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Abstract. Air pollution frequently occurs in urban areas, often associated
with heatwaves, especially during the warmer seasons, which produce an
added risk to public health. We have analysed multi-decadal aerosol and
meteorological data over the Tirana metropolitan region (1980-2024) to
quantify how aerosol load in terms of aerosol optical thickness (AOT)
responds during heatwave events. Using ERAS reanalysis, MERRA-2
aerosol fields, and MODIS AOT products, we identify heatwaves with a
daily Tmax exceeding the 90" percentile (19812010 baseline), aggregate
event metrics, and compute synoptic composites. Heatwaves are
consistently associated with positive aerosol anomalies: mean AOT
increases of ~+0.10 and modelled PM..s increases of 10-20 pg m= during
event days. Multivariate analyses suggest that heatwave principal
parameters explain a significant portion of the total aerosol variation (r =
0.48 for event peaks). Several coincidental occurrences of both extremes
have been identified, and a special case is further analysed. These results
highlight the importance of analysing heat and air quality extremes as
coupled phenomena and using integrated warning and mitigation strategies
in the areas at risk, such as urbanised and industrialised areas. .

1 Introduction

Atmospheric aerosols have been intensely investigated by several tools, from in-situ
measurements up to remote sensing techniques [ 1-3]. Aerosols play a dual role in this context.
On the one hand, atmospheric aerosols directly and indirectly impact the global radiative
balance by scattering/absorbing solar radiation, and by modifying cloud properties, coverage
and lifetime [4]. The anthropogenic aerosols are one of the most important components of air
pollution known by the WHO and EPA, with fine particulate matter (PM2.5) causing
premature mortality and morbidity among the population [5]. Thus, analyses of the high
aerosol load under extreme high temperatures, such as heatwaves, are crucial for both climate
and health studies.
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Several studies have reported the elevated aerosol burden events under heatwave

conditions over Mediterranean basin [6-9]. Heatwaves are not only characterised by
anomalous high temperatures, but these phenomena are generally associated with persistent
high-pressure and atmospheric blocking systems. Blocking systems reduce air ventilation
and vertical mixing, which leads to higher accumulation of pollutants near the surface [ 10,
11]. Lower planetary boundary layer heights during heatwaves further intensify near-surface
pollutant concentrations. At the same time, under higher temperatures and increased solar
radiation, especially during the summer season, photochemical processes are favoured,
enhancing the formation of secondary aerosols [12, 13]. The combination of the two events
establishes positive feedback between heatwaves and aerosol burden.
The Mediterranean region's high anthropogenic emission concentrations, summer isolation,
and climatological blocking make it especially vulnerable to these compound extremes [14-
16]. Previous case studies have reported events where intense heatwaves coincided with
major acrosol burden [18, 19]. However, systematic multi-decadal assessments of heatwave—
aerosol interactions remain limited, especially in the Mediterranean region, where
observational networks are sparser and integrated datasets are only recently becoming
available.

This study focuses on Tirana, a fast-expanding Mediterranean-continental urban area,
and examines; how aerosol loads behave during heatwaves, what synoptic conditions favour
their co-occurrence, and the role of the urban environment in modulating these interactions.
We aim to address this gap by providing a comprehensive analysis of aerosol vs. heatwave
interactions over the Tirana region, combining multi-decadal satellite aerosol optical
thickness (AOT) products and reanalysis meteorological fields. Specifically, we construct a
catalogue of heatwave events based on the 90" percentile exceedance criterion relative to the
19812010 baseline and quantify composite anomalies of AOT and temperature. By
integrating multiple datasets and statistical approaches, we provide new insights into the
processes that link extreme heat to pollution peaks in this southern European region.

The main results of this work contribute to deepening the overall knowledge on ensemble
climate—air pollution extremes. These findings are relevant to both the atmospheric research
community and the policymakers engaged in the management of climate adaptation and
public health. With heatwaves projected to be even more frequent and severe under global
warming scenarios [20], understanding the behaviour of aerosols under the extreme
conditions is important for developing effective warning systems and mitigation strategies.
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2 Data and Methods

This section describes the domain, timespan, datasets, heatwave event detection
procedure, and analytical and statistical methods used to investigate the variation of the
heatwave and aerosol burden extremes and their correlation.

2.1 Study period and spatial domain

The analysis focuses on the Tirana metropolitan area and a surrounding regional domain
large enough to capture the characteristics of aerosol loads and synoptic patterns (41.1°N—
41.5°N, 19.80°E-20.1°E). The region under investigation is the city of Tirana, capital of
Albania, its surrounding suburbs. To make necessary comparisons, the surrounding rural
areas have been taken into account in these analyses. The study period spans 1980-2024; in
most analyses, we use the full reanalysis dataset for the entire period and extend to the latest
available ERAS data where applicable.

2.2 Meteorological and Aerosol Data

We use ERAS (ECMWF) reanalysis [21] for meteorological diagnostics, including:
2m, 10m, and tropopause temperatures (monthly), wind speed (for ventilation and stagnation
metrics), planetary boundary layer (PBL), mean sea-level pressure (MSLP), and 500-hPa
geopotential height for synoptic composites and blocking diagnostics. Maximal values of 2
m temperature Tmax are used for heatwave detection.

ERAS fields were downloaded on the native 0.25-degree grid and aggregated to daily
means or maxima as required. For composite maps, ERAS variables are re-gridded to a
common 0.25-degree grid and spatially cropped to the regional domain.

For surface exposure and chemical interpretation, we used the outputs of the regional
MERRA model, version 2 [22]. We primarily use columnar aerosol optical thickness (AOT
at 550 nm) as a proxy for aerosol loading. Additionally, we have also analysed Angstrom
exponent (AE at 440-870 nm) of aerosols to identify their size, and consequently their type
and origin.

Satellite sources include MODIS (Terra/Aqua) Level-2/Level-3 AOT products
(MOD04/MYDO04), for long-term time series and spatial composites; use the Collection 6+
products unless otherwise specified. Meanwhile, Giovanni products [23, 24] were used to
extract and visualise regional AOT and temperature fields, and the heatwave's parameters.

2.3 Statistical Methods

Heatwaves were detected from the gridded Tmax time series using the following the
percentile-based heat wave index [25]:

e  Compute the 90" percentile threshold for each calendar day from the 1981-2010
period.

e Identify days where Tmax exceeds the threshold.

e Group consecutive days into events; a valid heatwave requires at least three
consecutive exceedance days.

For each event, compute event-level metrics: start and end dates, duration, mean Tmax
anomaly, maximum daily Tmax during the event, and mean event-aggregated AOT and PM
values. Here, we retained ERAS fields and computed statistics over event days. Blocking
indices (Tibaldi-Molteni) were used to quantify blocking persistence during heat events [26].

Table 1. Heatwave principal parameters by definition: frequency, duration, and intensity.
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Type Short name | Definition Units
Frequency HWF Frequency of heatwave events Event
Duration HWD Maximum duration of heatwave events Day
Severity/Intensity | HI Max. temperature during heatwave events °C

Three principal parameters of heatwaves have been analysed in this paper: heatwave
frequency, duration and intensity (Table 1). These parameters have also been coordinated
with the aerosol properties. To assess their correlations and mutual impacts.

2.4 Statistical Methods

We employed linear regression and Pearson correlation analysis to quantify the relationships
between temperature metrics (e.g., surface air temperature, heatwave amplitude), heatwave
events (HWF, HWD, HWI) and aerosol burden (in terms of AOT). Statistical significance
was assessed at the p < 0.001 level.

In addition, principal component analysis (PCA) is performed to identify the principal factors
(PCs) that represent the original variables and reduce the analysis dimensions [27, 28].
Determination of principal components was based on Kaiser's criterion.

Further on, the obtained PCs are used as input for the K-means clustering technique [29]. The
clustering procedure was done after evaluating the optimal number of clusters, using the
statistic gap method [30]. Clustering ensembles the data within the groups with similar
properties, and the properties among different clusters are the most distinct possible.

To determine the major coincidence extremes, we have scored the co-occurrence of HWI and
AOT. HWI is given as the cumulative heatwave intensity, which is given as the product of
temperature exceedance from 90" percentile with the number of days (Kelvin or °C x days).

For each month, standardized values of AOT, HWI, and combined are calculated:

(AOT-mean(AOT,na.rm=TRUE))

V4 = 1
AOT st(AOT na.rm=TRUE) (M
2 __ (HWI-mean(HWI]narm=TRUE)) ?)
HWI — st(HWIna.rm=TRUE)
1
Zsum = 3 ZaorT T ZHwI (3)

The score (standardized anomaly) is unitless and is calculated as the mean of om, and
measures the joint extremeness of AOT and HWI. Large positive scores during these extreme
events, suggest that, on average, during these events, both AOT and HWI are well above their
long-term mean.

3 Results and Discussions
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3.1 Heatwave Catalogue and Characteristics

To determine heatwaves, we have used a 90" percentile exceedance criterion relative to
the 1981-2010 baseline. This resulted in the identification of 45 heatwave events during this
period. Heatwave durations ranged from 3 to 15 days, with a mean of 7 days and a standard
deviation of about 2 days. The histogram of the number of consecutive days satisfying the
heatwave criteria (Fig. 1) Shows that the majority of these events lasted for less than 6 days,
while only a smaller fraction of these events exceeded 10 days. Nevertheless, this is not
exactly a heatwave event duration, which require more than 3 consecutive days. Taking this
fact into account, heatwave event durations ranged mainly in the interval of 3 up to 6 days.

Total: 166
Bins. 50

Mean: 5.07
50 Med:

40

Frequency
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Fig. 1. Histogram of durations (days) of heatwave events (1980-2024) identified using the 90
percentile exceedance criterion. Here is presented the number of the largest number of consecutive days
satisfying the heatwave criteria. Most events lasted 5-8 days, with a non-negligible portion of longer
events (>10 days).

These findings are consistent with analyses over Europe reporting an increase in both
frequency and intensity of heatwaves after the late 20™ century [31, 32]. The frequency of
medium-duration (5-8 days) events indicates that most episodes are driven by long-lasting
synoptic-scale anomalies rather than transient weather changes. The significant increase in
frequency and magnitude of the heatwaves (Fig. 2), especially after 2010, aligns with the
global warming trends, indicating a rising probability of the occurrence of both extreme
events in this region.
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Fig. 2. Time series of the heatwave count of events satisfying the heatwave event criteria for the
period (1980-2024).
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The linear fitting equation of the heatwave counts over time is 0.008x-0.23 (R?=0.14). A
very low value of the slope indicates a very slight increase in the mean count of heatwave
events during this period.

3.2 Aerosol anomalies during heatwaves

In order to evidence the evolution and trends of the aerosol burden over Tirana during the
period 1980-2024, we have used the time series of monthly mean Total Aerosol Optical
Thickness (AOT_550), shown in Fig. 3. The overall decline after 1990 may be attributed
more to effective regional emission control policies. This doesn’t affect the positive feedback
of these two extremes. The abrupt pollution peaks during heatwaves can be treated as

episodic cases, also representing a tendency as well.
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Fig. 3. Time series of monthly mean Total Aerosol Optical Thickness (AOT_550) over the Tirana
region during the 1980-2024 period.

Composite analyses indicate consistent positive aerosol anomalies during heatwave days.
Mean AOT over the Tirana urban area increased by approximately +0.10, while modelled
surface PM2.5 concentrations increased by 10-20 pg m=, with some events approaching 40
pg m=.

Because of the long-term increase of the frequency of heatwaves and the decrease of the
aerosol burden, a negative slope trendline characterized the scatterplot between these two
paraments (Fig. 4). The slopes of the trendlines result to be different for the different aerosol
optical depths. R? values are insignificantly small in all groups, so AOT explains very little
of the variance in HWF in this dataset.
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Fig. 4. Long-term trends of heatwave frequency of occurrence (HWF) on aerosol optical depth
(AOT_550). A) all AOT range., B) data of the 75" percentile of AOT among points with AOT > 0.01
and used that as the threshold. C) the remaining data of the dataset.

Such AOT anomalies are consistent with the dynamical and chemical processes known
to govern heatwaves. Reduced ventilation and elevated isolation permit pollutants to
accumulate, while associated with high temperature conditions, the secondary aerosol
formation is accelerated. It is well known that elevated ozone levels during heatwaves
stimulate the production of secondary organic aerosols. Thus, the relationship between
heatwave parameters and aerosol burden is a cause-and-effect process, putting into play the
physical and chemical mechanisms.
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3.3 Synoptic drivers and boundary-layer processes

Composite meteorological fields reveal the dynamical origins of these anomalies.
Heatwaves were characterised by anticyclonic conditions. Mean wind speeds at surface level
during the heatwaves in this region were reduced by 1-2 m s, while the planetary boundary
layer height (PBL) decreased by 100-200 m. Both these reductions reflect atmospheric
blocking, which reduces ventilation and confines pollutants to a thin PBL, augmenting the
pollutant concentrations.

The time series of area-averaged number of the summer days (days per month when the
daily maximum 2 m temperature exceeds 25°C) demonstrates a consistently high frequency
of summer days throughout the dataset (Fig. 5). This provides a conducive background for
heatwave formation and secondary aerosol production.
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Fig. 5. Time series of the number of monthly summer days (3m temperature: Tmax > 25°C). The

persistently high number of summer days indicates a consistently warm summer climate in the region,
which is normal for the eastern Mediterranean basin.

The evolution of monthly mean cloud top temperature is shown in Fig. 6. Over the last
decades, the region has experienced a significant increase in surface temperature, consistent
with global warming trends. Furthermore, the tropospheric temperature increases as well,
resulting in warming of the entire tropopause layer. The small positive but significant slope
is consistent with global warming, but the low R? indicates that internal variability and
seasonal cycle are more dominant.
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Fig. 6. Time series of area-averaged data monthly mean cloud top temperature (K), provided by
MERA-2 reanalysis. Black points and orange line: monthly data; blue line: linear trend (1980-2024).
Linear slope =+0.0105 K yr! (= +0.105 K decade™), R? = 0.0029.
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Furthermore, our analysis indicates that during the coincidence cases of both extreme
events, the urban heat island (UHI) effect in Tirana intensifies, with the urban area
experiencing an average of 2.3 °C warmer temperatures than the surrounding rural areas (not
shown graphically here). This urban heat island effect can further exacerbate heat stress and
enhance photochemical reactions over the city of Tirana.

The importance of stagnation conditions in producing co-occurring extremes has also
been previously reported. Our findings reinforce this, showing that blocking not only sustains
high temperatures but also drives pollution accumulation. When it is combined with a shallow
boundary layer, it amplifies even more the surface pollutant concentrations.

3.4 Regression analyses

Our analysis demonstrates significant positive relationships between aerosol optical
thickness and surface air temperature and heat wave amplitude (Figs. 7 & 8). The scatter plot
of monthly averaged surface air temperature against AOT reveals a statistically significant
positive correlation (R = 0.36, N = 540, p<0.001).
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Fig. 7. Scatter plot of monthly averaged surface air temperature vs. Total aerosol extinction (AOT_550)
during the 1980-2024 period. The significant high positive correlation (R=0.36, p<0.001, N=540)
suggests a substantial tendency for aerosol accumulation under warmer conditions.

The strongest correlation between heatwave parameters and aerosol burden was found in
the case of the heatwave intensity (HWI) and total aerosol extinction AOT_550 (R =0.48, N
= 184), as shown in Figure 8. This correlation indicates that the highest aerosol loads are
encountered during significantly high temperatures. This significant correlation underscores
that the intensity rather than just the occurrence of heatwaves is critical for aerosol
enhancement. Weaker correlations were obtained between aerosol burden and other
heatwave parameters (HWF and HWD). This fact suggests that the heatwaves parameters
influence aerosol burden differently. The moderate correlation highlights the fact that even
though the heatwaves increase the aerosol burdens, the variability in the aerosol emissions,
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transport, and chemical regimes reduces the overall coefficient. This aligns with multi-city
studies showing that the co-occurrence of both extreme events' probability is favoured but
not deterministic [33-35].
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Fig. 8. Scatter plot of heatwave intensity (peak daily temperature during events) vs. Total aerosol
extinction AOT 550 during the 1980-2024 period. The stronger correlation (R=0.48, p<0.001, N=184)
supports even more that the intensity of a heatwave is a critical driver of the largest increases in aerosol
pollution.
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3.5 Major coincidence extremes (CE); case study

Table 2 presents the principal parameters of the twelve most important coincidence
extremes. Among them, three major CEs have been identified during June and July 2007 and
June 2021. We denominate these two coincident extremes as CE1 and CE.

Table 2. Top-12 major scores of commutative heatwave intensity (HWI) and mean aerosol optical
depth (AOT). Start/end date, duration, mean AOT, temperature at 2 m, and Angstrom exponent for
each event are presented.

No. start date | end date | n_days mean AOT | mean_T2M | score
1. 8/17/2000 | 8/21/2000 | 5 0.63 26.8 2.25
2. 7/12/2001 | 7/14/2001 | 3 0.65 25.2 2.06
3 7/28/2001 | 7/30/2001 | 3 0.43 24.9 2.02
4 7/17/2003 | 7/19/2003 | 3 0.69 26.1 2.16
5 6/24/2007 | 6/26/2007 | 3 0.43 28.0 2.40
6 7/15/2007 | 7/20/2007 | 6 0.57 28.3 2.44
7 7/11/2011 | 7/13/2011 | 3 0.57 27.4 2.33
8 7/08/2012 | 7/20/2012 | 13 0.63 26.8 2.26
9 7/27/2012 | 7/29/2012 | 3 0.53 27.2 2.30
10 7/28/2020 | 7/30/2020 | 3 0.42 27.6 2.35
11 6/22/2021 | 6/24/2021 | 3 0.43 28.0 2.40
12 6/29/2021 | 7/1/2021 3 0.53 26.4 2.21

Particularly, we treat as a case study the situation of the period June-July 2007, when two
major coincident extremes have occurred, having possibly different origins and properties.
Both these two coincident extremes have the highest score.

Fig. 9 shows clearly that CE1 (24-26 June 2007) is characterized by significantly higher dust
column mass density of almost 10 times. Meanwhile, CE2 (15-20 July 2007) is affected
largely by black carbon, more than 4 times than CE1. CE2 has even more SO4 than CE,
almost two times higher concentration. Table 3 shows average values of dust, black carbon
and sulphate in these two intervals.

11
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Fig. 9. Time Series, Area-Averaged of a) Dust Column Mass Density, b) Black Carbon Column Mass
Density, and ¢) SO4 Column Mass Density, time average hourly 0.5 x 0.625 deg. [MERRA-2
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Table 3. Area-averaged Column Mass Densities of dust, black carbon (BC), and sulphates (SO4),
during the two coincidence extremes CE1 (24-26 June 2007) and CE2 (15-20 July 2007).

Dust BC SO4 AE
CE1 (24-26 June 2007) | 4.010-4 6.910-7 | 7.610-6 | 0.33
CE2 (15-20 July 2007) 3.410-5 2.910-6 | 1.310-5 | 1.63

Additionally, another important aerosol parameter, such as Angstrom exponent (AE_40-
870 nm), show a much higher mean value during CE2 compared to CE1 (5 times higher),
indicating the domination of the fine-mode aerosol particles during CE2, instead of coarse-
mode aerosols during CE1.

Back-trajectories at 3 km altitude and AOT maps (Fig. 10) indicate that air masses during
the first coincidence extreme over Tirana, come mainly from the Saharan desert, bringing
mainly dust, which is consistent with other studies.
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Fig. 10. NOAA Hysplit model — Trajectory Frequencies, 72 hr back-trajectories, Trajectory frequency
grid resolution 1.0 deg. Level 1 height: 3000 m AMSL. Daily global distribution of Aerosol Optical
Thickness (AOT) for b) 25 June 2007, d) 19 July 2007, obtained from NASA Worldview
(https://worldview.earthdata.nasa.gov), using the MODIS-Aqua instrument data provided by NASA’s
Earth Science Data and Information System (ESDIS).
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Meanwhile, air masses during the second coincidence extreme come from the central
European region, bringing with them fine-mode aerosol originating from biomass burning
over these regions. Even during SE2, dust originating from the north Africa region is still
present over the western Balkans region.

Heatwave conditions favour uplift and long-range transport of dust and smoke. During the
CEI1 heatwave over Albania, persistent anticyclonic circulation enhanced surface heating,
making the PBL more stable. Once mineral Saharan dust is transported over this region, it
decreases atmospheric shortwave absorption and thereby contributes to the reduction of the
persistence of heatwaves. Heatwave conditions during CE2, enhanced the natural fire
activity, which together with agricultural biomass burning, yielded elevated emissions of
black carbon from local and regional fires, which are favoured under stagnant synoptic
regimes. Smoke aerosols are light-absorbing suppress convective mixing, which reinforces
near-surface heating. However, the magnitude of absorption depends on aerosol optical
properties, vertical profiles, and burden.

3.6 Multivariate Statistics

Among the principal parameters of heatwaves and aerosols, for a multivariate analyses,
seven of them have been chosen; heatwave number, frequency and amplitude, surface and
tropopause temperature, as well as acrosol optical depth and Angstrom exponent.

In the first step, the principal factor analysis (PCA), was performed over these seven
variables. Three most important factors (PCs) cover all the seven variables, representing 80%
of the total variance.

Variable Importance in Principal Components
Shows the absolute loading of each variable on each principal component

https://doi.org/10.1051/epjcont/202636504004
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Fig. 11. Contributions of all, heatwave -, temperature- and aerosol variables into four principal
factors (PCs). PCI is contributed mainly by heatwave parameters, PC2 y temperatures, PC3 and PC4
by aerosol parameters (AOD_550) and (AE440-870).
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PCI1 loading from heatwave variables, and PC2 loadings from temperature variables and
AOT, exceed value 0.50. Meanwhile PC3 loading from Angstrom exponent is very high,
about -0.89. This situation is represented by Fig. 11. The Kaiser criterion suggests 2-3
principal components to be selected. So that PCs to represent all variables, three PCs have
been chosen.

The Gap Statistics method to determine the optimal number of clusters, suggested to
group the data of all variables into three clusters (Fig. 12).

0.70

0.60

Gap statistic (k)

0.50

W om—mm————————————————————————

1 2

4 5 6 7 8 9 10
Number of clusters k

Fig. 12. Method of Gap-Statistics for determining the optimal number of clusters. Three main
clusters have been suggested by this method.

Three clusters regrouping all data are presented in the form of convex hulls and density
contours are presented in Fig. 13.

UMAP Visualization with Convex Hulls UMAP Visualization with Density Centours
Hulls show the boundaries of sach dluster GCantours shaw the density of points In each aluster

UNAP Dimension 2
42

URAP Dimension 1 UMAR Dimenskan 1

Fig. 13. Three main clusters identified by Gap Statistics method, using PCs instead of the using of
original variables. Each of the three clusters contains 173 (I), 200 (II) and 167 (III) data respectively.

From the PCA results a closer correlation between heatwaves and also between
temperatures (surface and tropopause) and AOT, have been indicated. However, a correlation
matrix of the correlation coefficients (CC) should provide more details. Correlation
coefficients have been retrieved based on their monthly-mean values. Fig. 14 presents a
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correlation coefficient matrix among the original variables (Fig. 14.a) and also among the
variables and the principal components (Fig. 14.b).
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Fig. 14. Correlation matrixes a) among the original variables and b) among the original variables
and principal factors.
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Heatwave parameters, such as frequency, number and intensity, exert strong positive
correlations (CC: 0.80 +0.90), indicating that even one of these parameters, maybe sufficient
to identify the heatwave presence. In addition, surface and tropopause temperatures result to
be very correlated (CC: 0.51). This fact suggests that only one of these parameters is
sufficient to be used for temperature characterizations of the heatwave conditions.
Meanwhile, Angstrom exponent, which identifies aerosol size, results non significantly
correlated with the other parameters.

The same picture is obtained also by correlation coefficients among variables and
principal factors (Fig. 14.b). The heatwave parameters result in being strongly correlated
with PC1. However, both temperatures, altogether with the AOT result to be correlated with
PC2. This fact suggests that temperatures and AOT are represented by the same PC2, even
though not being correlated with each other. To distinct AOT from temperatures, as variables
with different physical properties, PC4 will serve as excellent representative for AOT, having
a correlation coefficient of 0.80, much higher than that of PC2. In this case, we would have
four PCs: PC1 representing only heatwave parameters, PC2 representing both temperatures,
PC3 representing aerosol size (type), and PC4 representing aerosol burden.

Our findings align well with many recent studies in similar sites. The positive correlations
between acrosol burden and heatwave parameters were found also in other regions affected
by similar extremes [36]. The coupling of these extremes was observed over Poland, where
AOT increased under atmospheric stagnation conditions and blocking anticyclones. Also, the
variation of PBL observed in another study [37] affected AOT similarly to the case of this
study. Furthermore, it was evidenced that positive radiative feedback of acrosols intensifies
heatwave parameters [38], which is in synch with our results. Similar findings also have been
obtained in other locations associated by different characteristics [39-43]. This consistency
of the results across different regions defines the robustness of these findings.

3.7 Mechanistic synthesis and broader implications

Sensitivity analyses using nearby thresholds (such as 95" and 97.5™ percentiles) show
consistent results as in the case of the 90" threshold. This robustness across the thresholds
indicates that the observed coupling is not forced by threshold choice.

Recent studies reported an increasing frequency of heatwaves in recent decades,
consistent with global warming, especially over the Mediterranean region. This explains the
observed consistent positive aerosol anomalies during heatwaves. The implications of these
correlations are twofold. First, from a health perspective, combined exposures to heat and
pollution affect health, especially for vulnerable groups (elders, children, people with chronic
diseasesLow-income and socially disadvantaged populations, etc.), increasing risks of
hospitalisations and premature mortality. Second, from a climate perspective, aerosols can
modulate the radiative forcing under anormal high temperatures, providing positive feedback
to the temperatures over the region.

The significant mutual interaction between these extremes, heatwaves and aerosol
burden, underlines the necessity for integrated research on the forecasting models, to analyse
them as coupled phenomena. They also stress the importance of mitigation: reducing urban
emissions, lowering the UHI intensity through green introducing and expanding
infrastructures, and improving monitoring networks.

A slight decline of AOT and an increase in the mean temperature were observed over a
long-term period, suggesting a negative correlation between them. But, the positive
correlation between them is attributed to short-term AOT anomalies under severe
meteorological conditions.
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4 Conclusions

This study provides a systematic multi-decadal climatology of heatwaves and aerosol burden
over the Tirana city and surrounding areas. Furthermore, the analysis of the correlation
between the parameters of these two extremes has been performed.

The combination of satellite-derived products on aerosol burden and ERAS5 reanalysis
meteorology have been employed to perform these tasks. Giovanni NASA platform was used
to retrieve data on heatwave’s parameters, acrosol optical thickness, and temperature in
different pressure levels.

The analysis demonstrates these key findings:

*  Aerosol burden enhancement during under high temperature conditions: We confirm that
heatwaves over the Tirana region are generally associated with significant increase in aerosol
load. Despite a long-term background decline in aerosols, and gradual increase of the mean
temperature, acrosol extremes occur mainly during heatwaves. During these events the mean
AOT increased by 0.10 and surface PM2.s concentrations by 10-20 ug m=.

* Synoptic and thermodynamic drivers: The co-occurrence of aerosol and temperature
extremes is caused and associated by stagnant, anticyclonic conditions, that increased the
accumulation of air pollutants, and consequently increase acrosol concentration.

*  Representation: Principal component analyses and further clustering on PCs enabled to
the reduce of the problem dimensionality and to visualize the principal data groups (clusters).
* Relationships: Correlations among the heatwave and aerosol variables and the
representing principal factors have been determined, indicating the major inter-correlated
variables.

* Intensity-driven correlation: Regression analysis confirmed a substantial positive
relationship between peak temperature and aerosol optical depth, indicating that temperature
amplitude has the strongest correlation particularly during the most intense heatwaves (R =
0.48). Thus, it revealed that the heatwave intensity, more than its occurrence, is crucial for
increasing aerosol optical depth, and so, worsening the pollution conditions.

From the societal perspective, the co-occurrence of high temperatures and elevated air
pollution (in terms of aerosol optical depth) rise the risks particularly for vulnerable groups
of populations (above-mentioned cases). This makes indispensable the creation and
development of integrated heat—air pollution warning and investigation systems. From the
scientific perspective, this work highlights the importance of coupling multiple datasets to
identify their interplay and their effects of the climate and population health.

Heatwave parameters, such as number, frequency and intensity, result to be closely
correlated. The same pattern is observed for both surface and tropopause temperatures.
Future work should involve the investigation of even more aerosol and thermodynamic
parameters, to better minimize the uncertainness about the interactions between these two
extremes.

A special focus is set in the identification of coincidences between heatwaves and aerosol
burden extremes. Top 12 major coincidence cases have been identified, and a special case is
further analysed in detail, providing information about aerosol properties, their origins and
pathways. This work aligns well with other studies that have reported positive feedback of
anthropogenic aerosols on principal heatwave parameters. Recent policies, aligned with EU
directives, foresee the development of national air quality plans, and investments in
monitoring and public environmental health alerts.

It should taken into consideration, that although these analyses reveal a clear statistical
correlation between heatwave parameters and aerosol burden, it does not establish a causal
link between them. Identifying the physical processes that drive these relationships will
require dedicated observational and modelling efforts to assess cause and effect.
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In conclusion, as the frequency, duration and intensity of heatwaves are projected to
increase due to climate change conditions, but the aerosol burden will be reduced due to the
environmental policies, the uncertainties of the assessment of the compound risk posed by
these two extremes could become important, making their joint investigation an emergent
priority for both atmospheric science and environmental policy.

Data Availability Statement

The ERAS reanalysis data are available from the Copernicus Climate Change Service (C3S) Climate
Data Store (https://cds.climate.copernicus.eu/). The MERRA-2 data are available from the NASA
Goddard Earth Sciences Data and Information Services Center (https://disc.gsfc.nasa.gov/). The
MODIS data are available from the Level-1 and Atmosphere Archive & Distribution System (LAADS)
Distributed Active Archive Center (DAAC) (https://ladsweb.modaps.eosdis.nasa.gov/).
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