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 Air pollution remains a critical public health and environmental issue in megacities, with fine par-
ticulate matter (PM2.5) posing significant risks in Tehran, Iran. Traditional modeling methods 
often fail to capture the non-stationary and multiscale characteristics of urban air pollution dynam-
ics. This study introduces a wavelet-based analytical framework to uncover both long-term sea-
sonal trends and short-lived pollution events using a seven-year dataset (March 2017–March 2024) 
from nine monitoring stations across Tehran. We applied the Continuous Wavelet Transform 
(CWT) with Morlet and Daubechies 6 (db6) wavelets to decompose the PM2.5 time series into 
multiple temporal scales. The Morlet wavelet identified persistent winter peaks associated with 
temperature inversions and atmospheric stagnation, while db6 revealed abrupt, high-frequency 
pollution spikes linked to localized traffic emissions and industrial activity. Wavelet coherence 
analysis further illustrated the relationship between meteorological variables such as temperature, 
east-west winds, and north-south winds and PM2.5 concentrations, highlighting how these factors 
modulate air quality across different spatial and temporal scales. While ARIMA demonstrated 
stronger point-forecasting accuracy, the wavelet-based framework provided superior interpretabil-
ity by preserving both gradual seasonal cycles and transient anomalies simultaneously structures 
that conventional models tend to smooth out. This comparison was conducted not to establish 
forecasting superiority, but to highlight the distinct and complementary role of wavelet analysis as 
a diagnostic tool for pollution hotspot identification and early-warning systems rather than pure 
numerical prediction. These findings underscore the value of wavelet analysis as not only an ad-
vanced analytical tool but also a decision-support system for real-time air quality monitoring and 
spatially targeted policy planning. By capturing the full spectrum of PM2.5 dynamics from chronic 
seasonal exposure to acute pollution spikes, this approach offers a more comprehensive framework 
for adaptive urban air quality management in complex environments like Tehran. 
  
 

© 2026 by the authors; licensee Growing Science, Canada. 

Keywords: 
PM2.5  
Wavelet analysis  
Air quality  
Time–frequency decomposition 
ARIMA modeling  
Urban air pollution  
Tehran  
Environmental monitoring  
Signal processing  
Correlation analysis 

 

 
 

 
1. Introduction 

Air pollution has become a critical public health and environmental challenge, particularly in densely populated urban areas 
where anthropogenic activities are most intense. Among the various pollutants, fine particulate matter (PM2.5) poses sig-
nificant risks due to its ability to penetrate deep into the respiratory system, contributing to conditions such as asthma, 
chronic bronchitis, cardiovascular diseases, and even premature mortality. According to the World Health Organization 
(WHO), millions of premature deaths worldwide are attributed annually to long-term exposure to elevated PM2.5 levels 
(Zhang at al., 2023), underscoring the urgent need for improved air quality monitoring and mitigation strategies.  In urban 
environments, PM2.5 originates from multiple sources, including vehicular emissions, industrial activities, construction 
dust, residential heating, and fossil fuel combustion (Cheng at al., 2024). Beyond its health impacts, PM2.5 also reduces 
visibility, damages vegetation and infrastructure, contributes to the urban heat island effect, and influences regional climate 
dynamics by interacting with solar radiation and atmospheric moisture. Tehran, the capital of Iran, serves as a compelling 
case study for urban air pollution analysis (Ariapak at al., 2022). With a population exceeding 14 million in its metropolitan 
area, the city frequently experiences air quality levels that surpass both national and international safety thresholds. Its 
unique geographical setting surrounded by the Alborz Mountains creates a natural basin that traps pollutants, especially 
during cold seasons when temperature inversions limit vertical dispersion (Arunab at al., 2024). These topographic and 
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climatic factors, combined with rapid urbanization, high vehicle density, and aging industrial infrastructure, contribute to 
the complex behavior of PM2.5 in the region.  

Over the past two decades, various modeling approaches have been employed to understand and predict PM2.5 trends. 
Classical statistical models such as ARIMA and MLR, along with machine learning techniques like support vector machines 
and artificial neural networks, have shown promise under certain conditions (Sirisha at al., 2022). However, these methods 
often assume stationarity and struggle to capture abrupt fluctuations or multi-scale patterns inherent in highly dynamic 
urban environments. In contrast, time-frequency analysis methods particularly wavelet-based approaches have gained 
recognition for their ability to handle non-stationary signals while revealing both localized anomalies and long-term trends 
(Chavez at al., 2019). The Continuous Wavelet Transform (CWT), for instance, allows simultaneous decomposition of data 
across multiple temporal and frequency scales, making it particularly suitable for analyzing environmental datasets charac-
terized by sudden spikes, periodic cycles, and overlapping trends influenced by both natural and human-driven factors.  
Additionally, this study examines the dynamic interactions between PM2.5 concentrations and key meteorological factors 
including temperature inversions and wind patterns  using wavelet coherence analysis (Ojha at al., 2020). This multi-dimen-
sional perspective highlights the importance of integrating meteorological data into air quality assessment frameworks for 
developing more precise, context-aware policies. While wavelet analysis has been successfully applied to phenomena such 
as rainfall, temperature, and oceanographic patterns, its use in urban air pollution modeling especially in regions like Tehran 
remains limited. Moreover, few studies have explored the complementary strengths of different wavelet types to compre-
hensively capture both short-term variability and structural trends in PM2.5 dynamics.  

In this study, we apply CWT using two distinct wavelets Morlet and Daubechies 6 to analyze PM2.5 concentration data 
collected from nine monitoring stations in Tehran over a seven-year period (2017–2024). The Morlet wavelet is particularly 
effective at identifying seasonal patterns due to its sensitivity to sinusoidal structures, while the Daubechies 6 wavelet excels 
at detecting abrupt changes and localized anomalies. By integrating these complementary approaches, our framework ena-
bles a detailed, multi-scale examination of PM2.5 behavior across both temporal and spatial dimensions. This research aims 
to evaluate the effectiveness of wavelet-based modeling in enhancing urban air quality assessment and to provide actionable 
insights for policymakers and environmental planners. By identifying key time windows and spatial hotspots of pollution, 
the findings aim to support more adaptive, data-driven strategies for managing air quality not only in Tehran but also in 
other megacities facing similar challenges. 

2. Study Area and data collection 

2.1. Study Area 

Tehran, the capital and largest urban settlement of Iran, is located in the northern part of the country at 35°41′N latitude and 
51°25′E longitude (Ehteshami-Moinabadi at al., 2023). Covering an area of approximately 730 square kilometers and situ-
ated at an average elevation of 1,200 meters above sea level, the city is geographically framed by the Alborz Mountains to 
the north and desert plains to the south. This topographical configuration plays a crucial role in shaping meteorological 
patterns and air quality, particularly during colder months when pollutant accumulation intensifies due to atmospheric sta-
bility. The city’s location against the mountain range significantly limits both horizontal and vertical air circulation, ham-
pering natural dispersion of pollutants (Peng at al., 2023). During temperature inversion episodes common in winter a layer 
of warm air traps cooler air and pollutants close to the ground, leading to dangerous buildup of PM2.5 concentrations (Liang 
at al., 2024). These events can persist for several days, frequently exceeding international safety thresholds. 

Climatically, Tehran falls under the cold semi-arid category (BSk in the Köppen classification), characterized by long, hot 
summers and short, cold winters with low annual precipitation. Wind speeds typically decline during winter, further reduc-
ing natural ventilation capacity (Alizadeh-Choobari at al., 2018). Seasonal variations in wind direction, humidity, solar 
radiation, and atmospheric pressure also influence how air pollutants are distributed across the region. 

With over 14 million residents in its metropolitan area, Tehran ranks among the most densely populated cities in the Middle 
East (Najafzadeh at al., 2021). The transportation sector, dominated by private vehicles (over 4 million), is a major contrib-
utor to pollution, especially due to outdated vehicle models operating below emissions standards (Costagliola at al. 2024). 
Additionally, industrial hubs, petrochemical complexes, and power plants contribute significantly to ambient PM2.5 levels. 

Rapid urban development, limited green infrastructure, and inconsistent enforcement of environmental regulations have 
worsened baseline air quality and contributed to severe "pollution episodes." During such events, PM2.5 levels remain 
dangerously high for extended periods, often prompting emergency measures like school closures, traffic restrictions, and 
public health advisories (Zhou at al., 2023). 
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2.2. Data Collection 

To analyze the spatial and temporal dynamics of air pollution in Tehran, this study utilizes a comprehensive dataset of 
PM2.5 concentrations collected over a seven-year period (March 2017–March 2024). The data were sourced from nine air 
quality monitoring stations operated by the Tehran Air Quality Control Company (AQCC), strategically distributed across 
various urban environments, including residential areas, high-traffic corridors, commercial centers, and industrial zones 
(Kemani at al., 2021). This selection ensures that the dataset captures the diverse pollution profiles and urban landscapes of 
Tehran (Khoshakhlagh at al., 2023). 

Each station reports daily mean PM2.5 values in micrograms per cubic meter (µg/m³), measured using calibrated instru-
ments that meet both national and international standards (Twigg at al., 2023). The longitudinal nature of the dataset pro-
vides a robust foundation for time series analysis, capturing seasonal and meteorological cycles as well as major policy 
interventions and socioeconomic fluctuations influencing air quality trends over the study period (Deshpande at al., 2024). 

As is common in environmental monitoring systems, some data points were missing due to temporary equipment failures, 
routine maintenance, or power outages (Du at al., 2020). To address these gaps without compromising data integrity, we 
employed a hybrid imputation method combining boundary point estimation with nearest neighbor interpolation. Specifi-
cally, each missing value was imputed using a combination of temporal neighbors (t−2, t−1, t+1, t+2) and the same calendar 
date from two years before and after the missing entry (Wang at al., 2022). This approach preserves the inherent seasonal 
and cyclical behavior of the dataset while minimizing artificial distortion or smoothing (Gozuyilmaz at al., 2021). 

Following imputation, the final dataset comprises 2556 continuous daily observations for each station, offering high tem-
poral resolution and structural completeness  essential for advanced analytical techniques such as Continuous Wavelet 
Transform (CWT) (Wilson at al., 2021). Importantly, the study period encompasses critical episodes shaping urban air 
quality, including COVID-19 lockdowns, seasonal fuel policy changes, and civil unrest related to societal conditions (Dhaka 
at al., 2020). These contextual factors enrich the interpretive depth of the dataset, enabling a detailed understanding of how 
external shocks and structural variables affect PM2.5 levels. Consequently, the dataset serves as a strong empirical basis 
for investigating the multifaceted nature of air pollution in one of the most environmentally stressed metropolises in the 
Middle East (Almaliki at al., 2023). 

The geographical distribution of the nine monitoring stations is illustrated in Fig.1 , highlighting their strategic placement 
across different urban zones in Tehran to ensure comprehensive coverage of pollution dynamics. 

 

                                              (a)                                                                                                  (b) 

Fig. 1. (a) Study area: Tehran's location within Iran. (b) Distribution of AQM Stations: Map showing the distribution of 
air quality monitoring stations (AQMS) in Tehran. Maps were created using QGIS 3.28.3 and basemaps from ESRI via 
ArcGIS Online. 

3. Methodology 

To explore the temporal dynamics of PM2.5 concentrations in Tehran, we adopted a structured, multi-phase methodology 
that integrates conventional statistical techniques with advanced wavelet-based analysis. Our objective was to detect both 
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long-term trends and short-term anomalies, which are often overlooked by traditional models. This required precise data 
preprocessing, adaptive modeling strategies, and a balance between interpretability and analytical depth. The dataset con-
sisted of daily average PM2.5 values collected from nine strategically distributed monitoring stations across Tehran between 
March 2017 and March 2024. Data were sourced from the Tehran Air Quality Control Company (AQCC), which operates 
a well-maintained, calibrated monitoring network (Zhang at al., 2023). Prior to analysis, missing entries (approximately 
4.6% of records, primarily due to sensor maintenance or communication failures) (Li at al., 2023) were handled using a 
hybrid imputation approach. This method combined boundary-point estimation with temporal nearest-neighbor averaging, 
utilizing data from two days before and after each missing value, as well as observations from the same calendar date in 
previous and subsequent years. A sensitivity test confirmed that this approach preserved the seasonal structure without 
introducing artificial smoothing (Koue at al., 2018). Following imputation, we performed a preliminary linear regression 
for each station to evaluate long-term trends. The model assumed a simple linear form: 

𝑃𝑃𝑃𝑃2.5(𝑡𝑡) = 𝛽𝛽0 + 𝛽𝛽1𝑡𝑡 + 𝜀𝜀(𝑡𝑡) 

where 𝛽𝛽0 is the intercept, 𝛽𝛽1 is the slope of the trend, 𝑡𝑡 is time, and 𝜀𝜀(𝑡𝑡) is the residual error term. While limited in capturing 
multi-scale behaviors, this model provided a useful benchmark for assessing general directional changes in air quality over 
the study period. 

Recognizing the non-stationary and complex nature of air pollution dynamics, we employed the Continuous Wavelet Trans-
form (CWT) as a flexible analytical framework. CWT enables simultaneous analysis of a signal in both time and frequency 
domains, allowing detection of transient behaviors, seasonal patterns, and abrupt shifts in environmental time series (Tary 
at al., 2018). The general form of CWT is: 

𝑊𝑊(𝑎𝑎, 𝑏𝑏) =
1
√𝑎𝑎

� 𝑥𝑥(𝑡𝑡)𝜓𝜓∗(
𝑡𝑡 − 𝑏𝑏
𝑎𝑎

)𝑑𝑑𝑑𝑑
∞

−∞
 

where 𝑥𝑥(𝑡𝑡) is the time series of PM2.5 concentrations, 𝑎𝑎 is the scale parameter, 𝑏𝑏 is the time translation, and 𝜓𝜓∗ is the 
complex conjugate of the chosen mother wavelet (Wu at al., 2023). 

Wavelet analysis was conducted using MATLAB R2023a, employing its built-in CWT function. Two types of wavelets 
were selected to capture both cyclical and irregular pollution behaviors: the Morlet wavelet, ideal for detecting periodic 
signals such as seasonal trends (Al Yammahi at al., 2022), and the Daubechies 6 (db6) wavelet, which is effective in 
highlighting short-term, high-frequency events due to its localized nature (Wan at al., 2019).  For the Morlet wavelet, we 
used a center frequency 𝜔𝜔0 = 6 and scales ranging from 2 to 256, enabling analysis from weekly to annual cycles. For db6, 
dyadic scales from 20 to 27were applied, allowing fine-grained detection of abrupt changes (Choloniewski at al., 2020). 
The resulting wavelet power spectra visualized energy concentrations over time and across scales, revealing both recurrent 
and episodic features. To avoid misinterpretation due to boundary effects, regions outside the cone of influence (COI) were 
excluded (Polanco-Martinez at al., 2020). 

In addition to visual interpretation, we computed wavelet variance to quantify the contribution of each frequency band to 
overall variability in PM2.5 levels (Guo at al., 2023). This helped highlight dominant temporal behaviors across different 
stations, such as the prevalence of winter peaks or localized anomalies. To assess the added value of wavelet analysis, we 
conducted a comparative modeling exercise using the Autoregressive Integrated Moving Average (ARIMA) framework. 
ARIMA models were constructed using MATLAB's Econometrics Toolbox, with parameter selection based on the Box-
Jenkins methodology and Akaike Information Criterion (AIC) minimization. While ARIMA performed reasonably well in 
capturing smoothed trends, it was less effective in identifying abrupt transitions and irregular events  limitations that wavelet 
models handled more robustly (Lausier at al., 2018). Model performance was evaluated using standard metrics: Root Mean 
Square Error (RMSE) and Mean Absolute Error (MAE) (Liu at al., 2021). Across all stations, ARIMA demonstrated lower 
RMSE and MAE values in point forecasting, reflecting its strength in capturing smoothed temporal trends. However, wave-
let-based reconstructions preserved critical signal features including transient pollution spikes and seasonal anomalies that 
ARIMA systematically underestimates. This comparison was therefore conducted not to establish forecasting superiority, 
but to clarify the distinct and complementary analytical role of wavelet decomposition as a diagnostic framework for urban 
air quality assessment. All analytical processes, from preprocessing to modeling and visualization, were conducted in 
MATLAB using the Signal Processing, Wavelet, and Econometrics toolboxes. The full code and methodology are available 
upon request to ensure transparency and reproducibility. This comprehensive methodology combining statistical baselines 
with multiscale decomposition offers a nuanced view of PM2.5 behavior in Tehran, aligning with the broader aim of sup-
porting data-informed air quality management strategies. Fig. 2 illustrates the temporal variation in PM₂.₅ concentrations 
across nine monitoring stations grouped by northern, central, and southern regions of Tehran, highlighting both regional 
disparities and recurrent seasonal peaks that motivated the use of multi-scale analysis techniques in this study. 
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Fig. 2. Monthly average PM2.5 (µg/m³) concentrations at nine Tehran stations (March 2017-March 2024) highlighting 
seasonal peaks in colder months, illustrating the impact of seasonal variations on air pollution levels. 

3.1. Wavelet Coherence Analysis 

To understand the temporal and spatial dynamics of PM2.5 concentrations in relation to meteorological factors, we applied 
Wavelet Coherence (WCO) analysis. This method allows us to assess the correlation between two time series across differ-
ent scales of time and frequency. By utilizing Continuous Wavelet Transform (CWT), we decomposed the PM2.5 and 
meteorological time series into various temporal and frequency bands, revealing both long-term seasonal trends and short-
term anomalies (Kan at al., 2023). 

The use of Morlet and Daubechies 6 (db6) wavelets enabled the detection of both cyclical patterns and sudden pollution 
bursts. The Morlet wavelet is particularly sensitive to sinusoidal oscillations and is well-suited for capturing seasonal vari-
ations, while the Daubechies 6 wavelet excels in identifying abrupt and localized events due to its high-frequency sensitivity 
(Song at al., 2024). 

The results from the wavelet coherence analysis highlight the intricate relationships between PM2.5 and meteorological 
variables like temperature, and wind components (U and V). These analyses reveal both the seasonally driven behavior of 
PM2.5 and the sudden pollution episodes influenced by local meteorological conditions (Zou at al., 2021).  

3.2. Wavelet Analysis 

Wavelet analysis serves as the principal analytical tool in this study, enabling us to investigate the temporal complexity of 
PM2.5 beyond what traditional models can reveal. While standard time-series approaches provide insight into long-term 
trends, they often fail to capture the irregular and rapidly shifting nature of air pollution in urban environments. By employ-
ing the Continuous Wavelet Transform (CWT), we are able to examine how pollution evolves across both time and fre-
quency domains  a dual perspective particularly suited to non-stationary environmental signals (Molavi-Arabshahi at al., 
2022). This capability is especially relevant in a dynamic setting like Tehran, where pollution patterns emerge from the 
interplay of seasonal cycles, meteorological variations, and episodic events (Fuladlu at ai., 2021). 

To complement the methodological description and highlight the analytical strengths of the selected wavelets, Fig. 3 demon-
strates how Morlet and Daubechies 6 behave when applied to a synthetic signal. 
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Fig. 3. Wavelet transform comparison of the original signal using Morlet and Daubechies 6 wavelets. 

 3.3. Visualization and interpretation 

To translate wavelet outputs into actionable insights, we implemented a two-tiered visualization strategy centered on wave-
let power spectra and wavelet variance plots. The wavelet power spectrum illustrates how signal energy is distributed across 
time and scale, enabling the identification of dominant periodicities and sudden pollution bursts. High-power zones in these 
spectra correspond to strong frequency components, whether linked to long-term seasonal build-up or short-lived events, 
and their positioning along the time axis reveals when such behaviors occur (Vassallo at ai., 2022). 
 

 
Fig. 4. Boxplot showing PM2.5 concentrations in Tehran from 2017 to 2023, highlighting variations by year, station, and 

month. 

For instance, in stations such as Pirozi, Masoudiyeh, and Shahrdari M21, Morlet-based power spectra exhibited clear peaks 
during the winter months consistent with temperature inversion episodes and increased emissions from heating sources. 

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JB023848
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These peaks appeared at larger scales, reinforcing the interpretation that seasonal oscillations are a fundamental driver of 
PM2.5 variability in these regions. By contrast, the db6 wavelet was more sensitive to brief, high-frequency disruptions that 
might otherwise be obscured by broader seasonal trends. Localized bursts of energy often corresponding to traffic surges, 
industrial operations, or abrupt meteorological changes were captured at smaller scales. This capability is particularly rele-
vant for early detection of acute pollution episodes that may trigger public health interventions or policy responses. To 
complement these spectrograms, wavelet variance was computed by integrating power across time for each scale. This 
metric quantifies the contribution of different frequency bands to the overall signal variance, offering a summarized view 
of dominant temporal behaviors. In most monitoring stations, variance peaked both at annual and sub-monthly scales, af-
firming the presence of both stable cycles and episodic fluctuations (Franzke at al., 2020). In addition to these wavelet-
based visualizations, Fig. 4 presents a set of boxplots that summarize PM2.5 distributions across years, stations, and months. 
This statistical overview reinforces key temporal and spatial trends previously observed in the spectral domain, offering a 
more intuitive and accessible lens through which to interpret the complex behavior of air pollution in Tehran. Together, the 
power spectra, variance plots, and boxplot visualizations create a multi-faceted picture of PM2.5 dynamics confirming 
known behaviors while also revealing location-specific anomalies and time-sensitive events. These insights provide an 
empirical basis for the comparative modeling introduced in the next section. 

4. Results and discussion 
 
4.1. Linear Trend Analysis 

To develop an initial understanding of long-term air pollution trends across Tehran, we applied simple linear regression to 
the PM2.5 time series for each monitoring station. While this method cannot capture the full complexity of urban air quality 
dynamics, it served as a baseline to assess the general direction and statistical relevance of changes over the seven-year 
period.  

 
Fig. 5. Linear Regression of PM2.5 Concentration Over 84 Months (7 Years) in Various Tehran Stations. 

As shown in Fig. 5, the results highlight notable spatial variations. Stations located in the northern districts particularly 
Punak and Aghdasieh exhibited a steady decline in PM2.5 concentrations. This downward trend may reflect more favorable 
ventilation conditions, lower traffic density, or the effect of targeted environmental policies. In contrast, stations situated in 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019RG000657
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central and southern areas, including Sharif, Shahr-e Rey, and Tehransar, displayed a marked upward trend over time, 
potentially driven by increased vehicular activity, industrial emissions, and limited pollutant dispersion in those zones. 
Other stations, such as Piroozi, Masoodieh, and to some extent Saadat Abad, showed relatively stable or mildly increasing 
trends, indicating more stagnant air quality conditions. 

Despite these localized differences, the overall explanatory power of the linear models was relatively low, with most R² 
values falling between 0.10 and 0.35. Residual analysis revealed substantial variability and signs of nonlinearity, pointing 
to the influence of seasonal cycles, episodic pollution events, and other dynamic factors that linear models are not well-
equipped to handle. 

These findings serve two key purposes. First, they confirm that directional trends do exist, but they vary significantly across 
regions and cannot be fully captured by a simple regression framework. Second, they underscore the need for a more flexible 
and robust analytical approach one capable of breaking down complex temporal structures. This need provides the founda-
tion for adopting wavelet-based methods in the subsequent sections of this study. 

4.2. Wavelet Coherence Analysis Results 
 
Meteorological variables such as temperature, east-west winds, and north-south winds play a crucial role in analyzing air 
pollution patterns, particularly in understanding the relationship between PM2.5 concentrations and atmospheric conditions. 
Among these factors, temperature stands out as one of the most critical variables, directly influencing how pollutants dis-
perse and accumulate in the atmosphere. Fig. 6 shows the wavelet coherence analysis between temperature and PM2.5 
concentration, revealing the time-frequency domain interactions and dynamics of the correlation between these meteoro-
logical and pollution parameters. The color scale indicates the intensity of the coherence, where warm colors (yellow to 
orange) indicate strong coherence and cool colors (blue to green) indicate weak coherence between the variables. 
 

 
Fig. 6. Wavelet coherence between PM2.5 and temperature at 9 air quality stations (2017–2024). This figure shows the 
wavelet coherence analysis between PM2.5 and temperature at various Tehran air quality monitoring stations. High coher-
ence is observed in winter, indicating temperature inversions that trap pollutants, resulting in higher PM2.5 levels. 
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The directional arrows on the coherence plot show the phase relationship and time evolution of the correlation in several 
frequency bands. This visualization effectively identifies the critical periods and dominant frequencies where the tempera-
ture-PM2.5 coupling exhibits maximum strength, and provides insights into the underlying physical mechanisms governing 
their interaction. 
 
Wavelet coherence analysis shows that during the winter months, especially during temperature inversions, atmospheric 
stability increases the trapping of pollutants near the surface layers, leading to increased PM2.5 concentrations. This phe-
nomenon is prominently observed at monitoring stations such as Setad Bohran and Piroozi, where a significant positive 
correlation between temperature and PM2.5 concentrations persists throughout the cold season. During periods of severe 
temperature inversions, the greater accumulation of particulate matter at the ground surface exacerbates the coherence re-
lationship, indicating a strong temporal synchrony between thermal conditions and pollution accumulation.  
 

 
Fig. 7. Wavelet coherence analysis between east-west wind components and PM2.5 concentration at 9 air pollution record-
ing stations in Tehran (2017-2024) 

After analyzing the temperature and PM2.5 correlations, wavelet coherence plots for east-west wind patterns provide sig-
nificant insights into how these meteorological factors affect air pollution dynamics at different monitoring stations. As can 
be seen in Fig. 7, the temporal evolution of the coherence between east-west winds and pollutant concentrations shows 
distinct seasonal and spatial variations that complement previously observed temperature-pollution relationships. 
 
This analysis shows that east-west wind patterns exhibit strong coherence with PM2.5 concentrations during certain periods, 
especially at urban stations such as Setad Bohran and Piroozi, where this relationship is most pronounced in the autumn and 
winter months. This temporal pattern is consistent with the temperature inversion phenomenon discussed earlier, and sug-
gests that atmospheric stability conditions create scenarios in which both thermal conditions and wind direction play a 
critical role in pollutant accumulation. During these periods, weak east-west winds help reduce pollutant dispersion, leading 
to increased concentrations near the ground surface. 
 
Station-specific analyses show that urban environments exhibit stronger coherence compared to suburban areas such as 
Tehransar and Masoudich, where local emission sources appear to dominate large-scale meteorological influences. Periodic 
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analysis also shows that seasonal cycles (3–6 months) exhibit the greatest coherence, suggesting that synoptic-scale wind 
patterns are the main drivers of pollution variability in large urban centers. 
 
These findings reinforce the interconnected nature of meteorological variables in air quality dynamics, where temperature 
inversions and weak wind conditions create synergistic effects that amplify pollution episodes, particularly in colder months 
when both factors simultaneously contribute to atmospheric stagnation and the trapping of pollutants near surface layers. 
 

 
Fig. 8. Wavelet coherence analysis of north-south winds and PM2.5 concentrations across Tehran monitoring stations. The 
color scale represents the strength of the correlation, with warmer hues indicating stronger coherence . 

The final wavelet coherence analysis examines the interaction between north-south winds and PM2.5 concentrations at 
different monitoring stations. As can be seen in Fig. 8, it provides important insights into the interaction between north-
south winds and PM2.5 concentrations at different monitoring stations in Tehran. As shown, the coherence plots show 
significant seasonal and spatial variations, complementing previous analyses involving temperature and east-west winds. 
 
The coherence between north-south winds and PM2.5 concentrations is particularly prominent during the summer months. 
During this time, wind patterns are a key factor in the movement and dispersion of pollutants. Warm colors in the plots 
indicate a high degree of coherence, indicating that these winds either facilitate the accumulation of pollutants in urban 
areas or disperse them, depending on the direction. For example, southerly winds often push pollutants towards central and 
northern areas of Tehran, increasing PM2.5 concentrations at stations such as Sharif and Setad Kharan. Conversely, nor-
therly winds tend to clear pollutants from the urban core, leading to reduced pollution levels in certain areas. 
 
However, the correlation between wind direction and PM2.5 concentrations is significantly lower during the winter months. 
This can be attributed to the prevalence of temperature inversions that trap pollutants near the surface and reduce the role 
of wind in pollutant transport. During this period, although wind patterns are weaker, atmospheric stability prevents effec-
tive dispersion of pollutants, leading to persistent air quality problems. 
 
In summary, while wind direction plays a prominent role in influencing air quality, particularly in the warmer months, the 
interaction of wind with other factors such as temperature and atmospheric stability creates a complex relationship that 
influences pollution dynamics. Understanding this interaction is crucial for designing effective pollution control strategies, 
which must take into account not only wind and temperature patterns, but also seasonal variations in atmospheric conditions. 
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The findings emphasize the importance of a multifaceted approach to managing urban air quality, considering natural forces 
such as wind and broader climatic factors that control pollution levels throughout the year. 
 
4.3. Wavelet-Based Temporal Patterns 
 
While linear trend modeling provided a useful initial perspective on the evolution of PM2.5 concentrations in Tehran, it fell 
short of capturing the full temporal complexity of pollution dynamics. To address this gap, we applied a multi-scale time-
frequency analysis using the Continuous Wavelet Transform (CWT), which allowed us to examine the PM2.5 time series 
at various temporal resolutions. This method enabled the identification of both long-term seasonal patterns and short-lived 
pollution episodes that are often masked in traditional time-series models. Two complementary wavelet functions were used 
in this study: Morlet, which excels at identifying smooth, oscillatory trends, and Daubechies 6 (db6), which is more respon-
sive to sudden, localized changes in the signal. 
 

 
Fig. 9. Continuous Wavelet Transform (CWT) of PM2.5 Concentration in Tehran (2017–2024). Wavelet analysis using 
Morlet and Daubechies 6 (db6) wavelets was applied to all signals (a, b) and a single signal (c, d).  

The wavelet analysis results are presented in Fig. 9. Panels (a) and (b) display the CWT of aggregated PM2.5 signals across 
all monitoring stations, using Morlet and db6 wavelets, respectively. Panels (c) and (d) show the same analysis applied to a 
single station Piroozi selected for its high sensitivity to both seasonal and anomalous events. All plots share a common color 
scale ranging from blue (low PM2.5) to red (high PM2.5), and the cone of influence (COI) was masked to avoid misinter-
pretation due to edge effects. 
 
The Morlet wavelet analysis (panels a and c) clearly revealed consistent seasonal peaks, particularly during winter months 
(December to February), with the most pronounced intensities observed in areas like Piroozi, Tehransar, and Sharif. These 
recurring peaks are strongly aligned with well-known meteorological phenomena in Tehran, especially temperature inver-
sions and increased emissions from residential heating systems during cold seasons (Yousefian at al. 2020). The station-
level analysis of Aghdasieh (panel c) further confirmed that these seasonal dynamics are not limited to aggregated signals 
but are also present at the local scale. Additionally, smaller-scale oscillations observed in the signal point to the influence 
of traffic patterns, urban geometry, and microclimatic variability. 
 
In contrast, the db6 wavelet transform (panels b and d) was more effective in detecting short-term, high-frequency anoma-
lies. These events were especially visible in industrial and high-traffic districts such as Shahr-e Rey and Masoodieh, sug-
gesting associations with traffic surges, dust storms, or temporary emission spikes. The individual analysis for Aghdasieh 
(panel d) illustrated how these transient signals are distinctly detectable at the station level, reinforcing their relevance for 
localized air quality monitoring and targeted intervention strategies. 
 
Together, these findings reveal the dual character of PM2.5 behavior in Tehran: one component reflects stable, seasonally-
driven cycles, while the other consists of unpredictable, short-lived pollution events that can cause significant localized 

https://www.nature.com/articles/s41598-019-56578-6
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impacts. This complexity highlights the need for integrated air quality management that combines long-term strategic plan-
ning with real-time mitigation mechanisms to address both chronic and acute pollution risks. 
 
In summary, multi-scale wavelet analysis proved to be a valuable diagnostic tool for uncovering hidden temporal structures 
in air pollution data. By providing insight into when pollution events occur and how they vary across time scales, this 
method supports more data-driven, adaptive policy frameworks for improving air quality in urban environments like Tehran. 
 
4.4. Detection of Abrupt Changes 
 
Beyond revealing long-term trends and seasonal cycles, wavelet analysis enabled the detection of abrupt shifts in PM2.5 
levels  short-term, high-intensity events that may otherwise be overlooked in smoothed or aggregated data. These transient 
episodes are especially relevant in urban air quality contexts, as they can trigger acute health impacts and demand rapid 
policy or public health responses. 
 
Both wavelet functions used in this study contributed to identifying such anomalies, albeit in different ways. The Morlet 
wavelet, designed to capture broader periodic structures, occasionally highlighted unusually strong seasonal peaks most 
evident during winter months. These amplified episodes were particularly pronounced in stations like Tehransar, Sharif, 
and Piroozi, where background pollution levels were already elevated and atmospheric stagnation events more frequent. 
 
More critically, the Daubechies 6 (db6) wavelet, with its higher temporal resolution, proved particularly effective in expos-
ing short-lived pollution spikes, some lasting only hours to a few days. As seen in the lower-scale sections of the power 
spectra, these abrupt transitions appeared prominently in stations such as Shahr-e Rey, Masoodieh, and Shahrdari  all located 
in industrial or traffic-intensive corridors. These fluctuations likely stem from localized combustion, dust events, or sudden 
emissions from mobile or fixed sources. 
 
In several cases, the decomposition revealed overlapping signals: short-term spikes superimposed on top of broader seasonal 
rises. This layered insight where the Morlet wavelet captures the gradual buildup and db6 isolates the acute surges proved 
essential in understanding the compound nature of pollution during critical periods. 
 
Notably, the distribution of these abrupt changes was not uniform across Tehran. Northern stations like Aghdasieh and 
Punak experienced fewer and milder spikes, likely due to higher elevation, lower source density, and better ventilation. In 
contrast, southern stations showed repeated and intense episodes, highlighting spatial disparities in pollution vulnerability 
shaped by urban form and source distribution. 
 
Detecting such rapid-onset events is essential for enhancing early warning systems, designing adaptive mitigation strategies, 
and improving short-term exposure forecasts. The combined use of Morlet and db6 wavelets thus provided a complementary 
and comprehensive framework for characterizing the dynamic nature of PM2.5 across multiple time scales. 
 
4.5. Comparative Model Performance: ARIMA vs Wavelet 

To clarify the complementary roles of traditional and time–frequency modeling approaches, we compare the ARIMA frame-
work with wavelet-based reconstruction not as competing forecasting tools, but as methods serving distinct analytical pur-
poses. While ARIMA is optimized for minimizing prediction error in stationary or weakly non-stationary time series, wave-
let decomposition prioritizes signal interpretability, multi-scale feature extraction, and the preservation of transient struc-
tures often lost in smoothed forecasts. 

The comparative analysis revealed a clear distinction between the forecasting and diagnostic capabilities of the two ap-
proaches. As shown in Table 1, ARIMA demonstrated superior point-forecasting accuracy across all nine stations, consist-
ently achieving lower RMSE and MAE values. In most stations including Sharif, Piroozi, and Masoodieh wavelet models 
yielded higher RMSE and MAE values, often by substantial margins. For example, in Sharif, ARIMA achieved an RMSE 
of 14.82 µg/m³, whereas the wavelet-based reconstruction produced an error of 40.89 µg/m³. Similar trends were observed 
in Shahr-e Rey and Tehransar, further confirming ARIMA's advantage in numerical point forecasting. 

The normalized RMSE values further confirmed this pattern. Across all stations, nRMSE for ARIMA ranged from 30.8 to 
42.6, while wavelet-based nRMSE ranged from 100 to 102 reflecting the fundamental difference in how each method pro-
cesses the signal. ARIMA minimizes prediction error by smoothing the time series, while wavelet decomposition prioritizes 
preserving the full structure of the signal, including transient features that point-forecasting metrics do not capture. 

These results reflect the fundamental difference in the objectives of the two approaches rather than a limitation of wavelet 
analysis. ARIMA is specifically optimized for minimizing point-forecast error under linear assumptions, making it naturally 
stronger in numerical accuracy metrics such as RMSE and MAE. Wavelet decomposition, by contrast, is designed to 
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preserve the full temporal structure of the signal including transient spikes and multi-scale patterns that are invisible to 
forecast-oriented metrics. Consequently, the two methods serve distinct and complementary analytical purposes: ARIMA 
for operational numerical forecasting, and wavelet analysis for diagnostic insight, anomaly detection, and spatiotemporal 
pattern recognition. Model selection in urban air quality management should therefore be guided by the analytical objective 
rather than a single performance metric. 

Table 1 
RMSE, MAE, and nRMSE Values for ARIMA and Wavelet-Based Models Across Nine Tehran Monitoring Stations (2017–
2024) 

Station RMSE  ARIMA MAE ARIMA nRMSE ARIMA RMSE CWT MAE CWT nRMSE CWT 
Aghdasiyeh 9.8492 7.6392 41.327 21.959 21.829 100.6 
Saadat Abad 11.677 10.204 42.617 23.612 23.274 101.45 
Sharif 14.819 12.979 34.489 40.893 40.489 101 
Punak 9.214 7.5014 38.717 22.158 21.92 101.9 
Setad Bohran 11.657 8.4888 33.698 29.131 28.756 101.3 
Piroozi 15.097 11.635 37.251 36.715 36.575 100.38 
Masoodieh 8.663 7.6614 33.639 24.014 23.782 100.98 
Shahr-e Rey 9.4473 7.8345 30.831 33.66 33.514 100.44 
Tehransar 12.407 9.9519 31.907 37.447 37.275 100.46 

 
 
4.6. Policy Implications and Urban Hotspot Identification 

The findings of this study extend beyond technical modeling to offer concrete insights for urban air quality management in 
Tehran. Through wavelet-based decomposition of PM2.5 data, we identified not only recurring seasonal cycles but also 
short-duration, high-frequency pollution events both of which carry significant implications for public health and policy-
making. These results underscore the spatial and temporal heterogeneity of PM2.5 patterns across the city, shaped by factors 
such as topography, land use, traffic intensity, and industrial activity. 

  
Fig. 10. CWT analysis of PM2.5 in 9 Tehran stations us-
ing Morlet wavelet shows seasonal patterns and local 
trends. Red areas mark high pollution periods that indicate 
potential hotspots. 

Fig. 11. CWT analysis of PM2.5 in 9 Tehran stations us-
ing Daubechies type 6 wavelet shows seasonal patterns 
and local trends. Red areas mark high pollution periods 
that indicate potential hotspots. 

To illustrate these dynamics, Fig. 10 and Fig. 11 present the wavelet power spectra for all nine stations using the Morlet 
and Daubechies 6 (db6) wavelets, respectively. 

Fig. 10, based on Morlet analysis, highlights strong seasonal periodicity in most stations, particularly in northern areas like 
Aghdasieh and Punak, where winter peaks are evident but less extreme. 

Fig. 11  leverages db6 wavelets to better capture localized, transient spikes, especially in stations like Sharif, Shahr-e Rey, 
and Masoodieh areas prone to rapid pollution fluctuations due to dense traffic and industrial proximity. A comparative 
visualization is provided in Fig. 12, which compiles the db6 wavelet spectra of all stations into a single frame for cross-
regional comparison. This allows direct visual inspection of dominant patterns and emerging hotspot. 
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Fig. 12. CWT analysis of PM2.5 in 9 Tehran stations using Daubechies type 6 wavelet shows seasonal patterns and local 
trends. Red areas mark high pollution periods that indicate potential hotspots. 

A clear trend emerges: southern and southwestern districts, including Shahr-e Rey, Setad Bohran, and Masoodieh, show 
persistently higher wavelet energy, reflecting both chronic pollution loads and frequent episodic spikes. These compound 
exposures raise serious concerns for environmental justice and local health impacts. Contributing factors likely include 
proximity to major roadways, industrial corridors, and poor atmospheric ventilation due to surrounding terrain. 

In contrast, northern stations such as Aghdasieh and Punak displayed relatively stable PM2.5 levels, fewer extreme events, 
and lower average concentrations. This suggests more favorable dispersion conditions, less concentrated emission sources, 
and perhaps more effective regulatory oversight. 

These disparities highlight the need to move beyond one-size-fits-all environmental policies toward data-driven, localized 
interventions. Based on the spatial-temporal insights from wavelet analysis, we propose the following region-specific strat-
egies: 

• Establish dynamic low-emission zones in high-risk districts with seasonal enforcement. 
• Strengthen monitoring and regulatory control in industrial belts and transit-heavy corridors. 
• Deploy localized mitigation measures, such as green buffers or mobile air filtration units near vulnerable locations (e.g., 

schools, hospitals, elderly care centers). 

Moreover, the wavelet framework introduced in this study holds considerable promise for real-time air quality management. 
Its ability to detect rapid-onset anomalies can inform early warning systems that go beyond static air quality indices. Incor-
porating wavelet-based alerts into municipal dashboards could enable timely interventions such as temporary traffic rerout-
ing, emission caps for industrial sources, and public health advisories during critical episodes. 

Looking ahead, this approach may also guide pollution-aware urban planning. By mapping zones of high temporal volatility, 
planners can avoid placing sensitive land uses in high-exposure areas. Incorporating time-resolved pollution risk into zoning 
laws and building codes would promote long-term environmental resilience and public health. 

In summary, wavelet-based modeling provides not only a sophisticated method for analyzing air pollution data but also a 
practical decision-making tool. For a megacity like Tehran grappling with complex air quality challenges this methodology 
offers a promising step toward smarter, more adaptive, and spatially just environmental governance. 

4.7. Summary of Findings 

This study introduced a comprehensive framework for analyzing PM2.5 pollution in Tehran, moving beyond the limitations 
of static and linear models by embracing the full complexity of urban environmental data. Unlike traditional approaches 
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that rely solely on long-term averages or directional trends, we adopted a time-frequency perspective capable of capturing 
both persistent seasonal cycles and transient, high-intensity events. Initial linear regression analysis provided a general 
orientation, revealing marginal improvements in some northern districts and stagnation or mild deterioration in others. 
However, the limited explanatory power of these models underscored the need for a more flexible analytical lens to address 
Tehran's non-linear air pollution dynamics. 

Wavelet-based decomposition addressed this need by offering a multi-scale approach to temporal analysis. The Morlet 
wavelet exposed well-defined seasonal patterns, particularly pronounced during winter months, reflecting meteorological 
conditions such as temperature inversions and reduced atmospheric dispersion. Meanwhile, the Daubechies 6 wavelet high-
lighted abrupt and short-lived pollution spikes, often occurring without clear periodicity but carrying significant public 
health implications. These dual insights allowed us to differentiate between chronic exposure risks and acute pollution 
episodes. 

The value of this framework was further strengthened by its ability to retain the temporal and spatial signatures of pollution 
behaviors, especially in volatile areas. While ARIMA demonstrated stronger numerical forecasting accuracy, the wavelet 
approach preserved meaningful signal variation that would otherwise be smoothed out or missed entirely.  This was partic-
ularly evident in southern and southwestern monitoring stations, where pollution patterns combined sustained elevation 
with frequent, unpredictable surges. Such spatial asymmetry highlights a crucial policy consideration: uniform interventions 
are unlikely to succeed in a city where exposure is unevenly distributed across geography and time. 

Ultimately, this study does more than refine methodological tools it offers a shift in perspective. By fusing time-sensitive 
analysis with spatial awareness, the findings lay the groundwork for a more nuanced and actionable understanding of air 
quality. This synthesis enhances analytical depth and positions wavelet-based modeling as a strategic asset for shaping 
responsive and context-aware urban environmental policy — an imperative. that carries through into the final recommen-
dations that follow. 

In light of these insights, several recommendations emerge: 

• Integrate wavelet-based models into real-time air quality monitoring platforms to support anomaly detection and short-
term intervention planning. Their multi-scale sensitivity makes them well-suited for generating early warnings and in-
forming targeted responses. 

• Incorporate spatiotemporal signatures revealed in this study into urban planning and environmental regulation. Identi-
fying and zoning high-risk areas for specialized mitigation measures such as traffic control, industrial auditing, or land-
use restrictions could significantly reduce population-level exposure. 

• Explore the integration of wavelet analysis with other data layers, such as meteorological forecasts, land use, or socio-
economic indicators, to build predictive systems capable of supporting truly adaptive urban environmental governance. 

4.8. Conclusion and Recommendations 

This study has introduced a comprehensive multi-scale analytical framework to understand the complex dynamics of PM2.5 
pollution in Tehran. By integrating wavelet-based modeling with traditional statistical methods, we have moved beyond the 
limitations of static models, offering a deeper understanding of both persistent seasonal patterns and sudden, high-intensity 
pollution events. The findings emphasize the critical role of meteorological factors particularly temperature inversions and 
wind patterns in shaping air quality dynamics. 
 
The results reveal that temperature inversions, especially during the winter months, trap pollutants near the surface, leading 
to elevated PM2.5 levels. This seasonal phenomenon has profound implications for air quality management in Tehran, as it 
creates prolonged periods of high pollution in specific areas of the city. Additionally, the wavelet coherence analysis of 
wind patterns shows that both east-west winds (U component) and north-south winds (V component) significantly affect 
the redistribution of pollutants across the city. While zonal winds contribute to pollution concentration in specific urban 
zones, meridional winds contribute to rapid fluctuations in pollution levels, especially during the spring and fall when wind 
direction shifts frequently. 
 
These findings underscore the necessity for geographically targeted and temporally adaptive strategies for pollution man-
agement. The spatial inequality in pollution exposure in Tehran  particularly in the southern and southwestern districts, 
which experience both elevated baseline concentrations and frequent pollution spikes—necessitates tailored interventions 
that go beyond citywide, static policies. Addressing the unique challenges posed by different districts is essential for effec-
tively reducing PM2.5 exposure in the most vulnerable populations. 
 
The practical implications of this study are far-reaching. By utilizing wavelet analysis, real-time pollution monitoring can 
be significantly enhanced, enabling the detection of sudden pollution spikes and the generation of early warnings based on 
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multi-scale signal patterns.This is particularly important in light of the rapid fluctuations observed during temperature in-
versions and wind shifts. The multi-resolution capability of wavelet-based models makes them highly suitable for integra-
tion into real-time air quality monitoring systems. Furthermore, combining wavelet analysis with machine learning and 
health data can create predictive systems that inform environmental governance and public health protection efforts. 
 
Looking ahead, several key recommendations emerge: 
 
• Integrate wavelet-based models into real-time monitoring platforms to support dynamic forecasting and early interven-

tions. These models are invaluable for identifying sudden pollution events and seasonal trends, making them essential 
tools for proactive air quality management. 

• Develop spatially targeted interventions based on the spatiotemporal patterns identified in this study. Areas in southern 
and southwestern Tehran, characterized by chronic exposure to high PM2.5 levels and frequent spikes, require special-
ized measures such as traffic control, industrial audits, and land-use regulations to reduce pollution exposure. 

• Incorporate meteorological data, including temperature inversions and wind direction shifts, into urban planning and 
environmental regulation. Understanding the role of these meteorological factors will help in developing more respon-
sive and effective pollution control policies, especially in areas where these conditions exacerbate air quality issues. 

• Expand the use of predictive modeling by combining wavelet analysis with other data sources, such as socioeconomic 
indicators, land use, and real-time weather forecasts. This can create a comprehensive predictive system capable of 
informing adaptive urban governance and improving public health protection. 

 
In conclusion, wavelet analysis represents not just a methodological tool but a paradigm shift in how we approach air quality 
management. By combining temporal complexity with spatial specificity, wavelet-based modeling provides a more nuanced 
and actionable understanding of air pollution dynamics, paving the way for smarter, more responsive, and equity-oriented 
urban environmental policies. This study lays the foundation for creating healthier, more resilient cities where policy and 
planning are informed by an in-depth understanding of both short-term pollution spikes and long-term seasonal trends. 
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