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ABSTRACT 
 

Aerosols play a pivotal role in Earth's climate system, and their influence on 

temperature and other meteorological parameters remains a subject of active research. 

Aerosol Optical Depth (AOD) is closely associated with meteorological factors such 

as temperature and humidity because these variables can impact the concentration of 

aerosols in the atmosphere. The relationship between AOD and temperature is 

intricate, contingent on the specific attributes of the aerosols present in the atmosphere 

and the prevailing meteorological conditions. Some studies have reported a positive 

correlation between AOD and temperature, while others have found negative 

correlations or no discernible pattern. Aerosols can scatter and absorb sunlight, 

leading to either cooling or heating effects on the Earth's surface. This effect can be 

particularly pronounced in regions with high aerosol concentrations, such as urban 

areas or areas with elevated pollution levels. This study utilizes data from the 

MERRA-2 dataset, a comprehensive compilation of atmospheric and weather data 

acquired through satellite and other observing platforms. The analysis focuses on the 

territory of Albania, situated in Southeast Europe. The average correlation coefficient 

across the entire region is a statistically significant 0.56, with higher values observed 

in interior regions. A correlation coefficient ranging from 0.6 to 0.7 between AOD of 

black carbon and air temperature suggests a strong positive relationship between these 

two variables. Conversely, the relatively low correlation coefficients observed for 

other aerosol components such as organic carbon, sulfates, sea salt, and mineral dust 

with air temperature (Tair) imply weaker associations. Notably, the correlation 

coefficient for sea salt exhibits both positive and negative values. 
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1. INTRODUCTION 

 

Climatic changes during the industrial age, starting from 1750, have had 

far-reaching consequences in various aspects of meteorology, notably the 

increase in global temperatures. Human-induced warming had reached 

approximately 1°C (likely between 0.8°C and 1.2°C) above pre-industrial 

levels by 2017, with an increase of 0.2°C (likely between 0.1°C and 0.3°C) 

per decade (high confidence) (IPCC, 2018). Global warming, its influencing 

factors, environmental effects, and future projections (Kaskaoutis et al., 2007) 

are central themes of 21st-century research (Figure 1). Within this realm of 

study, ongoing research focuses on climate change and its environmental 

repercussions, with over 2,000 articles published annually. 

The Intergovernmental Panel on Climate Change (IPCC) is the foremost 

international organization dedicated to assessing climate change. The IPCC 

was established in 1988 by the United Nations Environment Programme 

(UNEP) and the World Meteorological Organization (WMO) with the mission 

of providing the world with a comprehensive scientific understanding of the 

current state of knowledge regarding climate change and its potential 

environmental and socio-economic consequences. The most recent IPCC 

Assessment Report (AR5) unequivocally affirms that human influence on the 

climate system is both evident and escalating, with observable impacts on 

every continent and ocean. Many of the changes observed since the 1950s are 

unprecedented over timescales spanning decades to millennia. The IPCC, with 

a 95% level of confidence, estimates that human activities are the primary 

driver of the ongoing global warming (IPCC 2013).  

 

 
Fig. 1: The reciprocal effects of global warming and air pollution: greenhouse effect, drought 

due to high temperatures, extreme weather events, forest burning, melting of glaciers. 
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The primary human impact on the Earth's radiation budget is the emission 

of "greenhouse gases," with carbon dioxide being the most prominent among 

them. However, climate change manifests differently in various regions. 

Models and satellite observations have revealed that aerosols exert a net 

cooling effect on the climate, partially offsetting the global warming caused 

by greenhouse gases (Shindell et al., 2012). Consequently, climate change has 

led to both the suppression and intensification of meteorological extremes like 

heatwaves, droughts, often accompanied by poor air quality conditions 

(García-Herrera 2010; Trigo et al., 2013). Aerosol emissions are significantly 

influenced by meteorological variables such as temperature, wind patterns, 

precipitation, among others, which in turn dictate the rate of their release into 

the atmosphere. Systematic assessments of aerosol particles and 

meteorological conditions have been conducted within the region (Mandija et 

al., 2016a and b; 2017- 2019). It's important to note that assessing the impact 

of climate change on air quality poses a considerable challenge due to the 

multifaceted nature of air quality, which depends on the interaction of multiple 

variables (Jimenez-Guerrero et al., 2013; Megaritis et al., 2014). 

Regional assessments of these impacts are instrumental in reducing 

inaccuracies in global evaluations of climate-environmental interactions 

(Dentener et al., 2005). 

The relationship between aerosol optical depth (AOD) and meteorological 

parameters has been a subject of study, but its underlying causes and radiative 

effects have remained unclear. Agreement regarding the dependence between 

AOD and air temperature is lacking. Some studies report a positive correlation 

between these parameters (Mamun, 2014; Li et al., 2021), while others 

suggest a negative correlation (Sen 2008). Conversely, some studies do not 

find a clear dependence (Mielonen 2016). Furthermore, certain studies have 

even shown an inverse relationship between the aerosol load in the 

atmosphere and the daily range of surface air temperature (Hu et al., 2021). 

Aerosols scatter and absorb sunlight during the daytime, thereby exerting a 

cooling or heating effect on the Earth's surface. This phenomenon plays a 

pivotal role in the context of climate change (Albrecht 1989; Hansen et al., 

1995). 

Among the primary optical and microphysical characteristics significantly 

influencing aerosols' role in climate modification are the Aerosol Optical 

Depth (AOD) and the Angstrom Exponent (AE) (O’Neill et al., 2007; Eck et 

al., 2001; Kaskaoutis et al., 2007). These parameters not only depend on local 

dynamics but also on the large-scale dynamics of the atmosphere. The 

relationship between AOD and temperature is complex and contingent upon 

the specific characteristics of aerosols present in the atmosphere and 

meteorological conditions (Mielonen et al., 2016). 
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This study examines the correlation between aerosol optical depth and air 

temperature (Tair) using data from MERRA-2, the most recent atmospheric 

reanalysis of the modern satellite era (Gelaro et al., 2017). The analysis 

focuses on the territory of Albania, situated in Southeastern Europe as part of 

the Western Balkans. Seasonal and spatial correlation coefficients, as well as 

the contribution of different aerosol types to this relationship, were determined 

for the 10-year period from 2005 to 2014. 

 

2. METHODOLOGY 

 

This study relies on NASA meteorological and atmospheric data, primarily 

utilizing the Geospatial Interactive Online Visualization and Analysis 

Infrastructure (GIOVANNI), a web-based application developed by the 

Goddard Earth Sciences Data and Information Services Center (GES DISC). 

The primary aerosol optical parameters used for determining aerosol loads 

are the Aerosol Optical Depth (AOD) and Angstrom Exponent (AE), 

measured at 550nm and in the range of 470-870nm, respectively (Just et al., 

2018). The dataset covers a 10-year period, from January 2005 to December 

2014. 

The spatial resolution of Aerosol Optical Depth (AOD) and air temperature 

(Tair) data provided by the Modern-Era Retrospective analysis for Research 

and Applications, Version 2 (MERRA-2) is 0.5° x 0.5°, covering the region 

within the coordinates: 19.50°E, 39.50°N, 20.75°E, 42.75°N, which entirely 

encompasses the territory of Albania. Temporally, daily, and monthly 

averaged data were processed, and further analyses were conducted on 

seasonal and yearly averaged data (Bali et al., 2017; Gelaro et al., 2017; Qin 

et al., 2019; Zhao et al., 2021). 

Two types of data provided by GIOVANNI were utilized: 

1. Spatial distribution data (in nc format), representing multiyear averages 

for each image pixel. These data were used to calculate correlation 

coefficients (CC) between aerosol and climate parameters. The images were 

previously converted into series of 3D coordinates (X, Y, Z), where X and Y 

denote the coordinates of the pixel center, and Z represents the parameter 

value. 

2. Time series of daily/monthly data, averaged over specific areas and 

provided in csv format. These data were used to determine the correlation 

coefficients between different parameters within specific regions. 
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3. RESULTS AND DISCUSSIONS 

 

Multi-annual seasonal averages of AOD and Tair 

Table 1 reports the spatial correlations of 10-years averages of AOD and 

Tair over the Albanian territory, calculating their thematic values obtained in 

every pixel.  

 

Tab. 1 Correlation coefficients between AOD and air temperature.  

 

DJF 

(Dec-Jan-Feb) 

MAM 

(Mar-Apr-May) 

JJA 

(Jun-Jul-Aug) 

SON 

(Sep-Oct-Nov) 

0.12 0.24 0.46 0.59 

 

Average Correlation (AC) 0.35 Global Correlation (GC) 0.66 

Seasonal Correlation Average 

(SAC) 0.73 

Average of Averages 

(AA) 0.77 

 

The average correlation (AC=0.35) was calculated by averaging the 

thematic seasonal correlation coefficients between Tair and AOD across the 

entire Albanian territory for each season. 

The Global Correlation (GC=0.65) is derived from the thematic seasonal 

averages of these quantities across the entire Albanian territory. 

The thematic correlation coefficients between Tair and AOD were 

individually computed for each pixel during each season. Subsequently, the 

mean value of these correlation coefficients yielded the Seasonal Correlation 

Average (SAC=0.73±0.10). 

Moreover, the Average of Averages (AA=0.77) represents the correlation 

coefficient between the seasonal mean values of Tair and AOD across all 

pixels. 

As depicted in Table 1, the seasonal thematic correlation coefficients 

between Tair and AOD across pixels exhibit varying degrees of correlation. 

They range from 0.12 to 0.24 during DJF and MAM, increasing to 0.46 and 

0.59 during JJA and SON, resulting in an overall average of AC=0.35±0.21. 

However, when seasonal distinctions are not considered, significantly higher 

values of the correlation coefficient are observed, such as GC=0.66. It's worth 

noting that the seasonal categorization of the data may contribute to the 
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overall reduction in the correlation coefficient. It should be mentioned that in 

both cases, the correlation analyses treat the pixels as the third variable. 

Conversely, both Seasonal Correlation Average (SAC) and Average of 

Averages (AA) conduct correlation analyses across the four seasons. In this 

scenario, the correlation coefficients exceed 0.7. These findings indicate that 

the correlation coefficients are higher when the analysis is conducted 

separately for each pixel. Consequently, air temperature and aerosol optical 

depth exhibit a positive correlation for seasonal mean values at each pixel. 

As depicted in Figure 2, the seasonal correlation coefficient (CC) exhibits 

a clearly defined unimodal curve (R2=0.73), a pattern also observed in 

monthly data (Li et al., 2021). The average of these data is 0.75, which closely 

aligns with their seasonal average (correlation average SAC=0.73). This 

observation underscores the exceptionally high correlation between the 

seasonal mean values of aerosol optical depth and air temperature. The scatter 

plot of these two variables, irrespective of the pixels, provides further 

evidence of their positive correlation, as illustrated in Figure 3. 

 

 
 

Fig. 2: Distributions of the Seasonal Correlation Coefficient (SAC) data. 
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Fig. 3: Distribution of seasonal mean values of Tair and AOD over all pixels. 

 

Although the distribution plot shows a positive relationship between 

seasonal mean values of AOD and Tair, the trend line has quite a slight slope 

(0.004) associated with relatively low R2=0.43. Thus, the scatterplot shows a 

weak positive relationship.  

 

 
 

Fig. 4: Spatial distribution of correlation between the seasonal mean values of Tair and 

AOD in the Albanian territory  

 

The map in the Figure 4 displaying the spatial distribution of the 

correlation coefficient (CC) reveals that Aerosol Optical Depth (AOD) is more 

closely linked to air temperature in the interior regions of the Albanian 

territory. The higher correlations observed in the interior can be attributed to 

the intensification of aerosol emission processes. This is primarily due to the 
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relatively limited industrial activities in this area, making anthropogenic 

emissions a secondary factor. Meanwhile, correlations in the western region, 

characterized by denser traffic, are weaker in comparison to the rest of the 

territory. Here, traffic emissions are less temperature-dependent, leading to 

weaker correlations. Additionally, Table 2 presents another perspective on this 

estimation, providing the annual mean values of the CC between the season 

averaged Tair and AOD. 

 

Table 2 Annual-averaged of season correlation coefficients for the 10-

years period; 2005-2014.  

 

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

0.89 0.57 0.94 0.73 0.10 0.19 0.79 0.63 0.23 0.53 

Average 0.56 Global 0.50  

 

 
 

Fig. 5: Distribution of annual mean AOD and Tair values over all pixels 
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Fig. 6: Histograms of the daily-averaged data of the AOD frequency distributions for seven Tair 

classes of 5 degrees. Here, all the pixels have been considered.  

 

Significant fluctuations in the correlation coefficient (CC) values are 

evident across different years. Very weak correlations (CC=0.1 and 0.19) were 

observed during 2009-2010, while strong correlations were observed in 2005 

(CC=0.89) and 2007 (CC=0.94). However, the average and global CC values 

in this context are notable, with nearly identical magnitudes of 0.56 and 0.50, 

respectively. The distribution of these values in Figure 5 indicates a positive 

relationship between these two variables, although the R2 of the trend line is 

not notably high at 0.24. 

To gain a more comprehensive understanding of the correlation between 

aerosol optical depth and air temperature, we conducted a distribution analysis 

of their daily-averaged values grouped into seven Tair classes. Figure 6 

illustrates the seven histograms of AOD for different Tair classes. 

The distribution of daily averaged AOD averages for all Tair classes 

reveals distinct characteristics. This observation is further detailed in Table 3, 

which presents the mean and median values of AOD for each Tair class. 

 

Tab. 3 Features of the statistical distributions of the daily-averaged AOD 

for all Tair classes 

 
 (-5:0) (0:5) (5:10) (10:15) (15:20) (20:25) (25:30) 

Mean 0.37 0.38 0.45 0.50 0.49 0.48 0.38 

Median 0.24 0.25 0.31 0.34 0.34 0.36 0.36 

R2 

(lognormal) 

0.98 0.99 0.99 0.99 0.99 0.99 0.97 
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The average AOD demonstrates an increase with rising air temperature, 

reaching a peak of 0.50 within the temperature range of 10-25°C, followed by 

a sharp decline to 0.38. Conversely, the average AOD exhibits a continuous 

increase with increasing air temperature, ranging from 0.24 to 0.36. These 

patterns align with the characteristics of lognormal distributions, which is also 

the case here. Figure 7 illustrates the statistical distributions of the daily-

averaged AOD values. 

 

 
Fig. 7: Distribution of average AOD at seven different Tair classes. 

 

Estimating the contributions of different types of aerosols 

A more in-depth and nuanced understanding of the relationship between 

Aerosol Optical Depth (AOD) and air temperature (Tair) can be achieved 

when considering the various types of aerosols. To delve into this, we've 

examined the spatial distribution of contributions to AOD across the entire 

territory of Albania. 

 

 

 
 

Fig. 8: Maps of the monthly-averaged values of the correlation coefficient between AOD 

and Tair for different aerosol types. From top-left to bottom-right; black carbon (BC), mineral 

dust, organic carbon (OC), sulphates (SO4), sea salt, and the total AOD.  
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Figure 8 displays the spatial distribution of monthly-averaged values of the 

correlation coefficient between AOD and Tair for various aerosol types, 

including dust, carbonaceous aerosols, sulfates, and the total aerosol 

contribution. The CC scale ranges from 0 to 0.7 for all types of aerosols, 

except for sea salt, where the CC varies within the range of -0.7 to 0.7. 

From the maps above, it's evident that AODBC-Tair exhibits higher 

correlation coefficients (CC) across most of the territory (CC=0.6÷0.7), with 

even higher values observed in the southeastern regions. The strong 

correlation between AODBC and Tair can be attributed to the fact that black 

carbon (BC) particles are primarily generated during episodes of high 

temperatures. These episodes result from intensified sources, including 

biomass combustion, natural sources, and anthropogenic sources such as 

cooking and low-temperature heating, which prevent the complete combustion 

of compounds (Zha et al., 2014). Correlation analyses between BC and air 

temperature are influenced by wind speed, a significant factor in BC diffusion 

within the boundary atmosphere. Partial correlation coefficients may provide a 

more appropriate approach for investigation. The increase in BC is likely 

associated with fossil fuel combustion during the winter heating period, 

biomass burning in surrounding areas during the summer harvest period, and 

long-range transport. The positive correlation between AODBC and Tair 

suggests a more pronounced impact of biomass burning compared to 

warming. Conversely, relatively low CC values were obtained for other 

aerosol components, such as organic carbon (OC), sulfates, and sea salt, while 

the contribution of mineral dust to AOD does not appear strongly correlated 

with air temperature. 

The CC of AODdust-Tair values remains insignificant across the entire 

territory (with a maximum CC of 0.2). This suggests that the presence of dust 

in the Albanian territory is primarily a result of long-range transport rather 

than local sources, which may be more active at higher temperature levels. 

The transport of dust from nearby deserts is typically determined by the flow 

of air masses rather than local temperature variations. Additionally, the CC of 

AODOC-Tair ranges from 0.4 to 0.6, with higher values observed in the 

southeastern region. However, it's worth noting that AODOC carries less 

weight compared to other aerosol components. Its maximum values are found 

in the northern part of the coastal region, while the southeastern region, with 

the highest CC, is less impacted by organic carbon aerosols. Despite the lower 

AODOC values, their mean values do follow the air temperature trend. They 

peak during the July-September period (AODOC=0.02÷0.05) and reach their 

minima during the cold November-February period (AODOC≈0.01). 

Organic aerosols are emitted as primary aerosol organic carbon from fossil 

fuel burning or formed as secondary aerosol particles through the 

condensation of organic gases with semi-volatile or low volatility properties 
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(Zhang et al., 2016). These sources do not follow the same annual cycle, 

which contributes to the relatively low CC values in this case and suggests a 

limited contribution of organic carbon (OC) aerosols to AOD. Notably, 

atmospheric concentrations of organic aerosol are often comparable to those 

of industrial sulfate aerosol. As a result, the CC of AODSO4-Tair exhibits 

higher values in the southeastern region and lower values along the sea coast, 

though these differences are not highly significant (ranging from 0.3 to 0.6). 

AODSO4 somewhat mirrors the annual cycle of Tair, with the highest 

presence of sulfate aerosols occurring during the warm months of April-

September (AODSO4=0.10÷0.13) and the lowest contribution during the cold 

period of November-January (AODSO4=0.05÷0.08). This observation aligns 

well with previous studies, which indicate that the majority of regional 

atmospheric sulfate aerosol accumulation episodes typically occur in the 

warmer months of the year. However, in the interior regions, AODSO4 better 

follows the annual cycle of Tair, resulting in higher AODSO4-Tair values 

over these areas. The interior regions are affected not only by long-range 

transport but also by local contributions, as sulfate aerosols in the atmosphere 

are associated with the combustion of fossil fuels (Kleindienst et al., 2010). 

In addition, the correlation between AODsalt and Tair is negative over the 

western seashore region (-0.3÷-0.1) and positive in the eastern region 

(0.2÷0.4). CC AODsalt-Tair remains intermediate over the inner regions. 

Thus, the spatial distribution of the sea salt correlation with the air 

temperature exerts a specific pattern due to the proximity to the Adriatic Sea. 

It must be mentioned that the highest sea salt presence occurs during the cold 

period due to the intensive wind activity. That is the reason for the negative 

correlation between sea salt presence and the air temperature. Meanwhile, 

positive correlations were obtained over remote areas from the sea, where the 

salt contribution on AOD is negligible. The regression analysis shown in 

Figure 9 provides more insights into the correlation of different AOD 

components with the air temperature.  

For all the cases the trendline show positive correlations between AOD 

components and the air temperature. However, the slopes of the trendlines are 

quite different between the AOD components; BC (0.0002), dust (0.0006), OC 

(0.0009), sea salt (0.0002), SO4 (0.0017) and the total AOD (0.0037). The 

total AOD shows a good correlation with Tair, mainly due to the impact of the 

SO4 contribution. Other components show lesser correlations with the air 

temperature. This is more evident for the case of BC and sea salt, but also for 

the dust and even for OC component of AOD. 
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Fig. 9 Statistical distribution of the monthly averaged data of different AOD components and 

air temperature. Also, the linear trend line is included.  
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4. CONCLUDING REMARKS 

 

In this paper, we conducted a correlation study between aerosol optical 

depth and air temperature using data provided by the Retrospective Analysis 

of the Modern Era for Research and Applications, Version 2 (MERRA-2), for 

the territory of Albania. 

Seasonal correlation coefficients, which ranged from 0.12 to 0.59, indicate 

a significant correlation only during the period from June to November. 

However, correlation coefficients higher than 0.70 were achieved when the 

analysis was performed for each pixel separately. This is evident in the 

seasonal correlation data representing the Seasonal Correlation Average 

(SCA) of 0.73. Additionally, the scatterplot demonstrates a positive 

correlation between the seasonal mean values of AOD and Tair, with a 

trendline slope of approximately 0.004. 

When examining the correlation map, the highest correlations are evident 

in the interior regions of the territory, where natural aerosol emission 

processes are more pronounced. We observed a significant variation in annual 

mean values of the correlation coefficients. The average correlation coefficient 

in this case stands at 0.56. 

When estimating the AOD data across different Tair (air temperature) 

classes, we noticed distinct statistical differences between mean and median 

AOD values. The mean AOD reaches its peak at 0.50 in the temperature 

interval of 10-25°C, while the median AOD steadily increases with rising air 

temperatures, reaching its maximum value of 0.36. 

It's worth noting that various aerosol types have distinct effects on 

meteorological parameters through their interactions with sunlight. However, 

this study primarily focuses on examining the variation in their contribution to 

AOD and air temperature without considering their radiative effects. 

Correlation coefficients between different AOD components and Tair 

reveal that AODBC-Tair exhibits higher correlation coefficients, ranging from 

0.6 to 0.7, across most of the territory, with even higher values in the 

southeastern regions. These regions experience more intense biomass burning 

processes during the warm seasons, with anthropogenic sources playing a 

secondary role. In contrast, other aerosol components like OC, sulphates, and 

sea salt show relatively lower correlation coefficients, around 0.3 to 0.6. 

Interestingly, the contribution of mineral dust to AOD doesn't appear to be 

strongly correlated with air temperature (CC=0.2). This lower correlation can 

be attributed to the significant influence of long-range transport compared to 

local dust emissions. The various organic aerosol sources exhibit distinct 

annual cycles, making them less responsive to air temperature variations. 

Atmospheric concentrations of organic aerosols often resemble those of 
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industrial sulphate aerosols, with the highest sulphate aerosol AOD occurring 

during warm periods. 

Furthermore, the correlation between AODsalt and Tair varies across 

different regions, ranging from -0.3 to -0.1. Notably, the highest AODsalt 

levels are observed during the cold period due to intense wind activity. This 

explains the negative correlation between sea salt presence and air 

temperature, especially along the seashore regions. Additionally, scatterplot 

trendlines display positive correlations between AOD components and air 

temperature, accompanied by slight trendline slopes for the AOD components, 

including BC, sea salt, dust, OC (0.0002 to 0.0006), and SO4 (0.0017), while 

the slope for the total AOD is 0.0037. 
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