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Abstract: AtmChile is an R package that permits the download and management of data from the
National Air Quality Information System (SINCA, Spanish acronyms) and the Chilean Meteorological
Directorate (DMC, Spanish acronyms) for multiple air quality and climatological parameters in a sim-
ple and intuitive platform. The AtmChile package includes the ChileAirQualityApp, a dashboard for
enhancing the data download functions of this package with analysis, visualization, and descriptive
statistics tools in a user-friendly manner. The AtmChile offers researchers and the public a highly
intuitive open access package to download, validate, visualize, and preliminarily analyze air quality
and climatological data available in Chile.
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1. Introduction

Air pollution is a threat to environmental health throughout the world [1]. It has
been estimated that it contributes to the premature death of between 3 and 7 million
people a year [2]. The effects of air pollution on human health are well documented in
various epidemiological studies [3] (e.g., exposure to air pollutants increases the risk of
lung cancer [4], heart disease [5], bronchitis [6], and other cardiorespiratory conditions [7]).
Atmospheric pollution also generates a significant economic loss, which has been quantified
globally in the order of USD 5.11 billion as a loss of well-being and USD 225,000 million
in lost labor income [8]. That is why continuous measurements of atmospheric pollutants
have been extensively developed in the last decades [9].

Despite the links between exposure to air pollution and negative health impacts,
systematic measurements of air quality are often not carried out, and/or there is a dearth
of long-term or systematic measurements, with clearly established quality assurance and
control protocols [10,11]. On the other hand, sometimes, there is not only the lack of
information due to a lack of data but by having measurements, these are spread in different
databases that are not readily available for research groups, decision makers, and/or the
citizens to access [11-14].

Measurement data provide the basis for assessing the extent of air pollution; identi-
fying sources of air pollution [15,16]; understanding how air pollutants are transported
and dispersed [17,18]; identifying efficient alternatives for reducing human exposure at
the local level [17]; enforcing air quality standards [19]; taking corrective action when it is
necessary and activating contingency plans [20], among others. Hence, the development of
tools that allow the handling, visualization, and use of large databases from environmental
measurements will allow adequate access, being the best case of open access, to information
for the whole society [21,22].

Air pollution data can be considered open access when it is available through a Pro-
gramming Interface that allows users to display and report those data in a transparent
and meaningful way [23-25]. Several applications have been developed in this regard
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including aiRe, which collects air quality data from Bogota in Colombia [25], and DatAC,
a visual analytics platform for exploring climate and air quality indicators associated with
the COVID-19 pandemic in Spain [24]. Another package in R is openair [23], which is
developed to analyze air quality data or, more generally, atmospheric composition data.
The package is widely used in academia and the public and private sectors.

In Chile, the main open-source datasets are reported by the National Air Quality Infor-
mation System (SINCA, Spanish acronyms) [26] under the Ministry of the Environment
of Chile [27], which collects air quality data from 205 monitoring stations throughout the
country, and the National Meteorological Directorate (DMC, Spanish acronyms) dependent
on the General Directorate of Civil Aeronautics of Chile [28], which stores climatological
data from 47 stations throughout the country. Even though the information is available
online, it is provided from more than one database with different formats and in an un-
friendly manner for downloading and visualizing the information, which greatly hinders
access to measurements.

In this paper, we describe the design and implementation of an easily accessible
online and open-source application dedicated to systematizing, harmonizing, and pro-
viding centralized air quality and climatological data in Chile. This application, called
AtmChile, integrates visualization and information display tools simply and efficiently.
The application not only includes the ability to combine and integrate databases but also
includes data verification and validation capabilities, visual analysis that allows users to
explore the temporal and spatial evolution of the variables, as well as an easy the interactive
exploration of the relationships and associations of the data. This finally allows expert and
non-expert users to characterize air pollution and/or climatological data.

Functions have been programmed in R code and converted into an interactive web
application using the Shiny package in RStudio. Finally, and not least, the application
can be used by novice users in common browsers by only installing an R package and,
therefore, does not require knowledge of web development.

2. Methods

The main objective of the AtmChile application is to provide an accessible and easy-
to-use tool to visualize the open access climatological and air quality data available in
Chile over time. Datasets often have thousands or even millions of observations, so our
package aims to automate and simplify database downloading and/or merging, analyzing,
interpreting, and understanding air pollution data and/or climatological information
in a graphical manner for expert and non-expert users. To achieve the goal, we have
combined the R packages (data.table [29], plotly [30], shiny [31], openair [23], lubridate [32],
shinycssloaders [33], Shinydashboard [34], and DT [35]) to thereby create an interactive
application to download the underlying datasets compiled for user-specific purposes along
with offering validation and visualization tools.

2.1. Air Quality Data

The monitoring data compiled by AtmChile have been previously reported in SINCA [26]
(see Figure 1, Tables S1 and S2 with a list of air quality monitoring stations and parameters
included in the ChileAirQuality function of AtmChile). Various factors affect each air quality
variable such as emission sources, the atmospheric dispersion of pollutants, atmospheric
stability, solar radiation, and the chemical transformation of pollutants in the atmosphere,
among others. Therefore, the values reported represent concentration levels because of many
emission sources and processes such as vehicular traffic, fuel burning in the commercial or
domestic sphere, and the use of solvents or volatile compounds, among others [26].
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Figure 1. Location of air quality monitoring stations and meteorological stations included in
the ChileAirQuality.

2.2. Data Validation and Quality Control

All the data used by this R package are provided by the Chilean Ministry of the
Environment (MMA). The quality control of the information provided by the SINCA [26]
public monitoring network is carried out by the Monitoring Networks Department, while
for privately owned stations, it is the Superintendent of the Environment that supervises
the validation process. It is important to note that the database validation process is not
always up to date, so the data must be reviewed before use. For this reason, the package
offers the option of downloading the raw data reported by the monitoring stations and
allows users to apply their own quality control criteria. However, this package also offers
basic quality control alternatives to rule out self-inconsistent data sets through the “Curar”
option of the ChileAirQuality function.
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2.3. Climatological Data

The DMC reports open access data from 47 automatic stations throughout the country
from 1941 to date [28]. These data contain information on the following climatological
variables: temperature, humidity, pressure, dew point, and rainfall. DMC monitoring
stations report only raw data without applying quality control mechanisms (see Figure 1
and Tables S3 and S4 with a list of meteorological stations and climatological parameters
included in the ChileClimateData function of AtmChile).

2.4. Software and Tools for Development Application

Figure 2 depicts the architecture of the AtmChile package by a Unified Modeling Lan-
guage (UML) class diagram. It describes the input parameters for the different functions and
the complementary methods used to support the central functions that make up the package.

= ChilleCtimateData

+ Estaciones: vector
+ Parametros: vector
+ Inicio: Int

+ M Int

Figure 2. Unified Modeling Language (UML) class diagram of the AtmChile R package.

This package was built as open-source software in R and is available in the CRAN
(Comprehensive R Archive Network) repository [36]. An overview of the AtmChile R
package data access, data objects, and functions is provided in Figure 2. As a web applica-
tion, it is available online [37]. This package was built under a public license so it can be
distributed, copied, and displayed by third parties if the AtmChile is shown or mentioned
in the credits.
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3. Results and Discussion

The main functions of AtmChile are described below. Examples of data downloads
and visualization plots are also presented in Appendix A.

3.1. Package Overview

The AtmChile package can be installed and loaded from the CRAN repository in R as fol-
lows: install.packages(” AtmChile”) and can be run with the command: library(AtmChile) [36].
The programming code is available on GitHub [37].

The package contains three functions: ChileAirQuality for downloading air quality
data from open-source SINCA servers [26]; ChileClimateData for downloading climatolog-
ical data from open-source DMC servers [28] and ChileAirQualityApp, a dashboard for the
data download functions of this package [34].

ChileAirQuality is a function that compiles, in a data frame, air quality data from
SINCA. The input variables are (a) Comunas: string vector containing the monitoring
stations listed in Table S1; (b) Parametros: string vector containing the parameters listed
in Table S2; (c) fechadelnicio: string containing the start date of the data request in format
(dd/mm/yyyy); (d) fechadeTermino: string containing the end date of the data request in the
same previous format; I Curar: allows values that do not meet the following quality control
criteria to be replaced as “NA”: (i) PMy 5 < PMy; (i) (NO; + NO) < NOy; (iii) 0 < HR < 100
and (iv) 0 < wd < 360 if they exist; (f) Site: logical value that allows entering the code of the
monitoring station listed in the variable Comunas of Table S1; and (g) st: logical value that
includes validation code from SINCA, namely “NV”: No validated, “PV”: Pre-validated,
and “V”: Validated.

Example:

df <- ChileAirQuality(Comunas = “Cerrillos”, Parametros = c(“PM10,
PM25”), fechadeInicio = “©01/01/2020”, fechadeTermino = “01/01/2021”,
Curar = TRUE, Site = FALSE, st = FALSE)

ChileClimateData is a function that compiles climatological data from DMC. The input
variables are (a) Estaciones: string vector with the codes of the monitoring stations listed
in Table S3; (b) Parametros: string vector containing parameters listed in Table 54 (c) inicio:
initial year of the data request; d) fin: final year of the data request; and (e) Region: logical
parameter that, when activated (“TRUE”), allows entering the administrative region in
which the station is located instead of the station code and is listed in Table S3.

Example:

df2 <- ChileClimateData(Estaciones = “II”, Parametros = “Temperatura”,
inicio = “2020”, fin = “2021”, Region = TRUE)

3.2. ChileAirQualityApp Display

ChileAirQualityApp is a dashboard for enhancing the data download functions of this
package with analysis, visualization, and descriptive statistics tools. ChileAirQualityApp
is hosted online on shinyapp.io [37] and can be used to serve locally with the AtmChile
package [36,37]. Run ChileAirQuality App as follows: AtmChile::ChileAirQuality App().

The “Data Calidad del Aire” tab allows the user to use the ChileAirQuality function
to download, within the application, information on the parameters listed in Table S2 for
the monitoring stations of the Metropolitan Region (RM) and the Aysén Region (XI). The
option “Curar” of ChileAirQuality is found as a checkbox, working as previously described.
The tab includes the “Descargar” button to download the dataset in case the user wants to
use it outside the R application for other analyses.

The “Data Climatica” tab allows the user to use the ChileClimateData function to down-
load, within the application, information on the parameters listed in Table S4 according
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to the administrative division of the country. The tab includes the “Descargar” button to
download the dataset in case the user wants to use it locally.

The “Grdficas” tab allows the user to generate visualizations of the downloaded data
by integrating various options of the OpenAir package. Some of the main options are
summarized in Table S5.

The “Resumen” tab allows the user to generate summaries of descriptive statistics such
as mean, median, standard deviation, and coefficient of variation of parameters selected.
The tab includes the “Descargar” button to download the statistical summary in case the
user wants to use it locally.

The “Informacion” tab contains summary tables with the parameters considered in the
“Data Calidad del Aire” and “Data Climatica” tab and a map with the geographical locations
of the stations included in the “Data Calidad del Aire” tab.

To show the functionality of ChileAirQuality App, a study case of 5 years of air quality
data from SINCA and climatological data from DMC is presented in Supplementary
Materials showing different examples of data download and visualization plots.

3.3. Advantages and Limitations

The AtmChile app offers the following advantages: (i) the integration of information
and databases of SINCA and DMC; (ii) a quick way to obtain validated information while
avoiding manual processing; (iii) a highly intuitive web dashboard to visualize and explore
open access air quality and climatological databases available in Chile. On the other
hand, some limitations of the current app represent future development opportunities:
(i) Multiple datasets cannot be downloaded and compared simultaneously; (ii) OpenAir
was preferred as the visualization tool due to its widespread use by air quality researchers,
which limits working with non-interactive plots; (iii) the consumption of computational
processing time can be high, although it depends on the volume of data required and the
time period of the query.

4. Conclusions

This work makes a free open-source software available to the academic community
and the public, with all the advantages of future improvements and free use: AtmChile and
ChileAirQualityApp, a web-based open-source software package. The AtmChile package
is a useful tool for quickly obtaining air quality and climatology data from the main sources
available in Chile, avoiding repetitive tasks. ChileAirQualityApp offers a highly intuitive
open access app for researchers and the general community to download, visualize, and
access a preliminary analysis of air quality and climatological data available in Chile. The
end user, with or without prior knowledge of R, can not only access, process, and analyze
the historical air quality and climatological data available in Chile but also has access to
the source code and functions, with the option to create their own custom functions. In
addition, the availability of standardized functions and data validation algorithms through
the AtmChile package avoids repetitive, tedious actions that can lead to errors in data
handling and increases the accessibility of quality control and quality assurance functions
for automated database validation.

The AtmChile package has established a basis on which further improvements and
developments can be made. Both the AtmChile and ChileAirQuality App source codes
are available on Github, and the authors invite collaboration and contributions that help
continuously improve the open source AtmChile project in order to better meet the needs
of a community, which requires more information about the air quality in the environment
in which they live.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13091364/s1, Table S1: Air quality monitoring stations
included in the ChileAirQuality function. Table S2: Summary of the air quality and meteorological
obtained from SINCA and included in the ChileAirQuality function. Table S3. Meteorological stations
are included in the ChileClimateData function Table S4. Summary of the meteorological parameters
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obtained from DMC included in the ChileClimateData function. Table S5. Summary of the main
display options offered in the “Graficas” tab.
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Appendix A. Examples of Data Download and Visualization Plots
Appendix A.1. Examples of Data Download and Visualization Plots

For an improved understanding of the functionality of ChileAirQualityApp, we
present a case study based on 5 years of pollution data set from SINCA and 5 years
of meteorological data set from DMC.

Appendix A.1.1. Air Pollution

The pollution data were downloaded from SINCA using ChileAirQualityApp for the
monitoring stations “Parque O’Higgins” and “La Florida” between 2015 and 2020 using
the parameters “PM10”, “PM25”, “ws” (wind speed), and “wd” (wind direction) in the
user interface, as shown in Figure Al.

Fecha de inicio
Fecha de Termino
12/2020

Curar datos

F. Climaticos Contaminantes
0 temp PM10
0 HR PM25
wd O NO
WS O NO2
0 NOX
0O o3
O co
O soz
Estaciones
P. O'Higgins O Las Condes
O Cemillos 1 La Flonda
O Cerrillos O Pudahuel
O Cemo Navia O Puente Alto
) ElBosque O Quilicura
(] Independecia O Quilicura 1
O Coyhaique |
O Coyhaique Il
Aplicar Cambios

Figure A1. User interface demonstration for request the parameters “PM10”, “PM25”, “ws” (wind
speed), and “wd” (wind direction) for the monitoring stations “Parque O’Higgins” and “La Florida”
between 2015 and 2020.
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The data were downloaded from SINCA for the monitoring stations located at Parque
O’Higgins and La Florida between the years 2015 and 2020. Figure A2 shows a time series
plot generated with the option “timePlot” for PM10 with a monthly average time resolution.

Promedia de tiempo

PH
=

month -

timePlot

La Tuncign tiMeFlot permite Irazar rApaaments Senes 02 M g2 OA10S para vaNos CONtaminantas o vanables. Trazara sanes 02 IBMPO 02 QA0S 0 313 2S0IUCIGN por hora

Figure A2. PM10 monthly time series for the monitoring stations La Florida (LF) and Parque
O’Higgins (SA) between 2015 and 2020.

Figure A3 shows the time series plot generated with the “timeVariation” option for
PM10 and PM25 for combined monitoring stations. This option generates four graphs:
hourly variation according to the average day of the week, hourly variation in the average
day, monthly variation in an average year, and daily variation in the average week with
a confidence interval of 95%.

PMyg, Py

Cantaminantes
8 P
o P2s

timeVariation

Lafuncién timevariaton produce cuatro graf
También se muestra en kos. gracos el interv

Figure A3. PM10 and PM25 times series for combined monitoring stations between 2015 and 2020
were generated with the timeVariation option.

Correlations between PM10, PM25, and the meteorological variables wind speed and
wind direction are shown in Figure A4 using a plot generated with the “corPlot” option
separated according to the monitoring station. The coded correlation is observed in three
ways: by shape (ellipses), color, and numerical value.

Contaminantes.
@ Puo P i 5 - sy 156 £ -

B Puzs

corPlot

£l corPlol mues
Con

icada de tres formas: por form
&rtects 88 323 UN3 11083 3 45 0radns o peng

Figure A4. PM10, PM25, wind speed, and wind direction correlation plot for the monitoring stations
La Florida (LF) and Parque O’Higgins (SA).
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The “d” option generates a calendar with the daily averages of a certain parameter
with a scrollbar to filter the time interval. In this case, it was applied for PM25 during the
year 2019, as shown in Figure A5.

calendarPlot

La funcién calendarPlot proporciona una forma eficaz de visualizar los datos de esta manera al mostrar las concentraciones diarias en formato de calendario. La concentracion de una especie se muestra por su color

Figure A5. PM25 calendar plot for combined monitoring stations in 2019.

The polarPlot function plots a bivariate polar graph of how concentrations vary with
wind speed and direction. Figure A6 represents the polar graph for the monitoring stations
La Florida (LF) and Parque O’Higgins (SA).

polarPlot

La funcién polarPlot traza una grafica pelar bivariada de concentraciones. Se muestra como las concentraciones varian segin la velocidad y 1a direccién del viento,

Figure A6. PM25 Polar Plot for the monitoring stations La Florida (LF) and Parque O’Higgins (SA).

Appendix A.1.2. Meteorological Information

The data were downloaded from DMC for the monitoring stations located in the
Antofagasta Region considering the meteorological stations of Cerro Moreno Antofagasta
Ap. And El Loa Calama Ad. Between the years 2015 and 2020 for the parameters “Ts”
(dry air temperature) “dd” (wind direction) and “ff” (wind speed) in the user interface, as
shown in Figure A7.

Figure A8 shows a time series plot generated with the option “smoothTrend” for
Temperature (“Ts_Valor”), showing the monthly averages and the linear trend of the
temperatures in that period of time.

The “timeVariation” option can also be used on the parameters of the DMC meteorolog-
ical stations. Figure A9 shows the time series generated with this option for the combined
meteorological stations of the Antofagasta Region between 2015 and 2020.
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Figure A7. User interface demonstration for request the parameters “Ts” (dry air temperature) “dd”
(wind direction) and “ff” (wind speed) data of the stations of Cerro Moreno Antofagasta Ap. And El
Loa Calama Ad. between the years 2015 and 2020.

Seleccionar dataset

2018 2018 2017 2018 2019 2020
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La funcién smoothTrend proporciona una forma fiexible de estimar la tendencia en la concentracion de un contaminante u otra variable. Los valores medios mensuales se caiculan a partir de una serie
de tiempo horaria (o de mayor resolucion) o diaria
Figure A8. Temperature time series plot for the meteorological stations of Cerro Moreno Antofa-
gasta Ap. And El Loa Calama Ad. between the years 2015 and 2020. Generated with the option
“smootTrend” .
Solecclonudataset o e 2 8 23 [} e 12 18 23 o e 2 18 23
Tipo de Grafico <% "N : F e e £ - - 4 {
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La funcion timeVariation produce cuatro graficos: variacion del dia de la semana, variacion de la hora media del dia y un grafico combinado e hora del dia - dia de la semana y un grafico mensual
También se muestra en los graficos el intervalo de confianza del 95% en la media.

Figure A9. Temperature times series for combined meteorological stations between 2015 and 2020
were generated with the timeVariation option.
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