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Featured Application 

The proposed methodology can be applied to the environmental monitoring of landfills by spatially 

identifying biogas emissions and surface-level thermal anomalies. Its integration into UAV-based 

monitoring campaigns can assist environmental authorities in detecting critical areas and assessing 

local variability that is not adequately captured by spot monitoring.  

Abstract 

Landfills are a significant source of atmospheric emissions associated with the decomposition of 

organic waste; however, conventional monitoring methods typically have limited spatial coverage. 

This study evaluated the use of a UAV-based system for the spatial characterization of gases 

associated with biogas emissions at a municipal landfill. A DJI Matrice 350 RTK platform equipped 

with a Sniffer4D Mini2 multigass station and a Zenmuse H20T thermal camera was used. Four flight 

campaigns were conducted at a height of 20 m, with an acquisition frequency of approximately 1 Hz, 

recording CxHy as an indirect indicator of CH₄, as well as CO₂, CO, NO₂, O₃, SO₂, O₂, temperature, 

and relative humidity. The results showed a marked transition around 13:10 h, characterized by a 

simultaneous increase in CH₄ equivalent and CO₂, along with a decrease in NO₂, O₃, and SO₂. 

Furthermore, CH₄ equivalent and CO₂ exhibited the highest positive correlation among the variables 

(r = 0.96). The maps obtained using ordinary kriging revealed more heterogeneous patterns, while 

the qualitative thermal orthophoto confirmed the site’s surface variability. Taken together, the results 

demonstrate that the integration of multigass sensors and aerial thermography on UAVs is viable for 

the spatial monitoring of landfills. 

Keywords: UAV monitoring; landfill emissions; ordinary kriging 

 

1. Introduction 

The emission of polluting and greenhouse gases into the atmosphere represents one of the main 

environmental challenges today, due to its impact on climate change, air quality, and human health. 

Among the various anthropogenic sources, landfills are a significant source of gas emissions due to 

the anaerobic degradation of organic waste, a process that generates biogas composed mainly of 

methane (CH4) in a proportion ranging from 40% to 70% and carbon dioxide (CO2) in a proportion 

ranging from 60% to 30%, along with other trace compounds such as hydrocarbons, carbon monoxide 
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(CO), nitrogen oxides (NOx), and sulfur dioxide (SO2) [1, 2]. Methane, for its part, is of paramount 

importance from a climate perspective, as its global warming potential is much higher than that of 

CO₂ in the short term, making landfills significant sources of greenhouse gas emissions [3]. 

The quantification and spatial characterization of these emissions is a fundamental aspect of 

improving the environmental management of waste disposal sites and developing more efficient 

mitigation strategies. However, traditional monitoring methods, based on fixed stations or spot 

measurements on the surface, have significant limitations in terms of spatial coverage and temporal 

resolution, especially in large or difficult-to-access facilities [4]. In many cases, these types of systems 

allow reliable time series to be obtained, but they do not adequately capture the spatial variability of 

emissions or allow for the accurate identification of areas of accumulation or points of biogas leakage. 

Currently, the development of unmanned aerial vehicles (UAVs) has opened up new opportunities 

for high-resolution environmental monitoring. These platforms allow atmospheric measurements to 

be taken in the lower boundary layer with great operational flexibility and the possibility of 

integrating miniaturized sensors for the detection of multiple gases [5,6]. 

Various studies have shown that UAVs can be used to obtain vertical gas profiles, track emission 

plumes, and characterize the spatial distribution of atmospheric pollutants in complex or difficult-to-

access environments [7,8]. The reduction in the size and weight of electrochemical, infrared, and 

spectroscopic sensors has allowed their integration into multirotor platforms, facilitating the 

simultaneous measurement of compounds such as carbon dioxide (CO₂), methane (CH₄), carbon 

monoxide (CO), nitrogen dioxide (NO₂), ozone (O3), and sulfur dioxide (SO2) in atmospheric 

monitoring campaigns [9].  

Within this context, one of the most dynamic applications of UAVs is the monitoring of methane 

emissions at waste management facilities and in the energy sector. Various studies have shown that 

aerial systems equipped with gas sensors can identify emission points and estimate methane flows 

using different approaches, including mass balance methods and low-altitude concentration 

mapping [10,11]. In addition, the use of thermal sensors mounted on UAVs has proven to be a useful 

tool for identifying thermal anomalies associated with the migration of biogas to the surface, allowing 

the location of potential leak zones in landfills [12]. These combined approaches improve the 

identification of emission hot spots and complement conventional monitoring methods. Despite 

recent advances, most available studies have focused primarily on measuring methane or carbon 

dioxide, while research that simultaneously integrates the measurement of various atmospheric 

pollutants associated with biogas is somewhat limited. The integration of multi-gas sensors into UAV 

platforms represents an opportunity to more comprehensively characterize the dynamics of 

emissions from landfills and to be�er understand the interaction between biogas generation 

processes, local combustion, and atmospheric conditions. 

Therefore, the present study aims to evaluate the use of an atmospheric monitoring system based 

on an unmanned aerial vehicle equipped with a portable multi-gas station for the spatial 

characterization of gases associated with biogas emissions [11]. To this end, measurement campaigns 

were carried out using a UAV equipped with an environmental monitoring system capable of 

recording concentrations of hydrocarbons (CxHy), carbon dioxide (CO2), carbon monoxide (CO), 

nitrogen dioxide (NO2), ozone (O3), sulfur dioxide (SO2), oxygen (O2), as well as meteorological 

parameters such as temperature and relative humidity. In addition, thermal images were captured 

using an infrared camera a�ached to the UAV in order to identify possible thermal anomalies 

associated with biogas emission processes. Based on this data, spatial distribution maps of gases were 

generated in order to identify possible accumulation zones and analyze the feasibility of using a 

combination of UAVs, multi-gas sensors, and aerial thermography as a tool for environmental 

monitoring of landfills. 

2. Materials and Methods 

The acquisition of atmospheric data using unmanned aerial vehicles has proven to be a useful 

alternative for studying the lower atmosphere and for environmental monitoring in locations where 
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ground access is limited or where the spatial variability of emissions makes it difficult to characterize 

them using conventional point measurements [4,5]. The integration of miniaturized sensors into these 

platforms has enabled simultaneous monitoring of different atmospheric variables and trace gases, 

facilitating the analysis of emissions and their spatial distribution in various environments [6,16].  

In the particular case of landfills, this approach is especially relevant due to the heterogeneous 

nature of gaseous emissions and the need to integrate spatial, thermal, and meteorological 

information into a single measurement campaign [1,2,12]. 

This section describes the materials, equipment, and procedures used to acquire and process the 

data used in this study. First, the study area and its general characteristics are presented, followed by 

a description of the UAV platform, the multi-gas monitoring system, and the thermal sensor used 

during the campaign. Finally, the flight planning criteria are detailed, as well as the processing, 

quality control, and geospatial integration of the data, considering that this type of study requires an 

adequate association between the position of the UAV, the atmospheric variables measured, and the 

spatial analysis tools [16,17]. 

2.1. Study Site 

The study was conducted at a municipal solid waste (MSW) disposal site located in central 

Mexico, east of the State of México. The site has an average altitude of approximately 2,544 m above 

sea level, which places it within the central Mexican highlands. The area is predominantly 

mountainous, with variations in altitude that influence local climatic conditions, characterized by a 

temperate climate and gentle slopes in the area where the disposal site is located. 

The landfill operates as a regional infrastructure for the final disposal of municipal solid waste, 

resulting from an inter-municipal management scheme established with the aim of improving waste 

management in the region [13]. This operating model was formalized through institutional 

agreements and subsequently through the creation of a decentralized public body responsible for 

managing the site [14]. At the institutional level, this type of facility is part of the regional waste 

management systems recognized in national assessments of infrastructure for urban solid waste 

management in México [15]. 

The site mainly receives municipal solid waste from domestic and commercial activities, which 

is deposited and compacted in final disposal cells. Due to the anaerobic degradation processes of the 

organic fraction of the waste, biogas is generated, composed mainly of methane (CH4) and carbon 

dioxide (CO2), in addition to other gaseous compounds present in lower concentrations. The site 

evaluated does not have an active biogas capture or utilization system, which may favor the diffuse 

release of gases into the atmosphere. 

The topographical characteristics of the study area, together with the absence of biogas collection 

systems and the heterogeneous nature of the landfill surface, can generate complex spatial pa�erns 

of gas emissions, including areas of localized biogas accumulation or release. Due to this spatial 

variability, the site represents a suitable environment for the application of atmospheric monitoring 

techniques based on unmanned aerial vehicles (UAVs), which allow the spatial distribution of 

pollutant gases to be characterized. 

2.2. UAV Platform 

A DJI Matrice 350 RTK unmanned aerial vehicle (UAV) was used to acquire the data. This is an 

industrial-grade multirotor platform designed for professional environmental monitoring, 

inspection, and geospatial surveying applications. This type of platform has proven particularly 

useful in environmental studies due to its flight stability, payload capacity, and ease of integrating 

multiple sensors for measuring atmospheric and environmental variables [4]. 

The Matrice 350 RTK incorporates a navigation system based on RTK (Real-Time Kinematic) 

technology that allows centimeter-level accuracy in the georeferencing of data acquired during flight. 

This system can provide horizontal accuracies close to 1 cm + 1 ppm and vertical accuracies of 1.5 cm 

+ 1 ppm, facilitating the correct spatial integration of atmospheric measurements obtained during 
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monitoring campaigns. This type of positioning capability is essential when conducting 

environmental characterization studies using UAV platforms [5,6]. The platform weighs 

approximately 6.47 kg, measures 810 x 670 x 430 mm, and has a flight endurance of up to 55 minutes 

under no-payload conditions. It can also reach a maximum speed of 23 m/s and has a global 

positioning system compatible with GPS, Galileo, BeiDou, and GLONASS, which improves 

positioning stability during flight operations. These characteristics make this type of platform 

suitable for environmental monitoring and high-precision geospatial surveying applications [5]. 

During the measurement campaigns, the UAV was equipped with two sensing systems. A 

Sniffer4D Mini2 multi-gas environmental monitoring analyzer, weighing approximately 400 g, was 

installed on top of the drone to measure various atmospheric pollutants. On the other hand, a DJI 

Zenmuse H20T thermal camera was incorporated into the bo�om of the platform, used to acquire 

thermal information from the surface of the study site. The flight operations were carried out at an 

approximate height of 20 m above ground level in order to obtain representative measurements of 

the gas concentrations and atmospheric conditions present in the study area. A total of four flights 

were carried out, each lasting approximately 15 minutes. The data generated by the monitoring 

system were recorded at a temporal frequency close to 1 Hz, determined from the time interval 

present in the records exported in CSV format, which allowed a continuous time series of the 

variables monitored during each measurement campaign to be obtained. The main characteristics of 

the UAV platform used in this study are presented in Table 1. 

2.3. Gas Monitoring System  

A Sniffer4D Mini2 multi-gas monitoring system, specifically designed for integration into UAV 

platforms and for real-time environmental data acquisition, was used to measure atmospheric gases 

during flight campaigns. The use of gas sensors mounted on unmanned aerial vehicles has been 

widely reported as an effective tool for monitoring fugitive emissions in landfills and other industrial 

environments, due to their ability to perform measurements with high spatial resolution and detect 

local variations in gas concentrations [4,6,12]. 

Table 1. Features and specifications of the UAV platform. 

Specifications 

UAV platform DJI matrice 350 rtk 

Weight  6.47 KG 

Dimensions 810 × 670 × 430 mm 

Autonomy 55 min 

Speed  23 m/s 

GNSS GPS + Galileo + BeiDou + GLONASS 

The Sniffer4D Mini2 system allows for the simultaneous detection of various gases by 

integrating different sensing technologies within a single compact module. In this study, the system 

was configured to measure total hydrocarbons (CxHy), carbon dioxide (CO2), carbon monoxide (CO), 

nitrogen dioxide (NO2), ozone (O3), sulfur dioxide (SO2), and oxygen (O2), as well as to record 

environmental variables such as temperature and relative humidity, which are relevant for 

interpreting atmospheric dynamics and pollutant dispersion. 

Total hydrocarbons (CxHy) were detected using a sensor based on non-dispersive infrared 

(NDIR) technology, which makes it possible to quantify the combustible gases present in the biogas 

produced by the decomposition of organic waste. Due to its stability, selectivity, and ability to detect 

gases such as methane over relatively wide concentration ranges [7], this type of sensor is frequently 

used in environmental applications. For the system used, the hydrocarbon measurement range was 

0–5% VOL (equivalent to 0–100% of the lower explosive limit, LEL) for methane or 0–2% VOL for 
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propane, with a theoretical resolution of 0.01%. Measurements of CO, NO2, SO2, and O2 were 

performed using electrochemical sensors, a technology frequently employed in environmental 

monitoring due to its high sensitivity for detecting trace gases at relatively low concentrations. In 

particular, the oxygen measurement module allows for the quantification of concentrations between 

0 and 50%, with a detection limit close to 1% and a theoretical resolution below 0.1%. This enables 

the assessment of changes in atmospheric composition linked to biological and oxidation processes 

occurring in landfills. 

The system also includes a combined O3 + NO2 measurement module that uses electrochemical 

technology and responds simultaneously to both oxidizing compounds. This type of sensor measures 

the total concentration of atmospheric oxidants, making it possible to calculate the individual 

concentration of ozone (O3) by subtracting the amount of NO2 measured by its own sensor from the 

total signal (NO2 + O3). In this regard, we can calculate the ozone concentration using the following 

formula: 

�� = (�� + ���) − ���, (1)

This procedure is standard in environmental monitoring systems that use electrochemical 

sensors, and it enables the calculation of ozone concentrations in air quality studies and atmospheric 

monitoring. However, carbon dioxide (CO2) was measured using NDIR technology, which has a 

measurement range of up to 50,000 ppm. This allows for the recording of concentration fluctuations 

related to the organic degradation processes occurring in landfills. 

By integrating with the UAV’s GNSS system, the system continuously recorded gas 

concentrations and geographic locations during flights, generating time-series data with geographic 

references. The data was then exported in CSV format for processing and analysis. This ensured that 

each concentration measurement was associated with its corresponding spatial location, enabling the 

creation of gas distribution maps for the study area. The main technical specifications of the gas 

monitoring system used are presented in Table 2. 

Table 2. Technical specifications of the gas monitoring system. 

Parameter Detection method Range 

CXHY/ CH4/ LEL non-dispersive infrared (NDIR) 0~5% VOL (0~100% LEL) methane, 

or 0~2% VOL propane 

CO2 non-dispersive infrared (NDIR) 50000 ppm 

CO electrochemistry 0~1000 ppm 

NO2 electrochemistry 0~11 ppm 

O3 + NO2 electrochemistry 0~11 ppm 

SO2 electrochemistry 0~100 ppm 

O2 electrochemistry 0 – 50 % 

Total hydrocarbons (CxHy) were detected using a sensor based on non-dispersive infrared 

(NDIR) technology, a technique that enables the quantification of combustible gases in the biogas 

produced by the decomposition of organic waste. For hydrocarbons, the measurement range in the 

system used was 0 to 5% VOL (0 to 100% of the lower explosive limit or LEL) for methane or 0 to 2% 

VOL for propane. The detection limit was close to 0.01% (100 ppm), and the approximate response 

time was t90 < 30 s. 

The CxHy /CH4/LEL sensor is set by default to measure methane (CH₄), one of the main 

components of the biogas generated in landfills due to the anaerobic degradation of organic waste. 

Given this configuration, the CxHy measurements recorded by the system can be understood 

primarily as an estimate of atmospheric methane concentration, particularly in contexts where this 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 March 2026 doi:10.20944/preprints202603.1924.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1924.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 28 

 

gas is the major component among the hydrocarbons present. In this study, CxHy concentrations 

were used as an indirect indicator of the presence of methane, which facilitated the identification of 

potential areas where biogas could be released or accumulate within the study area. 

2.4. Thermal Capture System 

To observe temperature fluctuations on the surface of the study area, a thermal camera that 

operates using infrared radiation is essential. In this project, the thermal camera is used to identify 

thermal pa�erns that may be associated with sources of gas emissions or changes in the terrain that 

are not visible to the naked eye. As noted in the work by Fosco et al. [1], this technology is commonly 

used to detect sources of pollution and to investigate the environment, specifically in the case of 

methane emissions from landfills using unmanned aerial vehicles (UAVs) equipped with high-

resolution thermal cameras. 

The camera selected for this study is the Zenmuse H20T from the UAV system, which combines 

high-definition thermal imaging with a wide range and the ability to capture accurate temperature 

data. This camera can generate detailed thermal maps that help detect “hot-spots” or areas with a 

higher concentration of gases, which is essential for quantifying emissions. 

2.5. Planning of UAV Flight Campaigns 

Proper planning of flight missions is essential to ensure the quality and reproducibility of data 

collected by drones, particularly when thermal and gas sensors are incorporated into environmental 

monitoring studies. According to several authors, photogrammetric accuracy and thermal resolution 

are directly affected by the precise establishment of routes, flight altitudes, capture modes, and spatial 

coverage [18]. The measurement campaign was organized following a systematic protocol using DJI 

Pilot 2 software, which is built into the UAV’s remote control. This enabled the safe and effective 

planning, execution, and monitoring of flights. 

2.5.1. Creating the Flight Plan 

The flight path tool within the DJI Pilot 2 interface was used to plan the flight campaigns. Next, 

a georeferenced polygon was drawn to precisely define the area of interest where measurements 

would be taken. This polygon ensured that the UAV operation remained within safe and permi�ed 

limits, while also ensuring uniform coverage during data acquisition. 

Once the area had been determined, a grid-based or systematic flight path was automatically 

generated, allowing the entire defined area to be covered evenly. To ensure a more stable flight and 

enable representative dispersion of the gases detected by the sensors, various operational and 

environmental factors were considered during mission planning, particularly the direction and speed 

of the prevailing wind in the region. In addition, a flight altitude of 20 m above ground level was set 

to ensure appropriate proximity to the surface without compromising the UAV’s operational safety 

or the quality of the measurements. 

The flight path consisted of a series of parallel lines that completely covered the designated area; 

this method is widely used in environmental monitoring studies involving UAVs, as it ensures that 

data is evenly distributed throughout the entire area of interest [19]. This flight pa�ern allows the 

UAV to perform a systematic sweep, continuously recording gas concentrations. Figure 1 shows an 

example of the planned flight path, illustrating the operational area and the flight routes taken by the 

drone to collect data. 
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Figure 1. Aerial view of the study site. The blue dots indicate the route taken to collect data using a UAV. 

2.5.2. Selection of Sensory Configuration and Capture Type 

The Matrice 350 RTK aerial platform and the corresponding image capture system were 

configured after defining the flight polygon. In this case, data acquisition was performed using the 

optical sensor mounted on the aircraft. Priority was given to capturing high-resolution images for 

subsequent photogrammetric processing to create georeferenced orthomosaics. The inclusion of the 

RTK positioning system increased the spatial accuracy of the generated products, thereby reducing 

uncertainty regarding the location where each image was captured. 

An automated flight path with a strictly nadir orientation (90° relative to the ground) was 

selected to meet the geometric requirements necessary for the production of orthomosaics. This 

configuration is essential for improving spatial modeling accuracy during photogrammetric 

processing [20], ensuring adequate longitudinal and lateral overlap between images, and minimizing 

geometric distortions. 

2.5.3. Flight Parameters: Altitude, Speed and Capture Angle 

The flight parameters were established in accordance with criteria based on technical 

recommendations for low-altitude environmental studies [21]. These parameters were chosen to 

maximize thermal resolution and ensure adequate coverage throughout the entire study area, 

without compromising the UAV’s operational stability. 

All the parameters configured for this study—such as flight speed, altitude, and camera angle—

are essential for properly acquiring and processing thermal and atmospheric data. They are shown 

in Table 3. 

2.5.4. Mission Execution and Data Recording 

The automated mission was carried out after the flight parameters were configured. The UAV 

followed the predefined route, recording data at regular intervals set by the control software. At the 

same time, the Sniffer4D Mini2 monitoring station recorded gas concentrations as well as GNSS 

coordinates. This synchronized operation enabled effective integration of both datasets during 

geospatial processing and subsequent analysis, ensuring an accurate correlation between the 

captured imagery and the gas concentration data. 

Table 3. UAV flight configuration. 

Parameter Configured value Description 
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Flight altitude 20 m AGL This altitude maximizes thermal resolution 

without compromising operational safety or the 

aerodynamic stability of the UAV. 

Flight speed 14 m/s This speed allowed the mission to be completed 

within the UAV’s battery limits while 

maintaining adequate image overlap for 

subsequent thermal processing. 

Camera angle 90° (nadir) Automatically adjusted in ortho-collection 

mode; ensures geometric uniformity, reduces 

angular variability, and improves 

photogrammetric reconstruction efficiency. 

2.6. Data Processing and Analysis 

A data processing and analysis phase was conducted following the completion of the four 

monitoring campaigns, with the aim of ensuring temporal consistency, comparability among 

variables, and the reliability of statistical and spatial results. Data were collected at a frequency of 1 

Hz during the missions, which enabled a continuous time series of the monitored variables. 

Subsequently, a database cleaning process was carried out to remove invalid values, inconsistencies, 

and records that were not suitable for analysis. As a result, a final dataset of 3,600 clean, georeferenced 

data points was produced, which was used for statistical concentration assessment, exploratory time-

series analysis, and spatial preprocessing to create interpolated maps. In general terms, this workflow 

encompassed database cleaning, standardization of concentration units, exploratory time-series 

analysis, and spatial preprocessing for the creation of interpolated maps. In environmental studies, 

this type of procedure is highly recommended, as the quality of the analysis depends largely on the 

quality and consistency of the input data [22, 23]. 

2.6.1. Data Preprocessing 

To begin with, the original file was reviewed to correct forma�ing inconsistencies and properly 

organize the dataset. Specifically, the “Time Stamp” column was corrected by removing residual 

characters and encoding inconsistencies that prevented it from being properly converted to date and 

time format. Next, only the variables necessary for the analysis were selected: temperature, relative 

humidity, SO2, NO2, O3+NO2, CO2, CO, O2, and CxHy/flammable gases. On this occasion, the pressure 

variable was also included because it was used to perform the necessary conversions for certain 

parameters. Columns not used in subsequent processing were removed to simplify the organization 

of the dataset and prevent redundancies. Additionally, the main fields were checked for empty or 

inconsistent records, in accordance with the general quality control criteria typically applied to 

environmental and monitoring series [22]. 

2.6.2. Standardization of Units and Calculation of Variables 

Since the gas variables from the monitoring system were originally expressed in different units, 

it was essential to standardize them in order to express all concentrations in a common unit. To this 

end, “µg/m³” was used as the standard unit. This decision made it possible to compare and interpret 

the various chemical species together on the same physical scale, which is particularly beneficial in 

studies where multiple pollutants are measured simultaneously. 

For CO, which was initially reported in mg/m³, a direct conversion to µg/m³ was performed. For 

O2 and CxHy, whose readings were recorded as percentages, the conversion was performed using 

the ideal gas law, taking into account the temperature and pressure measured at each observation 

and the corresponding molecular weight. For spatial representation and standardization, the CxHy 

signal was treated as if it were equivalent to methane. This type of adjustment provides a consistent 
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physical basis for the analysis, particularly when it is necessary to combine variables initially 

expressed as volume fractions with others reported as mass concentrations. 

In addition, the ozone concentration was calculated based on the difference between the 

combined O3+NO2 signal and the standalone NO2 signal. Therefore, only the combined variable was 

used as an intermediate input, and the subsequent analysis was performed using the individual 

concentrations of O3 and NO2, as this separation allows for a clearer interpretation of the behavior of 

each compound. 

2.6.3. Time Series and Exploratory Data Analysis  

After structuring the database, an exploratory analysis was conducted to identify overall 

pa�erns, variations over time, and possible relationships between the variables. Individual time 

series were generated for each gas, as well as a combined series that facilitated the simultaneous 

observation of concentration trends throughout the monitoring period. Since some variables 

exhibited vastly different magnitudes, a scaled representation using z-scores was also developed; this 

was used solely to facilitate the visual comparison of trends, without ever neglecting the 

environmental interpretation based on the original concentrations. 

Histograms, box plots, and correlation matrices were also generated. Specifically, the correlation 

map was created using only standardized gas concentrations, while temperature and relative 

humidity were examined as auxiliary environmental variables. They were therefore considered in 

the interpretive analysis using sca�er plots and separate maps [23]; although these variables are not 

pollutants in themselves, they can affect the accumulation and dispersion of gases. 

2.6.4. Identifying Outliers 

Outliers were identified using the interquartile range (IQR) criterion, a commonly used method 

for identifying observations that deviate significantly from the overall trend of a data series, as part 

of the quality control process [23]. However, these records were not automatically removed, since in 

environmental monitoring, concentration spikes are not always instrumental errors; on numerous 

occasions, they may reflect actual short-term emission events. For this reason, although the outliers 

were flagged, they remained in the original dataset. 

2.6.5. Spatial Processing of Data 

To ensure that each record had a valid and consistent location, the original geographic 

coordinates were validated prior to any interpolation in the spatial phase. The data was then 

converted to a projected reference system in meters, which enabled proper handling of spatial 

distances when creating interpolated surfaces. This step is particularly crucial in geospatial methods 

such as kriging and IDW, as both rely on the spatial relationship between sampling points [24, 25].  

The final cartographic products were created using relative local coordinates to avoid publicly 

disclosing the study site. This made it possible to maintain the validity of the analysis and the spatial 

geometry of the data without compromising the confidentiality of the actual location of the monitored 

area. 

2.6.6. Spatial Interpolation and Map Generation 

To spatially represent the distribution of concentrations, ordinary kriging was applied to the gas 

variables and as auxiliary environmental variables, to temperature and relative humidity. This 

method estimates the value at an unsampled location as a weighted linear combination of 

neighboring observations, according to the following expression: 

��(��) = � ��

�

���
�(��) (2)

Where:  
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��(��) = is the estimated value at the location ��. 

�(��) = corresponds to the values observed at nearby points. 

�� = represents the weights assigned to each observation. 

In ordinary kriging, these weights are determined based on the spatial dependence structure 

described by the semivariogram and satisfy the condition of unbiasedness ∑ �� = �. To provide a 

preliminary visual reference during processing, maps were generated using the Inverse Distance 

Weighting (IDW) interpolation method. This method offers an initial visual approximation of the 

spatial pa�ern of the data and serves as a useful starting point [25]. However, these maps were used 

only for exploratory purposes and were not included in the final presentation of the results. 

Therefore, the maps presented in this study are based solely on ordinary kriging. This method 

was chosen because of its ability to account for the spatial autocorrelation of the data and to generate 

more consistent surfaces for environmental analysis [24, 26]. 

Finally, to preserve the privacy of the study site and ensure visual clarity, the maps were created 

using relative coordinates, with a uniform design and no direct spatial references. 

2.7. Thermal Image Processing and Qualitative Orthophoto Generation 

The thermal images obtained during the flight were processed to produce a continuous spatial 

representation of the surface thermal response of the monitored area. It has been reported that the 

use of thermal images obtained via UAVs is a useful tool for detecting anomalies on the surface of 

landfills, as it allows for the identification of areas with different thermal behavior that could be 

linked to decomposition processes, gas migration, or changes in surface and moisture conditions [27, 

31]. However, several authors caution that one must be cautious when interpreting this type of data, 

as the recorded thermal response also depends on factors such as incident radiation, material 

emissivity, sensor temperature, and environmental conditions at the time of acquisition [28, 29]. 

In the initial stage, the images were processed in WebODM, following a general 

photogrammetric workflow that included importing the images, aligning the available spatial data, 

reconstructing the scene, and creating a georeferenced thermal orthomosaic. This methodology aligns 

with the workflows reported for UAV-derived photogrammetric products, in which 

OpenDroneMap-based tools enable the creation of elevation models, orthomosaics, and other spatial 

products from aerial images, using an open and reproducible processing environment [28, 30]. The 

primary product of interest in this research was the thermal orthomosaic, which was used as the basis 

for the spatial interpretation of the site’s surface thermal response. 

Next, for cartographic preparation and final visualization, the orthomosaic exported from 

WebODM was processed in Python. In general terms, this stage involved reading the raster, cropping 

it to the area to be analyzed, configuring a color scale to highlight spatial contrasts, and producing 

the final figure using relative coordinates. The goal of this processing was not to recover absolute 

temperatures, but rather to improve the visual interpretation of the surface’s thermal behavior and 

simplify its comparison with the interpolated gas maps obtained in the study. According to the 

literature, in the absence of specific corrections for emissivity and environmental conditions or a 

robust radiometric calibration, the thermal product is more suitable for relative or qualitative analysis 

than for a strictly quantitative temperature estimate [29, 31]. 

Consequently, the thermal orthophoto produced in this study was interpreted as a qualitative 

orthomosaic of relative thermal response, which serves to distinguish areas with higher or lower 

apparent thermal intensity within the study area. This methodological approach allowed the thermal 

information to be integrated as a supplementary layer to the gas analysis, without having to assign 

absolute surface temperature values to the image, which could lead to overinterpretation of the 

landfill’s thermal behavior. 

3. Results 

In order to provide a comprehensive interpretation of the analyzed area, the results are 

presented according to various levels of analysis. In the first stage, variations in concentration, 
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sudden transitions, and pa�erns that might be common across species were analyzed to understand 

the temporal behavior of the recorded gases. Next, normalized series, correlation matrices, box plots, 

and histograms were used to study the dispersion and statistical relationships among the variables. 

Finally, to identify surface contrasts within the site, ordinary kriging interpolation was used and 

supplemented with a qualitative thermal orthophoto. Thanks to this sequence, we were able to link 

the temporal changes in air composition to their spatial expression within the landfill and identify 

areas that might be affected by processes related to biogas emissions. 

3.1. Temporal Behavior of Gas Concentration 

The variability over time in the concentrations recorded during the monitoring mission, the 

sudden changes, the periods of relative stability, and the potential response pa�erns among the gases 

were identified through time-series analysis. 

An initial phase of CH4 (Figure 2a) is observed that is relatively stable, with concentrations 

fluctuating between approximately 145,000 and 180,000 µg/m³. Then, at 13:10 h, a sudden increase is 

observed, raising the signal to a new level. It experiences fluctuations ranging from approximately 

420,000 to 680,000 µg/m³. This change is not the result of an isolated variation, but rather a sustained 

transition that persists throughout much of the remaining data. 

A different pa�ern can be observed for CO (Figure 2b). At the start of the recording, there is a 

very sharp peak with values close to 6900 µg/m³, which then drops rapidly to a much more stable 

range, between 400 and 700 µg/m³. From that point on, the signal shows moderate fluctuations, rather 

than a sustained increase like the one observed for CH4. 

On the other hand, the CO2 signal (Figure 2c) reveals one of the most evident pa�erns 

throughout the entire campaign. During the first part of the monitoring period, concentrations 

remained nearly stable at around 382 to 384 µg/m³. However, at 13:10 h, there is a clear jump to a 

new level of around 515–518 µg/m³. After that transition, the series continues within that range, 

despite some isolated drops and sporadic peaks. In the case of NO₂ (Figure 2d), the trend is more 

variable and gradual. The series begins with fairly high concentrations, ranging from 85 to 95 µg/m³, 

and then gradually decreases to around 30 µg/m³. There is then a partial recovery; however, at 13:10 

h, there is another significant drop, with levels falling to less than 20 µg/m³. After this, there is a 

steady increase until levels reach between 70 and 85 µg/m³. In contrast to CO₂ and CH₄ equivalent, 

the behavior of NO₂ is less predictable and more gradual than sudden. 

O₂ behavior (Figure 2e) should be carefully assessed because its absolute concentration is much 

higher than that of the other species. Nonetheless, the time series allows for the identification of 

several relatively unique behavioral pa�erns throughout the monitoring period. After a noticeable 

shift in the interval at 13:20 h, the signal shows initial decreases, staggered recovery periods, and a 

higher and relatively stable level. 

The O3 time series (Figure 2f) shows a highly irregular signal that frequently fluctuates between 

60 and 160 µg/m³. Unlike the corresponding CO2 or CH4 data, no such marked change is observed; 

instead, there are points in the middle of the record where relatively higher values and rapid, 

intermi�ent drops are recorded, especially around 13:10 h. In contrast, the range of change for SO2 

(Figure 2g) is smaller, approximately between 2 and 14 µg/m³, with mild oscillations throughout the 

entire period under investigation. Despite not being the main signal among the gases being observed, 

it exhibits a clear temporal pa�ern, with an initial progressive reduction, a subsequent recovery, and 

a notable dip in the interval around 13:10 h. 
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a) 

 

b) 

 

c) 

 

 

d) 

 

e) 

 

f) 

 

g) 

 

Figure 2. Time series for a) CH₄, b) CO, c) CO₂, d) NO₂, e) O₂, f) O₃, and g) SO₂ during the monitoring mission. 

Integrated Analysis of Temporal Variability 

To assess their relative fluctuations on a comparable scale, an integrated comparison of gas 

concentrations was conducted using z-score normalization, in addition to individual analysis of the 
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time series. This process was necessary because it is difficult to directly compare the monitored 

parameters in their original units due to differences in order of magnitude between them. Some 

variables, such as O2 and CH4 equivalent, fluctuate within much narrower ranges, while others, such 

as SO2, NO2, and O3, reach significantly higher levels. In this regard, standardization allowed for a 

comparison of temporal changes and signal shapes without the absolute magnitude influencing the 

interpretation. 

Each data point is transformed in relation to the mean and standard deviation of its own series 

as part of Z-score standardization. Each variable is therefore expressed in terms of standard 

deviations and centered around zero. Consequently, concentrations above the corresponding series' 

mean are indicated by positive values, and concentrations below that mean are indicated by negative 

values. As a result, this representation aims to compare the relative intensity of each gas's temporal 

fluctuations in relation to its own average behavior rather than absolute concentration levels. 

Figure 3 shows the combined time series of the normalized variables. Overall, this graph reveals 

that the monitoring data show a clear transition point at approximately 13:10 h. From that point on, 

the CH4 equivalent increases steadily and remains above the average for most of the remaining time. 

After that same interval, CO2 shows a similar pa�ern, with its signal shifting to a relatively higher 

level. 

 

Figure 3. Z-score-normalized time series for comparing trends among the monitored gases. 

However, NO₂, SO₂, and O₃ show a decline around 13:10 h, as indicated by the negative z-scores, 

which reflect concentrations that briefly fall below their mean. 

O₂ also shows a change in concentration in the second half of the record, but this should be 

interpreted with caution due to its high abundance in the atmosphere. CO remains relatively constant 

throughout the entire record, with the exception of an extreme peak at the beginning that could be 

considered a one-time occurrence. 

3.2. Statical Relationship Between Gaseous Variables 

To enhance the visual interpretation derived from the individual time series and the z-score-

normalized representation, the statistical relationship between the monitored variables was 

evaluated using a correlation matrix. This research allowed for the identification of which gases 

exhibited opposite behaviors, which tended to vary in tandem, and which showed weak or nearly no 

connections during the monitoring period. The correlation heat map of the measured gas 

concentrations is displayed in Figure 4. 

It's interesting to note that the data showed that CO2 and CH4 equivalent had the strongest 

positive association (r = 0.96). This result is consistent with what was observed in the previous 

subsections, where both variables increased at roughly 13:10. Significant correlations were also 
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observed between O2 and CH4 equivalent (r = 0.58), CO2 and O2 (r = 0.61), and SO2 and NO2 (r = 0.72), 

suggesting that temporal responses were largely shared. 

However, the strongest negative correlations were observed between O3 and O2 (r = -0.32) and 

between O3 and NO2 (r = -0.30), suggesting that ozone acted against these variables during a portion 

of the monitoring period. However, some associations, like those between O₃ and CH₄ equivalent (r 

= 0.00) and between SO2 and O3 (r = -0.02), demonstrated a low temporal correlation. 

Analyzing the concentration distribution of each gas over the monitoring period was as 

important as examining the statistical correlations between the variables. Box plots, which provide a 

visual depiction of the data's dispersion, central tendency, and outlier occurrence, were used to 

accomplish this. 

 

Figure 4. Heat map of the correlation matrix between the concentrations of the gases monitored during the 

mission. 

Distribution and Dispersion of Gas Concentrations 

In addition to the temporal analysis and correlation evaluation, box plots of the recorded 

concentrations for each gas were examined as the data processing progressed. This representation 

allows for a summary of the data distribution based on the median, the interquartile range, the total 

range of variation, and the presence of outliers. These elements work together to provide a more 

complete picture of the dispersion of each variable and the relative stability of its concentrations over 

time. 

The box plots shown in Figure 5 allowed for the identification of outliers in each of the monitored 

species and a comparative assessment of the recorded concentrations' dispersion. In general, this 

illustration confirms that the gases exhibited different levels of variability rather than uniform 

behavior, which is consistent with the pa�erns previously observed in the correlation analysis and 

time series. 

The CH₄ equivalent and CO₂ examples (Figure 5a-c) show broad distributions, with a large tail 

extending toward high values and medians pushed toward the lower end of the box. For CO, a 

different pa�ern is observed (Figure 5b), where a box plot that is relatively compact coexists with 

numerous high-magnitude outliers. 

On the other hand, the dispersion of NO2, O3, and SO2 showed in Figure 5d-g is moderate or 

intermediate. NO2 shows some odd low values, whereas O3 shows extreme observations at both the 

bo�om and upper ends, suggesting a more variable signal. Few solitary events are also found outside 
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of the center range, despite the fact that the distribution is more compact in the case of SO2. When all 

is said and done, these variables show considerable variability, though not as much as individual CO 

events or CH4 equivalent. The behavior of O2 depicted in Figure 5e also shows a significant amplitude 

in absolute terms, but it should be interpreted with caution due to its high atmospheric abundance 

compared to the other species. Nevertheless, the amplitude of the box and whiskers confirmed that 

this variable also underwent noticeable changes throughout the mission. 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

 

g) 
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Figure 5. Box plots of the recorded concentrations for (a) CH₄ equivalent, (b) CO, (c) CO₂, (d) NO₂, (e) O₂, (f) O₃, 

and (g) SO₂, used to compare the dispersion, the central tendency of the data, and the presence of outliers during 

the monitoring mission. 

An alternative interpretation of the data is offered by the histograms in Figure 6, which make it 

simpler to comprehend which ranges the observations were most frequently concentrated in. Instead 

of clustering around a single prominent number, the distribution for the CO2 and CH4 equivalent 

measurements (Figure 6a, 6c) shows accumulations at different intervals. 

With most of the data concentrated at relatively low values and a smaller fraction extending to 

significantly higher concentrations, the distribution of the CO histogram (Figure 6b) is clearly biased 

to the right. 

For NO2, O3, and SO2, the distribution is more continuous (Figure 6d, 6f and 6g). O3 displays a 

distribution that resembles a wide unimodal curve, centered around intermediate values, whereas 

NO2 has a greater range along the concentration axis, indicating significant variability. Conversely, 

SO2 concentrates most of its observations into a smaller range, confirming relatively lower dispersion. 

In the case of O2, numerous clusters are found across different concentration ranges rather than a 

single dominant central zone (Figure 6e). 

a) b) 

c) d) 
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e) 

 

f) 

g) 

 

Figure 6. Histograms of the recorded concentrations for a) CH₄ equivalent, b) CO, c) CO₂, d) NO₂, e) O₂, f) O₃, 

and g) SO₂, used to illustrate the frequency distribution and the predominant concentration ranges during the 

monitoring mission. 

3.3. Spatial Distribution Based on Interpolated Maps 

The spatial distribution of the monitored gases within the research area was examined by 

creating interpolated maps using the standard kriging approach based on the georeferenced data 

gathered during the measurement surveys. These maps provide a continuous view of concentration 

fluctuations and facilitate the identification of areas with higher or lower concentrations of each gas. 

For ease of understanding, the data are presented in pairs of gases, which facilitates the comparison 

of their spatial pa�erns. 

More noticeable geographic variability can be seen in Figure 7a, which displays the interpolated 

map of CH4 equivalent. Higher concentration bands are primarily found in the central, southern, and 

eastern regions of the monitored area. On the other hand, a minor localized anomaly close to the 

route's center and areas of lower concentration are found at the western end.Compared to CH4, the 

interpolated CO2 map in Figure 7b shows a more uniform distribution with relatively high and 
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constant values across most of the studied area. Although there are some isolated areas of lower 

concentration, particularly in the western sector, in a central anomaly, and toward the northeastern 

boundary, the interpolated CO2 surface is generally more uniform and exhibits less abrupt spatial 

transitions. 

a) 

 

b) 

 

Figure 7. Maps interpolated using ordinary kriging of a) CH₄ equivalent and b) CO₂ in the study area. CH₄ 

equivalent exhibited greater spatial heterogeneity, while CO₂ showed a relatively more uniform distribution. 

Continuing with the map interpolation, Figure 8a, which shows the interpolated O2 map, reveals 

a fairly wide distribution of high values in the middle of the monitored area, with lower 

concentrations near its eastern and western borders. 

The interpolated CO map in Figure 8b is more varied than the O2 distribution. Higher-

concentration anomalies are visible in the center region and in different parts of the eastern edge, 

particularly near the intersection of several sampling lines. Concurrently, the lowest concentrations 

are primarily found near the assessed region's borders, particularly the southwest sector and the 

eastern boundary. 

a) 

 

b) 

 

Figure 8. Maps interpolated using ordinary kriging for a) O₂ and b) CO in the study area. O₂ exhibited a relatively 

more continuous distribution in the central zone, while CO showed greater spatial heterogeneity with localized 

anomalies. 

In contrast, the interpolated NO2 map in Figure 9a shows a relatively uniform spatial distribution 

within the main control region, with moderate to high concentrations predominating over a 

significant portion of the central area. The highest values tend to cluster in bands toward the central 

and north-central sectors, while the lowest concentrations are most clearly observed at the western 

and eastern boundaries of the assessed region. 
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a) 

 

b) 

 

Figure 9. Maps interpolated using ordinary kriging for (a) NO2 and (b) SO2 in the study area. NO2 exhibited a 

relatively more continuous distribution in the central zone, while SO2 showed a more heterogeneous pa�ern, 

with localized anomalies in the central sector. 

Additionally, Figure 9b shows a more varied distribution of SO2, with more isolated 

abnormalities and more noticeable spatial changes throughout the study area. In this case, the 

relatively higher concentrations are primarily found in bands in the middle and central-western 

sectors as well as in some parts of the southern zone, while the lowest values are found along the 

southwestern edge and in a section of the eastern boundary. 

 

Figure 10. Map of O₃ concentrations in the study area, interpolated using ordinary kriging. 

Finally, although it follows a different pa�ern than the gases that preceded it, the O3 distribution 

corresponding to the interpolated map in Figure 10 exhibits a heterogeneous spatial distribution. 

Comparatively higher concentrations are found in the western and northwestern sectors of the 

research area, as well as a few remote areas in the southern sector. Conversely, bands of lower 

concentration are observed within the primary monitoring region, particularly in the central sector 

and the south-central zone. 

3.4. Environmental Variables and Their Relationship to Gas Concentration 

In this sense, it is clear from the grouped histograms in Figure 11a, b that both variables 

displayed distinct ranges of fluctuation throughout the mission, despite having different 

distributions. In terms of temperature (Figure 11a), the frequency of observations was dispersed 

across several ranges rather than concentrated in a single interval, suggesting fluctuations in 

temperature levels throughout the journey. Relative humidity, on the other hand, has a more 
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continuous distribution (Figure 11b), mainly centered in middle values, but with sufficient amplitude 

to show environmental fluctuations specific to a site. 

a) 

 
b) 

 

Figure 11. Histograms of (a) temperature and (b) relative humidity, used to visualize the frequency distribution 

of environmental variables during the monitoring mission. 

Temperature and relative humidity were not uniformly distributed throughout the study area, 

as shown by the interpolated maps in Figure 12a, b. Temperature Figure 12a) shows localized areas 

with higher values, whereas relative humidity (Figure 12b) shows a varied spatial pa�ern with 

sectors where it tends to grow. 

a) 

 

b) 

 

Figure 12. Ordinary kriging interpolation map of environmental variables: (a) temperature, (b) relative 

humidity, measured at the study site. 

Figure 13 provides a more comprehensive view, as it shows a correlation heat map that includes 

both gases and environmental variables. The most notable correlation is the inverse relationship 

between CO₂ and temperature (r = -0.91), as well as the one between CH₄ equivalent and temperature 

(r = -0.91). On the other hand, CO₂ (r = 0.73) and CH₄ equivalent (r = 0.75) have positive correlations 

with relative humidity. 

For the other species, the associations with environmental variables were less pronounced. 
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Figure 13. Heat map of the correlation matrix between environmental variables and monitored gas 

concentrations, used to identify positive, negative, and weak associations between variables. 

3.5. Spatial Analysis of the Thermal Orthophoto of the Study Area 

To complement the analysis of the interpolated gas maps, a thermal orthophoto of the monitored 

area was produced using photos taken during the flight and processed using WebODM with Python 

support for cartographic display. This output allows for the qualitative identification of areas with 

higher and lower thermal intensity inside the evaluated polygon because it displays a relative 

thermal response rather than absolute surface temperature data, unlike concentration maps. 

Figure 14 shows that the heat response was not uniform across the entire research region. The 

areas with the highest thermal intensity, represented by colors of yellow and orange, are found in the 

central, central-eastern, and northern regions of the research area, along with a few linear features 

associated with highways or exposed surfaces. Conversely, the isolated sections and outer sectors of 

the site are the areas with the lowest thermal response, which are indicated by dark blue and purple 

hues. This pa�ern demonstrates the substantial spatial variation in the landfill's surface thermal 

signature. 
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Figure 14. Qualitative thermal orthophoto of the monitored area at the landfill. The color scale represents the 

relative thermal response of the surface, ranging from areas of lower to higher apparent thermal intensity, 

without indicating absolute temperature values. 

4. Discussion 

This sequence allowed us to relate temporal changes in air composition to their spatial 

expression within the landfill and to identify sectors potentially influenced by processes associated 

with biogas emissions. 

4.1. Temporal Behavior of Gas Concentration 

Because each gas has its own concentration ranges and variation mechanisms, individual 

examination of the time series was necessary to identify emission pa�erns, local accumulation, and 

potential effects of atmospheric dispersion along the path. Interpretively, this tendency suggests that 

the monitoring equipment passed through an area with greater methane concentrations or where 

atmospheric circumstances promoted local methane storage. 

This suggests that CO was likely affected by a point source at the start or by transient conditions 

different from those that governed methane behavior because it did not respond to the change 

observed halfway through the monitoring period in the same way. 

The temporal congruence between the abrupt increase in CH4 equivalent and the virtually 

simultaneous change in behavior of both gases is particularly noteworthy. This lends credence to the 

theory that the system entered a region with a different gas composition or that site-associated 

emissions had a bigger effect there. This may indicate that its concentration was more influenced by 

background sources outside the study location, atmospheric mixing processes, or local ventilation. 

Although it may be anticipated that higher concentrations of gases associated with degradation 

processes would result in a more pronounced decrease in oxygen, this relationship does not manifest 

itself here in a clear-cut or instantaneous manner. This is explained by the great atmospheric 

abundance of O2 and the fact that its relative changes are far less obvious than those of other trace 

gases. This unpredictability was expected because ozone is a secondary pollutant whose dynamics 

are mostly dependent on photochemical reactions and air mixing conditions. As a result, its signal 

appears to respond more to the immediate air environment than to a limited direct emission. 

This decline's temporal congruence with the shift seen in other variables indicates that SO2 

responded to the change in the measured air's conditions, albeit at a relatively lower intensity. 

When taken as a whole, the time series indicates that the mission underwent a significant turning 

point at around 13:10 h. At that moment, CO2 and CH4 equivalent drastically increased while NO2, 

O3, and SO2 significantly declined. This synchrony indicates a significant change in the composition 

of the tested air, which could be caused by approaching an area that is more heavily affected by site 

emissions, has different ventilation, or has conditions that are more favorable for the local 

concentration of specific gases. Although the time series do not allow us to pinpoint the exact reason 

of this change, they show consistent behavior that is apparent concurrently across multiple species. 

Integrated Analysis of Temporal Variability  

The temporal coincidence between both variables, which suggests that the monitoring 

equipment reached an area with a different gas composition or with a stronger influence from local 

emissions, supports the previous conclusion based on the separate time series. This behavior shows 

that distinct atmospheric processes influenced separate variables instead of all responding in 

accordance with the same dynamics, which is the opposite of what was observed for CO2 and CH4 

equivalent. 

In general, it can be observed (see Figure 3) that at approximately 13:10 h, there was a substantial 

change in the composition of the analyzed air, as evidenced by the simultaneous, albeit divergent, 

reactions of the various gaseous species. 
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4.2. Statistical Relationship Between Gaseous Variables 

Overall, the results indicate contradictory correlations between variables, indicating that the 

dynamics of the system were governed by a combination of emission processes, local accumulation, 

and atmospheric mixing rather than by a single behavioral pa�ern. 

These results demonstrate that while the reactions of the other species varied considerably, the 

dynamics of CO2 and CH4 equivalent were relatively comparable. This suggests that the composition 

of the air under observation was influenced by a number of variables rather than a single, reliable 

source. As a result, the correlation analysis provides a useful quantitative basis for verifying the 

presence of both similar and distinct behaviors among gases, strengthening the comprehensive 

interpretation of the temporal data. 

Distribution and Dispersion of Gas Concentrations 

The regime change that was observed at around 13:10 hours is consistent with this trend, which 

indicates a notable shift in concentration levels. Thus, the breadth of both distributions supports the 

hypothesis that at least two distinct air composition states coexisted during the monitoring period. 

This implies that even though most of the data were concentrated within a reasonable range, there 

were sporadic events with concentrations much higher than the core trend of the series. In this way, 

CO appears to have been dominated by short-lived events rather than a consistent increase 

throughout the study. 

In general, the variables under observation displayed distinct dynamics: species such as NO2, 

O3, and SO2 exhibit more moderate fluctuations, albeit with sporadic deviations from the usual 

pa�ern; while CH4 equivalent and CO2 reflect well-defined regime shifts, CO stands out due to the 

presence of multiple outliers. These results complement the previous temporal study and provide a 

be�er picture of the dispersion and relative stability of each gas during the monitoring period. 

This separation between the groups supports the hypothesis that both gases underwent a 

significant change in their concentration levels, which is consistent with the results of the time-series 

analysis. Consequently, the shape of the distribution lends credence to the idea that the overall 

behavior of CO was relatively stable, albeit punctuated by large-scale exceptional events. 

This implies that the variable's level fluctuated during the mission, but once more its 

interpretation needs to be done carefully because of the species' characteristics within the 

atmospheric composition. 

Finally, (see Figures 5a–g and 6a–g) show that the observed variables exhibited different 

distribution pa�erns. Species such as NO2, O3, and SO2 display more stable and moderate behavior, 

whereas CO2 and the CH4 equivalent show significant variations at different concentrations. The 

occurrence of sporadic extreme events makes CO unique. These statistical data support the 

interpretation presented in the previous subsections and confirm that the variability observed during 

the monitoring period was due to distinct dynamics among the gases. 

4.3. Spatial Distribution Based on Interpolated Maps 

This pa�ern suggests that methane was not distributed uniformly throughout the site (see Figure 

7), but rather exhibited a more localized distribution, most likely as a result of preferential emission 

points or differences in the intensity of the landfill’s decomposition processes. Increased atmospheric 

mixing and the fact that CO2 is affected by the background concentration of ambient air, in addition 

to its possible contribution from waste degradation, could be related to this behavior. 

When the two maps are compared, it can be seen that the CH4 equivalent was be�er at revealing 

spatial variability within the monitored area, while CO2 showed a more diffuse and stable signal. 

Interestingly, some areas of lower concentration appear to coincide for both gases, particularly in the 

western sector and a small center region. This could be caused by local ventilation systems, 

atmospheric dilution, or a decreased direct impact from active emission sources. 
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This pa�ern indicated that oxygen had a moderate geographical variance and a more continuous 

signal within the primary sampling polygon. Combining the two images suggests that while O2 

maintained a more continuous distribution within the site, CO displayed more distinct and confined 

spatial fluctuations (see Figure 8). 

In the case of NO2, the pa�ern showed moderate variability, with a less fragmented distribution 

than that of other gases and a spatial gradient that decreases toward the site boundaries. However, 

in the case of SO2, the spatial pa�ern appears to be more concentrated, with more distinct areas of 

higher concentration (see Figure 9). A combination of these data reveals that, although the 

concentrations of both gases in the central area of the site are similar, NO2 exhibited a more 

widespread and continuous pa�ern, whereas SO2 made it easier to distinguish isolated areas of 

variation. 

This pa�ern implies that ozone (O3) showed a more erratic distribution with more noticeable 

spatial changes, which may be related to local atmospheric transformation, mixing, and transport 

processes within the research area. 

4.4. Environmental Variables and Their Relationship to Gas Concentrations 

In addition to the study of gaseous species, temperature and relative humidity were taken into 

consideration as supporting environmental variables since both could influence local dispersion and 

accumulation conditions within the monitored area. Their inclusion allowed for a more 

comprehensive interpretation of the pa�erns observed in the gases, particularly when significant 

statistical correlations and regime transitions were discovered. 

This variation in distribution suggests the existence of microenvironments within the study area, 

which is key to understanding the observed fluctuations in gas concentrations. Taken together, these 

results (see Figures 11, 12, and 13) show that higher concentrations of both gases tended to coincide 

with lower temperatures and higher relative humidity during the study period. 

Relative humidity showed a moderately strong correlation with O₃ (r = 0.48), while temperature 

showed li�le correlation with SO2, NO2, O3, and CO (see Figure 13). This suggests that the effects of 

environmental factors were not the same for all species but were more apparent in those that also 

displayed shared temporal dynamics, as was the case with CO₂ and CH₄ equivalent. 

The addition of temperature and relative humidity provides a useful environmental context for 

examining the temporal and spatial behavior of the gases being observed. Although these 

relationships should be interpreted as associations rather than evidence of direct causation, the 

results suggest that the site's microenvironmental conditions may have favored the local 

accumulation of particular species during the mission, suggesting that environmental variations are 

in fact important parameters when monitoring the spatial distribution of gases. 

4.5. Spatial Analysis of the Thermal Orthophoto of the Study Area 

Generally speaking, variations in the terrain's surface properties, such as the amount of solar 

exposure, the existence of exposed materials, surface moisture, vegetation cover, and the 

heterogeneity of the waste that has been deposited may be linked to the observed differences. In this 

sense, areas with lower thermal intensity may be affected by shade, moisture, or vegetation, whereas 

areas with higher thermal response may be linked to drier, more compacted surfaces or those with 

less coverage (see Figure 14). However, these contrasts should be understood as relative thermal 

pa�erns rather than as a precise measurement of absolute temperature because the orthophoto is 

qualitative in nature. 

Thermal orthophotos provide a spatial perspective that improves gas monitoring by making it 

possible to identify areas within the site with distinct surface behavior. Although this product does 

not by itself allow the establishment of a direct link to internal landfill processes or to specific 

emissions, it is a useful tool for identifying surface anomalies and supporting a thorough 

interpretation of the environmental conditions observed during the measurement campaign. 
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In the end, the results suggest that there was considerable geographical heterogeneity in the 

monitored area for both the gas distribution and the surface heat response. The interpolated maps 

allowed us to identify differences in the spatial behavior of each gas. Compounds such as CO, SO2, 

and CH4 equivalent showed more heterogeneous pa�erns, but CO2, O2, and NO2 showed relatively 

more consistent distributions within the research area. Furthermore, the qualitative thermal 

orthophoto confirmed the presence of zones with different apparent thermal intensities, supporting 

the notion that the site's surface conditions are not uniform. In this way, the integration of the 

generated geospatial products provided a more comprehensive understanding of the landfill's 

environmental behavior, offering a useful basis for identifying regions of interest and for future 

studies intended to evaluate emissions and surface abnormalities. 

5. Conclusions 

This work demonstrated the feasibility of using a UAV-based atmospheric monitoring system 

for the geographic characterization of gases associated with biogas emissions at a landfill. The 

integration of a multi-gas station with a thermal camera installed on a DJI Matrice 350 RTK platform 

allowed for the collection of georeferenced data with sufficient detail to investigate the temporal 

behavior, statistical correlations between variables, and spatial distribution pa�erns of the 

compounds under observation. The proposed methodology provides a flexible and useful alternative 

for environmental assessment of sites where traditional point monitoring is insufficient to capture 

local variability. 

The results showed that the air's composition altered throughout the flight. There was a 

discernible change around 13:10 h that suggested arrival into a region with a different air composition 

and greater impact from nearby pollutants. At that moment, NO2, O3, and SO2 decreased while CH4 

equivalent and CO2 increased concurrently. This view was corroborated by the dataset's greatest 

positive correlation between CO2 and CH4 equivalent (r = 0.96), which showed that both variables 

had closely connected temporal dynamics throughout the campaign. 

From a spatial perspective, the interpolated maps showed that, while CH4 equivalent, CO, and 

SO2 displayed more varied pa�erns, CO2, O2, and NO2 tended to display relatively more continuous 

distributions within the monitored region. On the other hand, O3 displayed a more unpredictable 

spatial pa�ern consistent with the effects of local mixing, transport, and atmospheric transformation. 

Furthermore, as evidenced by positive correlations with relative humidity (r = 0.75 and r = 0.73, 

respectively) and negative correlations with temperature (r = -0.91), higher concentrations of CO2 and 

CH4 equivalent tended to be associated with higher relative humidity and lower temperatures. 

Additionally, the qualitative thermal orthophoto confirmed that the landfill's surface showed 

clear variations in relative temperature responsiveness rather than uniform conditions, particularly 

in the central, central-eastern, and northern regions of the site. Although it does not allow the 

inference of absolute temperatures or the development of a direct relationship with internal landfill 

processes on its own, this product offered helpful spatial context and supported the interpretation of 

surface heterogeneity seen in the gas maps. Thus, the combination of multi-gas monitoring, 

geostatistical interpolation, and qualitative aerial thermography can create a more complete picture 

of the environmental behavior of the evaluated area. Further work should include multi-temporal 

campaigns, additional meteorological controls, and thermal processing with radiometric calibration 

to strengthen the interpretation of emission dynamics and improve the site's environmental 

diagnostic. 
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