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Abstract 

 

Land use and land cover (LULC) changes have an important effect on the dynamics of climate change, affecting the structure and 

functioning of ecosystems. Greenhouse gases in the atmosphere are directly related to the functioning of the climate system, and 

methane (CH₄) gas, in particular, stands out as one of the primary greenhouse gases due to its high global warming potential. In this 

context, systematically examining the effects of LULC changes on CH₄ emissions is fundamental to understanding regional and global 

climate change processes. In this context, this study determined the relationships between LULC changes and CH₄ emissions in the 

Lakes District of Türkiye. CH₄ emissions obtained from Sentinel 5P satellite data were correlated with classes obtained from the 

Sentinel 2 LULC dataset. The Pearson correlation analysis conducted to examine the relationship between LULC changes and CH₄ 

emissions yielded correlation values of -0.90 for water areas, -0.98 for forest areas, +0.98 for built-up areas, and +0.12 for agricultural 

areas. These results suggest that the decline in forest and water areas, as well as the expansion of built-up areas, is linked to the increase 

in CH₄ emissions. Although no significant change was observed in agricultural and pasture areas, the continuous increase in CH₄ 

emissions indicates the impact of agricultural and livestock activities on emissions. Additionally, a trend analysis was conducted to 

assess the temporal variation in CH₄ emissions. The Mann-Kendall test showed a statistically significant upward trend (p < 0.01) in 

CH₄ emissions during the 2019–2024 period. The Kendall's Tau value obtained was 0.53, reflecting a moderate positive relationship. 

However, it was determined that emissions peaked annually during the summer and autumn months (July–September) and remained 

relatively low during the spring and winter months (March–May and December–February). This demonstrates that temperature 

increases have an enhancing effect on CH₄ emissions. 

 

 

 

1. Introduction 

Land use and land cover (LULC) changes play a significant role 

in climate change. These changes impact the structure and 

functioning of ecosystems, from the distribution of vegetation to 

water resources, resulting in significant alterations to the natural 

balance and ecological processes. One of the most striking 

consequences of these processes is the changes in atmospheric 

greenhouse gas dynamics. Methane (CH₄) is one of the primary 

greenhouse gases contributing to global warming, stemming 

from both natural and anthropogenic sources, and has a 

significant impact on the climate. It is recognized as a short-lived 

but highly effective greenhouse gas, exhibiting a markedly higher 

global warming potential than carbon dioxide (CO₂) on a 20 year 

period (Masson-Delmotte et al., 2021). The identification and 

monitoring of emissions are critical for understanding the climate 

change impacts of CH₄ and developing sustainable management 

strategies. Several factors influence CH₄ emissions; changes in 

LULC are one of the factors affecting CH₄ emissions (Lage Filho 

et al., 2023). Different LULC classes have varying impacts on 

CH₄ emissions (Malerba et al., 2022; Scoones, 2023; Jodhani et 

al., 2024). In this context, examining the effects of LULC 

changes on CH₄ emissions plays an essential role in 

understanding regional carbon cycles and climate change trends. 

 

Today, satellite-based remote sensing data is a reliable and 

effective source of information for determining and monitoring 

greenhouse gas emissions and LULC changes. The Sentinel 5P 

satellite stands out in measuring CH₄ emissions. The 

Tropospheric Monitoring Instrument (TROPOMI) on the 

Sentinel 5P satellite, provided by the European Space Agency 

(ESA), measures column-averaged CH₄ on a daily basis (Liu et 

al., 2021; Lorente et al., 2023). CH₄ emissions are obtained from 

shortwave infrared (SWIR) and near-infrared (NIR) 

Measurements (Sha et al., 2021). Thanks to its daily and wide-

area coverage capacity, temporal variations and spatial 

distributions of CH₄ emissions can be analyzed. With these 

features, Sentinel 5P has become one of the most widely used 

satellite systems for atmospheric CH₄ monitoring today. For 

example, Lindqvist et al. (2024) assessed CH₄ emissions in 

northern high latitudes using Sentinel 5P data, demonstrating that 

these data enable the analysis of seasonal variations. Another 

study used Sentinel 5P to assess long-term and seasonal changes 

in atmospheric CH₄ emissions in regions where rice is produced  

(Kozicka et al., 2023).  

 

Satellite data is widely used as a primary data source for 

determining and monitoring LULC classes. For example, LULC 

classes can be obtained using various classification methods and 

indices from free medium spatial resolution satellite data, such as 

Sentinel 2 and Landsat 8 (Acharki, 2022; Nasiri et al., 2022; 

Nguyen et al., 2020). Sentinel 2 data, in particular, contributes 

significantly to monitoring LULC, and today, various LULC 

datasets derived from Sentinel 2 are available (Phiri et al., 2020). 

These datasets provide direct information about LULC. They 

enable the analysis of LULC changes across different time 

periods and large geographic areas, thereby playing a crucial role 

in assessing the impacts of environmental processes, ecosystem 

dynamics, and human activities. The ESRI Land Cover dataset, 

one of the most widely used datasets, provides data covering the 

period 2019-2024 and stands out as an important tool for 

monitoring LULC changes (Esri | Sentinel-2 Land Cover 

Explorer). 
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One of the most significant natural sources of CH₄ is aquatic 

ecosystems (Rosentreter et al., 2021; Saunois et al., 2020). Water 

bodies stand out as areas where CH₄ emissions are concentrated 

due to natural processes and environmental conditions. In 

addition to natural sources, human activities also contribute 

significantly to CH₄ emissions. In this context, Türkiye's Lakes 

District, which is exposed to both natural and human pressures 

and hosts inland water ecosystems, stands out as a critical area 

for monitoring CH₄ emissions. This study analyzes the impact of 

LULC changes in the Lakes District on CH₄ emissions between 

2019 and 2024. CH₄ emissions obtained from Sentinel 5P 

TROPOMI satellite data were associated with classes such as 

water, forestry, agricultural area, rangeland, barrenland and built-

up area obtained from the Sentinel 2 ESRI Land Cover dataset. 

Changes in LULC and emissions were analyzed. Pearson 

correlation analysis was performed to examine the relationship 

between class changes and emissions. Furthermore, the Mann-

Kendall test was performed to evaluate the temporal changes in 

emissions and determine their trend.  

 

2. Data and Methodology 

2.1 Study Area 

The study area is situated in western and southwestern Anatolia, 

commonly referred to as the Lakes District of Türkiye, and is 

surrounded by numerous lakes. This region includes lake basins 

and the surrounding plains, as well as agricultural area and 

rangelands. This region, which contains 16 lakes (Acıgöl, Akgöl, 

Akşehir, Beyşehir, Burdur, Eber, Eğirdir, Gavur, Ilgın 

(Çavuşçu), Işıklı, Karamık, Karataş, Kovada, Salda, Suğla and 

Yarışlı), spans an area of approximately 17,000 km². The lakes, 

with varying characteristics, have formed as a result of the 

accumulation of salty, bitter, and fresh water in depressions 

created by tectonic and volcanic movements in the region (Lakes 

District - Wikipedia). Figure 1 illustrates the study area.  

 

 
 

Figure 1. The upper map shows the geographical location of 

Türkiye, while the main map illustrates the borders and lakes 

within Türkiye’s Lakes District. 

2.2 Data Used and Methodology 

Within the scope of this study, CH₄ emissions were obtained from 

Sentinel 5P satellite data, while LULC classes were obtained 

from the ESRI Land Cover dataset. The TROPOMI on the 

Sentinel 5P satellite is an imaging spectrometer that measures 

sunlight reflected by the Earth. It collects data covering an area 

of 2600 km and presents this data at a spatial resolution of 5.5 x 

3.5 km2. This allows for a detailed examination of the different 

components in the atmosphere, covering the entire world 

(Copernicus, 2019; Schneising et al., 2019). The Google Earth 

Engine (GEE) Platform was used to obtain CH₄ emissions from 

Sentinel 5P. Level 2 (L2) data acquired from the Sentinel 5P 

satellite is processed to Level 3 (L3) using GEE. In this study, 

analyses were performed using OFFL (offline) L3 data, which is 

sufficiently up-to-date and of high data quality for the analysis of 

CH₄ emissions. LULC data was downloaded from the ESRI 

Living Atlas website 

(https://livingatlas.arcgis.com/landcoverexplorer/) (Esri | 

Sentinel-2 Land Cover Explorer). Subsequently, LULC and CH₄ 

emission maps were created in GEE and QGIS environments. 

The workflow diagram for the study is presented in Figure 2. 

 
Figure 2. Flow chart of the study. 

CH₄ emissions for the years 2019–2022–2024 were analyzed 

using the “CH₄_column_volume_mixing_ratio_dry_air” band 

from the Sentinel 5P satellite. The data were processed in the 

GEE environment, and annual CH₄ emission distributions were 

obtained by taking separate averages for each year. The 

visualization of the created maps was performed in the QGIS 

program. The class to which the annual average emission values 

corresponded was determined in QGIS using the Zonal Statistics 

tool. The relationship between emissions and LULC was 

determined using Pearson correlation. Similar to the study by 

Jodhani et al. (2024) positive values indicate an increase in the 

relevant LULC and a simultaneous increase in emissions. 

Negative values, on the other hand, indicate that emissions 

increase with a decrease in land use, i.e., an inverse relationship. 

The correlation coefficient formula is shown in Equation 1 

(Pearson, 1896). 
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𝑟 = 𝑛∑xy − ∑x ∑y/√(𝑛∑𝑥2 − (∑x)2)(𝑛∑𝑦2 − (∑y)2) (1)                                                    

    

r: Pearson correlation coefficient x, y: Values in the data sets, n: 

Number of observations. 

In addition, monthly average CH₄ values were calculated. A time 

series graph for the period 2019-2024 was created based on the 

monthly averages obtained. Sen's Slope Analysis (Sen, 1968) 

was applied to evaluate the trend of emissions over time in this 

graph, and the Mann-Kendall (MK) test was applied to test the 

trend (Kendall, 1957; Mann, 1945). The median slope in Sen's 

Slope analysis is calculated as follows (Equation 2): 

Sen’s slope= Median 
𝑋𝑗−𝑋𝑘

𝑗−𝑘
,   j>k     (2)  

Xj and Xk are observations in the time series. Sen's slope value is 

calculated as the median of the slopes. This median slope 

indicates the general trend of the series; if positive, it indicates an 

increasing trend, and if negative, a decreasing trend. 

The MK test is a trend test method frequently used in the 

literature. Each value is compared with all subsequent data, i.e., 

with the sequential data sample. The MK statistic (ZMK) for the 

time series x(t) (t = 1, …, n) is calculated as follows (Equations 

3,4): 

ZMK =     
𝑆−1

√𝑉𝑎𝑟(𝑆)
, 𝑖𝑓 𝑆 > 0;   

0, if S = 0; 

 
𝑆+1

√𝑉𝑎𝑟(𝑆)
, if S < 0    (3) 

Where: 

Var (S) = 
1

18
 [ n (n – 1) (2n + 5) - ∑ 𝑡1 (𝑡1 − 1)(2𝑡1 + 5)]𝑚

𝑡=1  

(4) 

The S trend test statistic, Var(S) represents the variance of S, n 

represents the length of the time series, and m represents the 

number of repeated values (Hamed, 2009; Hamed & 

Ramachandra Rao, 1998). If the data in the time series are 

independent, the trend in the time series is significant; ZMK is 

greater than Z1-α/2 (p<0.01). In the opposite case, the trend is not 

significant.  

Kendall's tau value is a nonparametric method that measures the 

relationship between the probabilities of concordant and 

discordant outcomes for two observed variables, X and Y, and is 

calculated using Equation 5 (Kendall, 1938) . 

Tau = 
2(𝐶−𝐷)

𝑛(𝑛−1)
     (5) 

Here, C indicates compatible combinations, whereas D indicates 

incompatible ones. Kendall's tau value ranges from -1 to +1. The 

time series graphs were created in the Python environment, and 

the statistical tests were also performed in this environment. The 

creation of the time series graphs and the execution of the related 

statistical tests were carried out using the Python programming 

language. 

 

3. Results and Conclusions 

Maps of LULC classes derived from the Land Cover dataset are 

presented in Figure 3. 

 
Figure 3. Temporal LULC classes from ESRI Land cover 

dataset (a)2019, (b)2022, (c)2024 

No significant change has been observed in agricultural and 

rangeland on the maps, while an increase has been observed in 

built-up areas for 2019-2024 period. For a more detailed analysis, 

the areas and changes in the classes are presented in Tables 1 and 

2.  

  Area (km2) 

 Classes 2019 2022 2024 

Water 161.4 154.1 145.5 

Forestry 8558.3 8301.3 8295.1 

Agricultural 1520.1 1490.6 1530.5 

Built-up 1874.6 2046.9 2203.0 

Barrenland 38.5 32.1 31.7 

Rangeland 28174.4 28302.3 28121.5 

Table 1. Area (km²) of each LULC class in 2019, 2022, and 2024. 

  
Areal Change of Classes (%) 

Classes 2019-2022 2022-2024 2019-2024 

Water −4.52% −5.58% −9.85% 

Forestry −3.0% -0.07% −3.07% 

Agricultural −1.94% 2.67% 0.68% 

Built-up 9.19% 7.63% 17.52% 

Barrenland −16.62% −1.25% −17.66% 

Rangeland 0.45% -0.64% −0.19% 

Table 2. Areal change (%) of LULC classes between 2019–

2022, 2022–2024, and 2019–2024. 
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Throughout the 2019–2024 period, a decrease was observed in 

water, forestry, and barrenland classes, a significant increase in 

built-up areas, and limited change in agricultural and rangeland 

areas. The continuous decline in water surfaces reflects the 

receding of lakes or water sources and the effects of drought.  The 

significant and continuous increase in built-up areas is an 

important indicator of urbanization and population pressure in the 

region. The decrease in the barrenland class is considered to be 

the conversion of these areas to built-up, agricultural, or natural 

cover (forestry, rangeland) classes. These results show that 

urbanization and human-induced pressures have a significant 

impact on the ecosystem. Specifically, these findings 

demonstrate that natural areas are being converted into built-up 

areas, accompanied by a reduction in water resources and a 

decline in forestry areas. 

 

Annual average CH₄ emission maps are presented in Figure 4. 

 
Figure 4. CH₄ emission maps (a):2019, (b):2022, (c):2024 

The three-line map series (a: 2019, b: 2022, c: 2024) shows the 

temporal change in CH₄ emissions in the region. The maps 

represent emissions ranging from 1733 to 1971 ppb (parts per 

billion) using a color scale, with white areas indicating locations 

where no emission data are available. The 2019 map (a) shows 

generally low to moderate CH₄ emissions. However, by 2022 (b), 

a general increase in emission intensity is noticeable. Emissions 

have spatially expanded, particularly in the northern and eastern 

parts. Emissions have increased further in the 2024 map (c). 

Areas with high emission levels have increased. While the 

highest emission in 2019 was determined to be 1924 ppb, it 

reached 1951 ppb in 2022 and 1971 ppb in 2024. It is observed 

that average emissions in the region increased significantly 

between 2019 and 2024, and that this increase spread regularly 

both temporally and spatially. This situation is considered to be 

the effects of LULC changes and climatic factors in the region on 

emissions.  

 

Within this scope, emissions for each class were determined and 

their changes over time were analyzed (Table 3, Table 4). 

  
CH₄ Emission (ppb) 

Classes 2019 2022 2024 

Water 1865 1889 1893 

Forestry 1862 1889 1897 

Agricultural 1873 1896 1910 

Built-up 1867 1893 1904 

Barrenland 1873 1900 1912 

Rangeland 1872 1895 1907 

Table 3. CH₄ emission values (ppb) of different land cover 

classes for the years 2019, 2022, and 2024. 

 

When the highest emissions over three years are evaluated, 

agricultural areas, built-up areas, rangeland, and barrenland stand 

out.  

  
CH₄ Emission Change (%) 

Classes 2019-2022 2022-2024 2019-2024 

Water 1.29% 0.21% 1.50% 

Forestry 1.45% 0.42% 1.88% 

Agricultural 1.23% 0.74% 1.98% 

Built-up 1.39% 0.58% 1.98% 

Barrenland 1.44% 0.63% 2.08% 

Rangeland 1.23% 0.63% 1.87% 

Table 4. Percentage changes in CH₄ emissions for different 

LULC classes between 2019 and 2024. 

 

When examining the changes in Table 4, it is observed that 

emissions increased in all classes during the 2019–2024 period. 

Between 2019 and 2022, the increase in emissions across all 

classes is between 1% and 1.5%. Although the rate of increase 

remained below 1% in the 2022–2024 period, the total change in 

emissions over 2019–2024 exceeded 1.5%. Therefore, it is 

crucial to determine the relationship between changes in land 

area and changes in emissions. This is because differences in 

LULC can affect natural and anthropogenic CH₄ emissions. In 

particular, changes in land area in classes with high emission 

potential, such as water, agricultural, and built-up areas, play a 

critical role in understanding overall emission dynamics. The 

correlation coefficients calculated in this context are presented in 

Table 5.  

 

Classes Correlation Coefficient 

Water −0.90 

Forestry −0.98 

Agricultural 0.12 

Built-up 0.98 

Barrenland −0.97 

Rangeland −0.09 

Table 5. Correlation coefficients between area changes in 

different LULC classes and CH₄ emissions 
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According to the Table 5, strong negative correlations are 

observed in the water, forestry, and barrenland classes. This 

indicates that CH₄ emissions tend to increase as the areas of these 

classes decrease. The negative relationship between the decrease 

in water area and the increase in CH₄ results from shared 

environmental stresses—particularly drought and rising 

temperatures—that simultaneously drive lake shrinkage and 

enhance CH₄ production through different processes. In the built-

up areas, however, a very strong positive correlation is found, 

showing that CH₄ emissions increase in parallel with the increase 

in area. For agricultural areas and rangelands, the correlations are 

weak, and there is no apparent relationship between changes in 

area and emissions. Nevertheless, the fact that emissions from 

agricultural and rangeland areas are higher than those from other 

classes indicates that these areas play a significant role in CH₄ 

emissions, even if there is no substantial spatial change in these 

areas. This is because agricultural and rangelands contribute to 

emissions due to pollution from fertilizer use and livestock 

activities. Expansion in built-up areas increases emissions due to 

various factors, including industrial growth, deforestation, 

domestic and industrial waste, landfills, and vehicle pollution.  

A time series graph was created to examine the temporal change 

in emissions from 2019 to 2024, identifying the trend of the 

graph and the months in which emissions were higher (Figure 

5). 

 
Figure 5. CH₄ emissions time series graph (2019-2024). The 

graph displays the monthly average CH4 emissions, illustrating 

both seasonal variability and a linear trend that indicates an 

overall increase over the 5 years. 

Emissions started below 1870 ppb in early 2019, but by 2025 they 

had risen above 1910 ppb. The slope of the graph (Sen's Slope) 

is 0.57, indicating an increasing trend. The MK test results, which 

determine whether the trend is statistically significant, showed a 

P-value of less than 0.01 (4.95 × 10-11). This also indicates that 

the upward trend is statistically highly significant. Kendall's Tau 

value was calculated as 0.53, indicating a moderate-to-high 

positive correlation. This shows that CH₄ emissions have shown 

a consistent and pronounced upward trend over time. This 

increasing trend highlights that rising greenhouse gas levels 

remain a persistent problem.  

 

The emissions examined are observed to decrease towards the 

beginning and end of the year (winter and spring/March–May 

and December–February) and peak during the summer months 

and early autumn (July–September). It is noted that emissions 

increase with rising temperatures and remain lower during the 

winter months. While the average rises, the peak points in 

subsequent years of the series become noticeably higher. 

Emissions reach their highest recorded values at the end of 

2024/beginning of 2025, exceeding approximately 1920 ppb. 

This represents a significant jump compared to the peaks of other 

years. This is interpreted as either an acceleration in the rate of 

increase or a more extreme seasonal peak. While atmospheric 

CH₄ naturally fluctuates from year to year, the underlying long-

term trend is upward, necessitating the monitoring and reduction 

of CH₄ emissions.  

 

The results obtained indicate that human activities significantly 

influence emissions in the region. The increasing emission trend 

suggests that the environmental impacts of LULC change are 

becoming apparent in the long term. In particular, the combined 

effects of built-up expansion, agricultural and livestock activities, 

and temperature increases account for a significant share of 

emissions. This situation shows that both natural processes and 

human activities play an important role in the formation of these 

emissions and are essential for understanding the dynamics of 

climate change, and it also suggests that land management and 

climate policies must be addressed together in future studies on 

this subject. The temporal increase in CH₄ emissions emphasizes 

the need to prioritize monitoring and mitigation efforts in the 

fight against climate change at the regional scale. The results 

suggest that integrating satellite-based observations into local 

environmental planning processes can significantly contribute to 

decision-making. However, the data gap in satellite-based 

observations remains a significant problem; therefore, it is 

recommended that future studies focus on addressing these data 

gaps and increasing the comprehensiveness of satellite 

observations.  
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