Correlation Lag Direction of

Correlation Significance

Kelantan −0.069 4 Negative with
increasing lags Non-significant

Kota Baharu −0.024 0 Negative with
increasing lags Non-significant

2015 to 2019

Selangor 0.304 8 Positive with
increasing lags Significant at lag 5 onwards

Petaling 0.181 8 Positive with
increasing lags Significant at lag 7 onwards

Kelantan 0.181 8 Positive with
increasing lags Significant at lag 4 onwards

Kota Baharu 0.142 6 Positive with
increasing lags Significant at lag 2 onwards

Dengue Cases and Temperature

Area/Duration Highest
Correlation Lag Direction of

Correlation Significance

2011 to 2019

Selangor −0.090 8 Negative with
increasing lags Non-significant

Petaling −0.217 8 Negative with
increasing lags Significant at lag 3

Kelantan 0.294 8 Positive with
increasing lags Significant at lag 2

Kota Baharu 0.227 8 Positive with
increasing lags Significant at lag 5

2011 to 2014

Selangor −0.01 7 Negative with
increasing lags Non-significant

Petaling −0.240 4 Negative with
increasing lags Significant at lag 0

Kelantan 0.388 8 Positive with
increasing lags Significant at lag 0

Kota Baharu 0.346 8 Positive with
increasing lags Significant at lag 2

2015 to 2019

Selangor 0.376 0 Positive, decreasing
with increasing lags Significant at lag 0

Petaling 0.511 0 Positive, decreasing
with increasing lags Significant at lag 0

Kelantan 0.247 8 Positive with
increasing lags Significant at lag 6

Kota Baharu 0.260 8 Positive with
increasing lags Significant at lag 5
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Table 3. Cont.

Dengue Cases and Wind Speed

Area/Duration Highest
Correlation Lag Direction of

Correlation Significance

2011 to 2019

Selangor 0.096 0 Positive, decreasing
with increasing lags Non-significant

Petaling 0.088 0 Positive, decreasing
with increasing lags Non-significant

Kelantan −0.065 8 Negative with
increasing lags Non-significant

Kota Baharu 0.049 8 Negative with
increasing lags Non-significant

2011 to 2014

Selangor 0.025 7 No obvious pattern Non-significant

Petaling −0.042 3 No obvious pattern Non-significant

Kelantan 0.022 4 No obvious pattern Non-significant

Kota Baharu 0.146 7 Positive with
increasing lags Significant at lag 5

2015 to 2019

Selangor 0.134 2 Positive, decreasing
with increasing lags Significant at lag 0

Petaling 0.148 0 Positive, decreasing
with increasing lags Significant at lag 0

Kelantan −0.172 8 Negative with
increasing lags Significant at lag 6

Kota Baharu −0.206 1 Negative with
increasing lags Significant at lag 0

3.3. Multivariate Linear Regression Analysis between Meteorological Variables and Dengue Cases

Following the multivariate linear regression analysis, rainfall, temperature and wind speed
explained 48.2% of the variance of dengue cases in Selangor state. Rainfall (Beta = −0.806) con-
tributed to the highest variance in dengue cases, followed by temperature (Beta = −0.409)
and wind speed (Beta = 0.046). Both rainfall and temperature had significant effects on
dengue cases as shown in Table 4.

Table 4. Multivariate Linear Regression analysis between meteorological variables and dengue cases
in Selangor, Malaysia.

Model
Unstandardized Coefficients Standardized Coefficients

t Sig.
B Std. Error Beta

(Constant) 5.249 0.626 8.384 0.000

Selangor_Rain −0.008 0.001 −0.806 −6.339 0.000 *

Selangor_Temp −0.076 0.023 −0.409 −3.243 0.002 *

Selangor_Wind 0.014 0.037 0.046 0.389 0.699

Note. Predictors: (Constant), Temperature, rainfall and wind speed; Dependent; Dengue cases; * significant
p-value (p < 0.05); Model Selangor R2 = 0.482; model significant (p < 0.001).
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4. Discussion
4.1. EO-Based and Ground Station Data Correlations

This study examined the correlation between satellite EO-based observations of tem-
perature, wind speed and rainfall with ground station data. The analysis shows moderate
to strong positive correlations (ρ = 0.519 to 0.838) that were statistically significant for all
three variables between the data recorded by satellites and ground stations. The highest
mean correlations were observed for temperature (mean ρ = 0.779), followed by rainfall
(mean ρ = 0.687) and wind speed (mean ρ = 0.639). Similar findings were reported in
previous studies with significant positive correlations ranging from 0.400 to 0.730 and
0.850 to 0.870 for temperature and rainfall [9,10,24–26]. These consistent findings across
studies could be attributed to methodological similarities such as deriving EO weather
data from satellites, spatially matching EO data with ground station data and using longer
data points for the correlation analysis. This suggests that meteorological data derived
from satellites are comparable to ground station data. In this study, the correlation between
EO-based data derived from satellites with ground station data proves that the EO-based
data correlates well to the ground station data. This correlation is valid as we used similar
spatially matched ground stations and EO-based data which produced good correlations
between the two observations. With recent technological advancements, satellites are able
to provide meteorological data of higher spatial resolution and quality. Additionally, the
use of a large time series data set which constitutes 9 years with 468 weekly data points in
this study further increases the robustness of the correlation analysis and results. Therefore,
meteorological data recorded from satellites can be used as a viable alternative to the
conventionally used ground station data. In the next part of this study, having established
strong correlations between satellite and ground station data, we used satellite-based data
to analyse the correlation between dengue cases and meteorological variables.

4.2. Correlation between EO-Derived Meteorological Data and Dengue Cases

This study found significant positive correlations between rainfall and dengue cases
in Selangor and Petaling during the periods between 2011 to 2019, wherein an initial
negative correlation between rainfall and dengue cases was observed from lag 0 to 1 weeks,
following which there was a positive correlation between rainfall and dengue cases. An
increasing positive correlation was observed after a 2 to 3-week lag which was significant
for lag 4 and 6 weeks onwards in Selangor and Petaling. The initial negative correlation
between rainfall and dengue cases for lags 0 to 1 can be explained by the effect of excessive
rainfall, causing flushing, overflowing, the disruption of mosquito breeding sites, and
destruction to the developing larvae [27]. Following this, an increasing pattern of positive
correlations between rainfall and dengue cases with subsequent lags (weeks) was observed.
Post rainfall conditions become more favourable for mosquito breeding sites [19]. The
time from hatching to the development of an adult Aedes mosquito is ~2 weeks [28]. The
extrinsic and intrinsic incubation period of the virus is ~12 and 10 days, respectively [29,30].
This duration fits well with the findings of this study, which reveal that from the onset of
rainfall, it may take from 1 to 6 weeks before an increase in dengue activity is observed.
Similar findings were observed during the periods between 2015 to 2019, wherein positive
significant correlations between rainfall and dengue cases were reported at lags 2, 4, 5, and
7 onwards for Selangor, Petaling, Kelantan and Kota Baharu, respectively. Similarly, studies
conducted in Myanmar, Thailand and Malaysia all reported that rainfall is an important
factor that regulates the abundance of outdoor dengue mosquito breeding, whilst dengue
outbreaks are commonly observed following a rainy season [30–32]. This is because rainfall
might exert its effect on dengue infection partly through the creation of more breeding
sites [33,34]. In this study, the east coast region of Peninsular Malaysia (i.e., Kelantan and
Kota Baharu) reported no obvious and negative correlation patterns between rainfall and
dengue cases for the time period from 2011 to 2019 and 2011 to 2014, respectively. Several
reasons could explain these findings. The presence of non-seasonal patterns of dengue cases
in Kelantan and Kota Baharu during the periods from 2011 to 2014 could have obscured
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the correlations between rainfall and dengue cases in these areas (Appendix A—Figure A3).
Unlike in Kelantan and Kota Baharu, dengue cases in Selangor and Petaling displayed a
seasonal pattern which was observed from 2011 onwards (Appendix A—Figure A4). In
addition, changes in the surveillance and testing process for dengue cases, which occurred
from 2014 to 2015, could have also impacted the correlation in these areas, where prior
to this change, the number of dengue case reported in Kelantan and Kota Baharu were
much lower compared to Selangor and Petaling. Furthermore, as Selangor and Petaling are
highly urbanized and populous areas compared to Kelantan and Kota Baharu, the risk of
dengue transmission increases and an increase the number of individuals being tested for
dengue infections would be detectable, thereby, increasing the detection rate and number
of dengue cases in Selangor and Petaling.

Our results also show a significant positive correlation between temperature and
dengue cases observed in the east coast region of Peninsular Malaysia (i.e., Kelantan and
Kota Baharu) throughout the time periods (2011 to 2019, 2011 to 2014 and 2015 to 2019).
In addition, positive correlations between temperature and dengue cases in Kelantan and
Kota Baharu were observed almost immediately (lag 0 to 3 weeks) and were significant at
lags ranging from 0 to 6 weeks throughout all the time periods. The almost instant effect
of temperature on the increase in dengue cases can be attributed to warm temperatures
leading to an increase in dengue transmission due to increased mosquito populations [30].
We also found significant positive correlations with increased lags between temperature and
dengue cases in Kelantan and Kota Baharu throughout all the time periods, while negative
correlations with increasing lags were observed in Selangor and Petaling throughout
all the time periods. Several reasons can explain this finding. In Peninsular Malaysia
there are predominantly two monsoon seasons, the north east and south east monsoon,
which affect the east (Kelantan and Kota Baharu) and west coast region (Selangor and
Petaling), respectively. The north east monsoon (55% of total annual rainfall) results
in heavier average rainfall compared to the south east monsoon (31% of total annual
rainfall) [13]. As a result of this, the average temperatures in the north east (Kelantan
and Kota Baharu) are generally lower compared to the west coast (Selangor and Petaling).
Due to this, areas such as Kelantan and Kota Baharu might experience temperatures
within the optimal temperature range (22 ◦C and 32 ◦C) for larvae development, mosquito
longevity and fecundity [30]. In addition, an optimal temperature tends to result in
increased mosquito feeding/breading rates and frequencies, a shorter extrinsic incubation
period of the dengue virus, higher mosquito reproduction rates and accelerated viral
replication, all of which would allow the Aedes mosquito to mature faster alongside higher
survival rates [31]. It is important to note that while increases in temperature may promote
mosquito growth, extreme temperatures may greatly affect this growth [32]. Studies
have reported that prolonged high temperatures result in the downregulation of the heat
shock protein gene within the Aedes mosquito, resulting in thermal stress and increased
mortality [33]. Therefore, the negative correlation between temperature and dengue cases
observed in this study could be attributed to the overall higher temperatures observed in
the west coast region (Selangor and Petaling) compared to the east coast (Kelantan and
Kota Baharu) [19,34]. Similar effects of temperature on dengue infections were reported in
previous studies conducted in Malaysia [19], Vietnam [35] and Cambodia [36].

In this study, negative correlations were observed between weekly dengue cases and
wind speed in all areas from 2011 to 2019 and 2015 to 2019, with significant correlations
observed for the period from 2015 to 2019. During the period between 2015 and 2019,
negative correlations between wind speed and dengue cases in Kelantan and Kota Baharu
were observed almost immediately (lag 0) and were significant at lags ranging from 0 to
6 weeks, while reduced positive correlations between wind speed and dengue cases in
Selangor and Petaling during the period between 2015 and 2019 were observed almost
immediately (lag 0) and were significant at a lag of 0 weeks. Several reasons can explain
the findings of this study. First, it was suggested that wind speeds of more than 5 knots
(9.7 m/s) tend to suppress the Aedes mosquito flying activity which would affect their
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contact with humans and oviposition [3] and low wind speed promotes mosquitos’ rapid
growth [3]. In addition, Malaysia, as a whole, generally experiences mean annual wind
speeds of 1.8 m/s; however, there are some areas in the country that do experience strong
winds during certain periods of the year [37]. For example, wind speeds during the
southwest monsoon are often below 7 m/s, but during the northeast monsoon wind
speeds could reach up to 15 m/s, particularly in the east coast of Peninsular Malaysia
Kelantan and Kota Baharu [37]. Furthermore, strong wind speeds may also occur in certain
areas in Malaysia as a result of typhoons from neighbouring countries [37]. The negative
correlation observed in this study is in line with previous studies conducted in China [38],
Sri Lanka [39] Malaysia [3] and Indonesia.

EO-derived meteorological variables were able to explain almost 50% of the variation
in dengue cases in Selangor. This finding indicates the considerable effect meteorological
factors (i.e., rainfall, temperature and wind speed) have on dengue transmission. The
balance unexplained variance in the dengue regression model could be due to the effect of
other factors (i.e., host, vector, virus and environment) which were not accounted for in
the model.

There are several strengths to this study, among which include the use of EO-data
which was spatially matched with the ground station data when examining the correlation
between meteorological data. This measure increased the accuracy and reliability the
correlation analysis. Additionally, to date, this is the first study in Malaysia that utilized
satellite EO meteorological data to examine the correlations between meteorological vari-
ables and dengue cases. The use of a longer study period (9 years) with several divisions
of time lines for the analysis allowed for the study to account for the effects of changes
in the dengue surveillance system. In addition, the selection of study sites at different
areas within Peninsular Malaysia, allowed for the analysis to account for meteorological
variations. The limitations of this study include the use of a low number of ground stations
(four) for the correlation analysis. As dengue is a multifactorial disease, we acknowledge
the possibility of the effects of other variables (i.e., Host, virus, vector and environment)
on dengue transmission which could influence the findings of this study as these factors
are often interrelated. However, the focus of this study was on examining the effects of
meteorological variables derived from EO on dengue cases

5. Conclusions

Using EO data derived from satellites to correlate with dengue cases may not be a
novel strategy from the global perspective; however, its use is novel in the Malaysian
context, as this is the first study in the literature to have used Earth Observations satellite
meteorological recordings to determine the correlation of meteorological variables and
dengue cases. This study concludes that moderate to strong correlations were observed
between meteorological variables recorded from EO data derived from satellites and ground
stations, therefore justifying the use of EO data as a viable alternative to ground stations
for recording meteorological variables. For the time period from 2015 to 2019, positive
correlations were observed between weekly dengue cases with rainfall and temperature
in all areas. During the same time period, wind speed only correlated positively with
dengue cases in Selangor and Petaling. For the time period from 2011 to 2014, there were
no significant correlations reported between weekly dengue cases with rainfall (in all areas)
and wind speed (in all areas except Kota Baharu). However, a positive correlation between
weekly dengue cases and temperature was reported in Kelantan and Kota Baharu. Evidence
generated from this study could help in the management and control of dengue in Malaysia
by developing early warning systems.
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21. Jurečková, J.; Picek, J. Shapiro-Wilk-type test of normality under nuisance regression and scale. Comput. Stat. Data Anal. 2007, 51,
5184–5191. [CrossRef]

22. Schober, P.; Schwarte, L.A. Correlation coefficients: Appropriate use and interpretation. Anesth. Analg. 2018, 126, 1763–1768.
[CrossRef] [PubMed]

23. Mudin, R.N. Dengue Incidence and the Prevention and Control Program in Malaysia. Int. Med. J. Malays. 2015, 14, 5–10.
[CrossRef]

24. Malvern, S.F.; Maurice, C. Comparison of Satellite Data and Ground Based Weather Data in Masvingo, Zimbabwe. Environ. Sci. Nat.
Resour. 2018, 8, 102–107.

25. Mohamad, Z.; Bakar, M.Z.A.; Norman, M. Evaluation of satellite based rainfall estimation. IOP Conf. Ser. Earth Environ. Sci. 2021,
620, 2–18. [CrossRef]

26. Kambi, M.O.C.; Wang, Z.; Gulemvuga, G. Determination of the Correlation between the Air Temperature Measured in Situ and
Remotely Sensed Data from MODIS and SEVIRI in Congo-Brazzaville. Atmos. Clim. Sci. 2018, 8, 192–211. [CrossRef]

27. Benedum, C.M.; Seidahmed, O.M.E.; Eltahir, E.A.B.; Markuzon, N. Statistical modeling of the effect of rainfall flushing on dengue
transmission in Singapore. PLoS Negl. Trop. Dis. 2018, 12, e0006935. [CrossRef]

28. Earnest, A.; Tan, S.B.; Wilder-Smith, A.; MacHin, D. Comparing statistical models to predict dengue fever notifications. Comput.
Math. Methods Med. 2012, 2012, 758674. [CrossRef]

29. Gratz, N.G. Critical review of the vector status of Aedes albopictus. Med. Vet. Entomol. 2004, 18, 215–227. [CrossRef]
30. Focks, D.; Haile, D.; Daniels, E.; Mount, G. Dynamic life table model for Aedes aegypti (Diptera: Culicidae): Simulation results and

validation. J. Med. Entomol. 1993, 30, 1018–1028. [CrossRef] [PubMed]
31. Lai, Y.H. The climatic factors affecting dengue fever outbreaks in southern Taiwan: An application of symbolic data analysis.

Biomed. Eng. Online 2018, 17, 148. [CrossRef] [PubMed]
32. Seah, A.; Aik, J.; Ng, L.C.; Tam, C.C. The effects of maximum ambient temperature and heatwaves on dengue infections in the

tropical city-state of Singapore—A time series analysis. Sci. Total Environ. 2021, 775, 145117. [CrossRef]
33. Sivan, A.; Shriram, A.N.; Muruganandam, N.; Thamizhmani, R. Expression of heat shock proteins (HSPs) in Aedes aegypti (L.)

and Aedes albopictus (Skuse) (Diptera: Culicidae) larvae in response to thermal stress. Acta Trop. 2017, 167, 121–127. [CrossRef]
[PubMed]

34. Tangang, F.T.; Juneng, L.; Ahmad, S. Trend and interannual variability of temperature in Malaysia: 1961–2002. Theor. Appl.
Climatol. 2007, 89, 127–141. [CrossRef]

35. Pham, H.V.; Doan, H.T.M.; Phan, T.T.T.; Tran Minh, N.N. Ecological factors associated with dengue fever in a central highlands
province, Vietnam. BMC Infect Dis. 2011, 11, 172. [CrossRef]

36. Choi, Y.; Tang, C.S.; McIver, L.; Hashizume, M.; Chan, V.; Abeyasinghe, R.R.; Iddings, S.; Huy, R. Effects of weather factors on
dengue fever incidence and implications for interventions in Cambodia. BMC Public Health 2016, 16, 241. [CrossRef] [PubMed]

37. Asia-Pacific Wind Industry. Asia Energy Wind Association-Malaysia [Internet]. 2021. Available online: https://www.asiawind.
org/research-data/market-overview/malaysia/ (accessed on 7 December 2021).

38. Lu, L.; Lin, H.; Tian, L.; Yang, W.; Sun, J.; Liu, Q. Time series analysis of dengue fever and weather in Guangzhou, China. BMC
Public Health 2009, 9, 395–400. [CrossRef]

39. Yasuoka, J.; Levins, R. Ecology of vector mosquitoes in Sri Lanka—Suggestions for future mosquito control in rice ecosystems.
Southeast Asian J. Trop. Med. Public Health 2007, 38, 646–657.

https://developers.google.com/earth-engine/datasets/catalog/NASA_GPM_L3_IMERG_V06
https://developers.google.com/earth-engine/datasets/catalog/NASA_GPM_L3_IMERG_V06
https://modis.gsfc.nasa.gov/
https://cfs.ncep.noaa.gov/
https://www.cmmcp.org/mosquito-surveillance-data/pages/epi-week-calendars-2008-2021
https://www.cmmcp.org/mosquito-surveillance-data/pages/epi-week-calendars-2008-2021
http://doi.org/10.1016/j.csda.2006.08.026
http://doi.org/10.1213/ANE.0000000000002864
http://www.ncbi.nlm.nih.gov/pubmed/29481436
http://doi.org/10.31436/imjm.v14i1.447
http://doi.org/10.1088/1755-1315/620/1/012011
http://doi.org/10.4236/acs.2018.82013
http://doi.org/10.1371/journal.pntd.0006935
http://doi.org/10.1155/2012/758674
http://doi.org/10.1111/j.0269-283X.2004.00513.x
http://doi.org/10.1093/jmedent/30.6.1018
http://www.ncbi.nlm.nih.gov/pubmed/8271243
http://doi.org/10.1186/s12938-018-0575-4
http://www.ncbi.nlm.nih.gov/pubmed/30396346
http://doi.org/10.1016/j.scitotenv.2021.145117
http://doi.org/10.1016/j.actatropica.2016.12.017
http://www.ncbi.nlm.nih.gov/pubmed/28024869
http://doi.org/10.1007/s00704-006-0263-3
http://doi.org/10.1186/1471-2334-11-172
http://doi.org/10.1186/s12889-016-2923-2
http://www.ncbi.nlm.nih.gov/pubmed/26955944
https://www.asiawind.org/research-data/market-overview/malaysia/
https://www.asiawind.org/research-data/market-overview/malaysia/
http://doi.org/10.1186/1471-2458-9-395

	Introduction 
	Materials and Methods 
	Study Location 
	Study Data 
	Data Analysis 
	Correlation Analysis between EO-Based and Station-Based Meteorological Data 
	Correlation Analysis between Meteorological Data and Dengue Cases 
	Multivariate Linear Regression Analysis between Meteorological Variables and Dengue Cases 


	Results 
	Correlation between EO and Station-Based Meteorological Data 
	Cross-Correlation between EO Data (Temperature, Rainfall and Wind Speed) and Dengue Cases 
	Multivariate Linear Regression Analysis between Meteorological Variables and Dengue Cases 

	Discussion 
	EO-Based and Ground Station Data Correlations 
	Correlation between EO-Derived Meteorological Data and Dengue Cases 

	Conclusions 
	Appendix A
	References

