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Abstract

:

Air quality is important for the protection of human health, the environment and our cultural heritage and it is an issue that will acquire increased significance in the future due to the adverse effects of climate change. Thus, it is important to not simply monitor air quality, but to make information immediately available to those responsible for monitoring the networks, to policy/decision makers, but also to the general population. Moreover, the development of information technologies over the last couple of decades has allowed the proliferation of real-time pollution monitoring. The work presented herein concerns the development of an effective way of monitoring environmental parameters using dedicated software. It offers a complete suite of applications that support environmental data collection management and reporting for air quality and associated meteorology. It combines modern technologies for the proper monitoring of air quality networks, which can consist of one or more measuring stations. Innovatively, it also focuses on how to effectively present the relevant information, utilizing modern technologies, such as cloud and mobile applications, to network engineers, policy/decision managers, and to the general public at large. It also has the capability of notifying appropriate personnel in the event of failures, overruns or abnormal values. The system, in its current configuration, handles information from six networks that include over 55 air pollution monitoring stations that are located throughout Greece. This practical application has shown that the system can achieve high data availability rates, even higher than 99% during the year.
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1. Introduction


The development of human societies and the accompanying growth in the consumption of natural resources, especially over the past couple of centuries, has given rise to a multitude of human-induced environmental problems. Chief amongst these is climate change, whose adverse effects are fast becoming the familiar horsemen of a planetary apocalypse, as so vividly made clear to world leaders at the recent cop26 summit.



Climate change also affects outdoor air quality (AQ), long recognized as one of the main factors leading to deteriorating human health, especially in urban or industrial areas. In fact, the World Health Organization (WHO) has estimated that air pollution is responsible for over seven (7) million premature deaths worldwide, per year [1]; in the EU, it is responsible for 400,000 premature deaths, and health-related external costs that are estimated in the hundreds of billions of euros [2]. The major air pollutants are particulate matter (PM), classified into PM2.5 (particles with a maximum diameter of 2.5 μm) and PM10 (particles with a maximum diameter of 10 μm) and gaseous pollutants such as SO2 and NOx [2,3]. As is well understood, exposure to particulate matter can cause or aggravate cardiovascular and lung diseases, heart attacks and arrhythmias, affect the central nervous system and the reproductive system, and cause cancer [4,5,6,7,8,9,10,11,12,13].



Climate change will also worsen indoor air, as it will lead to an increase of outdoor airborne allergens (which can then infiltrate indoor spaces), dampness and humidity (which can lead to increases in mold, dust mites, bacteria, and other biological contaminants indoors), and higher indoor temperatures [14,15,16]. The current Covid-19 pandemic, which still forces people to spend increasing amounts of time indoors, as well as the likelihood that such pandemics may become more frequent in the future (as humans further push and shrink the limits of ecosystems), should focus the mind further.



Given the context provided above, the regulation and control of emissions is of paramount importance. For the EU, relevant provisions were first made in the Environment Act/Air Quality Management Areas (AQMAs) of 1995 [17]. This was augmented by the Ambient Air Quality and Clean Air for Europe Directive [18], which requires EU member states to operate appropriate measurement systems and defines the rules under which the setup of observation networks should take place [19]. In terms of PM10, the threshold for the protection of human health has been set at 40 mg/m3 over the course of a year, while a concentration of 50 mg/m3 shall not be exceeded for more than 35 days a year. Similarly, for PM2.5, the annual threshold has been set at 20 mg/m3 [20,21].



The setup of such thresholds has been made possible by advancements in monitoring and modeling. For example, satellite measurements, utilizing the Moderate Resolution Imaging Spectroradiometer (MODIS) and/or Multi-angle Imaging Spectroradiometer (MISR), can be used to obtain an overview of PM2.5 concentrations over large geographical areas [22,23,24,25]. In addition, the use of models has gained traction as these can be used to integrate different datasets, auxiliary datasets and estimate and predict air pollution, utilizing spatial and/or temporal coverage of observations [22,26,27,28,29,30,31]. However, continuous air quality monitoring can be performed only by ground-based monitoring stations, which have the added advantage of being able to provide real-time information in case of limit exceedance. Moreover, although such systems provide time series of different air quality parameters that are relevant to the direct vicinity of a particular location, when combined with sampling of particulate matter, they can be characterized, the source identified and toxicity studied [32,33].



Scientists and decision/policymakers have long stressed the need for science-based decision support systems [34,35,36,37]. Moreover, for air quality data to be effective, they need to be provided in a timely manner (so that decisions can be taken at the time an event is occurring), but also in a format that will be easy to understand by the potential users. There are a number of studies that show that when local and/or national authorities are successfully informed with real-time air pollution data, then hospital admissions are significantly reduced [38]. Although there is room for the improvement of air quality management systems worldwide, this is particularly true for developing countries, where such efforts are hampered by a lack of commitment from relevant authorities, reduced participation of stakeholders, policy or regulation weaknesses and also, of the physical systems that will provide real–time air quality data and emission inventories [39].



The advent of information technologies has led to the development of a huge number of different online air quality information sources [40]. In an influential work, Karatzas et al. [41] described the techniques that are available for the effective dissemination of urban air quality information to the public using mobile applications, street panels and mass media. In the EU, most member states provide air quality information on publicly available websites and through regular print publications [42]. In the USA, air quality information is shared with the public via AIRNow [43], which provides real time measurements and forecasts for 300 cities. In South Africa, a system has been developed, which allows information related to air quality to be disseminated through mobile application tools [44]. Finally, in China and India, both print and electronic media are employed, alongside street panels and web pages, for the dissemination of air quality information to the public in urban areas [45,46].



Given the background discussed above, it is imperative for air quality measuring stations to operate and record environmental measurements on a continuous basis. However, faults often occur, with the end result that important information is often left unrecorded for periods that last from a few hours to several days. Moreover, modern analyzers also measure critical diagnostic parameters of their function, such as flow, pressure, temperatures, etc., which can be accessed by technical personnel during site visits or stored using appropriate software for later review. However, for systems that present live measurements, these parameters need to be controlled continuously.



The manuscript presented herein provides an effective way of monitoring air quality measurement stations through the development of a dedicated software, AirDMS [47]. This dedicated software comprises of a set of tools that supports the collection and reporting of air quality and associated meteorological data. It also focuses on data quality control and provides tools that can address difficult and time-consuming validation tasks, by providing real time and user-friendly information on multiple platforms. AirDMS can not only enhance data quality and support quick decision-making, it can also reduce operations and maintenance costs. Although the AirDMS system is being continuously improved and expanded, in its current configuration, it handles information from 6 networks that include over 55 air pollution monitoring stations that are located throughout Greece. Through this practical application, it has been shown that it can allow network operators to increase the availability rate of measurements even to rates greater than 99%. It also has the capability of accepting custom-made additional components (modules) to meet national and local requirements. Thus, it can provide a valuable tool for the timely and correct information of relevant technical personnel, policy/decision-making authorities, but also, for the general public at large.




2. The AirDMS Information System Architecture


The AirDMS information system consists of: (i) the Communication system (CS) which is the system responsible for collecting data, and (ii) the cloud-based information system with four subparts: (a) the web interface, which disseminates environmental data including air quality, meteorological, and noise data, (b) the Remote Communication System (RCS), which automatically retrieves data through the Application Programming Interface (API) protocol, (c) the AirDMS Service, which disseminates instrumentation diagnostics, and lastly, (d) the AirDMS Alerts system, which sends alerts to authorized personnel in case of instrumentation failure or measurement exceedances over high or low limits. These systems are described in detail in the sections that follow. A schematic workflow diagram of the AirDMS information system is presented in Figure 1.



2.1. Communication System


The communication system (CS) is responsible for collecting the data, and after performing quality control (described below) and calculating average values (usually 5 min, hourly, 8 h, and daily average value), it sends the data to the central AirDMS database, which is located on the cloud. It is noted that the average values are calculated only if the data availability is more than 75% for the reference period. For every measurement value, a flag that holds the measurement’s quality check is associated and stored. Possible flags occur: (a) when the measurements are not logged, for example, when an analyzer is being maintained, (b) when the values are invalid due to an analyzer’s diagnostic parameters being outside of the pre-determined limits, (c) when not enough measurements are available to calculate an average value, (d) when there is no communication with an analyzer, and (e) when a value is valid. In the case of incorrect values, these get stored for further evaluation but are not displayed on the web interface, indicating only the abbreviation according to Table 1.
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Figure 1. Workflow Diagram of AirDMS. 
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As CS has been developed using Java, it can be installed on many operating systems such as Windows, Linux, and MacOS. Moreover, it can collect data from many sources, including SQL Server, text files, Web API, and TCP/IP (Transmission Control Protocol/Internet Protocol). It collects the data directly from the analyzers (streaming or internally stored) or from any data logger in which the data are already collected. Another advantageous feature of the CS is that it can operate with Arduino compatible boards with IoT sensors or can even be installed in a Raspberry Pi. Both are low-cost controllers, which have proven valuable measurement tools especially for indoor environment quality [48].




2.2. Cloud-Based Information System


As is well understood, cloud services provide cost-effective options to access, process, and disseminate data and information in real-time [49,50]. For AirDMS, the cloud-based system consists of four parts: (a) the web-based system, which displays real time data on a 5-min basis on the web site, (b) the Remote Communication System, which can collect or provide data in an automated way to authorized users, (c) the AirDMS Service, which provides the diagnostic measurements of the analyzers and stations’ operating status (e.g., internal temperature, current voltage, door status), and (d) the AirDMS Alerts. The above was developed using the PHP scripting language with JavaScript and Html version 5, which are especially suited to web development.



2.2.1. Web Interface (WI)


The web interface has been constructed in a way that is as simple and easy to use as possible, while also offering tools for monitoring the network of measuring stations that appear within the application and optimizing data presentation.



Data can be accessed with username and password credentials generated by the system administrator. As the system incorporates multiple networks with many stations, each user may be authorized by the administrator to have access to certain networks or stations. Users may also be given access to other functions (such as, reports, data export, scientific graphs, data statistics, log files, analyzers manual) that collectively make up a complex tool with multiple access levels.



Moreover, in compliance with the European Union ambient air quality directive [18], certain information (such as the air pollution index) may be made available to the public at the request of network operators.



The spatial distribution of data utilizes OpenStreetmap (OSM) [51], which provides free geographic data, such as street maps. These are generated with the use of Leaflet.js, which is one of the most popular open-source JavaScript libraries for interactive maps [52,53]. Leaflet allows developers to display tiled web maps, with optional tiled overlays. It can load feature data from GeoJSON files, style them, and create interactive layers, such as markers with popups when clicked.



Figure 2 presents measurements for ambient temperature (value inside the circle) and wind in the form of a vector which changes direction and length according to the wind measurements. The circle’s color changes dynamically based on temperature. Legends are included to help understand the context of each display. The chosen parameter displayed in the circle can be changed dynamically by the user, allowing for a personalized view based on user preferences.



The map in Figure 3 shows air pollution in multiple locations. The data obtained are classified according to the Daily Air Quality Index (DAQI), which has ten points that are further grouped into four bands: low, moderate, high, and very high. The DAQI has been developed to provide advice on expected levels of air pollution, and also, information on the short-term effects on health that might be expected to occur at the different bands of the index. It is used by the UK’s Department for Environment, Food, and Rural Affairs (DEFRA) and is recommended by the Committee on the Medical Effects of Air Pollutants (COMEAP) [54].



From the different JavaScript-based libraries that can be used to visualize data as 2D charts (such as HighCharts, Google Charts, Flot Charts, and RGraph), AirDMS makes use of the RGraph [55], as it many different types of charts (50–60), using both HTML5 Canvas and Scalable Vector Graphics (SVG; a web-friendly vector file format), which give it the ability to represent many types of data quickly and efficiently. Other features that make RGraph appealing for such applications are that it is entirely unrestricted to use (being available under the MIT license) and is suitable for all websites, with charts being rendered using JavaScript, SVG, and canvas. The size of the JavaScript files and the code to make a chart is small and can be further reduced with minification and compression. Therefore, it offers significant speed boosts to websites. For AirDMS, version 6.06 of the library was utilized. The WI library includes simple graphs consisting of one or more parameters (e.g., meteorological parameters, noise levels, or pollutant concentrations) over time, coming from one or more measuring locations (Figure 4). More complex graphs, utilizing two axes with different scales may also be created.



Except for the basic graphs, RGraph was also expanded and is capable of producing different graphs, such as the ones shown in Figure 5, Figure 6 and Figure 7. In Figure 5 we have combined Leaflet and RGraph to produce novel pollution rose chart with leaflet map as a background. The map is centered in place of the station and the zoom can be selected by the user dynamically. The type of pollutant chosen by the user is subcategorized in eight (8) different sections of wind direction and four (4) wind speed classes. This way, we calculate the mean value of pollutant per wind direction and per speed class. In the case of calm conditions, i.e., no wind, the pollutant concentrations refer to local sources, while in greater wind speeds, they refer to pollution transported from longer distances. This categorization, along with the map as a background, gives a rough image for the authentication/determination on the origin of a pollutant, especially in high concentration cases.
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Figure 4. Group diagram for selected time-period. 






Figure 4. Group diagram for selected time-period.



[image: Climate 10 00039 g004]







[image: Climate 10 00039 g005 550] 





Figure 5. Pollution rose diagram. 






Figure 5. Pollution rose diagram.
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Moreover, we extended RGraph in order to produce different innovative graphs that can help scientists and authorities to effectively monitor the quality of ambient air. As an example, in the graph presented in Figure 6, the user can pick a pollutant and date of interest to display the mean value per hour. At the same time, the graph shows the wind speed vector. The size of the vector depends on wind speed, and it is calibrated towards the north. In Figure 6, we can see the concentration relative to the wind (speed and direction) making for an easier and more understandable graph compared to Figure 4. Moreover, WI clients can quickly analyze the symmetry of distribution and investigate the extreme points of the data using boxplot at different times (Figure 7).
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Figure 6. Pollutant with wind data diagram. 
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Figure 7. Box plot diagram. 






Figure 7. Box plot diagram.
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All current and historical data can be presented in a table form and can be exported to spreadsheet or pdf files (Figure 8). The data are acquired from the database in 5 min, 60 min, 8 h, or 24 h intervals. To present the data in a table form, we use ApPHP DataGrid software [56]. The ApPHP DataGrid script is a simple, innovative, and powerful tool for generating data-bound grid control. It is excellent for online-based data administration and also useful for dynamic content management. In order to export data in a spreadsheet file format, we use the PhpSpreadsheet library [57], which offers a set of classes that allow the reading and writing of various spreadsheet file formats such as Microsoft Excel [58] and LibreOffice Calc [59]. Moreover, for the pdf file format, we use mPDF [60], a PHP library which generates PDF files from UTF-8 encoded HTML.




2.2.2. Remote Communication System (RCS)


Considering the need for a tool capable of integrating data from multiple sources and disseminate those data to authorized users, the concept of a dedicated Application Programming Interface (API) was initiated. API is actually an interface with a set of functions and allows programmers to acquire the data of an application. The RCS service is programmed to fetch (poll) data from a cloud database on demand in order to disseminate the information to authorized users in json format. Moreover, it stands between the cloud database and CS. It accepts the data in json format and after checking the data, stores it in the database. The communication is done by ensuring encryption of the data while in no case is there any direct communication of users with the database data, ensuring that the data remain protected. Exception handling is implemented in most of the API routines to avoid any runtime issues.




2.2.3. AirDMS Service


Environmental data are effective when communicated in a user-friendly format for timely decisions. In order for the decisions to be correct, however, there must be timely information on the validity of the data presented. Conventional environmental information dissemination applications to date focus on presenting data without being able to control their quality in real time [33,34,35,36,61].



Modern atmospheric quality recording analyzers have recording capabilities for many parameters, setting limits outside which the analyzer does not work properly, resulting in recorded values which are considered incorrect. These operating parameters are recorded (both current and historically) in AirDMS. This enables the air quality managers on the one hand, to judge whether the pollutant values were correct, while on the other, the technical staff can be informed of problems in order to take appropriate action. Furthermore, technical personnel, based on historical diagnostics, can prevent damage (e.g., observing the rate of change of a certain functional parameter or its rate of approach to the limit of abnormal operation) and can proactively schedule the repair of the analyzer. Moreover, as in large environmental monitoring networks the distances between stations are long, the AirDMS can help to get rid of unneeded field service engineer travel, saving time and funds.



Figure 9 shows the operating status of the stations supervised by a service engineer. The stations are represented as dots on a map of the area. Depending on the operational status of the station (communication with the station, supply voltage of the station, communication with the analyzers, operational parameters of the analyzers), the color of the dot changes according to the legend on the map. Selecting one of the stations (Figure 10) displays the operational data for the specific station, while selecting one of the analyzers, whose diagnostics are recorded, revealing a table displaying the current values of the analyzer operating parameters as well as their minimum and maximum values for valid operation (Figure 11).



Finally, the historical data for the operational parameters of the analysts can be displayed in tables and graphs by freely selecting the time-period of their presentation.
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Figure 9. Operating status of the network stations. 
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Figure 10. Operating status for analyzers of selected station. 
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Figure 11. Operating parameters for selected analyzer. 






Figure 11. Operating parameters for selected analyzer.
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2.3. AirDMS Alerts


Timely update of environmental parameters, especially in cases of limit exceedances of pollutants or severe weather phenomena, is a critical process for the protection of citizens. In addition, it allows service engineers to be informed of the operational condition of the equipment in order to intervene as quickly as possible, avoiding unnecessary travel time. For the above reasons, AirDMS software has been enriched with the addition of another important tool, AirDMS Alerts.



AirDMS Alerts is a personalized information tool for AirDMS users. It can be programmed through the web interface and send messages to users in various ways, such as email, SMS, and push notifications through the mobile application. The application works as an operating system service and shows push notifications for the user. Currently, it is available only for mobile phones and tablets using the Android operating system.



The station administrator can schedule to send a message in one of the above formats in various cases, such as in exceeding a maximum or minimum limit for any parameter set by the user or operating condition of the station in relation to parameters, such as its internal temperature, mains voltage, etc., or finally, for the operating parameters of the analyzers based on the limits specified by the manufacturer or the service engineer of the station.





3. Conclusions


This manuscript presents an effective way to monitor air quality and environmental parameters (such as noise or meteorological data) using modern technologies, through the development of a dedicated software, AirDMS. As is well understood, air quality monitoring plays an important role in the protection of human health. However, it is expected to be of even greater importance in the future, due to the adverse effects on air quality that will be brought about by climate change. Thus, it is critical for citizens to be informed about air quality in real time in order to avoid prolonged exposure to high concentrations of pollutants, but it is equally important that the information given to the public is correct, and in the case of equipment malfunction, corrective actions to be undertaken in a timely and efficient manner.



With the use of AirDMS, this is done immediately, as technical personnel and air quality managers are constantly updated on the operational status of the measurement analyzers. Thus, the AirDMS focuses on how to effectively manage air quality monitoring networks, but also on informing the public in a simple and easy to understand way. The presentation of data is done using modern technologies. A JavaScript charting library (RGraph) was extended in AirDMS, and thus, data are visualized in an efficient way, giving a clear picture of air quality even to non-specialized people.



An important issue to consider when dealing with air quality monitoring is that, in many cases, analyzers may record incorrect values. It can, as often happens in the field, take several days to repair the fault, especially when it comes to a large monitoring network with long distances from the stations to the management center. It is therefore advisable to record and review the operational status of the analyzers performing the measurements. In AirDMS, these are available in real time, in addition to environmental quality parameters and critical parameters such as analytical operating parameters and station status (room temperature, mains voltage, etc.). Thus, the current and historical situation of the critical operational parameters of the analyzers can be reviewed.



Moreover, for the air quality data review to be effective, evaluation should be done immediately and automatically. AirDMS allows network technical and administrative personnel to receive messages in the event of failures, overruns, or abnormal values. This is done via email, SMS, or push notifications using native mobile application. In this way, the AirDMS users can save time and money, while at the same time having high data availability rates. Although the AirDMS system is being continuously improved and expanded, in its current configuration, it handles information from 6 networks that include over 55 air pollution monitoring stations that are located throughout Greece. Experience while operating the system has shown that data availability rates can exceed 99% during the year. Although at present the system is being operated only in Greece, it can be easily adapted for use in other countries or regions. Future expansion of the system’s capabilities will include the incorporation of artificial intelligence in recognizing technical failures in monitoring stations.
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Figure 2. Map with metrological parameters for every network station (value inside the circle corresponds to ambient temperature). 
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Figure 3. Air quality map (values and color in the circle correspond the DAQI). 






Figure 3. Air quality map (values and color in the circle correspond the DAQI).



[image: Climate 10 00039 g003]







[image: Climate 10 00039 g008 550] 





Figure 8. Data export form. 






Figure 8. Data export form.
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Table 1. Abbreviation status explanation (flags).






Table 1. Abbreviation status explanation (flags).





	Instrument Status
	Abbreviation





	Measurements are not recorded
	OffScan



	No Data
	ND



	Not enough measurements to calculate average
	Sample<



	No Communication
	NC



	Valid data
	Valid
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