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Abstract: By analyzing the mass concentrations and compositions of atmospheric PM; 5 in Shaoxing
from December 2019 to February 2020, the characteristics of carbon-containing components, water-
soluble ions and metal elements were obtained. NO3~, OC, SO,2~ and NH;* were the main
components of PM; 5 in winter. The OC/EC ratio was 3.27, which proved the existence of SOC.
The proportion of SOC in OC was 47.3%, which showed that secondary sources made a significant
contribution. The values of OC/EC and NO3~ /SO4%~ indicated that vehicle exhaust emissions
also made a significant contribution to PM; 5. Trace elements of Na, Ca, K and Cd had higher
enrichment factor values and were enriched due to human activities. Finally, PM; 5 sources analysis
was performed by the positive matrix factorization model. The results showed that secondary
inorganic salts (49.3%), motor vehicles and industrial sources (21.3%) and dust sources (17.0%) were
the important sources of PM; 5 pollution.

Keywords: PMj; 5; metal elements; water-soluble ions; carbonaceous species; sources analysis

1. Introduction

At present, PM; 5 has become the primary pollutant in most cities in China [1]. The
primary aerosol particles and gaseous pollutants emitted by industry, transportation and
fossil fuel combustion, as well as the secondary aerosols transformed by primary aerosols,
are the main causes of PM; 5 pollution [2]. The chemical components of PM; 5 are complex,
including water-soluble ions, organic carbon, elemental carbon and metal elements, mainly
derived from human activities [3]. Water-soluble ions, especially secondary inorganic ions
NH,*, SO4%2~ and NO3~, have become the main components of PM, 5 in most cities in
China [4].

In recent years, Zhejiang Province has successively conducted research on the compo-
nents and sources of PM; 5, mainly focusing on rapidly developing cities such as Hangzhou,
Wenzhou and Ningbo. Li et al. focused on analyzing the pollution characteristics of carbon-
containing components of PM; 5 in winter in Hangzhou [5] and found that organic carbon
accounted for a relatively high proportion. The compositional characteristics of water-
soluble ions in PM; 5 in Hangzhou were analyzed separately by Chen et al., and the results
showed that SO42~, NO;~, NH4* and Cl~ were the main components [6]. Ge et al. ana-
lyzed the pollution characteristics of water-soluble ions in PM; 5 in Wenzhou and found
that SO42~, NO3 ~ and NH,* were also the main components, mainly sourced from coal
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combustion, motor vehicle exhaust and biomass combustion [7]. Wang et al. conducted
a study on the characteristics and sources of PM; 5 pollution in Ningbo and found that
the source categories that made significant contributions to PMj, 5 were secondary nitrates,
secondary sulfates, marine sources, biomass combustion, high chlorine sources, heavy oil
combustion, motor vehicle emissions, industrial smelting and mixed dust [8]. A targeted
analysis on the spatiotemporal distribution of carbon-containing components in PM, 5 was
conducted by Du et al., also in Ningbo. The results showed that secondary organic carbon
contributed significantly to the carbon components [9]. Xu et al. compared the pollution
characteristics of polycyclic aromatic hydrocarbons in PMj; 5 in Hangzhou and Ningbo, and
the results showed that the concentration of polycyclic aromatic hydrocarbons exceeded
the national standard [10]. In addition, some scholars have begun to pay attention to the
PM, 5 pollution characteristics of small and medium-sized cities in Zhejiang Province. For
example, Fang et al. studied the distribution characteristics of secondary organic aerosol
indicators in PMy 5 in Lanxi, which is a small city in Zhejiang Province [11]. Isoprene and
toluene made significant contributions to secondary organic carbon (SOC).

Although extensive research has been conducted in many cities, there is still a lack
of comprehensive studies on the chemical components and sources of PM; 5 in Shaoxing.
Shaoxing is a typical industrial city in Zhejiang Province. Zhang et al. detected the pollution
characteristics of metal elements in PM; 5 in Shaoxing [12]. Zhu et al. also analyzed the
characteristics of organic carbon (OC) and elemental carbon (EC) since Shaoxing belongs to
the urban agglomeration around Hangzhou Bay, which is the area with the most serious
PMj, 5 pollution in the Yangtze River Delta [13]. The impact of anthropogenic sources on
PM,; 5 pollution in Shaoxing is obvious.

Since 2013, due to the frequent occurrence of winter haze pollution, China has been
committed to controlling particulate matter pollution, and the concentration of PM; 5 has
continued to decrease in recent years. However, according to the online monitoring data
of air pollutants in China on http://www.aqistudy.cn/ (accessed on 26 July 2023), PM; 5
pollution is still the most serious in winter. In winter, a PM; 5 concentration exceeding the
national standard limit often occurs in Shaoxing.

Therefore, this study focused on analyzing the chemical characteristics and sources of
PM; 5 in the atmosphere of Shaoxing from December 2019 to February 2020 by detecting the
components such as carbon-containing components, water-soluble ions and metal elements.
It would provide scientific support for the management of PM; 5 pollution in Shaoxing
during the winter.

2. Materials and Methods
2.1. Field Measurement

Considering urban functional area distribution, population density, environmental
sensitivity and other factors, the environmental monitoring station of Shaoxing was selected
as the sampling site. Shaoxing Environmental Monitoring Station is located at No. 38
Shuxiawang Road, which is a central area of commerce, transportation and residences.

Samples were collected from December 2019 to February 2020. Teflon filter membrane
and quartz filter membrane were used for synchronous collection for 23 h. A 4-channel
small-flow sampler and a medium-flow sampler were used to collect PM; 5 samples, with
sampling flow rates of 16.7 L/min and 100 L/min, respectively. The small-flow sampler
collected four parallel samples (two quartz filter samples and two Teflon filter samples),
and the medium-flow sampler synchronously collected one quartz filter sample, the brand
of which was Waterman. A total of 25 groups of samples were collected.

2.2. Chemical Analysis
2.2.1. PM; 5 Mass Concentration
Before sampling, a filter membrane was placed in a constant temperature and humidity

chamber (temperature 20 °C and humidity 50%) for 24 h, and then an automatic weighing
system (CR-4; Chinese Intelligent Manufacturing, Hangzhou, China) was used to weigh
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this filter membrane, and its mass was recorded. After sampling, the same instrument was
used to weigh the same filter membrane and the mass was also recorded under the same
conditions. The difference in mass was used to determine the mass concentration of PM, s.

2.2.2. Analysis of Water-Soluble Ions and Elemental Components

The concentrations of water-soluble ions were determined by ion chromatography.
A 1/4 of one sample filter was taken and put into the sample bottle. The water-soluble
components were extracted from the filter into 20.0 mL of deionized water, entered the
sample bottle and soaked for 30 min. Then, the sample bottle was put into the ultrasonic
instrument for ultrasonic extraction for 20 min. Ice was added into the ultrasonic instrument
to ensure that the temperature was not higher than 20 °C. This could reduce the component
loss. The extract was filtered by 0.45 pm microporous membrane filter and then sent to ion
chromatograph (Ics-5000; Thermo Fisher, Waltham, USA) for analysis.

A filter sample collected by a small-flow sampler was put into a dry and clean sample
box, and then analyzed by the WD-XRF wavelength dispersive X-ray fluorescence spec-
trometer (54 pioneer; Bruker, Saarbriicken, Germany). Then, the concentrations of element
components were determined.

2.2.3. Carbon-Containing Components Analysis

According to the Technical and Methodological Guidelines for Analytical Monitor-
ing of Ambient Air Particulate Matter Sources (trial) (Second Edition) [14], the carbon-
containing components were determined by the thermo-photometry method. A certain area
of quartz sample filter membrane was put into a quartz boat and analyzed by the thermal
optical carbon analyzer (DRI Model 2015; Desert Research Institute, Reno, USA). Firstly,
under the condition of pure He, heated in temperature gradients of 140 °C (OCy), 280 °C
(OCy), 480 °C (OC3) and 580 °C (OCy), all organic carbon in the sample was evaporated
or decomposed, left the filter membrane and entered the oxidation furnace with the He
gas flow (900 °C). The carbon element in the organic matter was oxidized to CO, by MnOs,.
The CO, flowed out of the oxidation furnace with the He gas flow and was mixed with Hp.
The mixture entered the reduction furnace (420 °C) and was reduced to CHy by Ni. Finally,
the generated CH4 was detected by flame ion detector (FID) to calculate the carbon content.

Then, He/O, mixed gas containing 10% O, was introduced, and the sample furnace
was gradually heated up again. The sample was heated at 580 °C (EC;), 740 °C (EC,) and
840 °C (EC3). In this process, the elemental carbon was oxidized in the oxidation furnace.
The carbonaceous material was oxidized to CO;, and then reduced to CHy. Finally, the
carbon-containing contents were calculated by detecting the generated CHy by FID. The
total carbon (TC) mass concentration was the sum of the mass concentrations of OC and EC.

2.2.4. Quality Control and Quality Assurance

The testing process strictly followed the testing methods and procedures. Before
injection, a solvent blank test and an experimental process blank test were conducted. The
samples were injected in the order of PM, 5 mass concentration, and no target compounds
were detected in the blank test.

Recovery experiments were conducted during the detection of water-soluble ions. The
standard solution was dropped onto the blank filter membrane. After the solution was air
dried, the pretreatment process was performed following the sample operation process.
Then, the blank filter membrane was tested on the machine. The added amount was
equivalent to the actual concentration of the sample, and the results showed the recovery
rates ranging from 80.0% to 120%.
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2.3. Analysis Methods
2.3.1. Estimation of Enrichment Factor (EF)

The EF method was used to assess the man-made influence on metal elements. The
calculation formula was shown as follows:

EF — (CX /CR)aerosol 1)
(CX /CR)crust

where Cx was the mass concentration of element X, g/ m?; Cg was the mass concentration

of the reference element, pg/m3. The subscripts aerosol and crust referred to the recipient

sample and crust sample, respectively.

In this study, Al, which experiences less interference from human pollution, was used
as the reference element [15]. When EF is less than 10, it indicates that these elements are
not enriched and might be unaffected by human activities. When EF is larger than 10 and
less than 100, it indicates that these elements are enriched to different degrees. When EF
is larger than 100, it indicates that these elements are seriously enriched due to human
activities [16].

2.3.2. Estimation of Sulfur Oxidation Rate (SOR) and Nitrogen Oxidation Rate (NOR)

SOR and NOR were used to characterize the conversion rates of SO42~ and NO3 ™ in
PM; 5. The larger the SOR and NOR, the higher the secondary conversion efficiency [16].
The calculation equations were as follows:

Cerz-
SOR :L )
CSOi* + Cs0,
Crimne
NOR —— N9 3)

where Cgy2- was the mass concentration of water-soluble sulfate ion, pug/ m?3; CNO; was
4

the mass concentration of water-soluble nitrate ion, ug/ m3; Cso, was the mass concen-
tration of SO, in the atmosphere, ng/ m>; Cno, was the mass concentration of NO, in the
atmosphere, pg/m3.

2.3.3. Calculation of Secondary Organic Carbon

The minimum OC/EC ratio was used to evaluate and verify the contribution of SOC
to total organic carbon, and the specific calculation equation [17] was as follows:

SOC = OC — ECx (OC/EC) ;1 (4)

where (OC/EC). .. was the minimum OC/EC value of the detection results of OC and EC.

min
3. Results and Discussion
3.1. PM> 5 Mass Concentrations

During the sampling period, the average mass concentration of PM, 5 in Shaoxing
was 45.3 ug/m?, which exceeded the national standard limit (35 pg/m?, GB3095-2012) of
10.3 pg/m?3. The daily variation sequence of PM, 5 concentrations manually sampled is
shown in Figure 1. During the sampling period, there were a total of 15 days in which the
daily average concentration of PM; 5 exceeded the national standard limit, accounting for
60% of the total sampling days. The high daily average concentration ultimately led to
exceeding the standard limit of the average concentration of PM; 5 in winter.
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Figure 1. Daily variation sequence of PM, 5 concentrations during the sampling period.

3.2. Carbon-Containing Components Characteristics

The daily variations in TC, OC and EC mass concentrations in winter in Shaoxing
are shown in Figure 2. The average concentrations of TC, OC and EC were 9.86 pug/m3,
7.41 pg/m3 and 2.45 pg/m?, accounting for 21.8%, 16.4% and 5.41% of PM, 5 concentration,
respectively. It could be seen that OC was the important component of PM; 5.
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Figure 2. The daily variations in TC, OC and EC during the sampling period.

EC mainly comes from the incomplete combustion of fossil fuels or biomass, and only
exists in the primary sources. OC sources include primary organic carbon (POC) emitted
from coal, fuel and biomass combustion, and SOC formed by the conversion of VOCs
and SVOCs [18]. That is to say, the POC sources in OC are consistent with EC sources.
Therefore, the correlation analysis between OC and EC could be used to preliminarily
determine the sources of carbon-containing components [19]. If the correlation coefficient
between OC and EC is close to 1, it indicates that the OC and EC sources are consistent,
both from primary sources [20]. If the correlation coefficient is less than 0.5, it indicates that
the OC and EC sources are not consistent. As shown in Figure 3, the correlation coefficient
R between OC and EC was only 0.71, indicating that the main sources of OC and EC in
Shaoxing were not consistent. OC was more affected by SOC.
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Figure 3. The correlation between OC and EC.

The ratio of OC/EC could reveal carbon-containing components’ sources to some
extent, and an OC/EC of 2.0 is often used as a basis for determining the presence of
SOC [21]. The OC/EC ratio in this study was 3.27, indicating the presence of SOC in
the carbon components of PM; 5. The SOC was calculated using Equation (4), and the
result is shown in Table 1. The average concentration of SOC was 3.54 pig/m?, accounting
for 47.8% of OC concentration and 7.82% of PM, 5 concentration. This indicated that the
contribution and impact of SOC were significant. Therefore, a more detailed analysis of
the SOC characteristics should be conducted in the future, which will help to deepen the
understanding of the PM, 5 pollution characteristics in Shaoxing.

Table 1. The characteristics of SOC in winter in Shaoxing.

Season OC (ug/md) EC (ug/m3) OC/ECpin SOC (ug/m?3) SOC/OC
Winter 741 2.45 1.58 3.54 47.8%

Additionally, OC/EC is commonly used to preliminarily determine the types of
primary and secondary sources of carbon-containing components. Through calculation,
the OC/EC of Shaoxing was 3.27. According to the literature, when the OC/EC ratio is
between 1.0 and 4.2, it indicates that exhaust emissions from diesel and gasoline vehicles
exist [22,23]; meanwhile, 2.5 to 10.5 indicates coal-fired emissions contribute to carbon
components [24]. Therefore, diesel vehicles, gasoline vehicles and coal-fired emissions all
contributed to the carbon-containing contents of PM; 5 in Shaoxing.

3.3. Variation Characteristics of Water-Soluble lons

The water-soluble ions detected in this study included S0,4%2~,NO;—,F~,Cl~, Na*,
NH,*, K¥, Mg2+, CaZ*, etc. The mass concentrations of these ions are shown in Figure 4.
The average total concentration of water-soluble ions during the sampling period was
30.6 ug/m?3. The highest average concentrations of NO3~, SO42~ and NH,* were 14.9, 7.23
and 6.58 pg/m?, respectively.
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Figure 4. The average mass concentrations of water-soluble ions.

The total concentration of water-soluble ions accounted for 67.5% of PM, 5 concen-
tration. NO3 ~, SO42~ and NH,* accounted for the highest proportions, accounting for
32.9%, 16.0% and 14.5%, respectively. This illustrated that NO3~, 50,42~ and NH,* had
become the important components of PM, 5 in Shaoxing. K* and Cl~, as representative
elements of coal-fired combustion, also had a place in PM; 5 (a total of 2.94%). K* is also
usually considered as a marker for biomass combustion. This proved that coal and biomass
combustion made contributions to PM, 5 in winter.

In Shaoxing, the proportion of NO3~ was higher than that of SO4>~. This result
was different from the reports about Hangzhou and Wenzhou [6,7]. The possible reason
was that the emission sources had changed. The research about Wenzhou and Hangzhou
was conducted in 2014 and 2015. According to the statistical yearbooks of these three
cities, the numbers of vehicles in Hangzhou and Wenzhou in 2014 were 2.18 million and
1.57 million [25,26], respectively. Between 2014 and 2019, the number of vehicles in Shaoxing
increased from 851,200 to 1.67 million [27,28]. Therefore, based on the large increase
in the number of vehicles, the proportion of NO;~ from vehicle exhaust in Shaoxing
significantly increased.

NO;~ and SO42~, known as the secondary inorganic aerosols, are secondary reactions
of primary pollutants such as SO, and NO; emitted into the atmosphere. In the past decade,
due to the pollution problems caused by coal-fired sources (such as acid rain and particulate
matter pollution), China has increased its efforts to govern SO, from coal-fired sources.
The sources of NO, are more complex. The governance effect on NO; is not as good as SO;.
Therefore, the concentration of SO, has been maintained at a low level. According to the
data from http:/ /www.aqistudy.cn/ (accessed on 26 July 2023), the average concentration
of SO in the atmosphere of Shaoxing was only 7 j1g/m3 and the average concentration of
NO; was 32 pg/m?3. This inevitably led to a significant increase in NO3 ™.

SOR and NOR reflect the conversion degrees of SO, and NO; into S04% and NO3~
in the atmosphere, respectively. If NOR and SOR are larger than 0.1, it indicates that
sulfates and nitrates are mainly produced by the photochemical oxidation of SO, and NO,.
Therefore, secondary pollution exists [29]. The higher the SOR and NOR, the higher the
conversion efficiency. Thus, in this study, the SOR and NOR values were calculated using
Equations (2) and (3), with average values of 0.61 and 0.34, respectively. This indicates that
the conversion effect of SO, was stronger than that of NO,.

Usually, with the concentration of particulate matter increasing, SO, is more likely to
adsorb onto the surface of the particulate matter and undergo various homogeneous and
heterogeneous reactions to generate secondary ions [30]. This might be the reason for the
higher conversion rate of SO, in winter. There is a negative correlation between NOR and
temperature [31], leading to a poor conversion of NO, under low temperature conditions
in winter.
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The correlations between various inorganic water-soluble ions in PM, 5 can reflect the
similarity in properties and sources between each ion [32]. NH4" and NO;~, NH;* and
SO42~ had high correlations and the R values were 0.98 and 0.86, respectively (Figure 5). It
indicates that these three ions mainly existed in the forms of (NH4)2SO4 and NH4NOj5 [32,33].
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Figure 5. The correlations between NH,* and NO3 ™ (a), NH;* and SO4%~ (b).

The NO3~ /SO42~ ratio could reflect the situation of vehicle exhaust and fixed com-
bustion sources to some extent [31]. If the NO3;~ /SO,4%~ ratio is larger than 1, it indicates
that the effect of vehicle exhaust is more obvious than that of fixed combustion sources; if
the NO;~ /SO42™ ratio is less than 1, it suggests that the contribution of fixed combustion
sources is greater than that of vehicle exhaust [18]. The average ratio of NO3 ™~/ SO42~ was
2.06, suggesting that there were more sources to PM; 5 emissions from vehicle exhaust
compared to fixed combustion sources in the winter in Shaoxing.

3.4. Characteristics of Metal Elements

The mass concentrations and proportions of metal elements in PM; 5 are shown in
Table 2. K had the highest proportion, followed by Fe and Si. The background values of
soil elements in Zhejiang Province [34] were selected to calculate the enrichment factors of
metal elements, as shown in Figure 6. The EF values of Na, Ca, K and Cd were greater than
10, indicating that the impact of human activities was obvious and enriched these elements.
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Figure 6. The EF values of metal elements.
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Table 2. The mass concentrations and proportions of metal elements in PM, 5.

Metal Element Mass Concentration Proportion in Metal Proportion in PM; 5

(ug/m3) Element (%) (%)

K 0.514 10.72% 1.14%
Fe 0.300 6.26% 0.66%
Si 0.284 5.92% 0.63%
Na 0.159 3.31% 0.35%
Ca 0.152 3.16% 0.33%
Al 0.109 2.27% 0.24%
Zn 0.084 1.76% 0.19%
Pb 0.058 1.21% 0.13%
Cd 0.055 1.15% 0.12%
Mg 0.045 0.95% 0.10%
Ba 0.039 0.81% 0.09%
Mn 0.030 0.62% 0.07%
Sn 0.027 0.56% 0.06%
Sb 0.024 0.50% 0.05%
Cr 0.016 0.34% 0.04%
Ti 0.015 0.31% 0.03%
Cu 0.011 0.22% 0.02%

The sources of K were consistent with K* and might come from coal or biomass
combustion. Coal or biomass combustion belong to anthropogenic sources. Na, Fe, Al and
Si were crustal elements, mainly derived from crustal sources such as ground dust and
soil fly ash. Although most of Fe came from crustal sources, it might be also influenced
by human activities, such as steel smelting. In this study, the EF value of Na was greater
than 10, indicating that crustal sources have caused Na to be enriched. Similarly, Ca was
an indicator element for building construction [35]. The construction dust in Shaoxing
has also enriched Ca. The EF value of Fe was less than 10, suggesting the influence of
anthropogenic sources was weak. It indicates that Fe in PM; 5 in Shaoxing was mainly
from crustal sources.

Except for the above elements, the EF values of the other elements were all less than
10, indicating that they were not enriched.

3.5. PM; 5 Sources Analysis

The positive matrix factorization (PMF) model was used to analyze the PM; 5 sources
in winter in Shaoxing. Based on the stability of the PMF analysis results, seven factors were
identified as the optimal components spectra for various compounds in PM; 5 (Figure 7).

The main contributions of factor 1 were Mg2+, Ca%*, Na* and SO42~, which were
inferred as the dusts from construction sites and roads. The main contributors to factor 2
were NO3; ™~ and NH;*, which were secondary nitrates. The main contributor to factor 3
was L-glycan, which was inferred as biomass combustion [36]. Factor 4 was characterized
by CI7, which was believed to mainly come from coal combustion in addition to natural
sources. Therefore, factor 4 was inferred as the coal-fired source. Factor 5 was characterized
by OC and EC, which were related to motor exhaust emissions. It also enriched metal
elements such as Mn, Zn, Fe and Cu, which were related to industrial production activ-
ities [37]. Therefore, factor 5 was inferred as industrial sources and automotive exhaust.
Factor 6 was characterized by Ti, Al and Si, which was inferred as soil dust. In this study,
the dusts included road dust and construction dust, which belonged to man-made dust.
The main contributors to factor 7 were NH,* and SO,%~, which were secondary sulfates.

Among them, factors 1 and 6 were both related to the dusts, and factors 2 and 7
represented secondary inorganic salts. Thus, these factors were merged. As a result,
the sources of PM; 5 in Shaoxing were simplified into five categories: coal combustion,
dust, biomass combustion, motor vehicle exhaust and industrial sources and secondary
inorganic salts.
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Figure 8 shows secondary inorganic salts had the highest proportion to PM; 5 in winter
in Shaoxing, with a contribution value of 49.3%. The proportions of motor vehicles and
industrial sources and dust sources were 21.3% and 17.0%, respectively. Biomass burning
also made a contribution, accounting for 7.79%, perhaps because of the biomass burning in
autumn and winter in Shaoxing.
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4. Conclusions

A total of 25 groups of PM; 5 samples were collected to analyze the components in
Shaoxing in winter. During the sampling period, the average concentration of PM; 5 was
45.3 pg/m3. There was an obvious pollution phenomenon. The chemical composition
of PM, 5 in winter was mainly composed of water-soluble ions and carbon-containing
components.

Among all water-soluble ions, NO3;~, 5042~ and NH4* were three main components
accounting for 63.4% totally of PM;5. These three ions mainly existed in the form of
(NH4)>SO4 and NH4NOj3. Through the calculation of SOR and NOR, it could be found
that a considerable portion of NO; and SO, in the air was converted into NO;~ and SO,%~.
The secondary conversion was very obvious. Based on the ratio of NO3~/SO42~, it could
be determined that the impact of vehicle exhaust on PM; 5 pollution was more obvious
than that of fixed combustion emission.

OC was the main component among the carbon-containing components. The OC/EC
ratio was 3.27, indicating secondary aerosols existed in PM; 5. After calculation, the average
concentration of SOC was 3.54 j1g/m?3, accounting for 47.8% of OC. The proportion of SOC
in OC was relatively high.

The concentrations of metal elements in PM; 5 were relatively low compared with
carbon-containing components and water-soluble ions. However, the EF values of Na,
Ca, K and Cd exceeded 10, indicating that these elements were obviously enriched due to
human activities.

Finally, this study used the PMF model to analyze the sources of PM, 5 in Shaoxing in
winter. The result indicated that the PM; 5 primary source was secondary inorganic salts
(49.3%), followed by motor vehicles and industrial sources (21.3%) and dust sources (17.0%).
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Abstract: This paper presents an analysis of the morphology and columnar microphysical properties
of atmospheric aerosols in Mexico City (MC) for the period 2022-2023. The morphological study
focused on the structure description of soot particles and tar balls (TB). By transmission electron
microscope (TEM) and scanning electrode microscope (SEM), voluminous soot aggregates mixed
with TBs were observed. The chemistry shows that both soot and TBs are mostly carbonaceous
species with well-defined morphologies. On the other hand, the columnar aerosol microphysical
properties recovered from AERONET show that the particles have a bimodal aerosol size distribution
(ASD) with two modes: fine and coarse. The ASD remains constant without showing significant
seasonal changes, only with some variability for coarse particles. The aerosol optical depth (AOD)
value is significantly high, typical of urban areas. The real (1) and imaginary (k) parts of the complex
refractive index (CRI) were obtained from the photometric measurements. The CRI values show
seasonal variations, with spring being the season with the highest values for 1, while the highest
values for k were measured in winter.

Keywords: atmospheric aerosol; aerosol microphysics properties; sun photometric observations;
aerosol morphology; complex refractive index; absorbing atmospheric particles

1. Introduction

Atmospheric aerosols are a combination of solid or liquid particles that stay suspended
in the air. These particles play a crucial role in the planet’s radiation balance [1]. They
scatter and absorb solar and infrared radiation in the atmosphere, leading to direct ra-
diative forcing [1,2]. Aerosols also indirectly influence climate because they act as cloud
condensation nuclei (CCN), which affect the microphysical properties of clouds [1,3]. To
understand the complex interactions between aerosols, radiation, and clouds, as well as
their impact on air quality, it is necessary to study their direct and indirect effects. The most
effective way to understand these effects is through a detailed analysis of aerosol optical
properties (AOP), which are largely dependent on key microphysical parameters, such as
particle morphology, size distribution, and the complex refractive index [4,5].

The study of aerosol morphology provides valuable information about the particle
structure, mixing state, and aging process [6-9]. A detailed description of the particle shape
reveals information about its formation process and surface characteristics, which describes
the ability to react chemically with other aerosols [8,10]. Numerous theoretical approaches
have been developed to better understand the morphology of atmospheric particles. The
calculation of dynamic shape factors (x) is a frequently employed method, but it has its
limitations. Specifically, it is not sensitive enough to detect the finer details of particle
shapes, and it is necessary to know the particle density [11]. The methods that are effective
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in studying aerosol morphology involve calculating the fractal dimension (DF), which is a
mathematical concept used to describe the complexity and self-similarity of irregular or
fragmented geometric shapes [6-9]. In recent decades, the use of sophisticated electron
microscopy techniques and the rapid advancements in computer language and image
recognition techniques have made DF a widely used parameter to describe the morphology
of soot particles [8]. Carabali et al. (2016, 2012) have employed the DF parameter to
study aerosol transport in the MC pollutant plume and to describe the morphological
distributions of soot emitted by wood-burning stoves [12,13].

The complex refractive index (CRI) is another essential microphysical parameter of
aerosols, which is used in radiative transfer calculations [14,15]. CRI is generally described
as m = n + ik, where # is the real part, describing the scattering characteristics of particles,
while ik is the imaginary part that relates the absorption properties of aerosols. CRI is
highly dependent on aerosol composition and is an important input for models simulating
aerosol—electromagnetic radiation interactions. Measuring CRI for aerosols is compli-
cated because its value can vary depending on factors such as aerosol composition, size,
and atmospheric conditions [14,15]. Therefore, measurements and estimation techniques
must take these variations into account to provide accurate results. A combination of
spectroscopic methods (e.g., ultraviolet violet (UV) and infrared spectroscopies (IR)) and
modeling is usually used to estimate the CRI in atmospheric particles [4,5]. For the MC
basin, Dubovik et al. (2002) reported a mean CRI of 1.47-0.006i recovered from sun pho-
tometric measurements, while Moffet and Prather (2009) found a value of 1.49 for the n
part of the CRI from theoretical Mie calculations [16,17]. These CRI values not only show
a high load of these particles but also demonstrate the presence of highly scattering and
absorbing aerosols in the MC atmosphere.

CRI values can be retrieved from spectral measurements of AOD, direct and diffuse
radiation, using a sun photometer. This method has been successfully applied in the world-
wide Robotic Aerosol Network (AERONET) [18,19]. The AERONET project, which was
launched in the 1990s, is a global network that measures aerosol microphysical properties,
such as aerosol size distribution, AOD, precipitable water vapor (PW), and the Angstrom
exponent (AE). The primary goal of the project is to monitor AOP from the ground for the
long term. Mexico City has been using a sun photometer associated with AERONET since
1999 to continuously measure AOP. This has contributed to a better understanding of air
quality in the region [20].

This paper presents a study of the microphysical properties of atmospheric aerosols
in MC. The morphological analysis of recently sampled particles evidences important
structural details of soot and TB, the two most common types of particles in the atmo-
sphere of the MC basin. The columnar optical properties of the aerosols were also studied.
Specifically, the CRI and the ASD retrieved from the AERONET site in Mexico City were
analyzed. This article is organized as follows: a brief description of the measurement site
and instrumentation is presented in Section 2. The morphology and chemical character-
istics of the individual particles are discussed in Section 3.1; the results obtained from
the fractal distribution curves are described in Section 3.2; the optical parameters of the
aerosols and their seasonal variability is presented in Section 3.3; the size distribution of
the aerosols can be found in Section 3.4; a detailed description of the complex refractive
index is given in Section 3.5; and in Section 3.6, an aerosol type classification based on the
spectral measurements of AE and AOD retrieved from AERONET is discussed. Finally,
Section 4 presents the main conclusions.

2. Materials and Methods
2.1. Study Region

The Mexico City (MC) Metropolitan Area, also called the MCMA, is a large region in
central Mexico that includes MC and 60 other municipalities (Figure 1). With a population
of over 20 million people, it is one of the largest and most densely populated metropolitan
areas in the Americas [21]. This city is known for its poor air quality, which is caused by a
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combination of factors such as heavy traffic, industrial activities, and the city’s complex
geography. The observation equipment utilized in this research was placed on the roof
of the Institute of Atmospheric Sciences and Climate Change (ICACC) building at the
Universidad Nacional Auténoma de México (UNAM) campus, located in southern MC
(19°20' N, 99°10" W, 2250 m. a. s. 1.). MC experiences three distinct seasonal periods, spring,
winter, and rainy, due to its subtropical climate. Spring is from March to May, followed by
the rainy season from June to October, and finally, winter is from November to February.
While the exact dates may vary, these three seasonal periods are widely acknowledged and
accepted [22,23].

(a) (b) .“y
/7S]

Figure 1. (a) Map of Mexico and geographic location of MC; (b) map of MC and location of SRO;
(c) AERONET site in the SRO at UNAM main campus; and (d) image of the sun photometer CIMEL-318.

MC experiences three distinct seasons throughout the year due to its location in a sub-
tropical zone. According to several meteorological studies, MC has three seasons: winter,
from November to March; the spring season, from April to May; and the rainy season, from
June to October [22,23]. The winter season is characterized by a dominant westerly current
that brings an anticyclonic flow and clear skies, leading to a strong nocturnal thermal inver-
sion [22,23]. This inversion persists until several hours after sunrise, when it is eroded by
turbulent mixing generated by the strong solar heating of the surface. Spring is the warmest
season due to higher sunshine, which leads to an increase in temperatures and evaporation
rates, ultimately resulting in a drier environment. In April and May, the temperature
usually reaches 30 °C with low relative humidity. Spring is also considered a dry season
because rainfall tends to be lower compared to the summer months [22,23]. During the
rainy season, prevailing easterly winds interact with the mountains surrounding Mexico
City, forcing upward movement and convection. Clear mornings with infrequent thermal
inversions mix pollutants with turbulent eddies. Convection over the mountains dilutes
pollutants with vertical updrafts within the clouds. Precipitation has a large gradient
within the basin, ranging from 400 mm to 1200 mm per year [22,23].
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2.2. Aerosol Sampling

Aerosol particles were sampled in an 8-stage Micro Orifice Uniform Deposit Impactor
(MOUDI, Model 100, MSP Corp.) [24]. MOUDI separates aerosol particles based on their
aerodynamic size using eight impactor stages. Each stage consists of a set of nozzles and
impactor plates that allow particles of a certain size range (from 0.8 to 10 um) to be collected
in each stage. Copper TEM grids with 200 mesh (Ted Pella Gilder grids, LF-200-Cu) coated
with a thin film of collodion polymer were used to collect atmospheric particles. These
grids were attached on 47 mm aluminum foils with double-sided carbon adhesive tape.
Subsequently, the impact plates of the MOUDI were coated with aluminum foils equipped
with the TEM grids. The MOUDI inlet flow rate was calibrated at 30 L/min, and sampling
times of 20 min were set to avoid particle saturation on the TEM grids [12,25].

To study the morphology of atmospheric particles, aerosol samples were collected
in the different seasons of the year: winter, spring, and rain. Sampling was performed
in periods of three days for each season of both years, 2022 and 2023. The schedule of
days sampled for each year is listed in Table 1. A total of 18 TEM grids with atmospheric
particulate samples were obtained. Multiple aerosols are impacted within each TEM grid,
but due to the operational limitations of the TEM, it was only possible to obtain 5 particle
micrographs per TEM grid. In total, thirty particle images were obtained for each season,
mainly winter and spring. It was not possible to obtain good particle images for the rainy
season due to technical problems associated with the rupture of the polymer coating of the
TEM grid and the humidity of some samples.

Table 1. Schedule of atmospheric aerosol sampling.

Season 2022 2023
Winter January 18-20 January 24-26
Spring May 03-05 May 7-9
Rainy August 16-18 August 15-17

2.3. TEM and SEM Micrographs

Atmospheric particle micrographs for morphology studies were performed on SEM
and HRTEM microscopes. These instruments are located at the Central Microscopy Labora-
tory (CML) of the Physics Institute (UNAM) [25]. SEM instruments (SEM JEOL-JSM-7800F)
operate with voltages that fluctuate between 1 and 10 kV and are equipped with an
energy-dispersive X-ray spectrometer (EDS) (Oxford Instruments, Abingdon, Oxfordshire,
UK), which uses the AZtec 2.1 software for the analysis. The HRTEM instrument (JEOL
JEM-2010F) operated at 200 kV near the Scherrer focus, with a theoretical point-to-point
resolution of 0.20 nm and a spherical aberration of 0.5 mm. To capture images of the
aerosols, TEM grids were directly introduced into the SEM and HRTEM without any prior
treatment. The images were taken with a CCD camera and further processed using the
GATAN digital micrographic system (version 3.7.0, Roper Technologies, Inc., Sarasota,
FL, USA).

2.4. Fractal Dimension Analysis

Fractal dimension (DF) is a mathematical tool commonly used to describe the shape
of non-spherical particles [9,26]. This concept was first introduced by the mathematician
Benoit Mandelbrot, who assigned the term DF to Richardson’s plot slope for the particle
perimeter. The Richardson scheme or log—log plot is a graphical tool used to describe
“self-similarity” and measure the perimeter of irregular shapes and objects [26]. The main
characteristic of a fractal object is the self-similarity of its structure in different enlargements.
This property can be studied by using the border-based fractal dimension equation [26,27].

L=KA P )
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where K is a constant, L is the perimeter, Ay is the segment length (the length at which the
perimeter is cut into small sections), and Dy is the fractal dimension.

The perimeter fractal dimension (PFD) of aerosol particles was calculated from the
HRTEM micrographs. The calculation process begins with the processing of the digital
particle images using the free software SCION Image 4.0, which optimizes the images and
extracts the particle coordinates. SCION also provides the area of the particle and the length
of its perimeter in pixels. Subsequently, these results were introduced into a computer code
that calculate the fractal dimension of the particles [27]. In this study, a total of 60 particles
collected in both the spring and winter seasons were analyzed. In each season, 30 particles
were analyzed using a computational code that calculates the DF parameter of each particle.
Based on the obtained DF results, fractal distribution curves (FDC) were plotted.

2.5. AERONET Station in Mexico City

The aerosol optical parameters were measured with a CIMEL sun photometer (CE-318),
which is an automatic sun—sky-scanning spectral radiometer. The CE-318 was installed
at the Solar Radiation Observatory (SRO), located on the roof of the ICACC building (Fig-
ure 1). Developed by NASA in 1992, the CIMEL is a state-of-the-art instrument designed to
measure the optical properties of atmospheric aerosols. This sun photometer is a multi-
channel radiometer that measures the direct solar irradiance at various wavelengths (340,
380, 440, 500, 675, 870, 937, and 1020 nm). These channels cover a range of wavelengths
from the ultraviolet (UV) through the visible and into the near-infrared (NIR) regions of
the electromagnetic spectrum. Each channel is sensitive to different atmospheric compo-
nents and aerosols, which allows for the characterization of aerosol properties and other
atmospheric parameters such as the water vapor (PW) content. Numerous studies have
previously described the instrumentation, data acquisition, retrieval algorithms, and cali-
bration procedures in detail, which all conform to the rigorous standards of the AERONET
global network [15,18,19,28].

The AOD values are calculated using the measurements of absorbed solar radiation in
the spectral range of 340-1020 mn. This calculation is based on the Beer—Lambert—Bouguer
law, which relates the attenuation of light to the concentration of absorbing and scattering
particles in the atmosphere. Dubovik and King (2000) present an analysis of the uncer-
tainty associated with the retrieval of AOD from AERONET [15]. The aerosol Angstrém
exponent (x440-g70) (also referred to here as AE) is a parameter used to describe the spec-
tral dependence of aerosol optical properties. It describes how the AOD changes with
wavelength. The AE is calculated using measurements of aerosol optical depth at two or
more wavelengths within the UV to NIR spectral range. In this work, precipitable water
(PW), aerosol size distribution (ASD), and the complex refractive index (CRI) data with
real (n) and imaginary (k) components were retrieved from the AERONET measurements
for the studied period. For retrieving data from AERONET, there are three quality levels
available: 1.0, 1.5, and 2. In this work, the level 1.5 database was utilized. This level
contains raw measurements that are directly taken from the instrument, including direct
sun/sky radiance and sky radiance measurements.

2.6. Aerosol Classification

The remote sensing formalism reported by Gobbi et al. (2007) was used to classify
the aerosols and to know the predominant particle type in the MC atmosphere. In this
method, the relationship between angstrom exponent (AE 440, 870)) and its difference dAE
(AE 440, 675—AE 675, 870)) is plotted, which generates a scheme that allows for estimating
the contribution of fine aerosol to the AOD [20,29].

3. Results
3.1. Morphology and Chemical Characteristics of Individual Particles

The study of atmospheric aerosols with high-resolution instrumentation can provide
valuable insights into the particle physics characteristics that influence their optical proper-
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ties and behavior in the atmosphere. Figure 2 shows the HRTEM images of aerosols that
were sampled in MC’s atmosphere at different periods of the year. Figure 2a shows the
HRTEM image of a soot particle sample in the winter, which has a diameter (dy,) of 1.5
um and is made up of chains of several nanometer-sized carbon particles that are intercon-
nected. Likewise, when soot combines with larger particles, they can form more intricate
structures such as agglomerates and fractal-like shapes. Figure 2b shows the HRTEM
image of nanometer spherical particles (d, <700 nm) that are bound together. These types
of particles are called tarball (TB) and are known for their unique spherical shape and
composition, which mostly consists of carbon and oxygen. Nevertheless, depending on the
emission source and atmospheric mixing process, they may also contain minor amounts
of other elements [25]. According to a study conducted by Rios et al. (2023), the spring
season in Mexico City is known for having a high number of forest fires, resulting in a
large amount of TB in the atmosphere [25]. These particles are primarily made up of black
or brown carbon and are mainly produced from biomass burning emissions. Something
important that has recently been reported is the formation of voluminous carbonaceous
aggregates, where the TBs are attached to the soot chains, as shown in Figure 2c [25].
Aside from their intricate morphology, these particles are also notable for their ability to
absorb solar radiation efficiently. The EDS spectrum in Figure 2d reveals the elemental
composition of the TB particles joined to soot aggregate (TB—soot aggregate in Figure 2c).
According to the spectrum, these particles are mainly composed of carbon (C), followed
by silicon (Si), and two comparatively weaker signals of oxygen (O) and sulfur (S). This
composition is characteristic of both soot and TB particles.

’%‘lqa‘

e Tarball

Figure 2. HRTEM images of (a) a soot particle, (b) three TB particles joined, and (c¢) a TB—soot
aggregate. Panel (d) shows the EDS spectrum of the TB—soot aggregate.

Figure 3 shows the SEM micrograph of the TB—soot aggregate. These types of particles
were very numerous on the TEM grids. The intricate arrangement observed in the soot—TB
system could have been created via a coagulation process that occurred naturally in the
atmosphere (Figure 3a). It is worth noting that inter-particle collisions within the MOUDI
stage cannot be completely discarded during the sampling process. To prevent collisions
and avoid saturation of the TEM grids, the sampling times were programmed for 15 min.
Figure 3b also shows a magnification of the TB, where its almost spherical shape is observed.
The elemental composition mapping reveals that the system is only composed of carbon,
oxygen, and a low percentage of silicon (Figure 3c,d).
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Figure 3. SEM image of (a) tarballs attached to soot aggregate and (b) tarball in high magnification
mode. (c,d) correspond to the EDS elemental mapping.

3.2. Fractal Distribution Curves

Figure 4 shows the fractal distribution curves (FDC) of particles collected in the
atmosphere of MC during spring and winter. According to the morphological model
employed in this study, the fractal dimension values range from 1.00 to 1.40. Round-shaped
particles tend to have DF values of around 1.00, while those with irregular shapes tend
to have DF values that are close to 1.40. The FDC for the particles collected in the spring
shows two modes: one at DF = 1.12 and the other at DF = 1.26. It seems that the first
mode, with the high counts, corresponds to rounded-shaped particles, which might be
associated with aged aerosols. On the other hand, the second mode (DF = 1.26), with a
lower count value, represents particles with more complex shapes. These particles are most
likely fresh emissions. The FDC for the particles collected during the winter showed two
modes located at different values of the fractal scale. The first mode, at DF = 1.05, suggests
a high presence of aged particles, while the second mode, around DF = 1.19—which is
almost in the middle of the scale—reveals the presence of moderately irregular particles.
These results suggest that the aging of aerosols is more likely to occur during winter due to
favorable meteorological conditions. On the other hand, during spring, the FDCs observed
a trend towards more irregular aerosol shapes, which could be attributed to the continuous
pollutant emissions from forest fires. These emissions can lead to the formation of new
particles that contribute to a high presence of soot and TB particles.

—— Spring
— Winter

0.8 1

0.0 r r T
1.0 11 1.2 1.3 1.4
Fractal dimension

Figure 4. Fractal distribution curves (FDC) for atmospheric particles sampled in MC during the

spring and winter seasons.
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3.3. Aerosol Optical Parameters

This study analyzed the seasonal patterns of AE, PW, and AOD in MC during 2022
and 2023. The data were collected through 903 daily observations over two years. Figure 5
displays the time series of AE, PW, and AOD, while Figure 6 shows their monthly averages.
The behavior of the AE, PW, and AOD parameters over the studied period can be observed
through their respective time series. The AE, as shown in Figure 5a, is a parameter
that characterizes the size distribution of atmospheric particles based on their spectral
dependence on optical extinction. The AE value ranges from 0.8 to 1.9, with a mean value
of 1.41. This variation in the AE value demonstrates the existence of both coarse and fine
particles, the latter being the dominant type. Higher values of the AE (~1.49) measured
during the spring months (March-May) indicate the dominance of fine fine-mode aerosols,
which typically include particles like sulfates, nitrates, and organic matter, which are often
found in higher concentrations in the atmosphere of the MC basin [30,31] The AE value
(1.41) for winter was slightly lower than that obtained for the spring season. This result
indicates that there is no substantial change in the particle size distribution between the
winter and spring seasons despite the significant variation in weather conditions. The
lowest AE value (1.37) was registered during the rainy season. The wet deposition processes
during these months are highly favorable for capturing and removing aerosol particles
from the atmosphere, which significantly impacts the AE value. The PW measurements
in Figure 5b correspond to the total water vapor column in the atmosphere. The PW time
series shows a cyclic variation, with high values registered between June and September.
August has the highest PW values, with a maximum value of 1.7 cm. On the contrary, the
spring and winter seasons present the lowest values of PW, with a mean of 1.0 cm.
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Figure 5. Time series of (a) precipitable water (PW), (b) Angstrom exponent (AE), and (c) aerosol
optical depth (AOD) at 500 nm from direct Level 1.5 solar measurements conducted in the
2022-2023 period.

21



Atmosphere 2024, 15, 108

0.44

1.55 4
L 0.40

1.50
1.45. L 0.36
1.40 - -0.32
1.35 - - 0.28
1.30 4 » | 0.24

Jan Feb Mar Abr May Jun Jul Ago Sep Oct Nov Dic
Month

Figure 6. Monthly trend of AE, PW, and AOD (500 nm) parameters.

In the case of the AOD (Figure 5c¢), the results show that there is a significant monthly
variation. October presented the highest mean AOD value of 0.42, followed by May with a
mean of 0.39. However, it should be noted that the AOD values for the rainy months of
July and August were 0.36 and 0.35, respectively. These values could have been affected
by the presence of clouds during these months. It is important to note that photometric
measurements can be susceptible to errors during the rainy season due to the presence of
cloudy days. Carabali et al. (2017) indicate that the presence of cirrus clouds can affect the
accuracy of AOD measurements, resulting in an overestimation during sun photometer
measurements [20]. This phenomenon is known as “cirrus contamination” and has been
extensively investigated [15,32]. The results obtained in the present work are comparable
with those obtained by Carabali et al. (2017), who reported a climatological study of aerosol
microphysical properties for the period 1999-2014.

3.4. Aerosol Size Distribution

The time series of the aerosol size distribution (ASD) obtained from sun photometric
measurements at the MC AERONET site during the study period is presented in Figure 7.
The ASDs were derived from daily measurements, and a total of 772 observations were
considered for the analysis. The ASD provides important information about the aerosol
particle sizes in the entire atmospheric column. By analyzing the shape of the distribution,
it is possible to identify the types of aerosols present (fine and coarse particles), their size
ranges, and how these distributions change over time. The colormap used to plot the
distributions has “x” and “y” coordinates for Julian days and the size, while “z” indicates
the volume of each mode (fine and coarse) in the distribution. The figures show that the
ASD is bimodal, with one mode for fine particles with a mean size of around 0.18 pm and
another for coarse particles of around 5.05 um. The contour maps show that both fine and
coarse particle modes are present throughout the year, with a significant variation in the
volumetric concentrations that may be seasonally dependent. From Figure 8, it should be
noted that although the ASD curves show a predominance of coarse particles, there are
certain periods of the year, such as winter, when fine particles show a dominant presence
(Figure 8).

In MC, coarse particles originate mainly from dust resuspension due to soil aridity
and strong winds. These results contrast those reported by Carabali et al. (2017), where
the predominance of fine particles is reported for the period 1999-2014 [20]. This slight
reduction in the volume of fine aerosol in the atmospheric column could be attributed to
the mitigation and control measures implemented by the environmental authorities in the
past, as well as the partial lockdowns due to the pandemic situation at the beginning of
2022 [33,34].
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Figure 8. Seasonal ASD for the studied period.

Figure 8 shows the seasonal aerosol size distributions (ASD) for the studied period.
The curves show a bimodal distribution where the coarse mode volume (V) predominates,
except for the winter, where the fine particle volume (Vy) is slightly higher. The seasonal
particle volumes in the fine mode are almost comparable, and only in the rainy season was
the Vi slightly lower. Precipitation during the rainy season contributes to a decrease in
the amount of particulate matter in the air. The coarse mode particle volume (V) shows
significant seasonal variations. Spring is the season with the highest particle volume,
followed by the rainy season. The lowest values of V. were registered in winter. The
high values during spring are due to soil resuspension and possibly to the formation and
coagulation processes that favor an increase in aerosol size.
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Figure 9 shows the average hourly time series of effective fine radius (Rq¢f) and effective
coarse radius (Reg) for the studied period. The time series trends show that R.¢ remains
stable throughout the year, maintaining a mean value of 0.16 um. Ry, on the other hand,
shows considerable variability throughout the year, with a mean value of 2.90 um. The
constant radius value in the fine mode could be an indicator of the type of sources and
their particulate emission dynamics. The urban area’s high population density results in
significant anthropogenic activity, which could explain the steady emission rate throughout
the year. The R values display a significant degree of variability, which is strongly
influenced by meteorological changes. These R fluctuations may be linked, to some
extent, to the levels of precipitable water in the atmosphere. The results obtained are
consistent with the findings of Saha and Moorthy (2004), who observed that changes in
aerosol size are influenced by high relative humidity conditions [35].
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Figure 9. Average hourly time series of Ro¢ and Reg for the studied period.

3.5. Complex Refractive Index

The optical properties of aerosols are influenced by their physical and chemical charac-
teristics. Electromagnetic theory suggests that the CRI is a crucial physical parameter that
determines how particles scatter and absorb radiation. The CRI is composed of two parts:
real (n) and imaginary (k), which are values depending on the specific composition of
the aerosols (e.g., dust, soot, water droplets, or various chemical compounds). Figure 10
presents the statistical analysis of the CRI measured during different seasons of the studied
period. The box plots in the figure were constructed with daily observations of n and k parts
of the CRI retrieved from the AERONET measurements. In addition, distribution curves
are plotted next to the box plots, visually showing the dispersion of the data. The 1 values
tend to exhibit a wider range of variations, while the k values are much more consistent.
Figure 11 shows the wavelength dependence of the 1 and k parts of the CRI measured in
the different seasons of the year. The data in Figure 11 show that the CRI has a spectral
dependence, in which values for the # part tend to increase with the wavelength. It was
observed that the rainy season had the lowest n values, while the highest was registered
during the spring, followed by those values measured in the winter. On the other hand,
the imaginary part of the complex refractive index shows a different trend, characterized
by a stronger wavelength dependence, with minimum values measured at 675 nm. The
highest values were obtained for the winter season, followed by those in spring. The lowest
k values were measured in the rainy season, except for the values at 900 and 100 nm, which
are slightly higher than those in winter.
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Figure 11. Wavelength dependence of the 1 and k parts of the CRI, measured in the different seasons
of the year.

Table 2 shows the CRI values and other optical parameters of the atmospheric aerosols
(AOD and AE) measured at different locations worldwide. For comparative purposes, the
mean values found in this work are also listed. The values of seasonal n reported in this
study are higher than those found in other urban areas, except for Paris (France), whose
value (1~1.52) was measured in a different wavelength (532 nm), and Sahara (Africa),
which has the highest value (n~1.53). Beijing and Kanpur show slightly lower n values
than those observed for MC. One possible reason for this could be the variety of sources
emitting within MC’s urban area, which include mineral dust resuspended from soils by
wind action, mainly in the spring [36]. In addition, there remains significant industrial
activity within MC’s air basin, which favors the emission of inorganic matter that enhances
the scattering properties of aerosols [37]. The main reason behind the high value of n
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that has been reported for the atmospheric particles in the Sahara is due to the dispersion
characteristics of the prevailing type of aerosols in the region, whose particles are primarily
mineral dust from the desert [38].

Table 2. Comparison between the values of the CRI and other aerosol optical parameters obtained in
this study and those determined for other sites.

AOD

Site n k (550 nm) AE Date of Studies Reference
2005-2009,
Beijing, China 1.48 0.010-0.013 0.56-1.58 0.88-1.22 2011-2012, [14,39,40]
2014-2015
Kanpur, India 1.40-1.48 0.014-0.015 0.50-0.95 1.35-042 2011-2012 [39]
Shanghai, China 1.39-1.45 0.007-0.014 0.72 1.10-1.60 2010-2012 [41]
Sahara, Africa 1.53 0.0014 0.1-0.6 - 2006 [42,43]
Paris, France 1.51 (532 nm) 0.017 (532 nm) 0.15 - 2000, 2009-2010 [44,45]
Sao Paulo, Brazil 1.44 0.014 0.14-0.53 0.85-1.58 2007 [46]
Mexico City 1.49 0.017 0.33 1.41 This study

The results of this study show that the value of k is higher than those reported for the
different cities (Table 2). The result obtained for MC is only comparable to that reported
for Paris, although the measurement in that city was taken at 532 nm. Furthermore, the
seasonal maximum value of 0.019 (440 nm) during winter in MC suggests that the k-value
could potentially be influenced by weather conditions at that time of the year. During
winter, the height of the boundary layer is reduced due to low temperatures, which leads to
an increase in the concentration of aerosols in the vertical column of the atmosphere. These
favorable conditions for aerosol mixing have a significant impact on the microphysical
properties of the particles. In winter, for instance, the size distribution showed a bimodal
curve dominated mainly by fine particles. Although, by definition, the CRI is an intrinsic
property of the particles that do not depend directly on their concentration, its value can
be influenced by the particle diameter, the degree of agglomeration of the particle, and
its size distribution in the atmosphere. The high k-value found in this analysis is a clear
indication of the strong absorbing nature of aerosols in MC, which poses a significant risk
to the radiative balance of the urban area. In highly populated urban areas like the MC
basin, the value of k is primarily attributed to the existence of soot and organic matter in the
aerosol particles—as well as minerals and other compounds present in the aerosol, which
contribute to a lesser extent.

3.6. Aerosol Classification: Identification of Major Aerosol Types

The graphical method proposed by Gobbi et al. (2007) was used to classify the
aerosols measured in MC during the studied period [29]. The method visually examines
the relation between AE and dAE to identify the fine aerosol contribution to the AOD,
which, in turn, provides the respective particle size. This information can be very useful
in various applications. For instance, it can be used to track mixtures of anthropogenic
aerosol with dust, discern aerosol growth from cloud contamination, and observe aerosol
humidification. Additionally, negative values of the difference (dAE) in the scheme indicate
the predominance of fine-mode aerosols, while positive differences demonstrate a bimodal
distribution of particles [29].

The data presented in Figure 12 are derived from a comprehensive analysis of 3500 direct
sun photometer observations collected at the AERONET site in MC between 2022 and 2023.
By using a color-coded system, the plot clearly shows the contribution of fine particles
to AOD, with the blue dots indicating AOD values ranging from 0.15 to 0.3, green dots
indicating AOD values ranging from 0.3 to 0.4, red dots indicating AOD values ranging
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from 0.4 to 0.7, and black dots indicating AOD values ranging from 0.7 to 1.0. Additionally,
the plot presents continuous black lines depicting a fixed fine-mode size (Rf), while the
dashed blue lines indicate the percentage contribution of particles to the AOD.
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Figure 12. Relationship between dAE (AE 449, 675~AE (675, 870)) and AE 449, 870y for MC aerosol mea-
sured during (a) the whole studied period, (b) spring, (c) rainy, and (d) winter seasons.

Figure 12a depicts all the data used in the analysis. It is interesting to note that the
region with the highest density of data is situated at AE~1.5 with positive values of the
difference at dAE~0.12. This observation suggests that the most significant contribution to
the AOD in Mexico City (which is less than 70%) is due to fine particles with an approxi-
mately fixed radius (Rf) of 0.10 um. The positive region of dAE indicates that the aerosol
size distribution tends to be bimodal. Based on the schematic in Figure 1a, it can also be
inferred that the coarse mode particles contribute to approximately 30% of the AOD.

Figure 12b-d represents the aerosol classification for the spring, rain, and winter
seasons, respectively. The data shown in the diagrams are significantly different in terms
of the number and distribution. However, it is important to note that there are several
common features present in all of the diagrams. One of the most significant features is
that almost 80% of the particles in each scheme fall within the range of radii between
0.10 and 0.15 pm. Based on the analysis, it can be inferred that there is no significant
temporal variation in the mean particle size. This observation is in line with the finding
for the Re¢, which had a nearly constant value of 0.16 throughout the analysis period. It is
worth mentioning that this consistency in the mean particle size and Re¢ values indicates a
steady particle size distribution.

Another interesting fact is that in Mexico City’s atmosphere, there are aerosols that
generate AOD values of < 0.7 throughout the year, which is considered significantly high.
These high extinctions indicate the absorbing nature of the aerosol and can be associated
with hygroscopic growth and/or coagulation by aging of the aerosols in a fine mode [29].
However, it is important to note that some data with extinctions between 0.1 and 0.7 in the
rainy season scheme are probably caused by cloud contamination effects. Carabali et al.
(2017) found that there is a positive correlation between water vapor and high AOD values
in the rainy season in MC [20].
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4. Conclusions

The revelation of TB being attached to complex soot structures is one of the most
interesting results of this work. These structures, which are referred to here as “TB-soot ag-
gregate”, consist of voluminous carbonaceous agglomerates with intricate structures. The
amount and type of emission sources, such as old diesel-burning engines and biomass burn-
ing, which are present in the MC area, along with specific meteorological conditions within
the MC basin, may create a favorable environment for the TB—soot aggregate formation in
the atmosphere. Despite containing lower levels of other chemical elements, these particles
are predominantly composed of carbon, which evidences its absorptive characteristics.

Upon calculating the particle fractal dimension, some slight seasonal variations in the
morphological behavior of the particles were observed. These variations could be attributed
to the influence of meteorological conditions during different seasons. Furthermore, it was
noted that during the winter season, the particles tend to undergo a more pronounced
aging process. This observation may be related to an increase in particle concentration due
to the low mixing layer height. During the spring season, the number of aerosol particles
with irregular shapes is notably higher. This increase can be attributed to the continuous
emissions of aerosol particles caused by forest fires. Furthermore, the fractal distribution
curve for spring indicates that there is a significant presence of aged aerosol particles. These
aged particles are more likely to form under the influence of high solar radiation intensity,
which is prevalent during the spring months.

In this study, columnar optical characteristics of aerosol in MC from 2022 to 2023
were analyzed using sun photometer observations. It found that the global mean AOD
(500 nm) is 0.34, which is typically observed in urban areas. The mean AE value of
approximately 1.41 indicates the presence of two particle modes (fine and coarse) that
remain relatively constant throughout the analyzed period. The coarse mode dominates
the size distribution, except during the winter season. Further analysis reveals that the
specific radii of the fine and coarse modes are 0.16 and 2.90 um, respectively, with the latter
exhibiting significant variations throughout the year. The average CRI value for the period
studied was 1.49-0.017i (400 nm). For MC, the CRI presented a seasonal variation, with the
highest values in winter and spring. The low values observed in the rainy season are due
to a reduction in contamination.

Finally, according to the microphysical observations of aerosol in Mexico City, it can
be stated that the particles tend to be significantly absorbing. This can be evidenced by
the LRC, whose value (1.49-0.017i) is higher than those measured in other urban areas. In
addition, it was found that fine particles with radii in the range of 0.10-0.15 pm make the
most significant contribution to the AOD in Mexico City, representing almost 80% of it.
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Abstract: Nitric acid (NA) has recently been found to enhance sulfuric acid (SA)-driven new particle
formation (NPF) at low temperatures (<240 K). However, studies on the role of NA in atmospheric
NPF remain limited. Herein, we explored the enhancement effect of NA on binary SA-methylamine
(MA) nucleation by investigating the mechanism and kinetics of (NA)x(SA),(MA); (0 <x, 0 <y,
x+y < 3,0 <z < 3) clusters using quantum chemical calculations and cluster dynamics simulations.
We found that the mixed ternary NA-SA-MA clusters have lower evaporation rates compared to
the corresponding NA-SA—dimethylamine (DMA) and NA-SA-ammonia (A) clusters, indicating
the stronger binding ability of NA with respect to SA-MA clusters. At atmospheric conditions
(T > 278.15 K), NA can enhance the cluster formation rate of SA-MA by about six orders of magni-
tude, demonstrating a surprisingly high enhancing potential. Moreover, NA acts as an important
participant in the cluster growth pathways of the NA-SA-MA system, as opposed to the “bridging”
role of NA in the previously studied NA-SA-A system. This study proposes the first case of NA
efficiently enhancing SA—amine nucleation at ambient temperature, suggesting a larger impact of NA
in atmospheric NPF than previously expected.

Keywords: particle formation; nitric acid; sulfuric acid; methylamine; quantum chemical calculation;
atmospheric cluster dynamics code

1. Introduction

Atmospheric particulate matter poses a serious threat to global climate and air quality [1-6].
New particle formation (NPF) plays a pivotal role as an important contributor to atmospheric
particulate matter, which can contribute over 50% of the global aerosol budget [1-12]. Therefore,
a comprehensive understanding of NPF is essential for evaluating the impacts of particulate
matter and devising effective control strategies.

The most important nucleation precursor of atmospheric NPF is thought to be sulfuric
acid owing to its exceptionally low volatility and strong acidity [3,6,13-24]. Atmospheric
bases, such as ammonia (A, NHj3) and amines, can efficiently nucleate with SA via acid-base
proton transfer reactions and the formation of hydrogen bonds [3,6,13,14,18,19,25-31].
Despite large differences in concentrations, amines have been found to more efficiently
enhance SA particle formation compared with A [13,14,24,28,32]. However, the binary
SA-base nucleation mechanisms fall short of explaining the high rates of NPF observed
under realistic atmospheric conditions [33-35]. This implies that other potential gaseous
precursors may participate in and further enhance binary SA-base nucleation.

Nitric acid (NA, HNO3) is an abundant inorganic acid in the troposphere, with a broad
variety of sources and a wide range of distributions [36—42]. The tropospheric concentration
of NA canbe up to 1 x 10'? molecules cm 3, significantly exceeding that of SA by a factor of
four to seven orders of magnitude [40,43-45]. Considering the high atmospheric abundance
of NA, some recent investigations have concentrated on the enhancing effect of NA on
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SA-base nucleation [46-51]. Wang et al. and Liu et al. pointed out that NA can effectively
enhance both SA-DMA and SA-A nucleation at low temperatures (<240 K), but NA had
a negligible enhancing effect at temperatures commonly encountered in the atmospheric
boundary layer (280 K) [46—48]. In addition, Knattrup et al. found that NA can increase
the cluster formation rate by studying mixed-acid—mixed-base clusters containing at most
one NA molecule [49,50]. Amines cover a wide variety of species in the atmosphere with
different basicities and structures, implying that the enhancing effect of NA may be different
for different SA—amine systems. However, except for DMA and A, the enhancement
effect of NA on SA-other amine nucleation has not been studied in detail, which hinders
a comprehensive assessment of the role of NA in NPF processes. Therefore, it is essential
to explore the enhancing effect of NA on SA—other amine nucleation in detail.
Methylamine (MA) has a higher global emission than DMA and a stronger basicity
than A [52]. In addition, MA has the structural characteristics of a lower steric hindrance
than DMA and the capability of forming one more hydrogen bond. Previous studies have
shown that basicity, hydrogen-bonding capacity and steric hindrance jointly influence the
clustering ability of a given amine with acids [53-56]. This implies that the enhancing
effect of NA on SA-MA nucleation is not easy to predict simply based on the enhancing
effect of NA on the previously studied SA-DMA and SA-A systems. Here, we conducted
a systematic investigation of NA’s enhancing effect on SA-MA nucleation by exploring the
thermodynamics and kinetics of the ternary NA-SA-MA system using quantum chemical
calculations with simulations using the Atmospheric Cluster Dynamic Code (ACDC) [57].
Additionally, we chose the previously studied NA-SA-DMA and NA-SA-A systems as
references to analyze and compare the enhancing role of NA in these three systems [47,48].

2. Materials and Methods
2.1. Configurational Sampling

Similar to our previous studies [53,58-60], a multi-step sampling approach was utilized
to explore the most stable configurations of the clusters in the ternary NA-SA-MA system,
including (NA);3(MA);3 and (NA)x(SA)y(MA), (1 <x, 1 <y, x+y <3,1<z<3)
clusters. The configurations of the remaining clusters in the ternary NA-SA-MA system
((SA)p-3(MA)p.3 and homomolecular (NA);_3) were derived from previous research [48,61].
In order to obtain the most stable configurations, the ABCluster program was first employed
to generate 6000 initial guess structures for each cluster type [62,63]. The CHARMM36
force field was applied for the simulation of all molecules in the ABCluster program.
Based on the initial guess structures, four sequential calculation steps were performed to
gradually screen for the global minimum. The specific details of the multi-step sampling
approach and the employed calculation methods are presented in Appendix A. In brief, the
configuration exhibiting the lowest Gibbs free energy value (G) was identified as the most
stable configuration for a given cluster type. The binding free energy (AG) was derived
from the subtraction of the individual G of the constituent monomers from the overall
G of the studied cluster at a temperature of 298.15 K. All calculations utilizing the PM6
and wB97X-D methods were performed through the GAUSSIAN 09 software [64], while
the DLPNO-CCSD(T)/aug-cc-pVTZ computations were carried out by the ORCA 4.0.0
software [65]. In addition, all the cluster configurations for the ternary NA-SA-DMA and
NA-SA-A systems, as reported in earlier research [47,48], were adopted and subsequently
recalculated at the theoretical levels utilized in the current investigation.

2.2. Atmospheric Cluster Dynamics Code Simulations

ACDC was utilized to investigate the time evolution of cluster concentrations and
growth pathways. For more details about the theory behind ACDC, see Appendix A [57,66].
Here, the simulated ternary NA-SA-MA system can be characterized as a “3 x 3” box
involving (NA)x(SA)y(MA), 1 <x, 1 <y, x+y < 3,1 <z < 3), (NA)3(MA)p3 and
(SA)0-3(MA)g.3 clusters. The choice of boundary clusters was guided by their stability at the
specific temperatures examined, as detailed in Appendix A. Within the simulations, the SA
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concentration [SA] was fixed in the range of 10° to 107 cm ™3, the NA concentration [NA]
was adjusted between 108 and 102 cm 3, and the MA concentration [MA] was set between
108 and 10° cm—3, which values correspond to their usual ambient concentrations [3,24,
39]. The simulations were conducted at 238.15 K to 298.15 K, and the coefficient for the
coagulation sink was established at 2 x 1072 s~!, which corresponds to the typical value for
polluted urban atmospheres [3]. As a comparison, the NA-SA-DMA and NA-SA-A systems
were also simulated, with the DMA concentration [DMA] between 10% and 10° cm 3 and
the A concentration [A] at 1010 cm 3. The simulation system for both the NA-SA-DMA and
the NA-SA-A systems also consisted of a “3 x 3” box, and the selection of the boundary
clusters can be seen in Appendix A. All other conditions were set the same as those used
for the simulation of the NA-SA-MA system.

3. Results and Discussion
3.1. Cluster Structures

Given that (SA)1.3(MA);_3 clusters have been extensively discussed in earlier stud-
ies [24,26,66], here, we primarily concentrate on the binary (NA);.3(MA);.3 and mixed
ternary (NA)x(SA)y(MA), (1 <x,1 <y, x+y < 3,1 <z < 3) clusters. The most stable
conformations of the (NA)x(SA),(MA), (1 <x,1<y,x+y <3,1 <z < 3)clusters are shown
in Figure 1, and the most stable conformations of the (NA);.3(MA);_3 clusters are displayed
in Figure S1. Proton transfers from NA to MA occur in all the binary (NA);.3(MA);.3 clus-
ters except (NA);(MA);, and these acid-base clusters are stabilized through electrostatic
interactions between positively and negatively charged ions and intermolecular hydrogen
bonds. The (NA);(MA); cluster is the exception, as there is no proton transfer; it is only sta-
bilized by hydrogen bonds. For all the mixed ternary (NA)x(SA),(MA), (1 <x,1<y,x+y
< 3,1 <z < 3) clusters, proton transfer and the formation of a complex hydrogen bond
network are observed. When y > z, all MA molecules undergo protonation by accepting
a proton from SA, such as (NA);(SA);(MA)1, (NA)1(SA)2(MA)1, (NA)2(SA)1(MA); and
(NA)1(SA)2(MA),. When y < z, both SA and NA can transfer a proton to the MA molecules.
Thus, the proton transfer process from SA to MA is comparatively more advantageous
compared to the transfer from NA to MA in the case of all the mixed ternary NA-SA-MA
clusters. This phenomenon is likely caused by the higher acidity of SA compared to NA. In
addition, only one proton can be transferred to MA from SA molecules in all the acid-base
clusters, and therefore no formation of SO42~ is observed.

O
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(NA)(SA);(MA), (NA),(SA)(MA), (NA),(SA)(MA);
py &
s
s *%’«A”
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Figure 1. The most stable configurations of the (NA)x(SA)y(MA), (1 <x,1<y,x+y <3,1<z<3)
clusters calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//wB97X-D/6-31++G(d,p) level of theory
at 298.15 K. The dashed black lines represent hydrogen bonds.
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We then compared the number of hydrogen bonds within the mixed ternary (NA)(SA),
(MA); cluster with the numbers in the (NA)x(SA),(DMA), and (NA)x(SA),(A); clusters (1 < x,
1<y x+y <3, 1<z<3) (see Table 1), since the hydrogen bond is a vital structural
factor for stabilizing clusters. It was found that the numbers of hydrogen bonds in all
the (NA)x(SA),(MA), clusters were greater than or equal to those in the corresponding
(NA)x(SA),(DMA); clusters, except for the case of (NA)1(SA)1(MA); and (NA);(SA)1(MA),.
This is related to the presence of more hydrogen bond formation sites in MA than DMA,
as it has one more methyl group. In addition, the numbers of hydrogen bonds in the
(NA)x(SA),(MA); clusters are comparable to those in the (NA)x(SA),(A); clusters. Hence, the
observed numbers of hydrogen bonds in the mixed ternary (NA)(SA),(MA); clusters suggest
that they are likely more stable.

Table 1. The numbers of hydrogen bonds (1) in (NA)x(SA),(MA);, (NA)x(SA),(DMA), and
(NA)x(SA)y(A): (1 <x,1<y,1<z<x+y < 3)clusters.

Clusters n Clusters n Clusters n
(NA)1(SA)1(MA), 3 (NA)1(SA)1(DMA) 4 (NA)1(SA)1 (A 3
(NA)1(SA)1(MA), 4 (NA)1(SA)1(DMA), 5 (NA)1(SA)1(A)2 5
(NA)(SA)1(MA), 5 (NA)2(SA)1(DMA) 5 (NA)(SA)1(A) 5
(NA)2(SA)1(MA), 7 (NA)2(SA)1 (DMA), 6 (NA)(SA)1(A)2 8
(NA)(SA)1(MA); 10 (NA)2(SA)1(DMA); 7 (NA)(SA)1(A)s 9
(NA)1(SA)2(MA), 6 (NA)1(SA)2(DMA) 5 (NA)1(SA)(A) 6
(NA)1(SA)2(MA), 7 (NA)1(SA)2(DMA), 7 (NA)1(SA)(A)2 8
(NA)1(SA)2(MA); 11 (NA)1(SA)2(DMA); 8 (NA)1(SA)(A)s 10

3.2. Evaporation Rates

The evaporation rate of a cluster represents the rate at which molecules or smaller
clusters escape from the original cluster, and therefore it can be used to infer the stability of
the cluster. The evaporation rate of a mother cluster is relevant to the collision rate coeffi-
cient of its two daughter clusters or monomers and the difference in formation free energy
between the mother cluster and its two possible daughter clusters or monomers (detailed
in Equation (A3) in Appendix A). Since the difference between the collision rate coefficients
for various systems is minor, the evaporation rate of a mother cluster mostly depends on
the relative formation free energy of the mother cluster with respect to its possible daughter
clusters or monomers. In general, clusters with lower evaporation rates are considered
to be more stable [58-60]. Since we are mainly concerned with the enhancement effect of
NA on SA-MA nucleation, here, we primarily focus on the evaporation rate based on the
AG values (Figure S2) of the mixed ternary NA-SA-MA clusters (NA)x(SA)y(MA); (1 <x,
1<y, x+y<3,1<z<3). Figure 2A shows the evaporation rates for the mixed ternary
NA-SA-MA clusters at 278.15 K, while Figure 2B provides the evaporation rates for the
binary SA-MA clusters as a comparison. For the ternary NA-SA-MA system, the evapo-
ration rates of the four clusters (NA);(SA)>,(MA)3, (NA)>(SA)1(MA)3, (NA)(SA)2(MA),
and (NA);(SA);(MA), are on the order of 1073-10"2 s~ 1. These are significantly lower
than those of the other ternary NA-SA-MA clusters, which have evaporation rates higher
than 10! s, Under atmospheric conditions, these four clusters may be considered to
possess stability. Such a wide variation in the evaporation rate for various clusters is
understandable, since the relative formation free energies of mother clusters with respect to
their daughter clusters or monomers differ greatly. In comparison with the binary SA-MA
clusters, we found that ternary NA-SA-MA clusters with equal acid and base molecule
numbers, ie., (NA)l(SA)2(MA)3, (NA)z(SA)l(MA)g and (NA)l(SA)l(MA)z, have lower
evaporation rates than the corresponding binary SA-MA clusters. This suggests that the
addition of NA enhances the stability of these three clusters, and there is a strong possibility
that they can participate in the main cluster growth pathways of the NA-SA-MA system.
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Figure 2. Evaporation rates of the (A) (NA)X(SA)yMA), 1 <x, 1<y x+y<3,1<z<3),
(B) (SA)13(MA)13, (C) (NA)x(SA)y(DMA); (x > 1,y > 1,1 <z < x +y < 3) and (D) (NA)x(SA)y(A);
(x>1,y>1,1<z<x+y <3)clusters at 278.15 K.

A comparison was also conducted between the evaporation rates of the ternary NA-SA-
MA clusters and those of the ternary NA-SA-DMA and NA-SA-A clusters (see Figure 2C,D).
A common feature in all three systems is that the evaporation rates for clusters with equiva-
lent numbers of acidic and basic molecules, i.e., (NA);(SA);(base),, (NA),(SA)q(base)s and
(NA)1(SA);(base)s, are lower than those for the other ternary clusters. This is consistent
with many previous studies [61,67]. Moreover, the evaporation rates of all the ternary
NA-SA-MA clusters are lower compared to the corresponding ones in the NA-SA-DMA
system, except for the (NA);(SA);(MA); and (NA);(SA)2(MA); clusters. It has been ob-
served that the evaporation rate for the (NA);(SA)2(MA), cluster is significantly lower
compared to that of the (NA);(SA),(DMA), cluster. Similarly, the evaporation rates for
each of the ternary NA-SA-MA clusters are lower than those for the related NA-SA-A
clusters. Therefore, the lower evaporation rates suggest that ternary NA-SA-MA clusters
have greater stability when compared to the ternary NA-SA-DMA and NA-SA-A clusters.

3.3. Addition Free Energies of NA to the Clusters

We employed the addition free energy of NA (AG,q4q) as an important parameter to
evaluate the binding ability of NA to the binary SA-base clusters. Herein, AG,44 values for
the binary SA-MA, SA-DMA and SA-A clusters were calculated to compare the preferences
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for the uptake of NA between these three binary SA-base systems (Figure 3). The AG,44
for each ternary (NA)(SA),(base), cluster was calculated as follows:

AGadd = GNA)x(SA)y(base)z — GSA)y(base)z — GNA X X 1)

where Gna)x(sA)ybase)zr G(SA)y(base): and GNa are the Gibbs free energies of the ternary
(NA)x(SA)y(base) cluster, the binary (SA),(base). cluster and NA monomers, respectively.
As shown in Figure 3A, the AG,qq Vvalues for all the ternary NA-SA-MA clusters are highly
negative, and therefore the addition of NA to the clusters is thermodynamically favorable.
Furthermore, when the number of SA molecules stays constant, there is a clear trend that
the AG,qq values of the (NA),(SA),(MA); clusters decrease with an increase in the number
of base molecules, suggesting that the greater number of bases in the cluster makes it more
favorable to attract NA molecules. It is noteworthy that the AG,44 values for all the ternary
NA-SA-MA clusters are lower than those for the corresponding ternary NA-SA-DMA and
NA-SA-A clusters, signifying that NA binding with SA-MA clusters is more advantageous
compared to the SA-DMA and SA-A clusters. We speculate that the introduction of NA
leads to a change in the topological structure of the binary SA-MA clusters, resulting in
stronger binding of NA with SA-MA clusters and more hydrogen bonds in the formed
ternary NA-SA-MA clusters.

(A) (B)

@

Number of A
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Number of MA
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Number of SA(S) and NA(N) Number of SA(S) and NA(N) Number of SA(S) and NA(N)

Figure 3. Addition free energy of NA (AG,q4q) for the (A) (NA)x(SA)y(MA), 1 <x,1 <y, x+y <3,
1<z<3),(B) (NA)(SA)y(DMA): (1 <x,1<y,1<z<x+y <3)and (C) (NA)(SA)y(A): (1 <x,
1<y, 1<z <x+y <3)clusters calculated at the DLPNO-CCSD(T) /aug-cc-pVTZ/ /wB97X-D/6-
31++G(d,p) level of theory at 298.15 K and 1 atm.

3.4. Enhancement Effect of NA on Cluster Formation Rates

Here, we further investigated the enhancing effect of NA on SA-MA nucleation by
comparing the cluster formation rates before and after adding NA to the binary SA-MA
system. We also compared it with the enhancing effect of NA on SA-DMA nucleation and
SA-A nucleation (cluster formation rates of these nucleation systems are shown in Tables
S1-53). The enhancing effect of NA on binary SA-base nucleation is quantified by the
enhancement factor (7):

J([SA] = x, [base] = , [NA] = z)

J([SA] = x, [base] = y, [NA] = 0) 2)

Y =

where | ([SA] = x, [base] =y, [NA] = z) and | ([SA] = x, [base] =y, [NA] = 0) indicate the
cluster formation rate of the ternary NA-SA-base system and the binary SA-base system
without NA, respectively. Under realistic atmospheric conditions, precursor concentration
and temperature are both important factors influencing the nucleation rate. Therefore, we
examined r at different precursor concentrations and temperatures.

The effect of temperature on r when [NA] = 109 em—3 and T = 238.15 K-298.15 K is
displayed in Figure 4. It is observable that NA always has a significant enhancing effect
on SA-MA nucleation, with the r value ranging from 276 to 14370 under the considered
conditions. The overall trend shows that the r value increases with increasing temperature,
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except for the case with the conditions of [SA] = 10° cm~3 and [MA] = 10° cm 3, where the
r value initially decreases and then increases with increasing temperature. Furthermore,
the r value under the lower SA concentration (10° cm™3) is higher than that under the
higher SA concentration (107 cm™3), indicating that NA can cause stronger enhancement
of SA-MA nucleation when the SA is scarce. Furthermore, for the NA-SA-DMA and
NA-SA-A systems, the r value increases with decreasing temperature, and NA only has
a prominent enhancing effect on binary SA-DMA /A nucleation at temperatures below
258.15 K. However, the r value of NA in the binary SA-DMA /A nucleation is much lower
than that in the binary SA-MA nucleation under our considered conditions, which confirms
the significantly high enhancement effect of NA on SA-MA nucleation.
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Figure 4. Enhancement factor (r) of NA in SA-MA, SA-DMA and SA-A nucleation at varying
temperatures and precursor concentrations. The concentration of NA is fixed at 10! cm 3. The solid
black, red, blue and green lines represent the NA-SA-MA system; the dashed-dotted black, red, blue
and green lines represent the NA-SA-DMA system; and the dotted orange and purple lines represent

the NA

-SA-A system.

Figure 5 shows the effect of NA concentration on r at 278.15 K. It can be seen that
for three NA-SA-base systems, r shows a positive dependence on [NA] and the r value
under the lower SA concentration (10° cm~3) is higher than that under the higher SA
concentration (107 cm~3). For the NA-SA-MA system, r increases from 16 to about 10° as
the NA concentration increases from 108 cm 2 to 10'? cm 3, reflecting the high enhancing
effect of NA for the SA-MA system at 278.15 K. However, for the NA-SA-DMA and NA-
SA-A systems, an enhancing effect of NA was only observed when NA > 10! cm—3 at
278.15 K, which is still much lower than the r value for the NA-SA-MA system at the same
NA concentration.

As discussed above, our results indicate that even under environmental conditions
with high temperatures, such as at noon, NA can still efficiently enhance SA-MA nucleation
to a surprisingly high degree, in contrast to the negligible enhancing effect of NA on binary
SA-DMA or SA-A nucleation above 278.15 K presented in previous studies [46—48].
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NA-SA-DMA system; and the dotted orange and purple lines represent the NA-SA-A system.

3.5. Mechanism of the NA-SA-MA Nucleation System

ACDC simulations can keep track of the fluxes between clusters, which makes analysis
of the cluster formation mechanism easy. Herein, the cluster growth pathway within the
NA-SA-MA system at 278.15 K, [NA] = 10! em 3, [SA] = 10° cm 2 and [MA] = 108 cm 3
is displayed in Figure 6. Under these conditions, NA led to an enhancement factor of about
15,000 for SA-MA nucleation. As shown in Figure 6, the cluster growth mainly proceeds
through two channels. One is the binary SA-MA channel, which is initiated by the collision
of two SA molecules or the collision between SA and MA molecules. The other is the
NA-participated channel, which is initiated by the collision of NA and MA molecules. In
addition, the two channels are linked by the addition of one NA molecule to the (SA);(MA);
and (SA)>(MA), clusters to form the (NA){(SA);(MA); and (NA){(SA)>,(MA), clusters, re-
spectively. Both channels subsequently grow through collisions with monomers, ultimately
producing the (SA)3(MA); and (NA);(SA)»(MA);3 clusters, respectively. It is noted that the
ternary NA-SA-MA clusters that participate in the growth pathways contain at most one
NA molecule. Finally, (SA)3(MA)s and (NA);(SA)2(MA)3 clusters can directly collide with
NA and SA molecules, respectively, to form the (NA);(SA)3(MA)3 cluster, which grows out
of the “3 x 3 box”, with the two paths contributing 15% and 85% of the cluster formation
rates, respectively.
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Figure 6. Cluster growth pathways for the NA-SA-MA system at 278.15 K, [NA] = 1010 ecm 3,
[SA]=10° cm 3 and [MA] =108 cm 3.
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We also tested the influence of temperature and [NA] on the cluster growth pathway
of the NA-SA-MA system. Figure S3 presents the cluster growth pathway at a lower
temperature (238.15 K, Figure S3A) and a higher [NA] (10'?> cm~3, Figure S3B). As shown
in Figure S3, the main growth pathway is slightly more complicated than that at 278.15 K
and [NA] = 10' cm 3. The cluster growth pathway is still mainly divided into the SA-MA
channel and the NA-participated channel. However, at 238.15 K or [NA] = 10'2 cm 3,
the two channels can also be connected by an extra route via the evaporation of a NA
molecule: (NA){(SA){(MA); — (NA){1(SA),(MA); — (SA)2(MA)1. Another difference is
that the finally formed (NA);(SA),(MA)3 cluster can collide not only with an SA monomer
but also with the (NA);(MA); dimer cluster to grow out of the “3 x 3 box” at 238.15 K or
[NA] =10'2 cm~3. Additionally, at 238.15 K, (NA){(SA);(MA), can also collide with itself
to form the (NA),(SA)>(MA)4 cluster growing out of the “3 x 3 box”.

Overall, the growth pathways under the three conditions are generally similar; the
NA-participated clusters contribute almost 100% to the cluster formation rate, indicating
the importance of the participation and enhancement of NA in SA-MA nucleation. This
is different from the case in which NA mainly acts as a “bridge” joining the smaller and
larger binary SA-A clusters in the cluster growth pathways of the NA-SA-A system [47].

4. Implications and Conclusions

This study is the first to point out the surprisingly high enhancing effect of NA on
the nucleation of the binary SA-MA system at ambient temperature. For example, at
[NA] =10 cm—3 and T = 278.15 K-298.15 K, a common concentration and normal temper-
ature range in the troposphere, NA can efficiently enhance the cluster formation rate of
the binary SA-MA system by about 10*-fold. Moreover, the enhancing role of NA could be
even more pronounced in local regions with higher concentrations of NA and near emis-
sion sources of MA. However, previous studies reported that only at lower temperatures
(<240 K) could NA efficiently enhance binary SA-DMA or SA-A nucleation [47,48]. Thus,
the enhancing effect of NA on the investigated binary SA-base nucleation systems does
not simply adhere to the sequence of gas basicity among the bases (DMA > MA > A) [68],
although acid-base reactions occur between NA and bases in ternary NA-SA-base nucle-
ation. This implies that the enhancing effect of NA on binary SA-base nucleation is related
not only to the basicity of the atmospheric bases but also to their structural factors, e.g.,
their hydrogen-bonding capacity. Therefore, the contribution of NA to nucleation involv-
ing SA and other bases warrants further study to comprehensively expand the current
understanding of the role of NA in atmospheric NPF.

The enhancing potential of MA in SA-driven nucleation is lower than that of the
other typically observed alkyl amines, i.e., DMA and trimethylamine (TMA) [24]. However,
recent studies showed that MA can synergistically enhance SA-driven nucleation with other
amines [69,70]. Considering the high enhancing effect of NA on SA-MA nucleation, it is
likely that NA could significantly enhance the nucleation of SA-multiple amines containing
MA in realistic atmospheres. It is important to mention that a recent investigation has
revealed that NA can increase the nucleation rate of complex mixed-acid-mixed-base
systems (e.g., the quaternary NA-SA-MA-DMA system), but the multi-component clusters
in this study only include one NA molecule [50]. Such an NA-enhanced multi-component
nucleation mechanism containing more NA and base molecules may explain the intense
NPF events in the urban atmosphere, which deserve more concern in the future.
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x>1,y>1,1<z<x+y < 3)clusters at 298.15 K; Figure S3: Cluster growth pathways for the
NA-SA-MA system at (A) 238.15 K, [NA] = 1019 molecules em 3, [SA] = 10° molecules cm 3 and [MA] =
10® molecules cm 3 and (B) 278.15 K, [NA] = 1012 molecules em 3, [SA] = 10° molecules cm 2 and [MA]
=10® molecules cm—3; Table S1: Cluster formation rates J, cm ™3 sfl) of the NA-SA-MA system and the
SA-MA system, and the enhancement factor (r) at different temperatures (K) and precursor concentrations
(molecules cm™3); Table S2: Cluster formation rates (J, cm > s~1) of the NA-SA-DMA system and the
SA-DMA system, and the enhancement factor () at different temperatures (K) and precursor concen-
trations (molecules cm3); Table S3: Cluster formation rates (J, cm 3 s~1) of the NA-SA-A system and
the SA-A system, and the enhancement factor () at different temperatures (K) and precursor concentra-
tions (molecule cm—3); Table S4: Coordinates of all optimized (NA)x(SA)y(MA), (1 <x,1<y,x+y <3,
1<2<3), (NARSA)(DMA), (1 <%, 1<y, 1<z <x+y <3) and (NARGSA(A): 1<z 1<y,
1<z < x +y < 3) clusters; Table S5: Single-point energies (kcal mol ') at the DLPNO-CCSD(T)/aug-cc-
pVTZ level and the corresponding Gibbs free energy correction Georr (kcal mol~!) and Gibbs free energy
G (kcal mol 1) at 298.15 K for all the most stable configurations of the NA-SA-MA, NA-SA-DMA and
NA-SA-A systems.
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Appendix A

Appendix A.1. Specific Details of Multi-Step Sampling Approach and Employed
Calculation Methods

The multi-step sampling approach was employed to search for the most stable con-
figurations of the clusters in the ternary NA-SA-MA system, including (NA);.3(MA)1_3
and (NA)x(SA)y(MA); (1 <x,1 <y, x+y < 3,1 <z < 3)clusters. First, the ABCluster
program was employed to generate 6000 initial guess structures for each cluster type.
The CHARMMS36 force field was applied for the simulation of all molecules in the AB-
Cluster program. Based on the initial guess structure, four sequential calculation steps
were performed, including preliminary geometry optimization at the PM6 level of the-
ory, followed by a single-point energy calculation at the wB97X-D/6-31+G(d,p) level.
Subsequently, a more precise geometry optimization and vibrational frequency analysis
were conducted at the wB97X-D/6-31++G(d,p) level of theory. The final step involved
a single-point energy calculation at the DLPNO-CCSD(T)/aug-cc-pVTZ level of theory
using the keywords “tightsct”, “tightpno”, “GRID4” and “nofinalgrid”. The Gibbs free
energy (G) for each cluster was calculated by combining the single-point energy at the
DLPNO-CCSD(T)/aug-cc-pVTZ theoretical level with a correction term for the Gibbs free
energy derived from the wB97X-D/6-31++G(d,p) level of theory. The configuration exhibit-
ing the lowest G value was identified as the most stable configuration for a given cluster
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type. The binding free energy (AG) was derived from the subtraction of the individual G
of the constituent monomers from the overall G of the studied cluster at a temperature of
298.15 K. AG values at different temperatures were obtained on the premise that both the en-
thalpy (AH) and entropy (AS) changes were held constant across the range of temperatures
considered, which spanned from 238.15 K to 298.15 K. The coordinates of all the optimized
(NA)(SA)/(MA), (1 <x, 1<y, x+y <3,1<z<3),(NA)SA),(DMA), (1 <x,1 <y,
1<z<x+y<3)and (NA)(SA)y(A); (1 <x, 1<y, 1<z<x+y < 3)clusters can be seen
in Table S4. Additionally, the single-point energies at the DLPNO-CCSD(T)/aug-cc-pVTZ
level and the corresponding Gibbs free energy correction (Georr) and Gibbs free energy (G)
values at 298.15K for all the most stable configurations of the NA-SA-MA, NA-SA-DMA
and NA-SA-A systems can be seen in Table S5.

Appendix A.2. Physical Principles of ACDC

In short, the core of ACDC is to use the birth—death equation (Equation (Al)) to
describe the time-dependent cluster distributions:

de; 1 1
T = 2P O + X i)icin) = DPieicj = 50 visiCi + Qi = Si (AD)

where subscripts (i, j, i — j, and i + j) represent different clusters or monomers in the
system. ¢; represents the number concentration of i. §; ; denotes the collision rate coefficient
between i and j, and 7;;); denotes the evaporation rate of a cluster i + j into smaller
clusters, (or monomers) i and j. Q; represents an additional outside source term of i, and S;
represents other sink terms for i. The collision rate coefficient (B; ;) between clusters i and j
is calculated using the hard-sphere kinetic gas theory as follows:

1 1
(3 \o[ 6kgT | 6kgT\*( 1  _1\*
Pij = (471?) < m; + m; ) Vit TV (A2)

where kg is the Boltzmann constant, T is the temperature, and m; and V; are the mass and
volume of i, respectively. The evaporation rate (7;1j)-) is obtained from the corresponding
collision rate coefficient and the binding free energy.

B AGiyj— AG; — AG; A3
V(itj)—i = ,Bz,]crefexp kT (A3)
where AG is the binding free energy of the cluster and ¢ is the reference monomer
concentration at 1 atm, which is the pressure at which AG was calculated.

Appendix A.3. Selection of Boundary Clusters

The boundary clusters fluxing out of the simulation box are required to be sufficiently sta-
ble (low evaporation rates). As shown in Figure 2, for the studied “3 x 3 box” NA-SA-MA sys-
tem, binary (SA)3(MA),_3 clusters and mixed ternary (NA); (SA);(MA), and (NA){ (SA)2(MA),.3
and (NA),(SA);(MA); clusters have relatively low evaporation rates on the order of 107#
s 1~1072 s71. Therefore, (SA)s(MA)3, (SA)s(MA)s, (NA);(SA)3(MA)3, (NA);(SA)3(MA)g,
(NA)2(SA)2(MA)4 and (NA)3(SA)1(MA); clusters were defined as boundary clusters in the
ACDC simulation. For the NA-SA-DMA system, binary (SA);(DMA);, (SA),(DMA);; and
(SA)3(DMA),_5 clusters and mixed ternary (NA)1(SA); (DMA),, (NA); (SA)2(DMA); and (NA);
(SA)1(DMA); clusters have relatively low evaporation rates on the order of 10725 1~10"1s71,
Therefore, we selected (SA)4(DMA)3, (SA)4(DMA)4, (NA){(SA)3(DMA)4, (NA),(SA),(DMA),
and (NA)3(SA);(DMA), clusters as the boundary clusters in the ACDC simulation. For
the NA-SA-A system, binary (SA)3(A),.3 clusters and mixed ternary (NA);(SA)(A)s and
(NA)2(SA)1(A)3 clusters have relatively low evaporation rates on the order of 10~ s 1~10!
s~1. This allowed us to select (SA)4(A)s, (SA)4(A)s, (NA);(SA)3(A)s, (NA)(SA)y(A)s and
(NA)3(SA)1(A)4 as the boundary clusters for the NA-SA-A system in the ACDC simulation.
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Abstract: Due to its high short-term global warming potential (GWP) compared to carbon dioxide,
methane (CHy) is a considerable agent of climate change. This research is aimed at analyzing data
on methane gathered at the GAW (Global Atmosphere Watch) station of Lamezia Terme (Calabria,
Southern Italy) spanning seven years of continuous measurements (2016-2022) and integrating the
results with key meteorological data. Compared to previous studies on detected methane mole
fractions at the same station, daily-to-yearly patterns have become more prominent thanks to the
analysis of a much larger dataset. Overall, the yearly increase of methane at the Lamezia Terme
station is in general agreement with global measurements by NOAA, though local peaks are present,
and an increase linked to COVID-19 is identified. Seasonal changes and trends have proved to be
fully cyclic, with the daily cycles being largely driven by local wind circulation patterns and synoptic
features. Outbreak events have been statistically evaluated depending on their weekday of occurrence
to test possible correlations with anthropogenic activities. A cross analysis between methane peaks
and specific wind directions has also proved that local sources may be deemed responsible for the
highest mole fractions.

Keywords: methane; wind parameters; GAW; Lamezia Terme; Calabria; Southern Italy

1. Introduction

Methane (CHy) is the simplest among alkanes and, due to its capacity to absorb the
infrared radiation in a band at the 1.7, 2.3, 3.3, and 7.6 um [1], is a very potent greenhouse
gas (GHG), with a GWP (global warming potential) 84-87 times higher than that of CO,
for the time span of two decades [2]. Methane’s GWP-100 value (GWP in a century)
drops to 27 compared to CO, [3]; as a GHG, it is much less persistent in the atmosphere
compared to carbon dioxide, thus falling in the short-lived climate forcers (SLCF) category,
along with ozone and aerosols [2]. Present-day atmospheric concentrations of methane
are higher compared to pre-industrial levels: this is well documented in the literature
ever since the late 1990s [4]. Atmospheric CHy mole fractions have recently surpassed
the 150% increase threshold compared to pre-industrial era levels [5]. In fact, the current
estimate for 1750 levels is approximately 700 ppb, three times lower than the global mean of
1911.9 ppb observed in 2022 [6]. The increase of methane in the atmosphere is influenced by
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anthropogenic activities [7,8]. On a global scale, CHy has been measured by NOAA’s Earth
System Research Laboratory ever since 1983, so the data from that point onward are deemed
particularly reliable in the effort of defining short-to-long atmospheric trends [9]. Methane
has also proved to drive climate change via several side effects to the chemistry of Earth’s
atmosphere, such as the stratospheric production of HyO and the release of tropospheric
O3 (ozone) [2]. Although methane concentrations are two orders of magnitude lower
compared to those of carbon dioxide, the high GWP of this compound has sparked notable
interest in the scientific community and is now widely regarded as one of the main causes of
climate change [10-12]. Overall, methane contributes to 19% of the global radiative forcing
from the pre-industrial era to 2022, compared to carbon dioxide’s forcing of 64% [13].

Estimates on present-day methane releases, uptake, and sinks have several degrees
of uncertainty [14], but improvements in predictive models over the past few years have
helped to somehow constrain these estimates. Globally, according to the IEA report
from 2021 [15], the annual emissions of methane—both natural and anthropogenic—are
approximately 570 Tg (teragrams, 102 g). It is worth noting that some estimates are as
high as 737 Tg [12]. Geologic releases account for 43-50 Tg y~! [16], while the broad
anthropogenic emissions are in the 360 Tg y~! range, 110-128 Tg of which are related
to pure fossil fuel burning [12]. Wetlands contribute with 101-179 Tg y~! [12], biomass
burning estimates are as high as 30 Tg y~! [12], livestock releases account for an estimated
95-109 Tg y !, 87-97 Tg of which are directly linked to enteric fermentation processes [17].
Termites are deemed responsible for 15 Tg y~! worth of emissions [18]. In the past few
years, the nature and characteristics of geologic emissions have been further divided and
classified into sub-categories, depending on their sources and production mechanisms
(e.g., geothermal manifestations, microseepage, macro-seeps) [16]. These categories are
now fully recognized by IPCC reports. Overall, it is now estimated that 40% of methane
emissions are natural, while the remaining 60% are anthropogenic [12].

Sinks and uptake phenomena remove approximately 630 Tg of methane from the
atmosphere each year [10], but the amount is variable over time [12]. The geographical
distribution of methane emissions is asymmetric, with the northern hemisphere yield-
ing higher values compared to the southern hemisphere; seasonal cycles have also been
observed even before the age of NOAA’s Earth System Research Laboratory-enhanced
detections [19]. Additionally, soil uptake of methane in tropical and temperate forests of
the southern hemisphere is higher than that of their northern counterparts [20]. The overall
upward trend in atmospheric concentration is attributable to the excess in anthropogenic
emissions compared to natural sinks [10], though the phenomenon of methane variability
in Earth’s atmosphere is much more complicated compared to that of CO,: for instance,
an anomalous drop in atmospheric methane was recorded in 2004 [21], with the whole
1983-2006 observation streak reporting a downward trend in annual growth rates [22-24].
Methane has been on a nearly constant rise ever since that sudden drop, but the isotopic
13C /12C ratio (5!C) began to decrease after two centuries of regular increase, highlighting
a major shift in fractionation processes induced by various sinks, as well as other mech-
anisms [5,25]. Isotopic ratios aside, a well above average increase was recorded in 2020,
attributable to the COVID-19 pandemic and other factors, such as changes in the hydroxyl
radical (OH) sink (see Section 5) and increased natural emissions from wetlands [26]. Over-
all, while the trends and mechanisms that drive CO, increases in the atmosphere are very
well defined, those of CH, could benefit from additional data availability [27], hence the
need of more detailed analyses.

This work provides unprecedented detail on methane cycles and trends detected by
the World Meteorological Organization/Global Atmosphere Watch (WMO/GAW) Lamezia
Terme (code: LMT) observation site in Calabria (Southern Italy) over a period of seven
years, from 2016 to 2022. This study is meant to be a step forward in the monoparameter
characterization (in this case, aimed specifically at CH,) of an observation site in Europe,
following examples such as the work of Padilla et al. (2023) [28]. The second section of
this manuscript will describe the observation site and its characteristics, while the third
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section will report information on datasets and methods used to process data. The results
are shown in the fourth section, followed by discussion, conclusions, and perspectives on
future research studies. The Supplementary Materials cover graphs and tables not shown
in the main text.

2. The Lamezia Terme CNR-ISAC Observatory

The Lamezia Terme site (WMO/GAW code: LMT) is a coastal station located in
Calabria, Southern Italy, more precisely, in the Sant’Eufemia plain (Lat: 38.88° N; Lon:
16.23° E; Alt: 6 m above sea level), south of Lamezia Terme. The observatory, fully operated
by the National Research Council of Italy-Institute of Atmospheric Sciences and Climate
(CNR-ISAC), is located approximately 600 m from the Tyrrhenian coastline of Calabria, and
officially started its data gathering operations in 2015. It has since provided continuous data
on several chemical and meteorological parameters. Wind characteristics at this coastal
site were analyzed in the past [29]. Due to the geographic location of the experimental
site, winds coming from the northeast are more subject to anthropogenic influence while
winds coming from the west, largely influenced by the sea, yield lower concentrations in
pollutants, as clearly demonstrated in an earlier study [30]. The prevailing W-NE local
wind circulation is well established in sectors other than atmospheric research: in fact, the
magnetic bearing of the runway in use at the nearby Lamezia Terme International Airport
(IATA: SUF; ICAO: LICA) is 10/28 (100-280° N).

Ever since it started operations, LMT reported methane concentrations that may be
attributable to several nearby sources, hence the concept of a “multisource” coastal site.
Cristofanelli et al. (2017) [30], accounting for one year of data gathering, indicated the
nearby Lamezia Terme International Airport (located 3 km north from the observation
site) and local livestock farming as two possible explanations for the observed peaks
in methane, in addition to the anthropogenic pollution from nearby urban areas that is
channeled towards the observatory when winds are coming from the northeast, as well as
the A2 highway (part of the European route E45) located nearby (Figure 1B). In addition
to the above-mentioned sources, it is worth noting the presence of Lamezia Terme Centrale
(Lamezia Terme Central Station), which is a hub for railway connections between the main
Tyrrhenian/cross country line and the Ionian line on the opposite coast of the region. The
train station is located 5.4 km N-NE of LMT. Two landfills are also located nearby, and their
locations are marked in Figure 1B. Farms are spread over the area.

From a climatological point of view, the area is known to be affected by seasonal
changes to wind circulation. The study area, due to its geographical location, is mainly
affected by breeze circulation, as assessed by several works.

Federico et al. (2010a) [29], in studying the characteristics and importance of breezes,
demonstrated how they dominate the local circulation and play a major role in the local
climate. The authors observed relevant changes in average wind speeds over the seasons,
as well as slight changes in wind orientation, though the general W-WSW /NE-ENE axis is
dominant throughout the whole year and is deemed the result of wind channeling through
the Marcellinara gap, which is the narrowest point in the entire Italian peninsula. When the
850 hPa layer is considered, the preferred orientation switches to a prevailing NW direction,
which is consistent with large scale circulation in the area. Federico et al. (2010b) [31]
further analyzed the nature of breeze circulations, considering two years of observation and
modeling analyses, concluding that during spring, summer, and part of fall, diurnal breeze
circulation is considered as a combination of local and large-scale flows, while large-scale
forcing represents a main driver of diurnal circulation in winter, November included, and
nocturnal flows are believed to be due to the circulation of nocturnal breezes.

The confirmation on the presence of breeze and the influence of local conditions
were both confirmed by further studies such as Gulli et al. (2017) [32] via the analysis of
wind-lidar profiles for two continuous years. Figure 2 shows wind profiles accounting for
multiple altitude thresholds, from 10 up to 300 m, collected by a Zephir Lidar 300 at the
LMT observation site.
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Figure 1. (A): The location of Lamezia Terme’s observation site within the region of Calabria,
Southern Italy. (B): Details of the southwestern Lamezia Terme municipal area, with marks on
the location of the observatory and key infrastructures/locations addressed in this research study,
namely, SUF/LICA airport, the central train station, and two landfills. The “Highway” mark refers
to a specific point to the east of LMT where the distance between the A2 highway itself and the
observatory is approximately 4.3 km. Farms, including those with livestock, are spread over the area.
(C): Details of the LMT observation site, where all instruments are located.
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Figure 2. Seasonal wind roses at all levels during the 20142016 period, divided by thresholds
between 10 and 300 m, and collected by Zephir Wind Lidar. From Gulli et al. (2017) [32], modified.

In a recent work, Lo Feudo et al. (2020) [33] studied the characteristics of the vertical
structure of the Planetary Boundary Layer (PBL) at the LMT site during an experimental
campaign carried out in July/ August 2009. The integration of different instruments (surface
stations, wind profiler, lidar, and sodar) with high resolution weather model products
allows researchers to further assess the roles played by sea breeze and synoptic flows in
the area.

Due to its location in the articulated context of the Mediterranean and, specifically,
in the narrowest corridor of the Italian peninsula, the LMT station is subject to exposure
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to open fire emissions, as recently reported in Malacaria et al. (2024) [34], and frequent
Saharan dust events [35].

3. Instruments, Datasets, and Methods

Data on methane (ppb) mole fractions have been gathered by a Picarro G2401 CRDS
(Cavity Ring-Down Spectrometry) analyzer (Santa Clara, CA, USA). This high-precision in-
strument measures gas concentrations in the atmospheric medium thanks to their capacity
to absorb and scatter light at specific wavelengths, which ensures high-precision estimates
on mole fractions. The same instrument also gathers data on CO (carbon monoxide, in
ppm), CO; (carbon dioxide, in ppm), and H,O (water vapor, as a percentage). Specifically,
the G2401 CRDS analyzer operates via a four-point configuration: one gathers ambient air,
while the other three are connected to three standard calibration cylinders produced by the
WMO/GAW Central Calibration Laboratory hosted by NOAA (National Oceanic and At-
mospheric Administration) GML (Global Monitoring Laboratory) to ensure comparability
with the WMO X2004 mole fraction scale. The reference cylinders cover CHy fractions in
the 300-2600 nmol/mol range. A Vici-Valco rotative valve (model: EMTMA-CE) switches
between the four configurations at regular intervals. In particular, calibration cylinders are
measured every 14 days. Each cylinder is measured for a time span of 30 min during three
measurement cycles (360 min). Furthermore, three target cylinders are measured for quality
check purposes every 19 h. A Nafion dryer (model: MD-070-1445-4) reduces the impact
of water vapor on measurements by drying ambient air. Dried air is then analyzed by the
G2401. Measurements occur every 5 s with a precision of 1 ppb. For the purpose of this
research, hourly averages have been considered and their respective standard deviations
are reported throughout this article.

An automatic weather station (Vaisala WXT520, Vantaa, Finland) measured at 10 m
ASL the following meteorological parameters: temperature, relative humidity, wind speed
and direction, pressure, and rain (10 averaged minutes). For the purposes of this research,
wind speed and wind directions have been considered and are measured by the WXT520
instrument via ultrasound. Wind speed data have an uncertainty of +0.3 m/s, while wind
direction data have an uncertainty of =3 sexagesimal degrees. Wind data, just like in the
previous case, have been aggregated on an hourly basis featuring the standard deviation as
a data stability indicator.

Table 1 shows the coverage of available methane data compared to the total amount
of hours elapsed between 1 January 2016 and 31 December 2022 (61,368). Overall, of the
61,368 elapsed hours, 57,990 (94.49%) have been covered by verified and calibrated methane
detections. This dataset will be referred to as “primary” throughout the paper. Three years
out of seven have a total coverage rate exceeding 95%. Please note that both 2016 and 2020
are leap years, with an extra 24 h each (8784 h instead of 8760).

Table 1 also reports the overall coverage of Picarro G2401 and Vaisala WXT520 data
compared to the actual number of hours of the entire observation period. Data analysis
involving both chemical data on methane and meteorological wind data was based on a
subset of the main database where both instruments were fully operating at the same time.
This, by definition, led to a slightly smaller “secondary” dataset available for cross-analyses
of this particular kind. Five out of seven years have a combined integrated data coverage
of more than 90%.

Finally, the two datasets have been processed in R 4.4.0 via ggplot2, ggpubr, tidyverse,
and openair packages, as well as their respective libraries. Depending on the purpose
of each analysis, data have also been aggregated on a seasonal basis (JFD = December,
January, February for Winter; MAM = March, April, May for Spring; JJA = June, July,
August for Summer; SON = September, October, November for Fall). Yearly, monthly, and
daily aggregations have also been computed.
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Table 1. Main coverage parameters (expressed as percentage of total actual hours per year) of the
entire dataset spanning seven years of continuous observations at LMT are shown in this table. Also
reported is the coverage rate per year, with a maximum total coverage of 99.57% in 2017, and a
minimum coverage of 83.83% in 2022. The second column shows the integration of Picarro G2401
and Vaisala WXT520 data satisfying the condition where both instruments were reliably operating at
the same time.

Year Picarro Coverage (%) Picarro-Vaisala (%)

2016 94.92% 92.2%

2017 99.57% 93.37%

2018 94% 74.68%

2019 97.6% 97.57%

2020 93.8% 93.79%

2021 97.71% 97.46%

2022 83.83% 75.41%
94.49% ! 89.07% !

! Total coverage.

4. Results
4.1. General Monthly Trend

The longer dataset compared to previous research [30] highlights more long-term
trends and cycles. Figure 3 shows monthly aggregated averages where seasonal trends, as
well as a general upward trend, can be noticed. The 1st and 3rd quartiles are also plotted in
Figure 3. Higher values are generally linked to Winter and Fall seasons, while Summer and
Spring seasons yield the lowest values per year. A November 2017 peak can be noticed in
pre-pandemic years and will be discussed in Section 5.
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Figure 3. Monthly averages accounting for the entire 20162022 period (84 months), shown in dark
blue. Attenuated brown and green lines show 3rd and 1st quartile trends, respectively.

4.2. Daily Cycle

With respect to daily cycles, intended as variations over the course of 24 h, Figure 4
shows the hourly variation of methane mole fractions. The figure shows seasonal 2019
data specifically, as it is the year with the highest degree of integrated methane and wind
data coverage (97.57%, see Table 1). Data are from the primary dataset. Table 2 reports the
average values per hour, divided by season, as well as the standard deviations computed
during data evaluation. Data and graphs concerning years other than 2019 are available
as Supplementary Materials S1(A1) through S1(F3): the y axis of these graphs is set to the
same scale to allow direct comparisons between years. Figure 4(A2,B2) have a different
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scale compared to Al,B1 meant to visualize the daily cycle both in terms of absolute
concentrations (A2) and standard deviations (B2).
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Figure 4. Hourly averages of methane concentrations, showing seasonal variations. The color scheme
is the following: Winter (black), Spring (green), Summer (red), Fall (yellow). Please note that, as
stated above, the graph is referring to 2019 data only. (A1): methane mole fractions; (A2): same data,
with the y axis range narrowed down to highlight hourly changes; (B1): methane standard deviations;
(B2): narrowed down graph.

Table 2. The hourly values plotted in Figure 4 are listed, with the addition of standard deviations for
each seasonal parameter. The table refers specifically to 2019.

Hours Winter Win. SD Spring Spr. SD Summer Sum. SD Fall Fa. SD
0 2076.27 163.49 2030.78 99.30 2066.69 113.04 2043.76 86.57
1 2076.78 157.14 2036.03 110.72 2078.96 118.00 2065.42 138.91
2 2087.11 162.39 2054.75 136.81 2084.67 124.21 2069.45 107.13
3 2082.18 161.63 2057.92 152.80 2102.78 130.50 2078.47 116.90
4 2087.75 174.86 2054.98 154.43 2088.88 123.60 2091.81 141.44
5 2079.08 156.14 2070.65 150.94 2086.37 122.84 2100.68 143.55
6 2089.18 167.36 2043.86 115.58 2045.54 100.81 2080.75 121.62
7 2096.24 178.82 2002.39 91.74 1980.23 57.72 2058.33 105.30
8 2043.12 120.53 1966.65 48.25 1943.77 26.59 1997.36 57.00
9 1994.23 90.90 1953.08 24.33 1933.72 16.59 1961.31 34.57
10 1964.34 38.20 1948.24 15.71 1931.18 14.27 1950.67 25.13
11 1955.17 27.22 1947.67 15.55 1929.20 14.54 1945.88 27.87
12 1953.52 24.69 1947.42 15.17 1926.67 13.62 1943.12 19.89
13 1952.92 25.71 1945.74 13.58 1925.17 14.20 1941.48 17.17
14 1951.27 17.15 1944.92 13.12 1925.21 15.02 1940.85 17.86
15 1952.23 18.01 1946.33 14.14 1924.65 14.22 1941.62 16.52
16 1956.75 24.34 1946.45 15.31 1924.85 14.36 1945.54 21.89
17 1967.86 38.03 1947.92 16.32 1926.58 19.07 1961.88 45.35
18 1979.94 49.42 1951.55 19.72 1928.99 31.05 1985.03 71.06
19 1994.36 65.39 1970.26 41.22 1938.43 40.10 1994.08 62.93
20 2009.53 83.48 1985.83 60.23 1977.44 92.46 2006.87 76.47
21 2030.08 102.69 2003.80 80.21 2019.90 111.61 2022.63 82.51
22 2046.53 124.62 2024.07 94.40 2033.38 115.17 2024.07 85.05
23 2051.48 135.37 2023.57 87.10 2051.06 114.79 2042.95 95.66

values, respectively, though this does not occur throughout the entire observation period.

Overall, a prominent daily cycle is reported in Figure 4. Seasonal differences can
also be noticed, with the Winter and Summer seasons yielding the highest and lowest

The “flat valley” in both absolute methane concentrations and hourly standard deviations
occurring between 10:00 and 16:00 UTC is no coincidence, as the influence of local wind
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circulation on observed concentrations is known to be substantial. This interval coincides,
in fact, with prevalent SW-NW sectors. At 03:00 UTC, the standard deviations are in
the 116.9-161.63 ppb range (Fall and Winter, respectively), while at 15:00 UTC, the range
is 14.14-18.01 ppb. Identical graphs and tables, though applied to the other years, are
accessible as Supplementary Materials S1A through S1G. Graphs showing the variations in
standard deviations are also accessible from these materials.

4.3. Wind Data Evaluation

Pollution roses referring to 2019 are shown in Figure 5, grouped by season. For
these evaluations, the secondary dataset described in Table 1 was used. As reported
in Section 2, the observation site is affected by two distinct wind circulation corridors:
a pure western-seaside sector yielding generally lower methane concentrations, and a
northeastern-continental sector showing much higher concentrations. Pollution roses
reporting data referring to the other years are accessible as Supplementary Materials S2A
through S2F.

Winter 2019 Spring 2019
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Figure 5. Seasonal pollution roses of methane concentrations observed at LMT and referring to 2019.
Each bar represents an angle of 8 degrees.

Via the application of two distinct filters, observed methane concentrations have
been correlated with wind speeds. In particular, a western-seaside sector (240-300° N,
3260 h) and a northeastern-continental (0-90° N, 2921 h) sector have been filtered from the
secondary dataset, constituting, respectively, 38.13% and 34.17% of 2019’s available data.
An amount of 27.7% of detections fall outside these ranges. The results are shown in Figure 6
and clearly indicate how the highest methane concentrations are linked to northeastern
winds, in conjunction with lower wind speeds (Figure 6B). Winds coming from the west
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sector yield considerably lower methane concentrations, even though wind speeds are
variable and winter-time peaks exceeding 14 m/s can be noticed (Figure 6A). Also, note
how—if combined—the two sectors would lean to a hyperbola branch distribution, as
shown in Supplementary Material S3G (the supplementary graph also includes values
falling outside the two ranges). Supplementary Materials S3A through S3F show the same
graphs applied to years other than 2019, while S3G shows all observed values.
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Figure 6. Correlations between observed wind speeds (X axis) and methane concentrations (Y axis).
(A): Western-seaside sector (240-300° N). (B): Northeastern-continental sector (0-90° N). The color
scheme is set to represent hourly changes in wind speed standard deviations.

4.4. Outbreak Analysis

A further evaluation was aimed specifically at possible indicators of anthropogenic
activities, which could be susceptible to weekdays, under the assumption that no natural
mechanism would lead to substantial statistical differences affecting the occurrence of
outbreak events during a week. In the case of 2019, two distinct evaluations have been
performed on a per-weekday basis, one accounting for values equal to or greater than the
3rd quartile (2029.11 ppb), and a second, more constrained evaluation accounting for the
top 2.5% values (2299.91 ppb). The analysis was performed on the primary Picarro G2401
dataset. Respectively, 2138 and 214 h satisfied these conditions, now plotted in Figure 7.
Supplementary Materials S4-A through S4-F show results concerning years other than 2019.
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Table 3 shows the two filters, including the number of hours satisfying their conditions,
throughout the entire 2016-2022 period.

Number of outbreak events [2019]
S g 8

a
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Figure 7. Weekly (MON-SUN) distribution of outbreak events exceeding the 3rd quartile (turquoise)
and 97.5% threshold (red) in 2019. The two y axis intercepts show the average number of outbreak
events per weekday, which is 305.71 and 30.57, respectively. Shaded areas are meant to better
discriminate the two categories.

Table 3. The 3rd quartile and 97.5% threshold counts data and details, per year. The last row shows
the total number of hours exceeding the two limits, as well as the average count of hours satisfying
that condition, by weekday:.

Average Count 97.5% o
Year 3rd Q. (ppb) Hours > 3rd Q.  Per Weekday Threshold H?Fli::eszh?j; o A‘X[zﬁ(fag((’;; ;3/1 ';r
(3rd Q.) (ppb)
2016 1994.2 2085 297.85 2418.76 209 29.85
2017 2031.23 2181 311.57 2401.73 219 31.28
2018 2017.44 2059 294.14 2346.05 206 29.42
2019 2029.11 2138 305.71 229991 214 30.57
2020 2056.46 2060 294.28 2278.84 206 29.42
2021 2069.5 2140 305.71 2337.82 214 30.57
2022 2117.58 1836 262.28 243291 184 26.28
14,499 1 2071.28 2 14521 207.42 2

! Total amount. 2 Average value.

A Chi-squared test was performed on combined data concerning outbreak events
listed by weekday. Said test was executed in R 4.4.0 by setting a value of 9999 Monte Carlo
replicates. Table 4 reports the data used, as well as the computed x? and p-values for both
the 3rd quartile and 97.5% threshold. For the graph, see Supplementary Material S4G.
Though over the course of the observation period, a variability in peaks per weekday can
be noticed (see Supplementary Materials S4A through S4F), combined 2016-2022 data point
to Friday as the weekday with the most frequent occurrence of outbreaks. Due to its higher
x? and lower p-value, the 3rd quartile category has provided a more statistically relevant
result in terms of distribution.
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Table 4. Results of the Chi-squared test performed to verify the possible outbreak occurrence
susceptibility to specific weekdays. For the graph, see Supplementary Material S4G.

Type  Average = MON TUE WED THU FRI SAT SUN X2 p-Value
3rd Q. 2071.28 1899 2024 2089 2163 2246 2082 1996 37.152 0.0001
97.5% th. 207.42 181 179 210 201 251 207 223 17.817 0.0064
4.5. Multi-Year Trend
Finally, a multi-year trend has been plotted in Figure 8. For this evaluation, the year
2022 has been excluded due to its lower coverage rate of 83.83% compared to the other
years, which fall in the 93.8-99.57% range (see Table 1).
Table 5. Annual means of methane concentrations and their respective standard deviations, in ppb.
The year 2022, written in italics, is excluded from Figures 7 and 8. NOAA annual means and changes
are extrapolated from Lan et al. (2024) [36].
CH4 SD o Change NOAA Change LMT-NOAA
Year CH4 (ppb) (ppb) Coverage (%) (ppb) NOAA (ppb) (ppb) Diff. (ppb)
2016 1980.87 146.78 94.92 - 1843.12 +7.05 137.75
2017 1999.75 140.30 99.57 +18.88 1849.67 +6.89 150.08
2018 1994.88 121.38 94 —4.87 1857.33 +8.70 137.55
2019 2002.50 106.98 97.6 +7.62 1866.58 +9.67 135.92
2020 2018.79 96.20 93.8 +16.29 1878.93 +15.17 139.86
2021 2040.79 105.99 97.71 +22.00 1895.28 +17.91 145.51
20221 2074.87 126.87 83.83 +34.07 1922.53 +13.26 137.75
12022 is reported in italics but not featured in Figures 8 and 9.
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Figure 8. Average annual methane values over the course of LMT’s observation history (dark blue),
except for 2022 due to its lower coverage rate compared to 2016-2021 (see Tables 1 and 5). Also
included are annual trends in the 3rd quartile (dark red) and 1st quartile (dark green) values.

The global annual means issued by NOAA and LMT’s observations have been com-
pared. Differences between annual means are shown in Table 5. Overall, with the exception
of a surge in 2017 (difference: 150.08 ppb), five annual differences in the 2016-2021 period
fall in the 135.92-139.86 ppb range, with the 2022 divergence being identical to that of 2016.
Both trends are shown in Figure 9.
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Figure 9. Direct comparison of LMT (dark blue) and global NOAA (dark gray) annual means. Annual
variations are also reported. The local 2017 surge at LMT is highlighted via a dashed line connecting
2016 and 2018 annual averages.

Both Table 5 and Figure 9 remark on the 2020 surges, which are likely related to the
COVID-19 pandemic, which is known to have led to an increase in global CH4 concen-
trations [36,37], though other factors need to be considered to justify these surges (see
Section 5). On average, LMT annual means exceed the global NOAA values by 141.11 ppb.
The 2017 surge is local, and further information on 2017 trends can be obtained via Supple-
mentary Materials S1(B1), S1(B2), S1(B3) (daily cycles), S2B (seasonal pollution roses), and
S3(B1), S3(B2) (wind speed and mole fractions).

5. Discussion

The larger dataset and the integration of key meteorological information have allowed
for a more detailed analysis on methane concentrations detected at the LMT observatory.
The detailed analysis on methane detections from the 0-90° N range allows researchers
to better constrain some of the hypotheses made in the past on local sources of pollution
and integrate them with new hypotheses. Research such as Cristofanelli et al. (2017) [30]
proposed local livestock farming, air traffic, domestic heating (Winter-specific), and landfills
among the causes of higher GHG and reactive gas concentrations in the area. In the case
of methane, this is compatible with observed wind directions at LMT, as the locations of
at least one landfill, the A2 highway, nearby urban areas, and specific take-off /landing
trajectories at SUF/LICA airport, are indeed compatible with these wind regimes, methane
peaks, and their respective seasonal variations.

The general trend seen in Figure 3 highlights seasonal cycles and an upward trend
towards higher concentrations over time, while the daily cycles seen in Figure 4 are dom-
inated by wind circulation. “Flat valleys” in hourly graphs are linked to western winds.
The further analysis of methane concentrations with respect to wind directions (Figure 5)
and speed (Figure 6) has allowed us to determine the existence of two main corridors:
a western-seaside direction, linked to lower methane concentrations regardless of wind
speed, and a northeastern-continental direction, which is characterized by higher methane
mole fractions (especially in the case of low wind speeds), which are likely due to nearby
sources of this compound. The corridors are susceptible to seasonal variations, as reported
in Figure 5 and related Supplementary Materials.

For the first time in the data-gathering history of the observation site LMT, a possible
correlation between weekdays and outbreak events was tested under the assumption that
no mechanism in nature other than anthropogenic factors would lead to statistically signifi-
cant differences in outbreak event occurrence over the course of weekdays. Figure 7 and
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Table 4, as well as related Supplementary Materials S4A through S4G, provide statistical
relevance to higher results on Fridays, though it is worth noting that each year’s results
show several degrees of variability. Friday peaks may be the result of additional anthro-
pogenic emissions related to commuting, public transportation, farming, and industrial
activities, though future works will have to investigate these occurrences even further. A
previous study on black carbon (BC), PM; 5, and PM;g concentrations already reported
higher weekday/weekend ratios as an indicator of additional anthropogenic activity [38].

Overall, the results shown in this work with respect to methane concentration variabil-
ity depending on wind direction, combined with the statistical distribution of outbreaks
over the course of weekdays, seem to corroborate the hypothesis seen in previous studies
such as Cristofanelli et al. (2017) [30] by which anthropogenic sources located in the north-
east with respect to LMT are responsible for generally higher methane concentrations in the
area. In the context of a “multisource” scenario, the previous study reported, in particular,
two possible sources of methane in the area: local livestock farming and air traffic. A case
can be made, following the research by Malacaria et al. (2024) [34], that wildfires also
constitute methane sources affecting LMT detections, but this needs to be corroborated
by future research, possibly accounting for additional atmospheric tracers. These findings
could then be used by regulators and policy makers to address issues related to local air
quality concerns.

Livestock such as cattle are indeed responsible for major methane emission levels
worldwide [39,40] and contribute up to an estimated 14.5% of total anthropogenic green-
house gas emissions. Specifically, Hristov et al. (2013) [41] reported that each cow releases
60-160 kg CHy y~!, while goats and sheep release 10-16 kg CH, y~, all depending on
characteristics such as the dry matter intake parameter (DMI) and size of the ruminant. In
the case of observed methane concentrations at LMT, it is currently impossible to pinpoint
emissions strictly related to livestock farming in the area unless new parameters such
as carbon isotope fractionation are considered. This extra parameter will discriminate
livestock methane from fossil fuel output and other sources of this compound.

Similarly, the influence of local air traffic is also difficult to estimate for a number of
reasons, including operational characteristics and aeronautical procedures. One preliminary
conclusion would be that the observatory and the airport’s runways intersect two parallel
air corridors which do not affect each other, but the leading literature on air traffic pollution
and emissions place the LMT station inside the “near-airport” (<10 km) range category,
which is—according to studies such as Carslaw et al. (2006) [42] and Carslaw and Beevers,
(2013) [43]—subject to direct air traffic influence. Aircraft engine combustion processes
are among the known sources of methane and do contribute to anthropogenic climate
change [44,45]. The literature on air quality perturbation by air traffic has also focused
on LTO (landing to take-off) cycles, which are related to operational phases during which
aircraft are either on the ground or at low altitudes [46,47], while research on broader effects
of air traffic also considers cruise phases [48,49]. The airport was recognized in previous
research as a possible influence over LMT’s detections [30], but no source apportionment
has been performed. Specifically, runway (RWY) 10 take-offs (aircraft facing east) and
RWY 28 landings (aircraft facing west) would place aircraft on trajectories compatible with
the northeastern-continental wind sector shown in Figure 5 and related Supplementary
Materials. It is presently not possible, without the introduction of additional tracers, to
provide tangible estimates concerning the airport’s influence over local methane detections.

Finally, relevant assumptions can be made when considering multi-year trends ob-
served at LMT. Globally, methane concentrations are on the rise as a result of anthropogenic
activities, natural emissions (e.g., wetlands), and major variations in sinks [26,36]. On a
local scale—though the clear upward trend persists—sporadic “bursts” of concentrations
may occur, such as the 2017 peak reported in Figures 8, 9, and Table 5. In the case of LMT,
November 2017 yields a peak average value of 2049.74 & 178.2 ppb (mean =+ 10), which
does not have a clear explanation. Supplementary Materials S1(B1), S1(B2), S1(B3) (daily
cycles), S2B (seasonal pollution roses), and S3(B1), S3(B2) (wind speed and mole fractions),
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all referring to 2017, point to higher concentrations from the NE sector, that we attributed
mainly to anthropogenic activities. However, it is not possible to pinpoint specific emission
sectors linked to these peaks; we do exclude wildfires as a possible source due to the season
involved (Fall). In 2020, a year heavily affected by the COVID-19 pandemic, global values
experienced a 15 ppb increase [14,36], which is similar to the 16.29 ppb surge observed
at LMT. It is worth noting that an annual global increase of 1 ppb is believed to be the
result of an extra ~2.77 Tg CHy4 being emitted into the atmosphere [5]. The 2019-2020
local-to-global leap is not surprising, as the COVID-19 outbreak lockdowns are among the
causes of increases in methane concentrations [37]. Methane has a latency of approximately
one decade in the atmosphere, but several models clearly show that the peak response of
this alkane occurs within a few months from extra-emission pulses [50,51], corroborating
the hypothesis by which the 2020 peak is at least partially linked to nation-wide lockdowns
and consequent increases in emissions from the energy sector [52], though the 2020 peak is
likely due to a combination of multiple factors. A recent study by Feng et al. (2023) [53]
estimated that 66% of the 2020 methane surge was due to increased emission rates, though
it is worth noting that changes in sinks caused by reduced NOy have also been reported as
leading causes for such surges [26]. Also, although on the global scale an upward trend is
detected, findings at the LMT observation site confirm concentration levels that are also
dependent on latitude and hemisphere [19,20], which would explain why LMT yearly
trends follow a pattern similar to that of global trends observed by NOAA (Figure 9), with a
difference in terms of absolute concentrations that is also driven by its geographical context
and fluxes occurring at local and regional scales.

Moreover, it is worth specifying that CHy reacts with the hydroxyl radical (OH),
which is the main compound responsible for methane sink in natural environments [54,55].
The hydroxyl is not directly measured at LMT, so direct comparisons and correlations
between the trends of both compounds are not possible. It is recognized, however, that
the availability and diffusion of hydroxyl is a major controlling factor for methane and
is, therefore, responsible for net atmospheric increases and losses [7], though several
uncertainties in its trends and quantifications exist [56]. Exceptional events such as the
VEI-6 eruption of Mount Pinatubo in 1991 and the consequent release of SO, and sulfates
in the atmosphere have reportedly reduced the sink of CHy from reaction with OH in the
troposphere by approximately 17.8 Tg between June 1991 and June 1993 [57]. Chlorine also
contributes to active methane removal from the atmosphere and estimates such as those
proposed by Hossaini et al. (2016) [58] provide an approximate value of 12-13 Tg y~!,
though further research indicates that this sink may be less than half than that [59]. Despite
its minor role, the chlorine sink has a strong isotopic fingerprint which can be determined
via adequate equipment and instruments [60,61]. Future research at LMT, accounting for
the carbon isotope fractionation of methane, could potentially provide information on the
influence of the chlorine sink. Furthermore, by contrast to methanogenesis induced by
microbial activity [62], methanotroph bacteria in water and soils also contribute to the
removal of methane [63,64], but as soils are constantly threatened by human activities [65],
forest soils” methane uptake capacity is also compromised, especially considering the fact
that it is already vulnerable to environmental factors such as precipitation [66]. There is,
however, evidence going in the opposite direction, with consistent reports of increasing
forest soil methane uptake [20]. Trends aside, these drivers of methane removal help reduce
to nearly one decade the latency of this compound in the atmosphere, while carbon dioxide
can persist for several centuries, at most, one millennium [3]. At least in the case of the
hydroxyl radical, it has been demonstrated that post-2006 methane atmospheric increases
cannot be solely attributed to a decrease in atmospheric OH [14], thus adding up even more
to the general complexity of methane buildup into the atmosphere. The complexity behind
the interaction of methane with the hydroxyl radical, therefore, requires more research be
aimed at the investigation of sinks and their effects observed on CH,4 mole fractions.
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6. Conclusions

For the first time, multi-year trends of methane detected by the Lamezia Terme
WMO/GAW station (LMT) have been analyzed. Located close to the Tyrrhenian coast of
Calabria, in the narrowest point of the Italian peninsula, measurements at this observatory
are largely influenced by its peculiar location in the country. Daily cycles are influenced by
local wind circulation and synoptic features: a western-seaside sector yields lower methane
concentrations, while northeastern-continental winds yield the highest concentrations
detected at LMT. The circulation is such that daytime winds come mostly from the western
sector, thus resulting in much lower methane values, while nocturnal winds come from the
northeast. Filtering data by wind direction clearly demonstrates the differences in terms of
average concentrations as detected from the two sectors. Moreover, wind speed is also very
closely tied to methane values, as the comparison of methane concentrations and wind
speeds results in a hyperbola branch pattern where low speeds are linked to higher values
and, vice versa, high speeds yielded lower values: this is interpreted as the influence of
local emissions outputs. Seasonal differences and cycles are also well defined, with Winter
and Summer seasons generally yielding the highest and lowest methane concentrations,
respectively. Multi-year trends have been compared with NOAA'’s global measurements:
the upward tendencies are similar and differences between yearly averages fall mostly
within a well-defined window (137.75-145.51 ppb; 2017 has a peak of 150.08 ppb), though
it is worth noting that methane concentrations are known from the literature to vary
depending on geographical factors such as latitude. For the first time, a method was
introduced to correlate outbreak events of methane concentrations with weekdays in the
effort to determine possible anthropogenic influences over these values, as these activities
alone do have a weekly cycle which is totally lacking in nature. The results indicate that
peaks tend to occur on Fridays, while Mondays and Sundays yielded lower values. The
introduction of §!'3C measurements of CHy, as well as CO,, would significantly help with
source apportionment in future studies.
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Abstract: The atmosphere is a complex nonlinear system, with the information of its temperature,
water vapor, pressure, and cloud being crucial aspects of remote-sensing data analysis. There exist
intricate interactions among these internal components, such as convection, radiation, and humidity
exchange. Atmospheric phenomena span multiple spatial and temporal scales, from small-scale
thunderstorms to large-scale events like El Nifio. The dynamic interactions across different scales,
along with external disturbances to the atmospheric system, such as variations in solar radiation
and Earth surface conditions, contribute to the chaotic nature of the atmosphere, making long-
term predictions challenging. Grasping the intrinsic chaotic dynamics is essential for advancing
atmospheric analysis, which holds profound implications for enhancing meteorological forecasts,
mitigating disaster risks, and safeguarding ecological systems. To validate the chaotic nature of the
atmosphere, this paper reviewed the definitions and main features of chaotic systems, elucidated the
method of phase space reconstruction centered on Takens’ theorem, and categorized the qualitative
and quantitative methods for determining the chaotic nature of time series data. Among quantitative
methods, the Wolf method is used to calculate the Largest Lyapunov Exponents, while the G-P
method is used to calculate the correlation dimensions. A new method named Improved Saturated
Correlation Dimension method was proposed to address the subjectivity and noise sensitivity inherent
in the traditional G-P method. Subsequently, the Largest Lyapunov Exponents and saturated
correlation dimensions were utilized to conduct a quantitative analysis of FY-4A and Himawari-8
remote-sensing infrared observation data, and ERA5 reanalysis data. For both short-term remote-
sensing data and long-term reanalysis data, the results showed that more than 99.91% of the regional
points have corresponding sequences with positive Largest Lyapunov exponents and all the regional
points have correlation dimensions that tended to saturate at values greater than 1 with increasing
embedding dimensions, thereby proving that the atmospheric system exhibits chaotic properties on
both short and long temporal scales, with extreme sensitivity to initial conditions. This conclusion
provided a theoretical foundation for the short-term prediction of atmospheric infrared radiation field

variables and the detection of weak, time-sensitive signals in complex atmospheric environments.

Keywords: chaotic nature; atmospheric system; largest Lyapunov exponent; saturated correlation
dimension; infrared remote sensing; different scales

1. Introduction

Chaos theory is a critical area within the realm of nonlinear science, focusing on
the complex, irregular, and unpredictable behavior observed in deterministic systems.
The origins of chaos theory can be traced back to the late 19th century. In 1892, Russian
mathematician Aleksandr Lyapunov introduced the concept of the Lyapunov exponent as
part of his work on analyzing the stability of dynamical systems [1]. This measure provided
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a way to quantify the exponential rates at which small perturbations in initial conditions
either diverge or converge, offering a crucial tool for determining system stability. However,
without the computational tools to numerically solve the complex equations governing
such systems, the application of Lyapunov exponents was severely limited before the
mid-20th century. In the early 20th century, French mathematician Henri Poincaré, while
studying the three-body problem, first identified the non-periodicity of orbits and the
sensitivity of systems to initial conditions [2]. Poincaré’s work laid the foundation for
chaos theory, revealing that even simple deterministic systems can exhibit highly complex
behavior. In the 1930s, the behavior observed by Balthasar van der Pol in his studies of
nonlinear circuit oscillators demonstrated the complex dynamics of systems and further
revealed chaotic characteristics [3].

The significant breakthrough in chaos theory occurred in the 1960s. Meteorologist
Edward Lorenz, while working on weather prediction models, accidentally discovered
the system later known as the Lorenz attractor [4]. This discovery demonstrated that even
simple weather models could exhibit unpredictable long-term behavior, showing extreme
sensitivity to initial conditions—a phenomenon later termed the “butterfly effect”. In
1967, Stephen Smale introduced the horseshoe map theory [5], providing another classic
model of chaotic systems and further deepening the understanding of chaotic behavior.
Furthermore, with the development of computational techniques, the ability to characterize
the sensitivity to initial conditions of Lyapunov exponent has since made it a fundamental
instrument in the study of chaos and complex systems.

In the 1970s, research in chaos theory entered a phase of rapid development. In 1975,
James Yorke and his student introduced the concept of “Period Three Implies Chaos” [6],
further enriching the mathematical foundation of chaos theory. In the same year, Mitchell
Feigenbaum discovered the universal constants present in the period-doubling bifurcation
process [7], unveiling the patterns through which nonlinear systems transition to chaos.
This is a discovery with broad applicability. In 1976, Robert May published research on
population models [8], revealing that complex chaotic behavior could also emerge in simple
biological models.

In the 1980s, chaos theory experienced significant development and application. Floris
Takens introduced the Embedding Theorem [9], which provided a method to reconstruct the
phase space of a dynamical system using time series data from a single observable variable.
Benoit Mandelbrot’s fractal geometry [10] provided a new perspective for studying chaotic
systems, illustrating the nature of chaotic behavior through complex fractal structures.
Peter Grassberger and Itamar Procaccia introduced the concept of correlation dimension
and developed the Grassberger—Procaccia (G-P) algorithm to compute this dimension
from time series data [11], making it possible to characterize the complexity and quantify
the fractal structure of chaotic systems. Simultaneously, the concept of strange attractors
gained widespread use, aiding scientists in better understanding the long-term behavior of
complex systems. Chaos theory began to be widely applied across various scientific and
engineering fields, including biology, economics, physics, circuit design and meteorology.

Atmospheric systems exhibit similar chaotic behavior to the Lorenz system due to the
interactions among internal components, external disturbances from solar and terrestrial
radiation, and the complex influences of various variables across different temporal and
spatial scales. These systems, driven by complete physical mechanisms, present pseudo-
random phenomena due to their intricate structure and dynamics.

The study of the chaotic properties of the atmosphere, as a core component of the
Earth’s climate system, is of great significance for better understanding global climate
change and predicting meteorological disasters. In recent years, the rapid advancement of
satellite remote-sensing technology has enabled us to obtain abundant and precise meteo-
rological data from the atmosphere, greatly enhancing our understanding and predictive
capabilities regarding atmospheric dynamics and climate change. Radiometric imagers, by
detecting radiation at different wavelengths, provide detailed information on temperature,
water vapor, and cloud distribution [12]. These data play a vital role in weather forecast-
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ing, climate monitoring, and environmental protection and offer valuable resources for
atmospheric science research.

Satellite remote-sensing data are categorized into different levels based on the degree
of processing of the raw data. In engineering practice, Level 1 (L1) satellite data is a com-
monly used foundational data type. It refers to raw observation data that have undergone
preliminary processing, including radiometric calibration, geometric correction, and geo-
referencing. L1 data are significant in studying chaotic properties of the atmosphere, as
they reflect the true state and complexity of the atmospheric system. The high temporal
resolution and accuracy of L1 data enable the capture of minor disturbances and changes
in the atmospheric system, providing rich data sources for chaotic analysis.

Besides L1 satellite data, reanalysis data is another critical tool for atmospheric re-
search. Reanalysis data combines satellite remote-sensing data, ground-based observations,
and numerical weather prediction models to generate high spatial resolution, long-term
continuous global meteorological datasets using advanced data assimilation techniques.
Reanalysis data fill observation gaps and provide homogenized meteorological data, of-
fering indispensable support for studying long-term trends in chaotic properties of the
atmosphere [13]. By integrating multi-source observational data, reanalysis data eliminate
uncertainties and errors from single observation methods.

In this study, we investigate the chaotic properties of the atmosphere using L1 data
from FY-4A and Himawari-8 and the ERAS reanalysis dataset from the European Centre
for Medium-Range Weather Forecasts (ECMWF). For L1 satellite data, a 2-3 months time
frame is selected because this period allows for the capture of short-term chaotic behaviors
such as synoptic-scale weather patterns, including the development and evolution of
cyclones, anticyclones, and frontal systems. Satellite data are well-suited for short-term
analysis due to their high temporal and spatial resolution, which is critical for resolving
these transient atmospheric phenomena. For ERA5, a 5-10 years period is appropriate
because reanalysis data is designed to provide a consistent and continuous record of the
atmosphere over extended periods. It allows for the identification of chaotic behavior
at larger scales, such as those related to persistent anomalies, large-scale teleconnection
patterns, and climate oscillations.

Section 2 systematically reviews the definition and main characteristics of chaos,
discussing phase space reconstruction methods centered on Takens’ theorem. Section 3
categorizes and summarizes qualitative and quantitative methods for determining the
chaotic nature of time series data. To compensate for the shortcomings of the traditional
G-P algorithm, a new method named Improved Saturated Correlation Dimension method
was proposed to address the subjectivity and noise sensitivity when determining the scaling
region. Section 4 employs quantitative determination methods, specifically the largest
Lyapunov exponent and saturated correlation dimension, to analyze the chaotic nature of
FY-4A and Himawari-8 remote-sensing data and ERAb5 reanalysis data. In this section, we
focus on the short-term chaotic nature of the atmosphere using infrared band data from L1
satellite data, while T850 and Z500 reanalysis data from ERA5, supplementing L1 data, fur-
ther validate the long-term chaotic nature of the atmosphere. These analyses demonstrate
that the atmospheric system exhibits chaotic behavior across different time scales. Finally,
Section 5 provides prospects for future applications, including short-term prediction of
atmospheric infrared radiation fields and the detection of weak time-sensitive signals in
complex atmospheric environments, based on the chaotic properties of the atmosphere.

2. Overview of Chaos Theory
2.1. Definition and Key Characteristics of Chaos

In nonlinear science, chaos refers to the unpredictable, seemingly random behavior
exhibited by deterministic dynamical systems due to their extreme sensitivity to initial
conditions. In a chaotic system, the evolution of the system is governed by deterministic
differential equations or maps. However, even minute changes in initial conditions can lead
to vastly different trajectories, rendering long-term prediction impossible and causing the
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system to display apparently random behavior. This randomness does not originate from
external disturbances but rather from the internal nonlinear coupling of the system [14]. At
the same time, chaotic systems are globally stable.

The evolution of chaotic systems represents a unification of large-scale disorder and
small-scale order. Their trajectories typically exhibit fractal structures, characterized by
infinite levels of self-similarity and structural invariance under scaling transformations.
This fractal structure reflects the complexity within the system and the features of nonlin-
ear coupling.

2.2. Phase Space Reconstruction

Phase space reconstruction is a method used to analyze and understand nonlinear
dynamical systems, particularly when observational data are limited or it is difficult to
directly measure all state variables. Phase space reconstruction techniques are crucial steps
in nonlinear time series analysis and form the basis for predicting chaotic systems.

In nonlinear dynamics, phase space is an abstract mathematical space describing the
states of a dynamical system, where each point represents the complete state of the system
at a specific moment.

When studying complex systems, often only one or a few state variables can be
measured over time. The phase space reconstruction method, based on Takens’ theorem,
reconstructs the chaotic system’s time series in a topologically equivalent sense by using de-
lay coordinates. This method maps the system’s dynamic behavior into a high-dimensional
phase space, revealing its inherent deterministic structure [15].

Takens’ theorem is a fundamental theorem in dynamical systems theory that provides
the mathematical foundation for reconstructing the phase space of a system from time series
data. Proposed by Floris Takens in 1981, this theorem addresses how to reconstruct the
phase space through delay coordinate methods when complete state information is lacking.

Let x(t) be a one-dimensional time series representing the state of a dynamical system.
Takens’ theorem states that by introducing a time delay T and an embedding dimension ,
a new m-dimensional state vector y(t) can be constructed. This new state vector can capture
the geometric structure of the original phase space:

y(t) = [x(t),x(t — 1), x(t = 27),..., x(t — (m — 1)7T)] 1)

Here, 7 is the time delay, typically chosen as a multiple of the system’s characteris-
tic time scale, while m is the embedding dimension, which theoretically should satisfy
m > 2d + 1, where d is the dimension of the dynamical system [9].

Common methods for determining the time delay 7 include the Autocorrelation
Function, the Average Displacement, the Mutual Information, and the Complex Autocor-
relation [16]. The key is to ensure that the time-delayed series can serve as independent
coordinates. Methods for determining the embedding dimension m include the Geometric
Invariants, the False Nearest Neighbors, and the improved Cao [17].

Determining appropriate embedding dimensions and time delays is a crucial issue in
phase space reconstruction. By selecting suitable time delays and embedding dimensions,
one can reconstruct the phase space of a dynamical system under incomplete observation
conditions [18].

In this study, we calculate the time delay T using the autocorrelation method and the
embedding dimension m using the False Nearest Neighbors method.
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2.2.1. Determining Time Delay T Using the Autocorrelation Method

The autocorrelation function R(T) is used to describe the correlation of a time series
at different time lags. For a given time series {x(t)}, the autocorrelation function R(7) is

defined as follows:
N—t

L (x() =R (x(t+7) =)

t) —
R(t) = N 2)
L (x(t) —3)?
t=1
The appropriate time delay T can be determined as the time at which the autocorre-
lation function R(7) first drops below % This ensures that the time-delayed variables are

sufficiently decorrelated for effective phase space reconstruction.

2.2.2. Determining the Embedding Dimension m Using the False Nearest
Neighbors Method

The False Nearest Neighbors (FNN) method determines the embedding dimension
by detecting false nearest neighbors in high-dimensional space [19]. For a given time
sequence {x(t)}, after determining the time delay 7 using the Autocorrelation method,
increment the embedding dimension m and perform phase space reconstruction using
Formula (1). The nearest neighbor distances are then calculated in both m-dimensional and
m + 1-dimensional spaces:

d(£) = [[X(t) = Xnn ()]

3
1 (1) = X1 (8) = Xt (0] ©
If the distance growth ratio exceeds a certain threshold:
dys1(t)
R(t) = 22 >R 4
( ) dm(t) th 4)

Then, the nearest neighbor in m-dimensional space is no longer considered the nearest
neighbor in m + 1-dimensional space, indicating it is a false nearest neighbor. As m
increases, when the proportion of false nearest neighbors drops to a sufficiently low level,
the increment of the embedding dimension stops. The current dimension is then considered
the appropriate embedding dimension 1.

3. Methods for Determining Chaotic Nature

To determine whether a nonlinear system is chaotic, qualitative or quantitative meth-
ods can be used to analyze the intrinsic properties of its time series, such as phase diagrams,
Lyapunov exponents, and correlation dimensions. Qualitative methods include the Phase
Diagram method, the Power Spectrum method, and the Poincare Surface of Section method,
while quantitative methods include the Lyapunov Exponent (LE) method, the Kolmogorov
Entropy method, and the Saturated Correlation Dimension method [20]. This section will
mainly discuss two of the quantitative methods which will be used in Section 4. One
is the Lyapunov Exponent method. The other is the Improved Saturated Correlation
Dimension method proposed in this article, which is based on curvature and the least
squares method. This new method has addressed the subjectivity and noise sensitiv-
ity inherent in the traditional G-P method when determining the scaling region of the
log C(r) — logr plot.

3.1. The Lyapunov Exponent Method

In chaos theory, Lyapunov exponents (LE) are key tools for quantifying the sensitivity
of a system to initial conditions [21]. Lyapunov exponents represent the rate at which
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nearby trajectories in the phase space diverge or converge. The formula for calculating LE
is as follows: .
1" df(xm, n)
LE = lim — " 2 Z In ’ ’ 5)
where 7 is the time (number of iterations).

The number of Lyapunov exponents is generally equal to the dimension of the re-
constructed phase space, so calculating Lyapunov exponents is based on phase space
reconstruction. When the largest Lyapunov exponent (LLE) is positive, it indicates that
nearby trajectories in the phase space will exponentially diverge over time, and the system
exhibits chaotic behavior. When all LEs are negative, it indicates that nearby trajectories
converge over time, and the system exhibits a large-scale periodic state. When LE is zero,
it indicates that the distance between nearby trajectories remains unchanged over time,
which is a critical state between chaos and periodicity [22]. Therefore, the sign of the largest
Lyapunov exponent (LLE) can be used to determine the state of the system.

Methods for calculating LLE include the direct method, the Jacobian method, the Wolf
method, and the Small Data method [23]. This section will mainly discuss the Wolf method.

Assume the chaotic time series is x1, Xy, . . ., X;, with embedding dimension m and time
delay 7. After reconstructing the phase space, a point on the attractor
Y(t) = (x(ti), X(tivg), oo, X (ti+(m_1)r) ) (i=1,2,...,N) is taken as a point on the refer-
ence trajectory. The initial point on the reference trajectory Y (#p) and its nearest neighbor
point outside the reference trajectory Yy(ty) are taken as initial points, with an initial dis-
tance Ly. As the two points evolve over time to 1, the distance Lj =||Y(t1) — Yo(t1)||
exceeds a certain threshold € > 0. At this point, a new nearest neighbor point Y (1) is
selected outside the reference trajectory, and the angle between the vectors of the new
data point and the old data point with the corresponding point on the reference trajectory
should be as small as possible [24]. This process is repeated until the reference trajectory
traverses all the data in the time series, with a total number of iterations M. The LLE is then
calculated as follows:

1 Mo
1 1

LLE = n—
m—to/ =y Li

(6)

3.2. The Improved Saturated Correlation Dimension Method

In 1983, Grassberger and Procaccia proposed the G-P algorithm for directly calculating
the correlation dimension from time series using embedding theory and phase space
reconstruction techniques [25].

The correlation dimension is a measure of the degree of interdependence among vari-
ables in a complex system or dataset. It can be used to describe the complexity of attractors
in the system’s phase space and to identify chaos. The correlation dimension is also a
type of fractal dimension, characterized by conservativeness, simplicity of calculation, and
stability [26]. The process for calculating the saturated correlation dimension is as follows:

First, perform phase space reconstruction for the time series.

Second, calculate the correlation integral. The correlation integral C(r) is a statistical
measure of the distances between pairs of points in the phase space. For each pair of points
X; and X; (where i # j), calculate the distance between them:

dij = [|X; =X @)
The correlation integral C(r) is defined as the proportion of point pairs within a given
distance
C(r H(r 8)
)= (N -1 ;

where H(x) is the Heaviside function, and N is the number of reconstructed phase
space vectors.
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Third, estimate the correlation dimension. The correlation dimension D5 is estimated
as the slope of the log—log plot of the correlation integral C(r) versus the distance r in the
scaling region [11]

log C(r) ~ D, logr + const )

The scaling region refers to a range of distances r over which the correlation integral
C(r) exhibits a power-law relationship with r. In this region, the log-log plot appears as a
straight line, indicating a linear relationship between these logarithmic values.

One of the traditional methods to identify the scaling region is to visually inspect the
log-log plot to identify a linear segment [27]. However, this method involves a degree of sub-
jectivity, which can lead to variability in the results depending on the researcher’s judgment.

Another method is to estimate the slope in the region where r approaches 0 [28].

D, = 1im %8 (10)
r—0 logr

The approach is grounded in the idea that, at sufficiently small scales, the system’s
geometry should dominate, allowing for a more accurate determination of the fractal
dimension. This method reduces the reliance on visual inspection for identifying the scaling
region, making the estimation of the correlation dimension more objective. However, the
method can be sensitive to noise, especially in the small r region, where the behavior of
log C(r) may be distorted by data imperfections.

In order to address the subjectivity and noise sensitivity inherent in the aforementioned
methods, this paper proposes a curvature-based approach for determining the scaling
region, which can be effectively carried out through a systematic analysis of the first and
second derivatives of the log-log plot.

The first derivative of log C(r) with respect to log r gives the local slope D(r), which
can be interpreted as the correlation dimension D, in the linear region:

_dlogC(r)
D(r) = “dlogr (11)

This derivative can be numerically approximated using the finite difference method:

~ 108 C(riy1) —log C(r;)

D(ri) log i1 —logr;

(12)

The second derivative, representing the curvature of the log-log plot, is instrumental
in identifying deviations from linearity:

2
Curvature (r) = %C(;) (13)
d(logr)
Numerically, this can be approximated as:
Curvature(r;) ~ D(ria) = D(ri) (14)

"~ logrii1 —logr;

The scaling region is identified by examining the stability of D(r) and minimal cur-
vature. The range of r values where the first derivative D(r) remains relatively constant,
indicating a stable slope, suggests a linear region in the log-log plot. The region where
the second derivative (curvature) is close to zero further supports the presence of a linear
relationship. The overlap between these regions indicates the appropriate scaling region.

By analyzing the stability of the slope (first derivative) and minimizing the curvature
(second derivative), this method ensures a reliable determination of the scaling region,
facilitating a more accurate estimation of the correlation dimension.
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After determining the scaling region, the slope of log C(r) over logr is calculated
using the least squares method to obtain the correlation dimension D5.

Fourth, verify saturation. Calculate the correlation dimensions D; for different em-
bedding dimensions m and plot the variation curve with m as the horizontal axis and D, as
the vertical axis.

The correlation dimension is essentially a type of fractal dimension used to describe
the complexity of an attractor. A fractal dimension greater than 1 indicates that the attractor
possesses a complex geometric structure, which is characteristic of chaotic systems. For
periodic or non-chaotic systems, their attractors are typically low-dimensional, such as fixed
points, periodic orbits, or slightly more complex quasi-periodic structures. The correlation
dimension of these systems is usually close to or equal to 1, as they do not exhibit fractal
structures [29,30]. Therefore, if the correlation dimension saturates at dimension greater
than 1, the time series has chaotic characteristics. The higher the saturated correlation
dimension, the stronger the chaos.

4. Analysis of Chaotic Properties in Atmospheric Data

This section will investigate the chaotic properties of the atmosphere using L1 data
from FY-4A and Himawari-8, as well as reanalysis data from ERA5. Specifically, short-term
chaotic properties (2 to 3 months) will be analyzed using L1 infrared and visible band data
of the satellites, while long-term chaotic properties (5 to 10 years) will be analyzed using
T850 and Z500 reanalysis data from ERAS.

Two methods will be applied to each dataset to analyze its chaotic nature, including
the Wolf method and the Improved Saturated Correlation Dimension method. The overall
process is shown in Figure 1.

Wolf method

LLEs>0
Phase Space
Reconstrcution Chaos
Correlation
Dimensions
saturate

Improved Saturated
Correlation
Dimension method

Figure 1. Analysis process of chaotic nature.
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4.1. Analyzing Chaos Using Largest Lyapunov Exponents

The Wolf method for calculating the Largest Lyapunov Exponent (LLE) is a numerical
technique used to estimate the separation rate of nearby trajectories in a dynamical system,
and it is a method for quantitatively determining the chaotic nature of time series data.

The following sections will use phase space reconstruction and the Wolf method to
calculate LLEs for the AGRI China region 4KM L1 data from FY-4A, the AHI full-disk 2KM
L1 data from Himawari-8, and the Z500 and T850 data from ERAD5. This will allow for a
quantitative analysis of their short-term and long-term chaotic properties.

4.1.1. LLEs of FY-4A AGRI 4KM L1 Data

Using the FY-4A Advanced Geostationary Radiation Imager (AGRI) data for the China
region at 4KM L1 resolution, the focus is on channel 1 (visible band, central wavelength
0.47 microns), channel 4 (shortwave infrared band, central wavelength 1.375 microns),
channel 10 (midwave infrared band, central wavelength 7.1 microns), and channel 13
(longwave infrared band, central wavelength 12.0 microns). These specific channels were
selected because they correspond to the visible light, shortwave infrared, midwave infrared,
and longwave infrared bands. Channels 1, 4, 10, and 13 are typically used for observing
color composite images, cirrus clouds, water vapor, and temperature, respectively. These
factors are key drivers of atmospheric dynamics. The combination of these channels can
provide a broad perspective of atmospheric processes.

Data were extracted for a 60 x 60 spatial coordinate area, totaling 3600 points, with
a spatial resolution of 4 km. For each point, a time series of 90 days with a temporal
resolution of 165 times per day was captured, resulting in a sequence with a total length of
14,850. This provided a 60 x 60 x 14,850 three-dimensional spatiotemporal dataset.

Phase space reconstruction is performed on the time series for all coordinate points
in this region. The time delay T and embedding dimension m are calculated using the
Autocorrelation method and the False Nearest Neighbors method, respectively, resulting
in 60 x 60 matrices of time delays and embedding dimensions. It was found that all m
values are equal to 8, but the T values vary among points. Thus, phase space reconstruction
is conducted for each point’s time series based on its corresponding T and m values
using Takens’ theorem. The Wolf method is then employed to calculate the LLEs. LLEs
corresponding to each band in this region are shown in Figure 2. The x-axis and y-axis
represent the spatial coordinates in the longitude and latitude directions, respectively. If the
value at a certain point is greater than 0, it indicates that the LLE at that point is positive.
This means that the time series at that location will diverge over time, exhibiting chaotic
behavior. When equal to 0, the time series corresponds to quasi-periodic motion or a
boundary state in the system, where the behavior is regular but not chaotic. A negative
LLE means that the series tends to converge over time, implying that it is stable.

Using the above method, the data range was extended to cover the entire region and
all bands, and the corresponding LLEs were calculated. According to the results, for the
FY-4A AGRI China region 4KM L1 data across all bands, more than 99.91% (5,381,233 out
of 5,386,080 points, which is the total number of regional points of the data) of the regional
points have a corresponding sequence with a positive LLE. Only less than 0.09% of the
regional points have a corresponding sequence with a negative LLE. These negative LLEs
may result from surface influences such as infrared emission and reflection from the Earth’s
surface, terrain-induced atmospheric stability, and boundary layer interactions, which can
create localized areas of reduced dynamical complexity and stability in the atmospheric
system. On the other hand, negative LLEs may also be attributed to potential numerical
artifacts arising from resolution constraints or boundary effects of satellite image. The
result above leads to the conclusion that the infrared and visible radiation fields of the
atmospheric medium exhibit chaotic nature in the short term.
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(b)

(d)

Figure 2. (a) 60 x 0 LLE diagram of FY-4A AGRI China Area 4KM L1 data for Channel 1;
(b) 60 x 60 LLE diagram of FY-4A AGRI China Area 4KM L1 data for Channel 4; (c) 60 x 60
LLE diagram of FY-4A AGRI China Area 4KM L1 data for Channel 10; (d) 60 x 60 LLE diagram of
FY-4A AGRI China Area 4KM L1 data for Channel 13.

4.1.2. Himawari-8 AHI 2KM L1 Data

Using the Himawari-8 Advanced Himawari Imager (AHI) full-disk 2KM L1 data for
channel 2 (visible band, central wavelength 0.51 microns) and channel 12 (infrared band,
central wavelength 9.6 microns) as an example, data were extracted for a 40 x 40 spatial
coordinate area, totaling 1600 points [31]. For each point, a time series of 61 days with a
temporal resolution of 10 min was captured, resulting in a sequence with a total length of
8784. This provided a 40 x 40 x 8784 three-dimensional spatiotemporal dataset.

Phase space reconstruction is performed on the time series for all coordinate points
in this region. The time delay 7 and embedding dimension m are calculated using the
Autocorrelation method and the False Nearest Neighbors method. The embedding di-
mensions for all sequences in this region are consistent, with m = 8. The time delays for
channel 2 range from 12 to 14, and for channel 12, they range from 30 to 38. Based on the
embedding dimensions and the time delays corresponding to each sequence, phase space
reconstruction is conducted for all sequences using Takens’ theorem. The Wolf method
is then employed to calculate LLEs. LLEs corresponding to each band in this region are
shown in Figure 3. The x-axis and y-axis represent the spatial coordinates in the longitude
and latitude directions, respectively.
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Figure 3. (a) 40 x 40 LLE diagram of Himawari-8 AHI Full Disk 2KM L1 data for Channel 2;
(b) 40 x 40 LLE diagram of Himawari-8 AHI Full Disk 2KM L1 data for Channel 12.

Using the above method, the data range was extended to a global scale and all bands,
and the corresponding LLEs were calculated. According to the results, for the Himawari-
8 satellite’s AHI full-disk 2KM L1 data across all bands, 99.97% of the regional points
have a corresponding sequence with a positive LLE. This leads to the conclusion that the
infrared and visible radiation field of the atmospheric medium exhibit chaotic nature in the
short term.

4.1.3. ERA5 Z500 and T850 Data

Using the ERAS reanalysis dataset from the European Centre for Medium-Range
Weather Forecasts (ECMWFE), specifically the 500 hPa geopotential height data and the
850 hPa temperature data as examples, data were extracted with a spatial resolution of
0.25 degrees. This corresponds to a 41 x 41 grid, covering a 10-degree by 10-degree latitude—
longitude area, totaling 1681 points. For each point, a time series from 2015 to 2021 with
an hourly resolution was captured, resulting in a total length of 61,368 sequences. This
provided a 41 x 41 x 61,368 three-dimensional spatiotemporal dataset.

Phase space reconstruction is performed on the time series for all coordinate points
in this region. The time delay T and embedding dimension m are calculated using the
autocorrelation method and the false nearest neighbors method. The time delays and
embedding dimensions for all sequences in this region are nearly consistent. For Z500
data, T =4 and m = 8. For T850 data, T = 5 and m = 8. Based on these values, phase space
reconstruction is conducted for all sequences using Takens’ theorem, and the Wolf method
is employed to calculate the LLE. LLEs corresponding to each band in this region are shown
in Figure 4.

Using the above method, the data range was extended to a global scale, and the
corresponding LLEs were calculated. According to the results, for ERA5 Z500 and T850
data, all the points have a corresponding sequence with a positive LLE. This leads to the
conclusion that the atmospheric medium exhibits chaotic nature in the long term.
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Figure 4. (a) 41 x 41 LLE diagram of ERA5 hourly data for Z500; (b) 41 x 41 LLE diagram of ERA5
hourly data for T850.

4.2. Analyzing Chaos Using Correlation Dimensions

Using the Improved Saturated Correlation Dimension method described in Section 3.2,
the correlation integral for the data in Section 4.1 was calculated and the log C(r) — logr
curve was plotted. Both the first derivative and the second derivative were calculated
to obtain the scaling region. Linear regression was used to calculate the slope in that
region, which represents the correlation dimension D;. By calculating the correlation
dimensions corresponding to different embedding dimensions m, the D,-m curve was
obtained. Whether D; tends to saturate as m increases and the specific value of D, when
saturation occurs, determines whether the sequence is chaotic.

The above method was applied to the FY-4A AGRI 4KM L1, Himawari-8 AHI 2KM
L1, ERA5 7500, and T850 data to analyze the chaotic properties of the atmosphere on both
long-term (5 to 10 years) and short-term (2 to 3 months) scales.

4.2.1. Correlation Dimensions of FY-4A AGRI 4KM L1 Data

For the FY-4A AGRI China region 4KM L1 data at each grid point in each channel,
data were extracted for a time length of 90 days with a temporal resolution of 165 times
per day, resulting in a total sequence length of 14,850. Channel 1 (visible band, central
wavelength 0.47 microns), channel 4 (shortwave infrared band, central wavelength 1.375 mi-
crons), channel 10 (midwave infrared band, central wavelength 7.1 microns), and channel
13 (longwave infrared band, central wavelength 12.0 microns) were taken as examples
to calculate the correlation dimensions. Utilizing the G-P method described in 3.2 (see
Equations (7) and (8)), the log—log plots of the correlation integral C(r) versus the distance
r for different embedding dimensions m were plotted as Figure 5a—d, corresponding to
these 4 channels of FY-4A, respectively. Then, the correlation dimensions were calculated
using the curvature-based method proposed in Section 3.2 (see Equations (12) and (14)).
The results obtained were largely consistent with the scaling region identified through
subjective observation, which validated the feasibility and accuracy of this method. Fur-
thermore, the Dy-m curves of these 4 channels were plotted as Figure 6. From Figure 6,
the consistency of the estimated correlation dimension across different embedding dimen-
sions has been verified, which further demonstrated the robustness and accuracy of this
curvature-based method.
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Figure 5. (a) Log-log plots of the correlation integral C(r) versus the distance r for different embed-
ding dimensions m for channel 1 of FY-4A AGRI China area 4KM L1 data; (b) Log-log plots of the
correlation integral C(r) versus the distance r for different embedding dimensions m for channel 4 of
FY-4A AGRI China area 4KM L1 data; (c) Log—log plots of the correlation integral C(r) versus the
distance r for different embedding dimensions m for channel 10 of FY-4A AGRI China area 4KM L1
data; (d) Log-log plots of the correlation integral C(r) versus the distance  for different embedding
dimensions m for channel 13 of FY-4A AGRI China area 4KM L1 data of FY-4A AGRI China area
4KM L1 data.

Finally, the second derivatives of the D,-m curves were calculated. When the second
derivative is smaller than a small threshold, it indicates that the correlation dimension
D, is approaching saturation. Here, the threshold was set to 0.1. From Figure 6, it can be
observed that the correlation dimensions for channels 1, 4, 10, and 13 tend to saturate at
approximately 3.2, 3.7, 3.2 and 3.5, respectively, as the embedding dimension increases.
This saturation indicates that the sequences exhibit chaotic nature. Similarly, the correlation
dimensions calculated for data from each channel and each grid point ultimately saturated
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at dimensions greater than 1 as the embedding dimension increases, proving that the FY-4A
AGRI 4KM L1 data exhibits chaotic nature on a short-term scale.
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Figure 6. Correlation Dimension vs. Embedding Dimension Curve for channel 1, channel 4, channel
10 and channel 13 of FY-4A AGRI China area 4KM L1 data.

4.2.2. Correlation Dimensions of Himawari-8 AHI 2KM L1 Data

For the Himawari-8 AHI full-disk 2KM L1 data at each grid point in each channel, data
were extracted for a time length of 61 days with a temporal resolution of 10 min, resulting
in a total sequence length of 8784. Grid point at coordinates (4050, 5250) (approximately
20.98°S, 175.02°W) from channel 2 (visible band, central wavelength 0.51 microns) and
channel 12 (infrared band, central wavelength 9.6 microns) were taken as examples to
calculate the correlation dimensions. Utilizing the G-I method described in 3.2 (see
Equations (7) and (8)), the log-log plots of the correlation integral C(r) versus the distance r
for different embedding dimensions m were plotted as Figure 7a,b, corresponding to these
2 channels of Himawari-8, respectively. Then, the correlation dimensions were calculated
using the curvature-based method proposed in 3.2 (see Equations (12) and (14)). The results
obtained were largely consistent with the scaling region identified through subjective
observation. The Dy-m curves were plotted as Figure 8. The consistency of the estimated
correlation dimension across different embedding dimensions has been verified in Figure 8,
which further demonstrated the feasibility and accuracy of this curvature-based method.

From Figure 8, it can be observed that the correlation dimensions for channel 2
and 12 tended to saturate at approximately 5.1 and 4.9, respectively, where the second
derivatives of the D,-m curves were smaller than the threshold 0.1. This saturation indicates
that the sequences exhibit chaotic nature. Similarly, the correlation dimensions calculated
for data from each channel and each grid point ultimately saturated at dimensions greater
than 1 as the embedding dimension increases, proving that the Himawari-8 AHI full-disk
2KM L1 data exhibits chaotic nature on a short-term scale.

77



Remote Sens. 2024, 16, 3376

Correlation Dimensions (Himawari-8)

In(C)

-100 -75 -5.0 =25 0.0 2.5 5.0
In(r)

(a)
Correlation Dimensions (Himawari-8)

0
-5 -

~10 -

~15 -

In(C)

—10 0 —7 5 —5 0 —2 5 8 .0
— m=1 —m=13 —m=2 -— m=37 m=43 r.]n(:rs-? m=73 m=85 —— m=97 — m=109
— m=2 —m=l4 —m=2 -— m=38 m=50 m=62 m=74 m=86 —— m=95 —— m=110
—m=3 —m=15 e—m=2] e m=33 m=51 m=63 m=75 M=87 =—m=8% e—m=1l1
—m=d4 —m=16 —m=28 m=40 m=52 m=64 m=76 M=85 = M=100 e m=112
—M=5  e—m=1] =—m=29 m=a1 m=s3 m=s6s m=77 M=89 =—m=101 =—m=113
—M=6 ——m=18 =—m=30 m=4z m=sa m=s66 M=78 ——m=90 =——m=102 =——m=1l4
—m=7  e—m=19 e—m=31 m=43 m=ss5 m=67 m=79 e m=09l =—m=103 =——m=115
—M=8  m——m=20 ——m=32 m=4a m=s6 m=68 Mm=80 ——m=92 =—m=104 =—m=116
— m=3 — m=21 — m=33 m= a5 m=s7 m= 69 m=8l ——m=93 ——m=105 ——m=117
—m=10 — m=2 —m=34 m=45 m=58 m=70 m=8 — m=94 —m=106 — m=118
—m=11 — m=23 —m=35 m=47 m=59 m=71 m=8 ——m=95 —m=107 — m=119
— m=12 — m=24 — m=36 m=48 m=60 m=72 m=8 — m=9 —— m=108 — m=120

Figure 7. (a) Log-log plots of the correlation integral C(r) versus the distance r for different embed-
ding dimensions m for channel 2 of Himawari-8 AHI full-disk 2KM L1 data; (b) Log-log plots of the
correlation integral C(r) versus the distance r for different embedding dimensions m for channel 12
of Himawari-8 AHI full-disk 2KM L1 data.
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Figure 8. Correlation Dimension vs. Embedding Dimension Curve for channel 2 and channel 12 of
Himawari-8 AHI Full disk 2KM L1 data at location (4050, 5250).
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4.2.3. Correlation Dimensions of ERA5 Z500 and T850 Data

For the ERAS reanalysis dataset from European Centre for Medium-Range Weather
Forecasts (ECMWEF), specifically the 500 hPa geopotential height data and the 850 hPa
temperature data, data were extracted for the period from 2015 to 2021 with an hourly reso-
lution, resulting in a total sequence length of 61,368. Utilizing the G-P method, described
in Section 3.2 (see Equations (7) and (8)), the log-log plots of the correlation integral C(r)
versus the distance r for different embedding dimensions m were plotted as Figure 9a,b, cor-
responding to Z500 and T850 hourly data of ERA5 at 20.00°S, 175.00°W, respectively. Then,
the correlation dimensions were calculated using the curvature-based method proposed in
Section 3.2 (see Equations (12) and (14)). The Dy-m curves were plotted as Figure 10. The
scaling regions obtained were largely consistent with those identified through subjective
observation. And the consistency of the estimated correlation dimension across different
embedding dimensions has been verified in Figure 10, which demonstrated the feasibility
and accuracy of this curvature-based method.
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Figure 9. (a) Log—log plots of the correlation integral C(r) versus the distance r for different em-
bedding dimensions m for Z500 hourly data of ERAS5 at 20.00°S, 175.00°W; (b) Log-log plots of the
correlation integral C(r) versus the distance r for different embedding dimensions m for T850 hourly
data of ERA5 at 20.00°S, 175.00°W.
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Figure 10. (a) Correlation Dimension vs. Embedding Dimension Curve for Z500 hourly data of ERA5
at 20.00°S, 175.00°W; (b) Correlation Dimension vs. Embedding Dimension Curve for T850 hourly
data of ERA5 at 20.00°S, 175.00°W.

The correlation dimensions for the Z500 and T850 sequences tended to saturate at
approximately 4.95 and 4.05, respectively, as the embedding dimension increases, demon-
strating the chaotic nature of these sequences. Similarly, the correlation dimensions calcu-
lated for sequences at each latitude and longitude point ultimately saturate at dimensions
greater than 1 as the embedding dimension increases, proving that the ERA5 Z500 and
T850 hourly data exhibit chaotic nature on a long-term scale.

5. Conclusions

In this paper, an overview of the definition and characteristics of chaos was provided.
Phase space reconstruction, as a crucial preprocessing method for chaotic data, was intro-
duced. And two quantitative methods for determining chaotic nature were thoroughly
discussed. The first was the Lyapunov Exponent method, and the second was the Improved
Saturated Correlation Dimension method, which was newly proposed in this work. This
new method, based on curvature and the least squares approach, effectively addressed the
subjectivity and noise sensitivity issues in determining the scaling region of the log C(r)
— log r curves associated with the traditional G-P method. On this basis, this paper inno-
vatively applies the above two methods to satellite remote-sensing L1 datasets including
FY-4A and Himawari-8, as well as ERAS5 reanalysis dataset. Two indicators were analyzed:
whether the system’s Largest Lyapunov Exponent is positive and whether the correlation
dimension tends to saturate with the embedding dimension. The results showed that,
on the one hand, the overwhelming majority of sequences of satellite remote-sensing L1
dataset (99.91% for FY-4A and 99.97% for Himawari-8) and all the sequences of ERA5 have
positive LLEs. Considering the surface influences from the Earth’s surface, and boundary
layer interactions, which may result in the negative LLEs of less than 0.01%, the results
obtained from the more comprehensive ERA5 dataset can be considered reliable. On the
other hand, all the sequences of both satellite remote-sensing L1 dataset and ERA5 dataset
have correlation dimensions saturating at values greater than 1. Taking into account the
above two indicators comprehensively, the following conclusion can be drawn: on both
short-term and long-term scales, the atmospheric medium exhibits chaotic nature.

In summary, this paper demonstrated the chaotic behavior of the atmospheric sys-
tem on different scales, which helps to reveal the multi-scale interactions and coupling
mechanisms of the atmospheric system. This provides an experimental basis for a deeper
understanding of the highly complex internal structure and dynamic evolution mecha-
nisms of the atmospheric system. On this basis, the characteristics of chaotic systems can
be utilized in the future to study the evolution of variables in the atmospheric system
using numerical integration and data-driven methods, further improving the accuracy of
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weather forecasts. Additionally, early warning and prediction of natural disasters such as
volcanic eruptions and typhoons can be conducted based on minute abnormal disturbances
in the atmospheric medium. On the other hand, the sensitivity to initial conditions in chaos
can be used to capture weak moving targets under the atmospheric infrared background
radiation field, which is of great significance for improving the detection rate of hostile
targets in military confrontations.
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Abstract: Studying chemical constituents in rainwater can provide insights into the origin, char-
acteristics, concentration, and processes involved in clearing atmospheric pollutants. This study
investigated the spatial-temporal variations in rainwater chemistry characteristics in a rapidly ur-
banizing area of Shenzhen from 2007 to 2022. The mean pH during 2007-2022 was 5.12 + 0.45,
significantly higher than the 4.51 recorded in 2006. The electrical conductivity (EC) of rainfall in
Shenzhen was 15.79 £ 2.63 uS/cm and showed a progressive decrease over the years. Human
activities influenced the trends of SO42~, which decreased, while NO3~ and Cl™ increased over time.
The cations Ca%* and NH,* decreased, and Mg2+, Na*, and K* increased. In recent years, Na* and
Cl~, typical sea-salt ions, became dominant with a continually rising contribution. The study also
revealed that Shenzhen has been affected by both sulfuric and nitric acid rain, formally ushering
in the nitric acid-type era. Spatial variations in rainfall chemicals were observed, especially for pH
and conductivity, attributed to urban growth, distance from the coast, and industrial development.
Moreover, the total ion concentration of rainwater demonstrated high values in the spring and low
values in the summer due to the significant effect of precipitation.

Keywords: rainwater chemistry; Shenzhen; spatial-temporal variations; enrichment factor; post-
industrial age

1. Introduction

Chemicals present in rainwater serve as indicators of the degree and state of air
pollution [1], offering valuable insights into atmospheric composition changes and human
impacts on the atmosphere [2]. Different compounds are emitted into the atmosphere due to
natural processes and human activities [3]. Rainfall serves as the most efficient scavenging
factor for removing particles or gaseous contaminants from the atmosphere [4-6]. However,
excessive and prolonged atmospheric deposition can result in the eutrophication of the
earth-surface hydrosphere [7], such as rivers, lakes, and reservoirs [8,9], further reducing
the biodiversity of the aquatic ecosystems [10-12]. Studying chemical constituents in
rainwater can aid in comprehending the origin, characteristics, concentration, and process
for clearing atmospheric pollutants [13].

China’s economy experienced rapid growth following the implementation of the
reform and opening-up policy [14]. However, the heavy reliance on fossil fuels caused
increased emissions of sulfur oxides (SOy) and nitrogen oxides (NOy) [1]. Due to the
massive fossil fuel consumption, East Asia, particularly China, has become the third pole
of SOx and NOy sources after Europe [13,15] and the United States [16]. Since 1990, acid
precipitation has become a growing issue in China [2], which was previously considered
one of the most critical regions for emissions of precursor gas of acid rain, with Northeast
America and Central Europe following closely [17,18]. According to a 2008 investigation,
the area affected by acid rain in China decreased to 13.8% of the overall land area [19].
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However, the area of heavy acid rain has remained at a relatively high level compared
to previous years when approximately 30% of the land area in China was afflicted by
acid rain [20]. Due to China’s severe acid rain problem, researchers have studied the
forms, chemical composition characteristics, spatial-temporal distribution, and acidification
mechanism of precipitation in urban and rural areas [1,2,21,22]. The Pearl River Delta and
the Yangtze River Delta have been particularly focused on [23,24], as these regions are
characterized by intense human activities, industrial production, motor vehicle emissions,
and waste incineration, resulting in severe air pollution and acid deposition [21]. However,
since the implementation of China’s Air Pollution Action Plan, some new trends have
emerged in the atmospheric environment [21]. For instance, China’s emissions of NOy
decreased by 17% and SO; by 62% between 2010 and 2017 [25]. Li et al. (2016), Xu et al.
(2020), and Ge et al. (2021) [26-28] also reported that the increase in pH value in rainwater
is mainly attributed to the stricter control measures for SO, emissions implemented since
the 13th Five Year Plan (2016-2020).

This study aims to investigate the emerging trend of rainwater chemistry characteris-
tics, analyze the spatial and temporal variations in the chemical composition of rainwater,
and identify the sources of the primary ion content in precipitation over a 16-year period in
the densely populated area of Shenzhen city, China.

2. Study Area

The study area is located in the southern region of Guangdong Province, China,
Shenzhen (22°26'-22°51’ N, 113°45'-114°37' E), which is close to Hong Kong (Figure 1).
Shenzhen’s gross area is estimated to be 1997 km?, based on a thorough assessment of land
resources that was finished at the end of 2022 (including all islands) (http://pnr.sz.gov.cn/,
accessed on 6 May 2023). Its terrain features a variety of landforms, with hills being the
predominant feature followed by plains. The topography is higher in the Southeast and
lower in the Northwest. The region experiences a southern subtropical monsoon climate,
with a mean annual temperature of 22.4 °C (22-26 °C in spring and winter and 24-31 °C in
summer and autumn) [14]. The rainy season spans from April to September (accounting
for 80% of the annual rainfall), with an average yearly rainfall of 1925 mm. The dominant
wind direction throughout the year is southeast wind. Southeast wind prevails in summer
and northeast monsoon prevails in winter. During the summer, typhoons frequently hit
the region.
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Figure 1. The location of Shenzhen city and monitor stations.
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When Shenzhen was founded in 1979, it was primarily an agricultural region. Nonethe-
less, with the establishment of the Shenzhen Special Economic District (SED) in 1980, the
city underwent rapid industrialization and urbanization processes, converting it into a
newly developed city within two decades. This development was associated with envi-
ronmental degradation, especially for the atmospheric environment. By the end of 2022,
Shenzhen had a population of 17.66 million permanent residents, a Gross Domestic Product
(GDP) of 463 billion (USD), a built-up area of 962 km?, 3.95 million motor vehicles, and
2.6 million enterprises.

3. Methodology
3.1. Data Collection

Historical data on rainfall and the chemical composition of rainwater (annual or
monthly averaged data) from six monitoring sites during the period 2007-2022 were col-
lected from the Shenzhen Eco-environment Bureau (http://meeb.sz.gov.cn, accessed on
3 March 2023) (Figure 2). Over the 16-year period, around 9203 samples have
been accumulated.
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Figure 2. Annual rainfall and sampling number at Shenzhen during 2007-2022.

3.2. Method for Sample Collection and Treatment

This study includes a total of six monitoring sites, namely, Bao’an (site 1), Nanshan
(site 2), Futian (site 3), Luohu (site 4), Yantian (site 5), and Longgang (site 6) (Figure 1). Land
use in Bao’an, Nanshan, and Longgang is predominantly industrial; Futian and Luohu
districts are primarily commercial and residential; Yantian district is focused on tourists.
At all six sites, typical rain gauges (APS-2A, Biaozou Company, Shanghai, China; with a
collector diameter of 300 mm and rain collection bottle volume of 5 L) were applied to
collect rainwater samples. The collectors were positioned approximately 10 m above the
ground, and the potential industrial plants were far from the rain gauges, more than 5 km,
with no surrounding obstacles or obvious pollution sources near the sampling sites [26].

Before and after each collecting operation, the funnel and collector bottles were cleaned
with triple-distilled water 3 times. In order to prevent dry deposition of gaseous and
particulate pollutants, the collector was covered with a lid, which was opened only shortly
before each rain event and sampling [24,26]. Continuous rainfall (24 h) was treated as one
sample of precipitation. Prior to chemical analysis, the samples were filtered with a 0.45 pm
filter membrane and kept in pre-cleaned polyethylene vials in a refrigerator at 4 °C.

The pH values of rainwater were determined in a laboratory setting using glass
electrodes at 25 °C, and the electric conductivity was measured using a conductivity meter
(Cond 315 i, WTW, Munich, Germany). All nine ions (K, Ca?*, Na®, Mg2+, NH,*, Cl—,
F~,NO3~, and SO42~) were measured using lon Chromatography (ILC-1, Waters, Milford,
Massachusetts, USA) for all 6 sites during 2007-2022.
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3.3. Quality Control Methods

The duplicate, blank, and standard reference material methods were used to control
the quality. Each batch of rainwater underwent chemical composition analysis, which
included at least two full program blanks and two laboratory blanks [29]. The ion content
of blank samples was lower than the detection limit of the related analysis method. To
further ensure the accuracy of the results, 10% of the samples from each batch were taken
for parallel analysis, and the standard deviation of parallel samples was less than 10%.
Additionally, a mixed standard solution with a concentration in the middle of the curve
was taken as the quality control sample and was measured every 10 samples to check the
stability of the instrument operation and ensure the accuracy of the test results [29].

In order to control the quality, data points outside of the range of (m — 30, m + 30),
where m is the mean and o is the standard deviation, were disregarded [30]. Moreover,
this investigation did not consider precipitation volumes less than 1 mm, samples tainted
with bird droppings or dust, or ion balances outside of +20% [14]. According to the
aforementioned criteria, approximately 12% of the samples were rejected.

3.4. Statistical and Calculated Methods

To determine the non-sea-salt (NSS) fractions for C1~, SO42~, K*, and Ca?* concentra-
tions, [Na*] was used as a conservative tracer for sea salt contribution [31]. The sea salt
contribution was then computed using accepted ionic ratios in seawater [32].

NSS = X, — Cplx,/Cy] )

where C represents the concentration of the reference ion, and X represents the concentra-
tion of the ion of interest. Ions in precipitation and reference material are denoted by the
subscripts p and r, respectively.

In this study, Ca?* and NH, " were considered the primary neutralizing components of
rain (neutralization potential, NP), while SO42~ and NO3 ~ served as the primary acidifying
components of rain (acidic potential, AP) [14]. The equilibrium between acidity and
alkalinity was evaluated using NP/AP. The NP to AP ratio is calculated as

NP/AP = ([nssCa”*] + [NH4*])/([nssSO42~] + [NO5 ) )

The enrichment factor (EF) values for rainfall compositions were computed using Ca
and Na as reference elements for continental and marine origin to estimate the terrestrial
and marine contributions to rainwater [30,33]:

EFscawater = [X / Na+]rainwater/ [X / Na+]seawater (3)

EFgo1 = [X/Caz+]rainwater/[X/Caz+]soil 4)

where X is the concentration of the target ion, and X/Na* of seawater is the ratio based
on the composition of seawater [34]. In addition, X/ Ca?* of soil is the ratio based on the
composition of crustal material [34].

Analysis of variance (ANOVA) was used to test the difference in ions among the
different sites in Shenzhen. Comparisons were made using the least significant difference
(LSD) method with p < 0.05.

4. Results and Discussions
4.1. pH, Electrical Conductivity, and Major lons

From 2007 to 2022, the pH value of the precipitation ranged from 4.58 to 6.13, showing
an upward trend (r = 0.89, p < 0.001) (Figure 3). The average pH value reached 5.12 + 0.45,
a noticeable increase from 4.51 in 2006, indicating a gradual weakening in the intensity
of acid rain. The findings of this study are slightly higher than Zhang et al. (2007) and
Jiang et al. (2019), who reported a pH value of 4.98 and 5.01, respectively, for rainfall in
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Shenzhen [29,34]. The findings indicate a new trend in our study area after the implemen-
tation of China’s Air Pollution Action Plan and the fight for “blue sky and clean water”
in Shenzhen during the last decade [21]. Due to the difference in acidic component, the
pH value of rainwater in this study is also higher than that of the background rainfall in
Tokyo (4.7) reported by Uchiyama et al. (2017) [35], and it is comparable to that of Shanghai
city (5.3) in South China [36] (Table 1). However, it is lower than that of Beijing city (6.8)
in North China, Fuzhou city (6.0), Guiyang city (6.1), and Kunming city (6.6) in South
China [1,22,34,37]. Because of the disparity in neutralizing capacity, our pH value was
comparatively lower than that of several typical cities or regions throughout the world,
such as East Malaysia (5.27), Costa Rica (5.90), and Sicily of Italy (6.7) [6,17,38,39].
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Figure 3. The pH value (mean =+ SD) and conductivity (mean + SD) in Shenzhen during 2007-2022.

Table 1. Rainfall chemicals at various sites in the world (ueq/L).

Area Period pH SO42~ NO3;~ F- Cl- NH,* Ca?t Na* Mg?** K*
This study 2007-2022  5.12  34.45 23.9 198  29.53 25.49 29.88 2492 675 524
Beijing, China %" 2021 6.8 55.4 49.1 - 76.8 62.7 1524 493 423 38
Guiyang, China ! 2022-2023 6.1 197.3 93.2 206 295 205.0 2090 197 29.0 204
Kunming, China 2> 20222023 6.6 104.8 54.9 159 224 52.1 4654  18.0 303 183
Shanghai, China 3¢ 2016 5.3 59.9 41.1 3.8 19.2 68.2 32.4 15.6 7.1 3.2
Fuzhou, China 34 2022-2023 6.0 55.1 86.6 42 64.0 76.3 1453 525 21.1 10.7
Tokyo, Japan 3 2012-2016 4.7 35.5 29.4 - 45.1 32.1 28.8 28.8 8.4 1.7
East Malaysia © 2017-2019  5.27 73.3 39.0 53 3434 53.9 109.0 4333 825 359
Costa Rica 38 2020 5.90 29.9 11.0 - 24.5 189 44.6 12.9 168  13.3
Sicily, Ttaly 3 2018-2019 6.7 80 14 7 470 - 130 350 90 9
Tatra, Poland 17 2002-2019  5.95 89 30 1 20 65 56 12 19 6
Hawai‘i, USA 40 2018-2021 - 25.6 - - 296.6 - 1215 2604 567 131

Notes: 1. Zeng et al., 2004a [1]; °. Abdullah et al., 2022 [6]; 7. Malecki et al., 2022 [17]; 2. Zeng et al., 2024b [22];
34, Zeng et al., 2024c [34]; 35, Uchiyama et al., 2017 [35]; 36, Meng et al., 2019 [36]; 37 Xu et al., 2020 [37];
38, Esquivel-Hernandez et al., 2023 [38]; 3, Brugnone et al., 2023 [39]; 40, Brennis et al., 2023 [40].

The electrical conductivity (EC) of precipitation was 15.79 & 2.63 uS/cm, showing
an overall downward trend (r = —0.90, p = 0.001) from 2007 to 2022. This value was
considerably lower than that of Beijing (58.2 uS/cm), reflecting the significantly better air
quality in Shenzhen compared to Beijing [26].

Between 2007 and 2022, the averaged concentrations of SO4?~ (34.35 + 11.68 peq/L)
and NO3; ™ (23.90 =+ 8.82 peq/L) were higher than those of Costa Rica and Hawai'i, nearly as
high as Tokyo, but lower than those of Beijing, Guiyang, Kunming, Shanghai, and Fuzhou
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in China and East Malaysia, and Tatra in Poland [1,6,17,22,34-40]. The concentration of
marine elements C1~ (29.53 £ 10.82 peq/L) and Na* (24.92 £ 10.66 peq/L) in Shenzhen
was significantly lower than that of East Malaysia, Sicily in Italy, Hawai'i in the USA, and
Fuzhou in China but higher than that of Shanghai and Tokyo [1,6,17,22,34—40]. Because
there was less agricultural activity, the amount of NH;* (25.49 + 8.74 peq/L) in the
rainwater was significantly lower than that in most other cities worldwide [1,6,17,22,34-36].
Ca?* (29.88 4 17.41 peq/L) in rainwater was also much lower than that in most typical
cities [1,6,17,22,34,36-38,40] due to the reduced anthropogenic activities in Shenzhen.

During the period 2007-2022, there were annual changes in the average concentrations
(volume-weighted) of different anions in rainwater in Shenzhen (Figure 4). Due to the
notable impact of SO, emission from industry and desulfurization of coal-fired power
plants, SO4>~ has exhibited a pronounced decreasing trend (r = —0.90, p = 0.001). Contrarily,
NO;3;~ showed an increasing tendency (r = 0.54, p = 0.28) over time, which has proven
increasingly important in acid rain control. NOy is one of the main sources of pollutants
from motor vehicles in most cities in China [14]. In Shenzhen, the number of vehicles has
proliferated over the past 20 years, reaching 1 million in 2006, 3 million in 2014, and 3.93
million in 2022. Since 2015, the government has begun restricting the issuance of new
license plates, causing an accelerated growth of these plates. Another policy was to promote
new energy vehicles, which now constitute approximately 10% of Shenzhen’s car-washing.
Regarding other anions, F~ exhibited a declining tendency (r = —0.17, p = 0.96), while C1~
appeared to be growing (r = 0.75, p = 0.02).
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Figure 4. The variation in major anions (mean + SD) in Shenzhen rainwater from 2007 to 2022.

With respect to the cations, Ca?* demonstrated a distinct negative trend (r = —0.63,
p = 0.03), predominantly related to increased urbanization and severely reduced construc-
tive activities (Figure 5). Due to decreased farmland and agriculture activities, NH,*
displayed a decreasing tendency (r = —0.44, p = 0.47). With regard to the other cations,
Mg2+, Na®, and K* all displayed an increased trend (r = 0.34, p = 0.66; r = 0.80, p = 0.007;
r=0.71, p = 0.049, respectively), indicating that the influence of the sea source on the
chemical composition of rainfall has been growing in the last two decades.

The results of this study are similar to the long-term trend in some developed countries
or regions [18,40]. For example, studies on acid rain revealed that, in their early stages, the
rainwater’s acidity substantially increased along with sulfate and nitrate concentrations [18,41].
The concentration of sulfates and the acidity of rainwater have thus significantly decreased
throughout Europe and the United States after the 1980s [13,42].

In recent decades, both the neutralization potential (NP) and acidic potential (AP)
have shown considerable declines (r = —0.77, p = 0.015; r = —0.88, p = 0.001), indicating a
progressive reduction in crustal components and human factors (Figure 6). These findings
led to an average NP/AP value of 1.02 £ 0.13 with a slightly increasing trend (r = 0.53,
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p = 0.29) between 2007 and 2022, which was lower than Huang et al. (2008)’s former
study [14].
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Figure 5. The changes in major cations (mean & SD) in Shenzhen rainfall from 2007 to 2022.
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Figure 6. The value of neutralization potential (NP)/acidic potential (AP) (mean + SD) of rainfall in
Shenzhen during 2007-2022.

The average ratio nssSO42~ /NO;~ decreased from 2.73 to 0.92, showing a clear
negative trend (r = —0.91, p = 0.001) throughout the study period (Figure 7). The ratio
[NO3;~1/([nssSO4%~ [+[NO3;~]) was used to determine the contribution of NO3 ™ to acidifi-
cation [30]. According to this study, the global contributions of atmospheric precipitation
were between 60 and 70%, whereas the average amount of H,SO,4 ranged from 36% to 73%,
with a median of 52%, indicating a smaller contribution of sulfuric acid. Regarding HNOs3,
the findings in Shenzhen were higher than the global estimates (30-40%), ranging from
27% to 64%, with an average of 48% [43]. This suggests that Shenzhen has entered an era
dominated by nitric acid-type acid rain in recent years, after years of coexisting sulfuric
acid and nitric acid-type acid rain. This is similar to the trend of other metropolises such as
Tokyo (71%) and London (85%-99%) [13,35].
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Figure 7. The value of Ca?* /NH4* and SO42~ /NO3 ™~ (mean + SD) of rainfall in Shenzhen during
2007-2022.

The average ratio nssCa?*/[NH,*] decreased from 2.73 to 0.52, showing an obvi-
ous decreasing trend (r = —0.96, p < 0.001). Utilizing the ratio of nssCa?* /([nssCa®*] +
[NH4*]) [30], the relative contribution of nssCa®* to neutralization was calculated. The
averaged contribution of nssCa®* was found (from 36% to 80%, averaging 52%) to be
slightly higher than that of NH4* (from 20% to 64%, averaging 48%), suggesting that the
neutralization abilities of calcium and ammonia were similar.

In the rapid urbanization stage, Ca?* and SO,?>~ dominated the chemical composition
of precipitation [14]. However, in the later stages of urbanization, the city gradually
enters a soil- and marine-source dominant stage, and the influence of NO3 ™~ becomes more
significant than SO42~ [13]. China’s economic and social development plan generally has
a milestone period of 5 years. The periods of 2007-2010 and 2011-2015 belong to rapid
development stages, and with the implementation of China’s Air Pollution Action Plan in
2016, Shenzhen has entered into the sustainable development stage of the economy and
environment. In the present study, during the period 2007-2010, as a rapid urbanization
state, SO42~ demonstrated the highest contribution (25.3%), followed by Ca?* (21.2%),
Na* (12.7%), NH4* (12.5%), C1~ (10.9%), and NO3~ (10.8%) (Figure 8A). Additionally, we
found in Figure 8B that SO42~ contributed the most (20.0%), followed by NH,* (16.7%),
Cl~ (16.1%), NO3~ (14.4%), Ca®* (14.17%), and Na* (11.2%). However, during 2016-2020,
the dominant ions shifted from SO42~ (14.9%) to C1~ (20.0%) (Figure 8C). The other ions,
such as Na* (15.4%), NHy* (14.2%), NO3~ (14.0%), and Ca?* (13.0%), also have important
contributions during the period from 2016 to 2020. Meanwhile, during 2021-2022, we
also found the dominant ions shifted from CI~ (18.0%) to Na* (21.8%) (Figure 8D). The
other ions, such as ca?* (15.5%), SO42~ (13.1%), NO3~ (12.8%), and NH4* (10.2%), also
have important contributions during the period from 2021 to 2022. In recent years, the
contributions of Na* and Cl~ (sea-salt ions), increased gradually and became the dominant
ions and were associated with the decreasing of crustal and anthropogenic sources due to
the city gradually entering a post-industrial age. The typical ion compositions of CI", Na*,
S042-, Mg2+, Ca?*, and K* from the sea salt near Shenzhen are 266.22 neq/L, 229.5 peq/L,
57.4 ueq/L, 52.1 peq/L, 10.0 peq/L, and 5.04 peq/L, respectively [33]. Corral et al. (2020)
also reported that volume-weighted concentrations of wet deposition were consistently
predominated by sea salt in developed areas of the Southeast United States [44].
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(C) (2016-2020), and (D) (2021-2022) in Shenzhen City.
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According to previous studies, the rise in nitrogen oxidants has led to a decline in the
NH4*/NO; ™ ratio, dropping from 5 to 2 in China over the past decade [24,45]. In our study,
the NH4*/NO; ™ ratio declined from 1.41 to 0.86, averaging 1.06 £ 0.19 between 2007 and
2022 (Figure 9). According to the findings of Brimblecombe (2022) in Hong Kong and Jiang
et al. (2019) in Shenzhen [29,46], this trend reflects a more rapid increase in NOx emissions
from industrial and traffic sources and a decrease in NHs* emissions from agriculture
sources. The low NH4*/NO; ™ ratio is consistent with the findings of Liu et al. (2013) and
Liu et al. (2017) in nitrate-dominant coastal cities of China [45,47], such as Qingdao, Daya
Bay, and Fuzhou in China [34,48,49].
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Figure 9. The value (mean + SD) of NH;*/NO3 ™ of rainfall in Shenzhen during 2007-2022.

4.2. EF and Source Determination

A variety of artificial and natural variables affect the chemical composition of rain-
water [50], which is largely determined by local sources, although the participation of
a continental airmass was evident for some systems [1,22,34]. In this investigation, the
enrichment factor (EF) was applied to differentiate between aerosol sources. An EF value
significantly below 1 or substantially above 1 is regarded as diluting or enriching the ref-
erence source, respectively [33]. SO42~, K*, Mg?*, CI~, and NO;~ had average EF values
of 11.5, 1.17, 0.52, 318.88, and 380.89, respectively, in soil sources (Table 2). In contrast,
the mean EF values for SO42~, Ca?*, K, Mg2+, and CI™ originating from sea salt were
5.52,27.27,9.57,1.19, and 1.02, respectively. Consequently, SO, predominantly stemmed
from anthropogenic origins, albeit crustal and sea sources also exerted significant influence.
Cl~ was especially from sea-salt sources, and NO; ™ largely derived from anthropogenic
sources. Sea salt served as the primary source of K* and Mg?*.

Table 2. EF for soil and sea-salt sources.

Index SO42~ Ca?t K* Mg?+ Cl- NO;~
Soil ratio 0.1 1 0.15 043 0.0031 0.0021
Rainwater ratio 1.15 1 0.18 0.23 0.99 0.80
EF soil 11.50 1 1.17 0.52 318.88 380.89
S0,2 Ca?* K* Mg?* Cl- NO;~
Seawater ratio 0.25 0.044 0.022 0.227 1.16 -
Rainwater ratio 1.38 1.20 0.21 0.27 1.19 -
EF sea salt 5.52 27.27 9.57 1.19 1.02 -
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The main source of SO42~ was anthropogenic (75.2%), followed by oceanic (16.7%)
and crust (8.1%) sources (Table 3). An anthropogenic origin dominated the sources of
NO3™ (99.8%), and only 0.2% came from crust sources. Cl~ primarily came from sea-salt
sources (97.8%), followed by anthropogenic and soil sources (1.9% and 0.3%, respectively).
Ca?* and Mg?* primarily came from soil sources (92.7% and 83.4%, respectively); however,
the sea source (79.3%) was the dominant contribution of K*, with the second being the soil
source (20.7%). The results are consistent with the study conducted by Zeng et al. (2022) in
the South Chinese coastal city of Fuzhou [51].

Table 3. Contributions from sources for various ionic compositions in rainfall.

Terrestrial Fraction

Ion Sea Salt Fraction (%)
Crust Fraction (%) Anthropogenic Source (%)
SO42~ 16.7 8.1 75.2
NO;~ - 0.2 99.8
Cl— 97.8 0.3 1.9
Ca? 7.3 92.7 -
Mg? 16.6 83.4 -
K* 79.3 20.7 -

4.3. Seasonal Variation

The total ion concentrations of precipitation in Shenzhen presented an obvious vari-
ation on a monthly scale (Figure 10), with higher concentrations in spring and lower
concentrations in summer. Meanwhile, the ion concentrations from anthropogenic, marine,
and crust sources were higher in spring and lowest in summer. Besides the seasonal differ-
ence in source emissions, precipitation was a primary factor. Relevant studies indicated
that increased precipitation caused the ion concentration to decline through diffusion,
evaporation, and dilution [7]. Statistical analysis showed that the concentrations of ions
except H" were negatively correlated with precipitation (r = —0.24~—0.67), reflecting the
removal of atmospheric particles by precipitation. Shenzhen experiences concentrated
rainfall mostly in the summer and autumn, with little precipitation in spring and winter. Al-
though there is less rainfall in winter, the convection and diffusion conditions are superior
compared to other seasons, which may explain the seasonal distribution of precipitation ion
content [33]. This finding is consistent with the report of Zhang et al. (2020) in the Guiling
city of Guangxi Province, China [21], and Brugnone et al. (2023) in the industrial areas of
Milazzo and Priolo Gargallo, Italy, which found seasonal atmospheric deposition followed
the concentrations of various ion species that also depend on rainfall amounts [38]. Khan
and Sarwar (2014) also reported that heavy rains washed off TSP and suppressed the lifting
of dust particles, leading to a drop in Ca and Mg concentrations in Pakistan [52].

According to the study reported by Yu et al. (2015), the total ion concentration on
precipitation cleanliness can be categorized into four levels of pollution [23]. These cate-
gories are light pollution, which ranges from 100 to 300 peq/L, moderate pollution, which
is between 300 and 500peq/L, severe pollution, which is between 500 and 1000 peq/L, and
extremely heavy pollution, which is above 1000 peq/L. Shenzhen’s rainwater was classified
under moderate pollution from January to April and light pollution in other months.
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Figure 10. Seasonal variation in rainwater chemicals in Shenzhen (error bar is for the total
ion concentrations).

4.4. Spatial Variation

The chemical composition of rainwater in Shenzhen exhibited variations attributable
to rapid urban development, distance from the ocean, and industrial growth. Among the
six districts, Luohu, Futian, and Nanshan have a relatively high degree of urbanization.
Nanshan, Bao’an, and Longgang have developed industries, while Nanshan, Bao’an, and
Yantian are close to the sea. In general, the highest rainwater concentrations were observed
at the Nanshan site (264 peq/L) and Bao’an site (261 pneq/L), followed by the Luohu site
(226 peq/L) and Longgang site (222 peq/L), with the Yantian site (213 peq/L) and Futian
site (183 peq/L) registering lower concentrations (Figure 11). The spatial disparities among
these sites were linked to human activities and urban expansion [17,26,39].
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Figure 11. Spatial variations in rainwater chemicals of different sites in Shenzhen.

The study of ion differences unveiled significant regional variations in Ca?* and
K* originating from the Earth’s crust. In contrast, the differences between other ions
from the ocean and anthropogenic sources were negligible. Conductivity and pH were
also influenced by the distribution of ions across various regions. The pH value was
lower in Futian and Yantian sites (4.50 and 4.57, respectively), followed by Nanshan and
Longgang (4.83 and 4.90, respectively), and higher in Luohu and Bao’an (5.05 and 5.15,
respectively) (Figure 12A). The variations in pH between the six sites were statistically
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significant (p < 0.05). Among the six sites, the conductivity was higher (33.2 uS/cm) at the
Nanshan site, while it was lower at the other five sites (17.1~22.8 uS/cm) (Figure 12B).
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Figure 12. pH (A) and conductivity (B) of rainwater at different sites in Shenzhen (the letters on the
bar chart indicate the different levels of ANOVA analysis).

5. Conclusions

The present study investigated the novel pattern of spatial-temporal fluctuations in
rainwater composition in Shenzhen from 2007 to 2022. Our findings revealed that the
mean pH value reached 5.12 + 0.45 during the period 2007-2022, which was significantly
higher than the value of 4.51 in 2006. The EC value of precipitation in Shenzhen was
15.79 & 2.63 uS/cm and showed a gradual downward trend over the study period. Among
the major anions, SO4?~ showed a decreasing trend, while NO3~ and Cl~ showed an
increasing trend, due to intensive human impact. Thus, Shenzhen needs to pay more
attention to the control of NOx. Among the cations, Ca>* and NH,* presented a decreasing
trend, while Mg?*, Na*, and K* exhibited an increasing trend. Na* and Cl~, typical
components of sea salt, have recently increased and become the dominant ions accompanied
by a decreasing contribution from crustal and anthropogenic sources as the city enters
the post-industrial age. The study also found that, in recent years, the nitric acid type
has replaced the former combined acid rain of sulfuric acid and the nitric acid type in
Shenzhen. These findings have significant ramifications for future studies on the effects of
acid deposition on ecosystem functioning, non-point pollution, and rainwater harvesting.
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According to the EF analysis, anthropogenic sources accounted for the majority of
SO4% (75.2%), followed by ocean sources (16.7%) and crustal sources (8.1%). The majority
(99.8%) of NO3;~’s sources were anthropogenic, with only 0.2% coming from crust sources.
In contrast, C1~ was primarily from sea-salt sources (97.8%), followed by anthropogenic
sources and soil sources (1.9% and 0.3%, respectively). Ca?* and Mg?* primarily came from
soil sources (92.7% and 83.4%, respectively). K* was mainly from sea sources (79.3%), with
the remaining 20.7% from soil sources.

Obvious spatial variations in rainfall chemicals were found in Shenzhen, especially
for the pH value and conductivity, which were related to the differences in urban construc-
tion, distance from the ocean, and industrial development. The total ion concentration
of rainwater in Shenzhen presented a sinusoidal variation on the monthly scale, with
higher contributions in spring and lower contributions in summer, largely influenced
by precipitation.
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Abstract: Amid the growing frequency of forest fires in southwestern China, this study aims
to quantify pollutant emissions and identify key meteorological drivers using multi-source
satellite data. Active fire data from Himawari-8/9, MODIS, and VIIRS were integrated to
construct a top-down emission inventory for 20162023, while the Geodetector method
was applied to evaluate meteorological influences. Results indicate mean annual emissions
(x103 t-a—1) of 5623.58 (+1554.33) for CO,, 356.84 (+98.63) for CO, and substantial amounts
of particulate and gaseous pollutants. Spatially, Yunnan and Sichuan were the dominant
emitters; temporally, emissions peaked in January—April and November—December, with
daytime levels surpassing nighttime levels. Relative humidity was identified as the domi-
nant meteorological driver (Q = 0.1223), while the interaction between temperature and
relative humidity (Q = 0.1486) further enhanced explanatory power. These findings im-
prove the precision of emission inventories and provide essential support for regional fire
management and air quality modeling in complex environments.

Keywords: satellite remote sensing; multi-satellite fire detection; forest fire emissions;
emission inventory; carbon dioxide; Geodetector

1. Introduction

Against the backdrop of global climate change, extreme weather events have become
increasingly frequent, leading to a steady rise in both the frequency and intensity of forest
fires. These fires have emerged as one of the major environmental issues worldwide [1].
As a highly destructive natural disaster, forest fires not only destroy large areas of forest
vegetation but also disrupt ecosystem structure and function, cause habitat loss, and
seriously threaten biodiversity [2]. Large quantities of smoke and particulate matter
released during fire events are rich in black carbon (BC) and organic carbon (OC), making
forest fires an important contributor to greenhouse gas and aerosol emissions. These
emissions can further degrade air quality and pose substantial risks to human health [3-5].

Southwestern China, home to the nation’s second-largest expanse of natural forests,
possesses abundant forest resources but is highly susceptible to wildfires. Its dense veg-
etation, complex topography, and variable climate contribute to a persistently high fire
incidence [6,7]. In recent years, the atmospheric effects of forest fires in this region have be-
come increasingly evident, with CO, emissions accounting for approximately 59.23% of the
total carbon released from biomass burning and exhibiting a distinct seasonal pattern [8].
This seasonal clustering is closely linked to regional climatic conditions, as meteorological
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factors strongly influence fire ignition and propagation. High temperatures, low relative
humidity, and moderate wind speeds are widely recognized as dominant drivers of wildfire
occurrence [9]. Elevated temperature increases fuel flammability and accelerates moisture
loss, while lower humidity reduces resistance to desiccation, and limited precipitation
exacerbates dryness, collectively raising ignition probability. Meanwhile, moderate winds
not only enhance oxygen supply but also accelerate flame spread and expand the affected
area [10]. Therefore, understanding the emission characteristics of forest fires in south-
western China and their relationship with meteorological factors is of great scientific and
practical significance. Such analyses provide a foundation for improved monitoring, early
warning, and management of high-risk areas and for protecting regional air quality and
ecological security.

Satellite remote sensing has increasingly replaced traditional ground-based ap-
proaches as a core tool for forest fire monitoring, owing to its wide spatial coverage,
high temporal resolution, and rapid response capabilities [11]. Among these instruments,
the Moderate Resolution Imaging Spectroradiometer (MODIS) is one of the earliest and
most widely used systems for active fire detection. Mounted on the Terra (1999) and Aqua
(2002) satellites, MODIS provides 36 spectral bands ranging from visible to thermal infrared,
enabling up to four global observations per day. Since 2000, it has generated consistent
global fire products at 1 km resolution, creating a valuable long-term record. However, its
performance can be limited by cloud cover, smoke, and infrequent overpasses, and it is less
effective for detecting small or topographically complex fires. Despite these limitations,
MODIS has played a fundamental role in global forest fire monitoring [12,13]. The Visi-
ble Infrared Imaging Radiometer Suite (VIIRS), carried on Suomi NPP (2011), NOAA-20
(2017), and NOAA-21 (2022), provides higher spatial resolution (375 m) and improved
sensitivity to small-scale and nighttime fires. Although VIIRS offers better spatial precision
than MODIS, it remains limited by similar temporal constraints [14]. The Himawari-8/9
geostationary satellites, launched by the Japan Meteorological Agency in 2014 and 2016,
are equipped with the Advanced Himawari Imager (AHI). Since 2015, they have provided
10 min interval fire data covering East Asia and the western Pacific, offering unique ad-
vantages for capturing rapidly evolving fire events, though their 2 km spatial resolution is
relatively coarse. Previous studies have confirmed their accuracy and wide coverage in fire
monitoring across Southeast Asia and Australia [15-18].

While polar-orbiting satellites such as MODIS and VIIRS offer high spatial resolution,
their limited overpass frequency restricts the detection of diurnal variations and short-lived
fires. In contrast, geostationary satellites like Himawari-8/9 provide continuous high-
frequency observations that effectively capture fire dynamics but lack fine spatial detail.
Integrating both observation types allows the combination of complementary strengths—
high spatial accuracy from polar-orbiting sensors and high temporal resolution from
geostationary ones. Building on this rationale, the present study focuses on southwestern
China by fusing fire hotspot data from Himawari-8/9, MODIS, and VIIRS to construct a
high-resolution spatiotemporal fire dataset. Forest hotspots were filtered using land-use
information, and Fire Radiative Power (FRP) was integrated to estimate Fire Radiative
Energy (FRE). Using the emission factor method, we quantified emissions of ten pollutants
(including CO,, CO, PM,5, VOCs, and NOx), thereby developing a top-down, multi-
pollutant emission inventory for regional forest fires. The Geodetector model was then
applied to quantitatively evaluate the explanatory power of meteorological variables
and their interactions on spatial emission patterns. Together, these analyses enhance
the accuracy of fire monitoring and emission estimation in regions with complex terrain,

100



Atmosphere 2025, 1

6,1187

providing a solid scientific basis for wildfire early warning, carbon management, and air
quality protection in southwestern China.

2. Materials and Methods

This study targeted southwestern China (Sichuan, Yunnan, Guizhou, and Chongging)
during the period 20162023 (Figure 1). Fire hotspot data were obtained from the NASA
Earthdata system for MODIS and VIIRS (https://urs.earthdata.nasa.gov/, accessed on 24
June 2025) and from the Japan Meteorological Agency’s P-Tree platform for Himawari-8,/9
(https:/ /www.eorc.jaxa.jp/ptree/, accessed on 24 June 2025). The fire products derived
from these satellites include geographic coordinates, observation time, fire area, and FRP
(MW). FRP, defined as the rate of radiative energy released during combustion, is a key
physical parameter for estimating fire emissions from remote sensing. Temporal integration
of FRP yields FRE (M]), which represents the total energy released during the entire burning
process. FRE is widely recognized as a robust indicator of fire intensity. Previous research
has shown a strong linear relationship between FRE and emissions of multiple atmospheric
pollutants, confirming its suitability as a proxy for estimating fire emissions [19,20].
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Figure 1. (a) Elevation distribution across the four provinces of southwestern China; (b) land use
type distribution across the four provinces of southwestern China.

Although polar-orbiting satellites such as MODIS and VIIRS provide relatively high
spatial resolutions (1 km and 375 m, respectively), their limited daily overpasses hinder
continuous monitoring of fire activity and the capture of full diurnal fire cycles. To minimize
temporal sampling bias, the diurnal variation in FRP was reconstructed using a Gaussian
parameterization proposed by Vermote et al. (2009) [21], which has been widely applied in
global fire emission studies to represent sub-daily FRP evolution from MODIS and VIIRS
data. The specific formulations used in this study are provided in Equations (1)-(5):

24 (t=h)?
FRE = / FRP = /0 FRPpeqic(b +e 27 )dt (1)
FRPAqura day
FRPpeak = w (2)
b +e 202 ]
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b = 0.86x> — 0.52x + 0.08 (3)
5 = 3.89x 4 1.03 (4)
h = —1.23x + 14.57+¢ (5)

In these equations, FRPp.x represents the peak fire radiative power of the diurnal
cycle; b denotes the background value of radiative energy; o is the standard deviation of the
Gaussian curve; t represents time; and h corresponds to the time of peak FRP. FRP qura day
refers to the mean daytime FRP observed by the Aqua satellite, while x is the ratio of Terra
to Aqua monthly mean FRP (T/A). Different vegetation types exhibit distinct T/A values,
reflecting their combustion characteristics. For China, this correction factor was set to 4
to adjust the FRP peak time, and the VIIRS diurnal cycle was derived by referencing that
of MODIS.

In contrast, the Himawari-8/9 geostationary satellite provides observations every
10 min, offering superior temporal resolution. For this dataset, cumulative FRE was calcu-
lated by assuming a uniform FRP distribution between consecutive time steps, as shown in
Equation (6):

24
FRE = / FRP — / FRPdt ©)
0

Given the high temporal frequency of Himawari-8/9, this approach effectively cap-
tures short-term fire fluctuations and eliminates the need to reconstruct a diurnal cycle, as
required for polar-orbiting sensors.

For hotspot allocation at a 10 min resolution, a grid-based fusion approach was ap-
plied. Following the relative spatial resolutions of the satellite products, a practical priority
principle of “VIIRS FRE > MODIS FRE > Himawari-8/9 FRE” was adopted for fire energy
fusion at the 10 min grid level [22,23]. This approach reflects the complementary strengths
of different sensors: VIIRS provides high spatial resolution, MODIS offers moderate res-
olution with frequent overpasses, and Himawari-8/9 provides high-temporal-resolution
observations. The hotspot with the highest spatial resolution within each grid was selected
as the fused hotspot, and the fused FRE for each grid cell was calculated using Equation
(7):

FREfseq = W1 X FREyg + wy X FREp+w3 X FREy (7)

In this equation, FRE,,q denotes the fused fire radiative energy on a grid basis,
while FREy, FRE);, and FRE, represent the FRE values calculated from Himawari-8/9,
MODIS, and VIIRS FRP data, respectively. The weights w1, wy,and w3 were assigned as
follows: when Himawari-8/9 FRE > 0 but MODIS and VIIRS FRE =0, then wy =1, wy =0,
w3 = 0. when MODIS FRE > 0 and VIIRS FRE = 0, then wy =0, wy =1, w3 = 0; and when
VIIRS FRE > 0,then wy = 0, wp = 0, wz = 1. This weighting strategy is consistent with the
sensor fusion logic used in previous multi-satellite emission studies [24], which emphasize
exploiting the complementary characteristics of polar-orbiting and geostationary sensors
while prioritizing spatial resolution in the fused product.

This fusion strategy prioritizes spatial resolution to ensure higher positional accuracy
of detected hotspots, while recognizing that temporal discrepancies among sensors (e.g.,
between Himawari-8/9’s 10 min scans and the less frequent MODIS/ VIIRS observations)
may influence the representation of short-lived fires. Total pollutant emissions from forest
fires, denoted as EI (t), were calculated as follows [25]:

El, j = FRE; ; x EF; ;/10° (8)
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where EI represents the emissions of pollutant i in region j (unit: t), EF is the emission factor
(unit: g/MJ), and i refers to pollutant types, including CO,, CO, VOCs, NH3, SO;, NOx,
PM2.5, PMlO/ OoC, and BC.

To filter hotspots, land-use data for southwestern China were obtained from the
Resource and Environmental Science Data Center of the Chinese Academy of Sciences
(https:/ /www.resdc.cn/, accessed on 27 June 2025). Each hotspot was assigned a land-use
category, and only those within forested areas were retained as valid forest fire detections.
To ensure temporal consistency, a “nearest-year matching” approach was applied: 2016
was matched with 2015 data, 2017-2018 with 2018 data, 2019-2021 with 2020 data, and
2022-2023 with 2023 data. Distinguishing between flaming and smoldering combustion
phases is not feasible with current satellite observations; therefore, unified (composite)
emission factors were used to represent overall fire emissions. Current satellite fire products
primarily detect thermal anomalies through brightness temperature or FRP, which reflect
fire intensity rather than combustion phase [26-28]. Moreover, most forest fires involve
canopy and surface fuels that burn with high oxygen availability, making flaming combus-
tion the dominant mode, while smoldering typically occurs only in localized environments
such as peat or duff layers [29-31].

Due to the limited availability of emission factor data for forest fires in southwest-
ern China, representative values were derived through a literature synthesis following
established biomass-burning inventories [32-35]. Preference was given to studies with
vegetation types and combustion conditions similar to those in the study region. Emission
factors from multiple sources were averaged to obtain regionally representative values
for major fire pollutants (Table 1). This literature-based approach is consistent with global
inventories such as GFED and FINN, where FRE is used to estimate total biomass con-
sumption through empirically calibrated coefficients [27,36]. Compared with statistical
inventories based solely on burned area, the FRP-FRE approach provides improved tempo-
ral resolution and compatibility across multiple sensors, making it suitable for long-term
regional emission estimation [28,37].

Table 1. Emission factor of air pollutants from forest fire combustion (g/M]).

COZ cO PM2.5 SOZ NOX ocC VOCS NH3 PM10 BC Reference
66420  42.64 / 0.29 1.23 447 5.49 0.40 nan 0.23 [32]
64329 4387 nan 0.41 1.23 3.75 11.39 0.57 nan 0.23 [33]
64329  43.87 533 0.41 1.23 251 8.93 0.57 513 0.23 [34]
69835  35.10 4.81 0.23 1.16 2.85 4.16 0.43 5.31 0.32 A"[e;}ge
65245  44.01 4.43 0.41 0.68 3.58 7.24 0.89 nan 0.19 A"[Zgﬁge
660.32 41.90 4.86 0.35 1.11 3.43 7.44 0.57 5.22 0.24 Qverall

Average

In this study, following references [27,28,36], the conversion coefficient between biomass and energy was adopted
as 0.41 kg/M]J.

Meteorological data used in this study were obtained from the ERA5-Land monthly
reanalysis dataset published by the European Centre for Medium-Range Weather Forecasts
(ECMWEF). The data have a spatial resolution of 0.1° x 0.1°and include monthly variables
such as 2 m air temperature, total precipitation, dew point temperature, and soil moisture.
Relative humidity was derived from ERA5 air temperature and dew point data. To ensure
spatiotemporal consistency between meteorological and fire hotspot datasets, ERA5 data
from the same month and year as fire observations were extracted for each hotspot. Each
hotspot’s geographic coordinates were mapped to the corresponding ERA5 grid cell to

103



Atmosphere 2025, 16, 1187

extract the associated meteorological variables. These data were used both for visualization
of fire—climate relationships and as input variables for the Geodetector model.

The Geodetector method was employed to quantitatively assess the relationship
between forest fire FRE and key meteorological variables, including 2 m air temperature,
relative humidity, precipitation, and soil moisture. Geodetector is a statistical tool designed
to detect and quantify spatial heterogeneity and its underlying drivers. It evaluates the
explanatory power of an independent variable (x) on a dependent variable (y) by comparing
the similarity of their spatial distributions. Unlike conventional multivariate methods,
Geodetector does not assume linearity or normality, is robust against multicollinearity, and
can explicitly capture nonlinear effects and interaction mechanisms. Given the pronounced
spatial heterogeneity and complex coupling between fire emissions and meteorological
conditions in this study, the Geodetector framework is particularly suitable for accurately
identifying and quantifying the explanatory power of both individual and interacting
factors. The method has been widely applied and validated in environmental science,
geography, and climate research [38,39]. Using Geodetector, we systematically assessed
the influence of meteorological factors on the spatiotemporal variability of forest fires in
southwestern China.

The analysis was conducted in R (version 4.5.0) using the GD package (version 10.6),
applying three supervised discretization methods: equal interval, natural breaks, and
quantile. The model automatically selected the optimal stratification scheme within a
range of 3-9 classes to maximize the Q-statistic. The model quantifies the explanatory
power of meteorological factors on forest fire activity through the Q-statistic, which ranges
from 0 to 1 (Equation (9)), with higher values indicating stronger explanatory power. The
Q-statistic can be applied to stratification across space, time, or attributes, enabling effective
identification of driving factors at different scales [38].

L 2
Yh—1Nn oh

:1—
Q No?2

©)

In the equation, h = 1...L denotes the stratification of the dependent variable (e.g.,
fire radiative energy, FRE, and the number of fire hotspots) or the independent variable
(e.g., meteorological factors). Ny, and N represent the sample size in stratum h and the
total sample size in the entire study area (or fire-affected area), respectively. 0,2 and o2
denote the variance of the dependent variable within stratum h and across the entire
region, respectively.

3. Results
3.1. Comparison Analysis

To evaluate the performance and complementarity of multi-satellite collaborative mon-
itoring, this study conducted a comprehensive comparative analysis of the performance of
Himawari-8/9, MODIS, and VIIRS in detecting forest fire hotspots across southwestern
China, focusing on both interannual dynamics and spatial patterns (Figure 2). In terms of
interannual variability, Himawari-8/9, with its 10 min observation frequency, detected an
average of 405,800 hotspots annually from 2016 to 2023, comprising 95.41% of the total.
Its high temporal resolution made it particularly effective during high-risk fire years such
as 2022, when it substantially outperformed VIIRS (16,000 hotspots annually, 3.76%) and
MODIS (3500 hotspots annually, 0.83%). Leveraging its 375 m spatial resolution, VIIRS
excelled at identifying small and scattered surface fires in mountainous terrain, while
MODIS utilized its multispectral information to effectively distinguish combustion phases
and surface temperatures. Although the three sensors exhibited consistent interannual
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variation trends, differences in spatial resolution, detection thresholds, and sensitivity
led to a complementary monitoring framework, wherein each sensor provided unique
advantages despite quantitative discrepancies.

(b)

[ Himawari-8 hotspots
MODIS hotspots
VIIRS hotspots

—o— Total forest fire hotspots

2016 2017 2018 2019 2020 2021 2022 2023
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Number of forest fire hotspots detected by MODIS and VIIRS /10*

Figure 2. Interannual variation in forest fire hotspots (a) and spatial distribution of forest fire hotspots
(b) monitored by Himawari-8,/9, MODIS, and VIIRS in southwestern China during 2016-2023.

Regarding spatial performance, despite its coarse 2 km spatial resolution, Himawari
8/9’s high-frequency imaging ensured continuous coverage over complex terrain and im-
proved detection of both persistent and short-lived intense fires. This temporal advantage
reduced omission errors and enhanced emission estimation accuracy by capturing short-
duration events that might otherwise be missed. Compared to VIIRS (with a 12 h revisit
time) and MODIS (with four daily overpasses), Himawari-8 significantly increased hotspot
detection in cloud-prone mountainous areas, thus mitigating the underestimation of total
emissions common in single-satellite approaches. While VIIRS and MODIS improved local
detection accuracy and resilience to cloud shadow interference, their limited temporal reso-
lution restricted their ability to capture complete fire dynamics. Overall, Himawari-8/9’s
high-frequency observations greatly expanded the spatiotemporal coverage of fire hotspot
detection, providing critical support for the construction of continuous and comprehensive
fire emission inventories. This finding underscores the importance of multi-satellite syn-
ergy in wildfire monitoring and carbon emission estimation in topographically complex
regions.

3.2. Emission Inventory of Air Pollutants

The emission inventory developed through multi-source satellite hotspot fusion
(Table 2) reveals that forest fires in southwestern China emitted ten major pollutants from
2016 to 2023: CO,, CO, PM; 5, PM;j, VOCs, NOx, SO,, NH3, BC, and OC. Their average
annual emissions and associated standard deviations (x10° t-a~1) were 5623.58 + 1554.33,
356.84 £ 98.63, 41.39 + 11.44, 44.46 + 12.29, 63.36 + 17.51, 9.45 £ 2.61, 2.98 £ 0.82,
4.86 + 1.34,2.04 £ 0.56, and 29.21 =+ 8.08, respectively. Among these, CO, and CO domi-
nated total gaseous emissions, whereas particulate matter (PM, 5, PMjg) and carbonaceous
components (BC, OC), though smaller in quantity, exerted disproportionately large impacts
on visibility, human health, and radiative forcing. Reactive gases such as NOx, SO,, NHs,
and VOCs also played crucial roles as precursors of ozone and secondary aerosols.
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Table 2. Pollutant emissions from forest fires in southwestern China during 2016-2023 (x 103 1).

Year co NOx SO, NH3; VOCs PM;5 PMjo BC ocC CO,
Guizhou 29.29 0.78 0.24 0.40 5.20 3.40 3.65 0.17 2.40 461.59

Sichuan 59.01 1.56 0.49 0.80 10.48 6.84 7.35 0.34 4.83 929.96

2016 Yunnan 233.70 6.19 1.95 3.18 41.50 27.11 29.11 1.34 19.13 3682.98
Chongqing  4.25 0.11 0.04 0.06 0.75 0.49 0.53 0.02 0.35 66.98

Total 326.25 8.64 2.73 4.44 57.93 37.84 40.64 1.87 26.71 5141.51

Guizhou 32.69 0.87 0.27 0.44 5.80 3.79 4.07 0.19 2.68 515.18

Sichuan 63.03 1.67 0.53 0.86 11.19 7.31 7.85 0.36 5.16 993.32

2017 Yunnan 161.58 4.28 1.35 2.20 28.69 18.74 20.13 0.93 13.23 2546.41
Chongqing  4.05 0.11 0.03 0.06 0.72 0.47 0.50 0.02 0.33 63.83

Total 261.35 6.92 2.18 3.56 46.41 30.31 32.56 1.50 21.39 4118.73

Guizhou 64.56 1.71 0.54 0.88 11.46 7.49 8.04 0.37 5.28 1017.43

Sichuan 69.52 1.84 0.58 0.95 12.34 8.06 8.66 0.40 5.69 1095.60

2018 Yunnan 159.69 423 1.33 217 28.36 18.52 19.89 0.91 13.07 2516.62
Chongging ~ 3.21 0.09 0.03 0.04 0.57 0.37 0.40 0.02 0.26 50.59

Total 296.98 7.87 2.48 4.04 52.73 34.45 37.00 1.70 24.31 4680.23

Guizhou 45.44 1.20 0.38 0.62 8.07 527 5.66 0.26 3.72 716.11

Sichuan 55.83 1.48 0.47 0.76 9.91 6.48 6.96 0.32 4.57 879.85

2019 Yunnan 240.31 6.37 2.01 3.27 42.67 27.87 29.94 1.38 19.67 3787.15
Chongging  2.62 0.07 0.02 0.04 0.47 0.30 0.33 0.02 0.21 41.29

Total 344.20 9.12 2.88 4.68 61.12 39.92 42.88 1.97 28.18 5424.39

Guizhou 76.25 2.02 0.64 1.04 13.54 8.84 9.50 0.44 6.24 1201.66

Sichuan 118.61 3.14 0.99 1.61 21.06 13.76 14.78 0.68 9.71 1869.15

2020 Yunnan 219.03 5.80 1.83 2.98 38.89 25.41 27.29 1.25 17.93 3451.80
Chongqing  1.97 0.05 0.02 0.03 0.35 0.23 0.25 0.01 0.16 31.05

Total 415.86 11.02 3.47 5.66 73.84 48.24 51.81 2.38 34.04 6553.65

Guizhou 93.83 2.49 0.78 1.28 16.66 10.88 11.69 0.54 7.68 1478.71

Sichuan 95.84 2.54 0.80 1.30 17.02 11.12 11.94 0.55 7.85 1510.38

2021 Yunnan 151.55 4.01 1.27 2.06 26.91 17.58 18.88 0.87 12.41 2388.34
Chongqing  2.03 0.05 0.02 0.03 0.36 0.24 0.25 0.01 0.17 31.99

Total 343.25 9.09 2.87 4.67 60.95 39.81 42.76 1.97 28.10 5409.42

Guizhou 59.60 1.58 0.50 0.81 10.58 6.91 7.43 0.34 4.88 939.26

Sichuan 72.47 1.92 0.61 0.99 12.87 8.41 9.03 0.42 5.93 1142.09

2022 Yunnan 152.61 4.04 1.27 2.08 27.10 17.70 19.01 0.87 12.49 2405.05
Chongqging  9.27 0.25 0.08 0.13 1.65 1.08 1.15 0.05 0.76 146.09

Total 293.95 7.79 2.46 4.00 52.20 34.10 36.62 1.68 24.06 4632.48

Guizhou 78.61 2.08 0.66 1.07 13.96 9.12 9.79 0.45 6.44 1238.85

Sichuan 108.94 2.89 091 1.48 19.34 12.64 13.57 0.62 8.92 1716.83

2023 Yunnan 383.00 10.15 3.20 521 68.01 44.42 47.72 2.19 31.35 6035.86
Chongging  2.33 0.06 0.02 0.03 0.41 0.27 0.29 0.01 0.19 36.72

Total 572.88 15.18 4.79 7.79 101.72 66.45 71.37 3.28 46.90 9028.26

The interannual emissions of pollutants exhibited a generally fluctuating upward
trend, with 2020 and 2023 identified as years of intense fire activity when most pollutants
peaked. For example, CO emissions in Sichuan Province rose markedly from 55.83 x 10° t
in 2019 to 118.61 x 103 t in 2020, an increase of 62.78 x 103 t (approximately 112%). As a
result, the total regional CO emissions rose from 344.20 x 103 tin 2019 to 415.86 x 103 tin
2020, an increase of 71.66 x 10% t. The provincial shares of CO emissions that year were:
Yunnan 52.7%, Sichuan 28.5%, Guizhou 18.3%, and Chongging 0.5%. In Sichuan, multiple
pollutants (including PM; 5, PMjp, and CO;) increased concurrently, consistent with the
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occurrence of extreme fire events. A representative case was the “3-30” Xichang wildfire in
Liangshan Prefecture, which burned over 1000 ha and caused 19 fatalities.

In 2023, regional CO emissions rose sharply again, rising from 293.95 x 103 t in 2022
to 572.88 x 10° t, an increase of 278.93 x 103 t. Yunnan Province contributed most to this
surge, with its CO emissions surging from 152.61 x 10° t to 383.00 x 10° t (an increase of
230.39 x 10? t), accounting for 66.9% of the regional total in 2023. This escalation coincided
with several large-scale wildfires in Yunnan that year, such as the “4-11” fire in Jiangchuan,
Yuxi (mobilizing 30004000 personnel for firefighting, with open flames extinguished
between April 15-16), and the April 13 Anning wildfire.

A provincial comparison revealed that pollutant emissions from forest fires in south-
western China followed the pattern “Yunnan > Sichuan > Guizhou > Chongging.” Yunnan
accounted for more than half of the total annual emissions due to its dense forests, rugged
terrain, and pronounced dry season. Sichuan exhibited a “low-frequency but high-intensity”
pattern, with elevated emissions during extreme events. Guizhou displayed moderate
levels, and Chongging consistently recorded the lowest emissions, reflecting its limited
forest coverage and urbanized landscape.

3.3. Comparison of Hotspot Numbers and Emission Characteristics

As a typical emission from forest fires, CO; has a strong cumulative effect in the
atmosphere and serves as an important indicator for evaluating the environmental impacts
of fires. To further characterize the emission patterns and regional differences in forest fires
in southwestern China, we analyzed the spatial distribution of fire hotspots and total CO,
emissions, as well as their proportions in Yunnan, Sichuan, Guizhou, and Chongqing from
2016 to 2023 (Figure 3). Results indicated that, during the study period, the annual average
number of forest fire hotspots in the region was 4.25 x 10°, while the annual average CO,

emissions amounted to 5.62 x 10'? g (approximately 5.62 x 10° t), showing an overall
upward but fluctuating trend.
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Figure 3. Proportion and total amounts of forest fire hotspots (a) and proportion and total amounts
of CO, emissions (b) in southwestern China from 2016 to 2023.

In terms of provincial distribution, the proportions of fire hotspots were 47.8% in
Yunnan, 30.4% in Sichuan, 17.6% in Guizhou, and 4.2% in Chongqing. Corresponding
proportions of CO, emissions were 59.6%, 22.5%, 16.8%, and 1.0%, respectively. Yunnan
consistently ranked first in both hotspot count and emissions across most years, confirming
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its role as the dominant contributor to regional carbon output. This dominance is closely
associated with its dense forest coverage, complex topography, and seasonally dry climate.

Sichuan Province exhibited pronounced interannual variation in fire emissions. In
2020, influenced by the catastrophic “3-30” Xichang wildfire, its CO; share rose sharply to
28.5%, far exceeding normal levels and underscoring the significant role of extreme fire
events in driving regional carbon emissions. In contrast, Guizhou maintained relatively
stable proportions of hotspots and emissions, averaging 17.6% and 13.5%, respectively,
indicating a moderate contribution to overall emissions. Chonggqing, constrained by limited
forest resources and extensive urbanization, consistently recorded the lowest values in both
indicators, reflecting its minor impact on regional wildfire emissions.

Further comparison revealed that Yunnan’s share of CO, emissions exceeded its
hotspot proportion by approximately 11.4 percentage points, implying higher per-hotspot
carbon intensity and stronger combustion efficiency. In contrast, Guizhou and Chongqing
exhibited lower CO, emission shares relative to hotspot proportions, suggesting smaller fire
scales and weaker combustion strength. In 2023, the number of forest fire hotspots in the
region increased from 517,773 in 2022 to 816,585, a rise of 57.71%. During the same period,
CO, emissions almost doubled, increasing from 4.63 x 10'? g t0 9.03 x 10'2 g, an increase
of 95.0%. The emission growth far outpaced the increase in hotspot numbers, suggesting
that not only did fire frequency rise, but combustion intensity and FRP also increased
substantially, leading to higher per-hotspot carbon emissions. These findings highlight that
satellite-based evaluations of forest fire emissions should incorporate multiple parameters—
such as FRP, fire duration, and burned area—rather than relying solely on hotspot counts
to capture true environmental impacts.

3.4. Characteristics Spatiotemporal Characteristics of Carbon Emissions

At the prefecture-level scale (Figure 4), forest fires in Sichuan Province were mainly
concentrated in Panzhihua and Liangshan Prefecture; in Yunnan Province, high-frequency
fire areas included Lijiang, Xishuangbanna, Pu’er, Wenshan, and Dehong; in Guizhou
Province, fires frequently occurred in Qianxinan, Qiannan, Qiandongnan Prefectures,
and Anshun City; while Chongqing Municipality generally exhibited relatively low
fire frequencies.

From a geographical perspective, the Sichuan Basin, characterized by flat terrain
and extensive croplands, recorded relatively few fire hotspots. In contrast, fire activity
was concentrated around the basin’s periphery, the Yunnan—-Guizhou Plateau, southern
Guizhou, and the Hengduan Mountains. These areas, featuring high forest coverage,
rugged terrain, and complex climatic conditions, provided favorable conditions for frequent
fire occurrence. Overall, the spatial distribution of hotspots followed the pattern of “more
in the south than in the north, and more in mountainous areas than in plains.” Mountainous
regions exhibited greater sensitivity to fire occurrence, identifying them as priority zones
for regional fire prevention and control.

Figure 5 illustrates the multi-scale variations in CO, emissions from forest fires in
southwestern China between 2016 and 2023. At the interannual scale, Yunnan Province
peaked in 2023, with emissions significantly exceeding previous years, likely linked to
exceptional drought and heat conditions. Sichuan Province experienced a sharp increase in
2020, primarily due to the “3-30” Xichang wildfire, underscoring the substantial effect of
extreme events on annual carbon fluxes. In contrast, Guizhou and Chongging maintained
low emission levels with relatively stable year-to-year changes.
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Figure 4. Distribution of forest fire hotspot density across prefecture-level cities in southwestern
China from 2016 to 2023.
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southwest China during 2016-2023.
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At the intra-annual scale, CO, emissions exhibited marked seasonal concentration.
Emissions were mainly concentrated in January—April and November-December, but the
peak months differed by province—February in Yunnan, April in Sichuan, and March in
Guizhou—reflecting the strong influence of spring drought conditions on fire activity. Dur-
ing summer (June-September), enhanced precipitation and humidity suppressed emissions,
narrowing regional differences.

At the diurnal scale, CO, emissions followed a distinct pattern of “low at night, high
during the day, and decreasing in the evening.” Between 0:00 and 6:00, emissions remained
generally low, with most provinces reaching their minimum around 6:00. From 08:00
onward, emissions increased rapidly as the temperature rose and the humidity decreased,
peaking at around 09:00 in Yunnan and Guizhou and around 15:00 in Sichuan. The high-
emission phase generally persisted until 19:00, after which emissions gradually decreased
with cooling temperatures.

Overall, the results demonstrate that forest fire emissions in southwestern China exhib-
ited pronounced interannual fluctuations, seasonal concentration, and diurnal variability,
driven jointly by climatic conditions and human activities. Provincial differences were
evident: Yunnan peaked mainly in February, Sichuan in April, and Guizhou in March. At
the diurnal scale, Yunnan and Guizhou peaked near 09:00, while Sichuan peaked later
at 15:00. It is therefore recommended that high-emission provinces such as Yunnan and
Sichuan establish province-specific, season-specific, and time-targeted monitoring and
prevention systems tailored to their emission characteristics.

3.5. Meteorological Drivers and Their Impacts on Carbon Emissions

Temperature and precipitation were selected as key meteorological variables to ana-
lyze their relationships with forest fire CO, emissions at both interannual and intra-annual
(monthly) scales. February is the peak fire season in southwestern China. Figure 6a illus-
trates the interannual variations in temperature, precipitation, and CO, emissions during
February from 2016 to 2023. At the interannual scale, CO, emissions generally followed
the pattern of “higher temperatures resulting in higher emissions, whereas increased pre-
cipitation corresponded to lower emissions,” confirming the enhancing role of hot and
dry conditions on fire intensity and carbon emissions. However, this relationship was
nonlinear. For instance, during 2019-2020, despite rising temperatures, abundant precip-
itation corresponded to relatively low CO; emissions, implying that complex nonlinear
and interactive effects among meteorological variables jointly influenced fire development
and emission strength. At the intra-annual (monthly) scale (Figure 6b), from January to
March, low precipitation and dry atmospheric conditions led to a sharp increase in CO,
emissions with rising temperatures, reflecting the intensified combustion driven by hot
dry conditions. From April to July, although temperatures continued to climb, enhanced
rainfall suppressed emissions, indicating that moist conditions could partially offset the
fire-promoting influence of heat. From August to December, as temperatures declined and
precipitation decreased again, CO; emissions rebounded, showing that dryness re-emerged
as the dominant driver.

FRP, representing the instantaneous rate of energy release from combustion, correlates
strongly with fire intensity and biomass consumption rate. Compared with estimates based
solely on burned area or emission inventories, satellite-derived FRP provides real-time
data with high spatial and temporal resolution and clear physical comparability, offering
a more objective measure of fire strength and spatial variability. Accordingly, this study
employed temperature (T), precipitation (P), relative humidity (RH), and soil moisture (SM)
as independent variables and applied the Geodetector model to assess their explanatory
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CO, emission/10%

power on the spatial distribution of FRP (Figure 7). In the Geodetector framework, Q (0-1)
represents the proportion of FRP variance explained by a single factor or by a factor pair,
with interpretation based on statistical significance and relative magnitude rather than fixed
thresholds [40]. The overall ranking indicated a dominance of moisture-related factors,
with mean contributions during 20162023 of RH (0.1223) > P (0.1103) ~ SM (0.1083) > T
(0.0750). This result suggests that indicators describing the atmospheric and fuel moisture
state (RH, SM) were stronger determinants of fire intensity, while temperature alone exerted
a comparatively weaker influence. All variables passed the significance test (p < 0.05).
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Figure 6. Interannual (a) and monthly (b) variations in CO, emissions from forest fires in southwest-
ern China, in relation to temperature and precipitation.
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Figure 7. Yearly and average factor detector Q values (a) and mean =+ SD of factor detector Q values
(b) of meteorological factors (2016-2023).

At the interannual scale, a fluctuating pattern of “high in 2016—low in 2018—rebound
in 2023” was observed. The mean Q value of the four factors peaked at 0.144 in 2016,
declined to 0.067 in 2018, remained low during 2019-2020, and then gradually increased to
0.133 in 2023. For individual factors, all four exhibited troughs in 2018 (T = 0.038, P = 0.074,
SM = 0.079, RH = 0.076), while 2016 showed widespread peaks (T = 0.130, P = 0.140,
SM = 0.150, RH = 0.157), indicating that hydrothermal conditions that year exerted the
strongest differentiation effect on the spatial heterogeneity of FRP. Among the factors,
temperature (T) showed the largest interannual fluctuation (o = 0.035), significantly higher
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than precipitation (P, 0.023), soil moisture (SM, 0.024), and relative humidity (RH, 0.025).
In terms of linear trends, the Q values of all four factors increased slowly, suggesting that
after the 2018 low point, their explanatory power gradually recovered and strengthened.
Overall, moisture-related factors (RH, SM, and P) provided stable contributions, whereas
temperature was more sensitive to extreme years, amplifying or weakening its explanatory
power for FRP spatial distribution.

Interaction detection results revealed widespread significant bi-factor enhancement
effects among the four meteorological variables, all of which elevated the explanatory power
(Q values) for FRP spatial distribution in southwestern China beyond single-factor levels
(Figure 8). Among the meteorological interactions, TNRH was the most prominent, with a
multi-year average Q = 0.1486 (o = 0.0604), exceeding both RH (0.1223, o = 0.022) and T
(0.0750, 0 = 0.028), and exhibiting the greatest interannual variability. This indicates that the
synergistic amplification effect of “high temperature-low humidity” varied substantially
across years. For instance, in 2017, TNRH reached 0.2983, about 2.6 times higher than the
2019 low of 0.1128, demonstrating its dominant role in shaping FRP spatial heterogeneity
under anomalously hot dry conditions. By contrast, in 2019, overall climatic forcing was
weak, and interaction effects were generally low.
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Figure 8. Yearly and average interaction detector Q values (a) and mean £ SD of interaction detector
Q values (b) of meteorological factor pairs (2016-2023).

In the Geodetector framework, the relationship between Q(TNRH) and the individual
factors (Q(T), Q(RH)) reveals the interaction type. When Q(TNRH) > max[Q(T), Q(RH)], it
represents a bi-factor enhancement, meaning the two variables jointly increase explanatory
power beyond their independent effects. When Q(TNRH) > Q(T) + Q(RH), it reflects a
non-linear enhancement, where the combined influence exceeds additive effects, indicating
strong coupling and feedback. In this study, TNRH = 0.1486 exceeded both T (0.0750)
and RH (0.1223) and passed the significance test (p < 0.05), showing a clear bi-factor
enhancement between temperature and humidity. In 2017, Q(TNRH) even surpassed Q(T)
+ Q(RH), indicating non-linear enhancement under extreme hot dry conditions.

Physically, high temperature enhances evapotranspiration and heating, while low
humidity directly reduces fuel moisture content; their coupling forms a hydrothermal
synergy that intensifies fuel desiccation and FRP variability. This mechanism aligns with
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established findings that hot and dry conditions (high vapor pressure deficit, VPD) jointly
lower live fuel moisture and promote extreme fire behavior [41-43].

Beyond TNRH, both TNSM (mean 0.1310, o = 0.037) and TNP (0.1218, o = 0.047) also
showed enhancement effects with pronounced fluctuations: higher in 2017 and 2022 (e.g.,
2022 values of TNRH = 0.2115, TNSM = 0.1742, PNRH = 0.1466), but lower during 2018-2019
(e.g., only TNP was relatively high in 2018 at 0.1726, while other combinations declined; in
2019, TNP = 0.0994, TNSM = 0.1002). By comparison, PNRH (0.1246, o = 0.027) and SMNRH
(0.1233, o = 0.027) were more stable and moderately enhanced, reflecting a background
modulation role.

Overall, TNRH emerged as the dominant interaction (highest mean and largest variabil-
ity), while TNSM and TNP served as secondary but sensitive factors, with their explanatory
power significantly enhanced under low water availability or anomalous years (e.g., 2017,
2022). In contrast, PNRH and SMNRH remained relatively stable. Mechanistically, RH,
SM, and P directly reflect the wet—dry status of fuels and environment, determining fuel
moisture content and combustibility. Temperature indirectly reduces fuel moisture by
intensifying evapotranspiration and heating, making its influence more dependent on
coupling with moisture conditions, consistent with the strong effect of TNRH. From a
management and early warning perspective, fire risk assessment and energy monitoring
should avoid reliance on single factors, and instead adopt modeling frameworks that
capture interactions and interannual non-stationarity. This provides a quantitative basis for
fire risk management and intensity regulation under coupled hydrothermal conditions in
southwestern China.

Looking ahead, climate projections indicate that warming and aridification will further
heighten forest-fire risks in southwestern China. Model simulations suggest that rising
temperatures and decreasing humidity will extend both the duration and intensity of
high-fire-danger periods. Fan et al. [44] showed that escalating hot dry extremes amplify
compound fire-weather risk globally. At the national scale, Shao et al. [45] predicted sig-
nificantly higher fire occurrence probabilities across China under future climate scenarios,
with temperature and precipitation identified as strong climatic controls.

These projections reinforce our findings that temperature and relative humidity are
the key meteorological controls, and their coupling (hot dry synergy) exerts the strongest
enhancement on fire radiative power. The expected intensification of compound heat-
drought events will likely increase both fire frequency and CO, emission magnitude, posing
greater challenges for regional greenhouse gas mitigation and China’s carbon-peaking
goals.

4. Discussion
4.1. Comparison with Database-Based Emission Results

The Global Fire Emissions Database, version 5 (GFED5), jointly developed by several
international research institutions, is a global fire emission inventory constructed using a
“bottom-up” approach. It employs MODIS burned area as the core input, corrected with
higher-resolution data from Sentinel-2 and Landsat, and integrates vegetation cover, fuel
load, combustion completeness, and emission factors to estimate fire emissions. GFED5
provides global emission data at 0.25° and monthly resolution, covering a wide range of
gases and aerosol components, and serves as a key dataset for climate change studies,
carbon cycle assessments, and atmospheric chemistry modeling [39]. For comparison,
emission estimates corresponding to boreal and temperate forest categories in GFED5
were selected and clipped using the geographical extent of southwestern China to extract
regional forest fire emissions.
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The comparison of forest fire emissions in southwestern China during 20162022
(Figure 9) shows that, although both this study and GFED5 capture broadly consistent
interannual variations, noticeable discrepancies remain in emission magnitudes. For

example, in 2017, this study reported substantially higher estimates of CO, NH3, PM; 5,

BC, and OC than GFED5, marking a departure from the general consistency observed

across years. Overall, our estimates of CO, NH3, PM; 5, BC, and OC exceeded those of
GFED5, whereas GFED5 generally yielded higher values of NOx and CO,, with only minor
differences for SO,. These divergences mainly arise from the choice of emission factors

and satellite observation strategies. In this study, region-specific emission factors were

employed to reflect combustion conditions in southwestern China; for instance, the CO
factor (102.2 g/kg) and OC factor (8.37 g/kg) were higher than the global averages used in
GFEDS (90.5 g/kg and 7.155 g/kg, respectively), better capturing incomplete combustion
characteristics and thereby elevating CO, OC, and PM; 5 estimates [46]. Furthermore,
the integration of Himawari-8/9, MODIS, and VIIRS data enables improved detection
of small-scale and short-duration fires, enhancing the representation of low-temperature

combustion products such as NHj3 and OC. This multi-satellite fusion approach offers a

more complete characterization of regional fire activity, particularly in the complex terrain

of southwestern China.
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Figure 9. Comparison of pollutant emissions from forest fires in southwest China with GFED5.

By contrast, GFED5’s higher estimates of NOx and CO; likely result from its globally
uniform emission factors and stronger capability to capture high-intensity crown fires,

under the assumption of more complete combustion. This assumption may lead to over-

estimation of CO, emissions in open valleys or during dry years. For instance, the NOx

emission factor used in GFED5 is based on global averages and does not sufficiently account

for the mixed combustion characteristics typical of southwestern China, leading to potential

overestimation of NOx emissions under high-temperature, complete combustion condi-

tions. Overall, GFED5 emphasizes global consistency and model universality, while this

study focuses more on regional adaptability, observational completeness, and improved

small-scale fire detection. These differences underscore the value of our inventory for

regional applications and highlight considerations for integrating region-specific emission

factors and higher-resolution input data into global models.

Direct validation with ground or airborne measurements remains limited due to

scarce field data in southwestern China. To provide a relative evaluation, our estimates
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were compared with GFED5, showing consistent temporal trends but differing emission
magnitudes due to varying satellite inputs and emission factors.

Preliminary tests with hourly meteorological data revealed that short-term fluctuations
introduced substantial noise and reduced model stability. Therefore, monthly ERA5-
Land data were adopted, balancing computational feasibility and the ability to capture
dominant climatic controls on fire activity. While this temporal resolution may smooth
short-lived extremes such as heatwaves or wind bursts, it remains suitable for regional
and long-term analyses. Future work should incorporate higher-temporal-resolution
meteorological datasets and multi-source observations to improve cross-validation and
reduce uncertainties in emission estimation.

4.2. Uncertainty Analysis

This study estimated forest fire pollutant emissions in southwestern China based on
multi-source satellite observations from Himawari-8/9, MODIS, and VIIRS. Although syn-
ergistic observations enhanced the spatiotemporal coverage of fire detection, heterogeneity
among datasets and model assumptions introduced substantial uncertainties. The three
satellites differ markedly in observation frequency and spatial resolution. The adopted
priority rule (“VIIRS > MODIS > Himawari”) ensures higher spatial precision while filling
temporal gaps using Himawari-8/9’s high-frequency observations. However, this approach
may still bias the representation of short-lived fires. Specifically, when only Himawari-8/9
detects transient or subpixel fires that are undetected by MODIS or VIIRS, their radiative
energy and burned area may be underestimated due to the coarser spatial resolution of
Himawari-8/9. Conversely, finer-resolution detections from MODIS/VIIRS may lead to
slight FRE overestimation if temporal alignment with Himawari-8/9 is imperfect. Such
temporal-spatial mismatches have been reported to cause FRE biases in regions with fre-
quent small-scale fires [14,24]. In addition, cloud cover and topographic shadow effects
influence each sensor differently, further amplifying spatial heterogeneity and omission or
commission errors in fire detection.

The emission factors used in this study were primarily derived from literature and
regional characteristics, but no differentiation was made among fire types detected by
different satellites. For example, VIIRS frequently captures small-scale surface fires at
375 m resolution, which may have lower carbon emission efficiency than large-scale crown
fires observed by Himawari-8/9. A uniform set of emission factors cannot fully capture
these differences, resulting in biases between estimated emissions and actual combustion
intensity. In addition, discrepancies in FRP retrieval algorithms among the satellites may
introduce systematic biases for the same fire pixels, affecting the consistency of FRE calcu-
lations. Recent studies have further demonstrated that uncertainties in biomass burning
emissions can arise from variations in fire detection products, combustion phases, and
fuel conditions. Hua et al. [47] highlighted that estimates of CO and OC emissions differ
markedly among inventories due to inconsistencies in fuel loading and burning conditions.
Minsavage-Davis and Davies [48] showed that the accuracy of fire behavior models de-
pends strongly on fuel characteristics and fire spread dynamics, implying that combustion
efficiency may vary substantially across vegetation types. Similarly, Zheng et al. [49] found
that seasonal shifts from flaming- to smoldering-dominated burning alter the temporal pro-
files of CO emissions, suggesting that fixed emission factors may not adequately represent
such dynamic fire behavior.

In FRE computation, the Himawari-8/9 data were processed under the assumption of
a uniform distribution of FRP between consecutive observations, while MODIS and VIIRS
data employed Gaussian-based diurnal cycle parameterizations. These simplifications may
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not fully capture rapid fluctuations in FRP or short-lived fire events, potentially leading
to uncertainties in cumulative FRE. For example, transient peaks in combustion intensity
within the 10 min Himawari-8/9 sampling interval are approximated as linear changes,
while the coarse revisit frequency of MODIS and VIIRS may smooth or miss sub-hourly fire
peaks. Nevertheless, Gaussian diurnal reconstruction has been widely applied in global
fire emission inventories to compensate for the sparse temporal coverage of polar-orbiting
satellites, while linear interpolation between high-frequency geostationary observations
remains a common approach for continuous energy estimation. Intercomparisons between
polar-orbiting and geostationary satellites have demonstrated that these parameteriza-
tions yield consistent FRE estimates despite differences in temporal resolution [50-52].
Therefore, while we acknowledge that such assumptions may smooth short-term fire dy-
namics, they follow established and widely accepted practices. Future work will integrate
higher-temporal-resolution datasets to better represent transient fire behavior and improve
FRE accuracy.

5. Conclusions

(a) From 2016 to 2023, the annual average emissions of ten major pollutants from for-
est fires in southwestern China were CO, (5623.58 + 1554.33), CO (356.84 + 98.63),
PMy 5 (41.39 £ 11.44), PMy( (44.46 £ 12.29), VOCs (63.36 £ 17.51), NOx (9.45 + 2.61),
SO; (2.98 £ 0.82), NHj3 (4.86 £+ 1.34), BC (2.04 £ 0.56), and OC (29.21 + 8.08)
(units: x10° t-a~!). Among these, CO, and CO were the dominant pollutants.

(b) Spatially, Yunnan Province and Sichuan Province were the core contributors to CO,
emissions. Strengthening monitoring, early warning, and emission control in these
two provinces is critical for maintaining regional carbon balance and improving air
quality. Temporally, CO, emissions were higher during daytime than at night and
were concentrated between January—April and December.

(c) CO; emissions increased with rising temperature and decreased with precipitation,
exhibiting the overall pattern of “high temperature promotes emissions, while hu-
midity suppresses fires.” The emissions demonstrated nonlinear and interactive
relationships with meteorological factors, with the strongest interaction between
temperature and relative humidity in winter. Under cold-dry conditions, elevated
temperatures combined with low humidity were more likely to trigger fires and
amplify carbon emissions.
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The following abbreviations are used in this manuscript:

AHI Advanced Himawari Imager
BC Black Carbon
CO, Carbon Dioxide

ECMWE European Centre for Medium-Range Weather Forecasts
ERA5-Land ECMWF Re-Analysis 5-Land

FRP Fire Radiative Power

FRE Fire Radiative Energy

GFED5 Global Fire Emissions Database version 5

MODIS Moderate Resolution Imaging Spectroradiometer

NH3 Ammonia

NOx Nitrogen Oxides (NO + NO,)

ocC Organic Carbon

PM; 5 Fine Particulate Matter (aerodynamic diameter < 2.5 um)
PMg Inhalable Particulate Matter (aerodynamic diameter < 10 pm)
RH Relative Humidity

SO, Sulfur Dioxide

VOCs Volatile Organic Compounds

VIIRS Visible Infrared Imaging Radiometer Suite

References

1.  IPCC. Climate Change 2021: The Physical Science Basis. In Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021.

2. Pimm, S.L.; Raven, P. Extinction by numbers. Nature 2000, 403, 843-845. [CrossRef]

3. Garcia-Hurtado, E.; Pey, J.; Borrds, E.; Sdnchez, P.; Vera, T.; Carratald, A.; Alastuey, A.; Querol, X.; Vallejo, V.R. Atmospheric PM
and volatile organic compounds released from Mediterranean shrubland wildfires. Atmos. Environ. 2014, 89, 303-311. [CrossRef]

4. Guo, Y.X,; Wei, M,; Tian, M.Y,; Sun, X.Y.; Zheng, W.X.; Ma, Y.E; Guo, ET. Characteristics of smoke and particulate matter released
by combustion of eight main tree species in Yunnan Province. Res. Environ. Sci. 2021, 34, 2295-2305.

5. Park, C.Y,; Takahashi, K.; Fujimori, S.; Jansakoo, T.; Burton, C.; Huang, H.; Kou-Giesbrecht, S.; Reyer, C.P.O.; Mengel, M.; Burke,
E.; et al. Attributing human mortality from fire PM; 5 to climate change. Nat. Clim. Change 2024, 14, 1193-1200. [CrossRef]

6.  Wang, M,; Jiang, C.; Sun, O.J. Spatially differentiated changes in regional climate and underlying drivers in southwestern China.
J. For. Res. 2022, 33, 755-765. [CrossRef]

7. Tian, X.R.; Zhao, F].; Shu, L.F.; Wang, M.Y. Hotspots from satellite monitoring and forest fire weather index analysis for Southwest
China. For. Res. 2010, 23, 523-529.

8.  Ning, X.C.; Li, JW,; Zhuang, PK.; Lai, S.E; Zheng, X.G. Wildfire combustion emission inventory in Southwest China (2001-2020)
based on MODIS fire radiative energy data. Atmos. Pollut. Res. 2024, 15, 102279. [CrossRef]

9. He, J,; Zhang, Y. Analysis of the impacts of meteorological factors on forest fire danger in the conterminous United States.
J. Geophys. Res. Atmos. 2021, 126, €2021JD035376. [CrossRef]

10. Lund, M.T,; Nordling, K.; Gjelsvik, A.B.; Samset, B.H. The influence of variability on fire weather conditions in high latitude
regions under present and future global warming. Environ. Res. Commun. 2023, 5, 065016. [CrossRef]

11. Feng, Y; Lei, C.F; Pan, Y.; Zhang, C.J. Forest fire monitoring based on satellite remote sensing technology. Geomat. Technol. Equip.
2022, 24, 15-19.

12.  Justice, C.O.; Vermote, E.; Townshend, ].R.G.; Defries, R.; Roy, D.P,; Hall, D.K. The Moderate Resolution Imaging Spectrora-
diometer (MODIS): Land remote sensing for global change research. IEEE Trans. Geosci. Remote Sens. 1998, 36, 1228-1249.
[CrossRef]

13.  Giglio, L.; Descloitres, J.; Justice, C.O.; Kaufman, Y.J. An enhanced contextual fire detection algorithm for MODIS. Remote Sens.
Environ. 2003, 87, 273-282. [CrossRef]

14. Schroeder, W.; Oliva, P; Giglio, L.; Csiszar, I.A. The new VIIRS 375 m active fire detection data product: Algorithm description
and initial assessment. Remote Sens. Environ. 2014, 143, 85-96. [CrossRef]

15. Chen, ]; Lv,Q.; Wu, S; Zeng, Y; Li, M.; Chen, Z.; Zhou, E.; Zheng, W.; Liu, C.; Chen, X,; et al. An adapted hourly Himawari-8 fire

product for China: Principle, methodology and verification. Earth Syst. Sci. Data 2023, 15, 1911-1931. [CrossRef]

117



Atmosphere 2025, 16, 1187

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lu, X.M.; Zhang, X.Y.; Li, EJ.; Cochrane, M.A. Improved estimation of fire particulate emissions using a combination of VIIRS
and AHI data for Indonesia during 2015-2020. Remote Sens. Environ. 2022, 281, 113238. [CrossRef]

Zheng, YM,; Liu, J.; Jian, H.D.; Fan, X.T.; Yan, F.L. Fire diurnal cycle derived from a combination of the Himawari-8 and VIIRS
satellites to improve fire emission assessments in Southeast Australia. Remote Sens. 2021, 13, 2852. [CrossRef]

Wickramasinghe, C.H.; Wallace, L.; Reinke, K.; Jones, S. Intercomparison of Himawari-8 AHI-FSA with MODIS and VIIRS active
fire products. Int. ]. Digit. Earth 2020, 13, 457-473. [CrossRef]

Wooster, M.].; Roberts, G.; Perry, G.L.W.; Kaufman, Y.J. Retrieval of biomass combustion rates and totals from fire radiative
power observations: FRP derivation and calibration relationships between biomass consumption and fire radiative energy release.
J. Geophys. Res. Atmos. 2005, 110, D24311. [CrossRef]

Liu, M.X,; Song, Y.; Yao, H.; Kang, Y.N.; Li, M.M.; Huang, X.; Hu, M. Estimating emissions from agricultural fires in the North
China Plain based on MODIS fire radiative power. Atmos. Environ. 2015, 112, 326-334. [CrossRef]

Vermote, E.; Ellicott, E.; Dubovik, O.; Lapyonok, T.; Chin, M.; Giglio, L.; Roberts, G.J. An approach to estimate global biomass
burning emissions of organic and black carbon from MODIS fire radiative power. J. Geophys. Res. Atmos. 2009, 114, D18205.
[CrossRef]

Xu, Y.Q.; Huang, Z.].; Ou, ].M,; Jia, G.L.; Wu, L.L,; Liu, H.L.; Lu, M.H.; Fan, M.; Wei, J.; Chen, L.E; et al. Near-real-time estimation
of hourly open biomass burning emissions in China using multiple satellite retrievals. Sci. Total Environ. 2022, 817, 152777.
[CrossRef]

Li, R; Liu, ].X.; Zhang, M.D.; Huang, C.W.; Zhao, S.H.; Zhang, M.G.; Cheng, L.F. Development and analysis of a forest fire
emission inventory in China considering daily variation patterns. Environ. Pollut. 2025, 382, 126720. [CrossRef] [PubMed]
Kang, Y.; Im, ]. Mitigating underestimation of fire emissions from the Advanced Himawari Imager: A machine learning and
multi-satellite ensemble approach. Int. J. Appl. Earth Obs. Geoinf. 2024, 128, 103784. [CrossRef]

Xu, Y.Q. Study on the Evolution Characteristics and Dynamic Representation of Open Biomass Burning Emissions in China. Ph.D.
Thesis, South China University of Technology, Guangzhou, China, 2020.

Anderson, L.D.; Dix, B.; Schnell, J.; Yokelson, R.; Veefkind, ]J.P.; Ahmadov, R.; de Gouw, ]. Analyzing the impact of evolving
combustion conditions on the composition of wildfire emissions using satellite data. Geophys. Res. Lett. 2023, 50, €2023GL105811.
[CrossRef]

Roy, D.P; Boschetti, L.; Smith, A.M.S. Satellite remote sensing of fires. In Fire Phenomena and the Earth System; Wiley: Hoboken, NJ,
USA, 2013; Chapter 5. [CrossRef]

Santoso, M.A. Review of the transition from smouldering to flaming combustion in wildfires. Front. Mech. Eng. 2019, 5, 49.
[CrossRef]

Garg, P.; Wang, S.; Oakes, ].M.; Bellini, C.; Gollner, M.]. Variations in gaseous and particulate emissions from flaming and
smouldering combustion of Douglas fir and lodgepole pine under different fuel moisture conditions. Combust. Flame 2024,
263, 113386. [CrossRef]

Keeley, J.E. Fire intensity, fire severity and burn severity: A brief review and suggested usage. Int. |. Wildland Fire 2009, 18,
116-126. [CrossRef]

Fernandes, PM.; Botelho, H.S. A review of prescribed burning effectiveness in fire hazard reduction. Int. |. Wildland Fire 2003, 12,
117-128. [CrossRef]

Andreae, M.O. Emission of trace gases and aerosols from biomass burning—An updated assessment. Atmos. Chem. Phys. 2019,
19, 8523-8546. [CrossRef]

Streets, D.G.; Bond, T.C.; Carmichael, G.R.; Fernandes, S.D.; Fu, Q.; He, D.; Klimont, Z.; Nelson, S.M.; Tsai, N.Y.; Wang, M.Q.; et al.
An inventory of gaseous and primary aerosol emissions in Asia in the year 2000. ]. Geophys. Res. Atmos. 2003, 108, D21. [CrossRef]
Andreae, M.O.; Merlet, P. Emission of trace gases and aerosols from biomass burning. Glob. Biogeochem. Cycles 2001, 15, 955-966.
[CrossRef]

Wu, J.; Kong, S.F; Wu, EQ.; Cheng, Y.; Zheng, S.R;; Yan, Q.; Zheng, H.; Yang, GW.; Zheng, M.M.; Liu, D.T,; et al. Estimating
the open biomass burning emissions in central and eastern China from 2003 to 2015. Atmos. Chem. Phys. 2018, 18, 11623-11646.
[CrossRef]

Freeborn, P.H.; Wooster, M.].; Hao, W.M.; Ryan, C.A.; Nordgren, B.L.; Baker, S.P; Ichoku, C. Relationships between energy release,
fuel mass loss, and trace gas and aerosol emissions during laboratory biomass fires. J. Geophys. Res. Atmos. 2008, 113, D01301.
[CrossRef]

Song, Y.; Liu, B.; Miao, W.J.; Chang, D.; Zhang, Y.H. Spatiotemporal variation in nonagricultural open fire emissions in China
from 2000 to 2007. Glob. Biogeochem. Cycles 2009, 23, GB2008. [CrossRef]

Fan, H.; Yang, X.; Zhao, C.; Yang, Y.K; Shen, Z.Y. Spatiotemporal variation characteristics of global fires and their emissions.
Atmos. Chem. Phys. 2023, 23, 7781-7798. [CrossRef]

118



Atmosphere 2025, 16, 1187

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chen, Y,; Hall, J.; van Wees, D.; Andela, N.; Hantson, S.; Giglio, L.; van der Werf, G.R.; Morton, D.C.; Randerson, J.T. Multi-decadal
trends and variability in burned area from the fifth version of the Global Fire Emissions Database (GFEDS5). Earth Syst. Sci. Data
2023, 15, 5227-5259. [CrossRef]

Wang, ].F,; Xu, C.D. Geodetector: Principle and prospective. Acta Geogr. Sin. 2017, 72, 116-134. [CrossRef]

Abatzoglou, J.T.; Williams, A.P. Impact of anthropogenic climate change on wildfire across western US forests. Proc. Natl. Acad.
Sci. USA 2016, 113, 11770-11775. [CrossRef]

Pimont, F,; Ruffault, J.; Martin-StPaul, N.K.; Dupuy, ].-L. Why is the effect of live fuel moisture content on fire rate of spread
underestimated in field experiments in shrublands? Int. |. Wildland Fire 2019, 28, 127-137. [CrossRef]

Ma, W.; Zhai, L.; Pivovaroff, A.; Shuman, J.; Buotte, P.; Ding, J.; Christoffersen, B.; Knox, R.; Moritz, M.; Fisher, R.A_; et al.
Assessing climate change impacts on live fuel moisture and wildfire risk using a hydrodynamic vegetation model. Biogeosci.
Discuss. 2021, 18, 4005-4020. [CrossRef]

Fan, X.W.; Miao, C.Y.; Zscheischler, J.; Slater, L.; Wu, Y.; Chai, Y.; Aghakouchak, A. Escalating Hot-Dry Extremes Amplify
Compound Fire Weather Risk. Earth’s Future 2023, 11, e2023EF003976. [CrossRef]

Shao, Y.K,; Fan, G.P; Feng, ZK.; Sun, L.H.; Yang, X.H.; Ma, T.T,; Li, X.S.; Fu, H.N.; Wang, A.A. Prediction of Forest Fire Occurrence
in China under Climate Change Scenarios. |. For. Res. 2023, 34, 1217-1228. [CrossRef]

Van der Werf, G.R.; Randerson, J.T.; Giglio, L.; Van Leeuwen, T.T.; Chen, Y.; Rogers, B.M.; Mu, M.; Van Marle, M.].E.; Morton,
D.C,; Collatz, G.J.; et al. Global fire emissions estimates during 1997-2016. Earth Syst. Sci. Data 2017, 9, 697-720. [CrossRef]
Hua, W.X,; Lou, S.J.; Huang, X.; Xue, L.; Ding, K.; Wang, Z.; Ding, A.]. Diagnosing uncertainties in global biomass burning
emission inventories and their impact on modeled air pollutants. Atmos. Chem. Phys. 2024, 24, 6787-6807. [CrossRef]
Minsavage-Davis, C.D.; Davies, G.M. Evaluating the Performance of Fire Rate of Spread Models in Northern-European Calluna
vulgaris Heathlands. Fire 2022, 5, 46. [CrossRef]

Zheng, B.; Chevallier, F; Yin, Y.; Wang, Y.L. On the role of the flaming-to-smoldering transition in the seasonal cycle of African
fire emissions. Geophys. Res. Lett. 2018, 45, 6633—6641. [CrossRef]

Kaiser, ].W.; Heil, A.; Andreae, M.O.; Benedetti, A.; Chubarova, N.; Jones, L.; Morcrette, ].-].; Razinger, M.; Schultz, M.G.; Suttie,
M.; et al. Biomass burning emissions estimated with a global fire assimilation system based on observed fire radiative power.
Biogeosciences 2012, 9, 527-554. [CrossRef]

Andela, N.; Morton, D.C.; Giglio, L.; Chen, Y.; Van der Werf, G.R.; Kasibhatla, PS.; DeFries, R.S.; Collatz, G.J.; Hantson, S.; Kloster,
S.; et al. A human-driven decline in global burned area. Science 2017, 356, 1356-1362. [CrossRef]

Roberts, G.; Wooster, M.].; Lagoudakis, E. Annual and diurnal African biomass burning temporal dynamics. Biogeosciences 2009,
6, 849-866. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

119



[ ] /
environments

Article
Can Saharan Dust Intrusions Alter the Isotopic Composition of
Atmospheric Methane and Carbon Dioxide?

Isabella Zaccardo 1%*, Antonella Buono %%, Teresa Laurita 1, Benedetto De Rosa 1, Francesco D’ Amico 34,

Davide Amodio !, Francesco Cardellicchio !, Canio Colangelo !, Gianluca Di Fiore !, Giuseppe Gargano ?,
Aldo Giunta !, Emilio Lapenna !, Ermann Ripepi !, Marco Rosoldi !, Donato Summa ! Serena Trippetta !,
Claudia Roberta Calidonna 3, Alcide Giorgio di Sarra 5 Guido Masiello 2and Lucia Mona !

1 Institute of Methodologies for Environmental Analysis, National Research Council of Italy (CNR-IMAA),
Contrada Santa Loja, Tito Scalo, I-85050 Potenza, Italy; teresa.laurita@cnr.it (T.L.);

benebetto.derosa@cnr.it (B.D.R.); davide.amodio@cnr.it (D.A.); francesco.cardellicchio@cnr.it (F.C.);
nicolagianluca.difiore@cnr.it (G.D.E); giuseppe.gargano@cnr.it (G.G.); aldo.giunta@cnr.it (A.G.);
emilio.Japenna@cnr.it (E.L.); ermann.ripepi@cnr.it (E.R.); marco.rosoldi@cnr.it (M.R.);

donato.summa@cnr.it (D.S.); serena.trippetta@cnr.it (S.T.); lucia.mona@cnr.it (L.M.)

Department of Engineering, University of Basilicata (Unibas DiING), Via dell’Ateneo Lucano 10,

1-85100 Potenza, Italy; guido.masiello@unibas.it

3 Institute of Atmospheric Sciences and Climate, National Research Council of Italy (CNR-ISAC), Area
Industriale Comparto 15, Lamezia Terme, I-88046 Catanzaro, Italy; francescodamico2@cnr.it (F.D.);
claudiaroberta.calidonna@cnr.it (C.R.C.)

Department of Biology, Ecology and Earth Sciences, University of Calabria (Unical DiBEST), Via Pietro Bucci
Cubo 15B, Rende, 1-87036 Cosenza, Italy

Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA), Via
Enrico Fermi 45, Frascati, [-00044 Rome, Italy; alcide.disarra@enea.it

*  Correspondence: isabellazaccardo@cnr.it (I.Z.); antonellabuono@cnr.it (A.B.)

Abstract

This study investigates the potential influence of Saharan dust intrusions on the stable carbon
isotopes of methane (CH,) and carbon dioxide (CO,), using continuous in situ measurements
from the ICOS (Integrated Carbon Observation System) atmospheric station at the CNR-IMAA
Atmospheric Observatory (CIAO) in Tito, Basilicata, southern Italy. The analysis builds upon
the recent investigation of a two-month isotopic dataset (20 February—20 April 2025), which
identified anomalous isotopic behavior in March, coinciding with three distinct dust events. The
observations reveal shifts in §'3C~CHj values that align temporally with the dust intrusions,
accompanied by a decrease in CHy mole fractions. Such patterns could suggest fractionation pro-
cesses affecting CHy, potentially driven by enhanced oxidation promoted by mineral aerosols.
At the same time, §'*C~CO, shows a gradual decline, deviating from the typical springtime
enrichment associated with intensified photosynthetic uptake of >CO,. This unexpected de-
crease suggests that dust-related radiative effects, particularly the attenuation of incoming solar
radiation, may inhibit photosynthesis, thereby altering the isotopic composition of atmospheric
COs,. Consistently, CO, mole fractions exhibit a modest increase during periods of declining
§13C—CO,, reinforcing the interpretation of reduced photosynthetic activity. These findings
provide new observational data beyond existing studies from Atlantic regions and highlight
the need for further research on the role of mineral dust in shaping greenhouse gas isotopic
variability in the Mediterranean, where such events are frequent and climatically relevant.

Keywords: Saharan dust intrusion; stable carbon isotopes; §!°C fractionation; atmospheric
methane
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1. Introduction

CHy is a potent and photochemically active greenhouse gas (GHG) with an atmo-
spheric lifetime of approximately 11.2 & 1.3 years [1]. Its global warming potential (GWP)
far exceeds that of CO, over shorter timeframes, about 80 times greater over 20 years
(GWP20) and 28 times greater over 100 years (GWP100) [2]. This makes CHy a critical
target for near-term climate mitigation strategies. Since 2007, atmospheric CHy concen-
trations have been rising steadily [3-5], reflecting a disequilibrium between its sources
and sinks [6]. The increase followed a plateau of several years, during which no major
fluctuations in terms of concentrations and isotopic fingerprint were observed [7]. CHy is
emitted from biogenic, anthropogenic, and geological sources, while its removal is primarily
driven by oxidation via hydroxyl radicals (OHe), chlorine atoms (Cl), and methanotrophic
bacteria [8-11]. These oxidation processes alter the stable carbon isotope ratio (§'3C) of
CHy, as lighter isotopes ('>?CHy) are preferentially consumed, enriching the atmosphere in
1BCH, [12,13]. Biogenic sources such as wetlands, termites, ruminants, and rice paddies
typically emit CHy that is depleted in '3C, with §!3C~CH, values ranging from approxi-
mately —65%o to —55%. compared to the international VPDB (Vienna Pee Dee Belemnite)
standard. In contrast, fossil fuel combustion and biomass burning produce CH, with less
negative 5!3C-CHy values, generally ranging from —45%. to —20%. compared to the VPDB.
The resulting atmospheric mixture of emissions yields an average 5'*C-CHy value around
—54.3%o. Isotopic analysis of CHy thus provides a powerful tool for source apportionment
and for constraining the global CH,4 budget [14,15]. However, the §13C-CH, observed in
the atmosphere also reflects isotopic fractionation during oxidation. This enrichment effect
shifts §'*C-CH, toward less negative values, around —47.5%. [16], potentially leading to
an underestimation of biogenic contributions in top-down isotope-constrained models [17].
Moreover, uncertainties in atmospheric CI concentrations [18] propagate through these
models, affecting the accuracy of CHy source attribution [10].

Recent studies have highlighted the role of mineral dust aerosols, particularly Saharan
dust, in modulating CH, oxidation [19]. These aerosols provide reactive surfaces that
facilitate chemical transformations capable of altering 5'*C-CHj signatures. Saharan dust,
a major component of atmospheric aerosols, exerts wide-reaching effects on climate, ecosys-
tems, and biogeochemical cycles. Mona et al. [20] provided a comprehensive overview of
these impacts, including modifications to the Earth’s radiation budget, changes in cloud
microphysics, and influences on biogeochemical cycles. Their work also emphasized
the rapid evolution of dust observational capabilities, spanning in situ measurements,
ground-based networks, and satellite remote sensing. More recently, advances in field
instrumentation have enabled deeper investigation into how mineral aerosol transported
by Saharan dust influences the oxidative capacity of the atmosphere and impacts trace gas
concentrations [21].

Saharan dust is known to carry nutrients such as iron (Fe) and phosphorus (P); when
mineral dust travelling across the ocean mixes with sea spray aerosol containing sodium
chloride (NaCl), it forms mineral dust sea-spray aerosol (MDSA), acting as a large surface on
which chemical reactions can occur [22]. Under sunlight, Fe in mineral dust acts as a catalyst,
triggering chemical reactions with chloride ions (Cl1™) to produce Cle, highly reactive gas-
phase Cl radicals capable of modifying the oxidizing capacity of the atmosphere [23-25].
This mechanism may lead to an increase in §'3C-CHy due to the kinetic isotope effect during
CHy oxidation [26-28]. This process develops over a time span ranging from a few hours
to several days and may mask the decreasing §'3C-CHy signatures from biogenic and fossil
fuel sources, complicating the interpretation of the drivers behind the observed increase
in atmospheric CHy. A work by D’Amico et al. [29] highlighted the potential of using
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513C-CHj, fractionation to perform local assessments of the Cl sink, because the magnitude
of the Cl-initiated CHy sink remains poorly constrained, and its overall contribution to
regional CHy loss is still the subject of active investigation [9,10]. Inspired by natural
mechanisms like MDSA, the Iron-Salt Aerosol (ISA) method [30] has been proposed as a
geoengineering strategy to enhance atmospheric CH4 removal. This approach involves
lofting Fe-rich aerosols to catalyze Cl radical formation, thereby accelerating CHy oxidation.
While promising, the ISA method requires further investigation to assess its feasibility,
environmental impact, and safety.

A recent study by Buono et al. [31] analyzed isotopic measurements collected over a
60-day period (20 February—20 April) at the newly established ICOS [32] atmospheric station
in southern Italy for greenhouse gas observations, named POT station. Their results showed
that 613C-CH, and §'3C-CO, values in March deviated notably from those in February and
April. This anomaly was interpreted as a possible indication of the Saharan dust influence on
the isotopic composition of atmospheric CHy and CO,. Although the study did not directly
quantify the impact of mineral aerosols, it provided preliminary evidence that episodic dust
intrusions may modulate CHy isotopic signatures, potentially through enhanced oxidative
processes involving Cl radicals. Building on these observations, the present study aims to
investigate this phenomenon further by correlating isotopic shifts with documented dust
intrusion events, searching to identify potential links between aerosol dynamics and changes
in 5'3C signatures. Future research will be necessary to confirm the underlying chemical
mechanisms, including the role of reactive halogen species in CH, oxidation.

In this work, we analyze data from continuous measurements of stable carbon isotopes
in CHy and CO; performed during three Saharan dust intrusions between 10 and 26 March
2025. Observations were conducted at the POT atmospheric station [33] near Potenza,
southern Italy, part of CIAO and currently under evaluation for ICOS labeling. The study
integrates isotopic measurements with aerosol data from in situ instruments and ground-
based remote sensing techniques [34,35].

These results represent a fundamental step toward expanding high-resolution GHG
monitoring in southern Europe. A recent study [36] emphasized the strategic relevance
of the Potenza site in addressing spatial gaps in the ICOS network. The isotopic fin-
gerprinting technique pioneered by Keeling [37] is directly employed in this study, its
conceptual framework may be essential for interpreting CHs and CO; variability in the
central Mediterranean.

2. Materials and Methods

2.1. GHGs Observation
2.1.1. Sampling System

The POT station, located on a plain surrounded by low mountains in Southern Italy
(Tito, 40.60° N, 15.72° E, 760 m a.s.l.), is less than 150 km from the Mediterranean Sea’s
coasts in the west, south, and east directions. This strategic location places it within the
central Mediterranean Basin, approximately 560 km north of the African continent (5-SW
direction), and makes it an ideal site for studying Saharan dust [38,39]. The ICOS station is
equipped with a 104 m-high tower featuring three air intake levels at 10, 50 and 100 m, with
an advanced air sampling system. At the base of the tower, a climate-controlled shelter
houses an array of ICOS compliant instruments dedicated to monitoring greenhouse gases.

For isotopic measurements, the air is sampled at 100 m above ground level (a.g.l), to
reduce the influence of local sources [40], minimize the impact of soil respiration [41], and
ensure that the data are representative of regional atmospheric conditions. The air sampling
system begins with an EATON Synflex 1300 (EATON, Dublin, Ireland) tube with an outer
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diameter (OD) of 12 mm that extends from the 100 m intake point down to the shelter. The
tube connects to a KNF N 815 KTE (KNEF, Schenkon, Switzerland) flushing pump to ensure
efficient air transport. Inside the shelter, the sampling line transitions to an EATON Synflex
1300 tube with a reduced OD of 6 mm via Swagelok fittings. The air is filtered through
a first universal filter with a porosity of 2 um (M&C F2, Ratingen, Germany) to remove
particulates and a second in-line Swagelok filter with a porosity of 0.5 um (Swagelok, Solon,
OH, USA) prior to reaching the analyzer. Before analysis, gathered air is dried using a
Perma Pure MD 070-144 S-4 Nafion dryer (Perma Pure, Lakewood, NJ, USA) to ensure
moisture-free measurements. Ambient air is sampled with a flow rate of about 25 mL/min.

2.1.2. GHGs Instrumentation

For the purpose of this study, greenhouse gas measurements were performed using
a Picarro G2201-i (Santa Clara, CA, USA), operating in simultaneous CO,—-CH, mode.
This instrument enables continuous monitoring of mole fractions (ppm) of CO;, and CHy,
along with their respective carbon isotope ratios (§!3C-CO, and §!3C-CHy), referenced to
the VPDB standard [42,43]. The analyzer achieves a precision of <0.16%. for §!3C-CO,
and <1.15%o for §'3C-CH, in High Precision (HP) mode, which was selected based on the
observed CHy concentration range (1.8-12 ppm). The instrument performs one measure-
ment per second, allowing high-frequency data acquisition suitable for capturing fine-scale
atmospheric variability. CRDS technology, on which its operation is based, ensures reliable
and continuous measurements with minimal calibration needs [44]. However, maintaining
data quality requires strict control of key instrumental parameters. During operation, cavity
pressure is kept within 148 Torr, while cavity and warm box temperatures are maintained
within 30.003 °C of the 45 °C setpoint. These parameters are continuously monitored, and
deviations may indicate potential performance issues.

The dataset analyzed in this study is publicly available through the ITINERIS (Italian
Integrated Environmental Research Infrastructures System) HUB [45]. Data acquisition and
evaluation follow procedures described in Buono et al. [30]. In that work, the performance
and stability of the Picarro G2201-i analyzer were assessed by comparing its dry mole
fraction measurements with those obtained from a co-located Picarro G2401 (Santa Clara,
CA, USA). The comparison, based on 1015 h of overlapping observations, was performed
using the Bland & Altman method [46-48], confirming strong agreement between the two
instruments and validating the reliability of the G2201-i data throughout the observation
period. The isotopic dataset used in this study was collected during the initial operational
period of the G2201-i analyzer, for which we assume that the original factory calibration
remained valid throughout the measurement window. This assumption is partly supported
by the stability observed in the corresponding CO, and CHy4 concentration measurements.
Moreover, the focus of this work is on short-term variability, typically over timescales of a
few days. Any slow instrumental drift in the isotopic channels would therefore not affect
the representativeness of the observed patterns.

2.1.3. Isotopic Analysis

All data analyses were performed using R (version 4.4.2). To investigate temporal
variability in isotopic composition, all measurements of CHs and CO, were aggregated
using 10 min averages over the full observation period from 1 March to 10 April 2025. To
highlight broader patterns while preserving short-term fluctuations, a moving average
with a 36 h window (equivalent to 216 data points) was applied to the time series.

For the Keeling plot analysis, we used ordinary least squares linear regression, with
5 values regressed against the inverse of CO, concentration. The intercepts of these
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regressions were extracted as indicators of the isotopic signature of the dominant source. To
quantify the associated uncertainty, we calculated the standard deviation of the intercepts
obtained from the individual regression fits.

2.2. Aerosol Analysis

To assess the presence and evolution of Saharan dust intrusions, we integrated aerosol-
focused remote sensing observations, trajectory modelling, and in situ measurements.
Satellite monitoring relied on the Dust RGB (Red, Green, Blue) product available through
EUMETView [49], derived from infrared observations of the Meteosat Second Genera-
tion (MSG) [50] SEVIRI instrument (Airbus Defence and Space, Taufkirchen, Germany,
IR8.7, IR10.8, and IR12.0). The Dust RGB is a diagnostic false-colour composite in which
these three infrared channels are mapped to the red, green, and blue components of the
image. This combination enhances the thermal contrast between dust, clouds, and the
underlying surface, allowing airborne mineral dust to be visually identified as charac-
teristic pink-magenta areas. This RGB composite is specifically designed to track dust
storm dynamics both day and night, providing valuable insight into aerosol transport
pathways and atmospheric structure. Vertical information on aerosol layers was obtained
from ground-based active remote sensing. Vertical profiles of aerosol optical properties
and continuous high-resolution profiles (30 m, 10 s) of aerosol and cloud stratification
were analyzed using, respectively, lidar and ceilometer (CL51, Vaisala, Vantaa, Finland)
measurements performed within the ACTRIS (Aerosol, Clouds and Trace Gases Research
Infrastructure) framework [51] at the CIAO. These observations enabled a detailed charac-
terization of lofted aerosol layers during the dust events. Air mass origin and transport
pathways were investigated using NOAA HYSPLIT (Hybrid Single-Particle Lagrangian
Integrated Trajectory) backward trajectories [52,53], which supported the identification
of source regions and transport patterns associated with each intrusion. Finally, in situ
measurements from a nephelometer (Aurora 3000, Ecotech, Knoxfield, VIC, Australia) were
used to characterize the scattering properties of mineral dust aerosol, contributing to the
assessment of dust event intensity and temporal variability. The nephelometer measured
light scattering at three wavelengths (450, 525, and 635 nm), integrating the scattered signal
over angular ranges of 9-170° for total scattering and 90-170° for backscattering. Routine
calibration was performed using particle-free air for zero checks and CO, as the span gas.
The dataset was recorded at 1 min resolution, and hourly averages were subsequently cal-
culated. Corrections for truncation and non-Lambertian illumination effects were applied
following the methodology described by Muller et al. [54], and all corrections and hourly
averaging procedures were implemented using a dedicated Pyton 3.12 script.

3. Results
3.1. The Dust Event

Multiple observational methods confirmed the occurrence of Saharan dust intrusions,
revealing three closely spaced events on 10-12 March, 14-16 March, and 22-26 March. The
MSG SEVIRI Dust RGB product provided a clear overview of dust outbreaks over the
Italian peninsula on 10 March (Figure 1a), 14 March (Figure 1b), and 22 March (Figure 1c).

Complementary cloud remote sensing measurements from the CIAO revealed a
persistent aerosol layer on these days, as indicated by the target classification product
derived from Cloudnet algorithms (Figure 2a—c). Daily evolution plots are available via
the ACTRIS Cloudnet portal [55], offering further insight into the vertical structure and
persistence of the aerosol layers.
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Figure 1. MSG SEVIRI Dust RGB imagery showing the evolution of Saharan dust over the central
Mediterranean region. (a—c) correspond, respectively, to 10 March 2025 at 06:00 UTC, 14 March
2025 at 09:00 UTC, and 22 March 2025 at 12:00 UTC. In the Dust RGB, colours indicate different
atmospheric features: magenta—dust or ash clouds; black—cirrus clouds; dark red—thick, high
and cold ice clouds; yellow—thick mid-level clouds; dark blue—humid lower-level air; lilac—dry
lower-level air. Source: ©EUMETSAT [2025] [49].
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Figure 2. ACTRIS Cloudnet Target classification at Potenza observatory during three Saharan dust
episodes. (a—c) correspond, respectively, to 10 March 2025, 14 March 2025, and 22 March 2025.

These satellite-based and cloud-classification products provide a broad spatial and
temporal overview of dust transport across the Mediterranean region. To complement these
large-scale observations, ground-based lidar measurements from the ACTRIS/EARLINET
network [56] were examined. These measurements were acquired using the Potenza Lidar
for Particle Observation (POLPO) which operates at 355 nm, 532 nm and 1064 nm, at CIAO,
and is designed for continuous monitoring of aerosol layers. The vertical profiles of aerosol
optical properties measured on 15 March 2025 between 20:36 and 21:36 UTC (Figure 3a)
indicate the presence of dust-contaminated air masses within the planetary boundary
layer, as evidenced by depolarization ratios at 532 nm ranging between 0.1 and 0.2. The
lidar profiles acquired on 21 March 2025 between 20:19 and 21:14 UTC (Figure 3b) reveal
similar optical characteristics, confirming the presence of Saharan dust within the lower
troposphere. In this case, the dust layer is more vertically extended, with a pronounced
signal between an altitude of 2 and 3 km. The depolarization ratio at 532 nm exceeds 0.3
throughout this layer, indicating the dominance of pure mineral dust particles. Due to the
persistent rainfall during the analyzed period, most lidar observations were not available.
For this reason, all other days were excluded from analysis.
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Figure 3. Vertical profiles at 355 and 532 nm of particle backscattering coefficients, particle extinction
coefficients, particle depolarization ratio, particle lidar ratios, and extinction Angstrom exponents,
respectively, measured: (a) on 15 March 2025 in the time slot 20:3621:36 UTC; (b) on 21 March 2025 in
the time slot 20:19-21:14 UTC.

To trace the origin and transport pathways of the dust-laden air masses, NOAA
HYSPLIT trajectory analysis was performed for 10 March (Figure 4a), 14 March (Figure 4b),
and 22 March (Figure 4c). The trajectories indicate that the air masses originated from
North Africa, following distinct paths. During the first intrusion (10 March), air parcels
originated from central North Africa and traveled over Libya, Algeria, and Tunisia before
reaching southern Italy. The second event (14 March) was characterized by a more westerly
trajectory, with air masses primarily originating from Morocco and crossing the western
Mediterranean Basin. In the third event (22 March), the air parcels again passed through
Libya and Tunisia, with additional contributions from northern Europe, suggesting a more
complex and layered transport pattern.
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The nephelometer observations (Figure 5a) show a pronounced shift in the spectral
behavior of light scattering. Before the dust intrusion, the scattering coefficients exhibited
the characteristic pattern of fine aerosol, with osp (635 nm) < osp (525 nm) < osp (450 nm),
resulting in positive scattering Angstrom exponents (SAE) values around 1. During the
dust events, this ordering reversed: osp (635 nm) became the dominant wavelength,
driving the SAE to values well below 1 and reaching —0.5 (Figure 5b). Such an inversion is
characteristic of coarse mineral particles whose diameters are comparable to or larger than

the measurements of wavelengths, thereby enhancing scattering at longer wavelengths.
During the first event, a modest increase in osp at 635 nm between 10 and 12 March, relative
to pre-dust conditions, already points to the early arrival of coarse-mode particles. The
second event displays a sharper and more intense peak at longer wavelength between
14 and 16 March, pointing to a more concentrated intrusion. This episode is marked
by a sudden and pronounced increase in particulate concentration, producing a well-
defined scattering signal. In contrast, the third event shows a broader and more prolonged
enhancement in long-wavelength scattering, consistent with a prolonged dust presence
over the region from 22 to 26 March. The persistence of elevated scattering values indicates
a stable dust-laden air mass influencing the measurements over several days.

3.2. Temporal Variability of Isotopic Composition

Figure 6a,b present the evolution of §'3C-CH4 and CHy mole fractions, respectively.
The time series reveals several distinct phases, including periods of relative stability and
intervals marked by abrupt changes.

Figure 6a shows alternating enrichment and depletion in '*C-CH, values, with tran-
sitions almost aligned with the timing of Saharan dust intrusions (10-26 March). Figure 6b
shows the corresponding CH, mole fractions, characterized by an overall trend with lo-
calized fluctuations. A clear drop occurs during the first two dust intrusion events, which
exhibit very similar pattern.

128

https://doi.org/10.3390/environments13030145



Environments 2026, 13, 145

350

—— Scat_450
a —— Scat_525
—— Scat_635

300

200
150

100

Aerosol Light Scattering (Mm-?)

50

0

2o 2> 2> 2> 2o 2> 2o 2> 2o 2> 2> 2> 2> 2o o
no® n® o o no® o nd® o no® o no® n® no® o no®
1%\07-‘ 0»5\(3’5‘ 6\03\ 09\03‘ X’L‘Gb‘ f,\oﬂ \%\03\ 7}\0’5\ 1”03\ 7 el 30\03\ O,L\“M 6\°M Be\“n\ x\“M
2.0
15
1.0
<
Y s
0.0
= b
2° 2° 1° vl 0o 0o 2> 1> 1> 2° 1> vl 1> 2°
N\ N 0 0 N N N i\ S I\ N N a® i\ i\
1%\01_\ 03\03\ 0()\0—5\ 0‘3\0’5\ 1\0-5\ \"\0’5\ x%\&‘ ’,}\Qaﬂ' ’Lh\ez.\ y \@ﬂ ’50\03\ 01\00.\ 0‘)\Q&\ Qe\emﬂ Q\ouﬂ

Figure 5. Time series of (a) aerosol light scattering (Mm 1) and (b) the scattering Angstrém exponent
(SAE450-_635) measured by the Aurora 3000-Ecotech nephelometer during the study period. Shaded
intervals highlight the temporal windows dominated by coarse aerosol presence: 10-12 March, 14-16
March, and 22-26 March.

_42' a
_43.
_44.
S -45-
x
-46 1
o
O 47
)
O =48
-49
=50 - ’
_51.
D D D D D D D D D D D D D D D
U VR i G Rt Va rar ars
& S S E TS E T FE S S
TP EEFCLFFIFFLS SIS
PP EE R P PP NFNS

Figure 6. Cont.

129 https://doi.org/10.3390/environments13030145



Environments 2026, 13, 145

2.101

2.051

CHy4 (ppm)
N
8

1.95 1

Figure 6. 10 min blocks covering the period from 1 March to 10 April. The black lines represent
the 36 h moving average. Shaded intervals indicate three Saharan dust intrusion events: 10-12
March, 14-16 March, and 22-26 March. Figure (a) reports the High-Precision (HP) 513C-CH, values
(%0 VPDB), and figure (b) shows the corresponding CH, mole fractions (ppm).

Figure 7a,b illustrate the behavior of §!3C-CO, and CO, mole fractions, respectively.
The §'3C—-CO, time series shows a gradual increase over the observed period, as expected
during the early growing season, with a clear inflection occurring between 11 and 23
March. CO, mole fractions remain relatively stable overall, exhibiting only slight increases
beginning on 15 and again on 21 March.
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Figure 7. 10 min blocks covering the period from 1 March to 10 April. The black lines represent
the 36 h moving average. Shaded intervals indicate three Saharan dust intrusion events: 10-12
March, 14-16 March, and 22-26 March. Figure (a) reports the High Precision (HP) 513C- CO, values
(%0 VPDB), and figure (b) shows the corresponding CO, mole fractions (ppm).

Together, these four figures provide a comprehensive overview of the dynamics of
stable carbon isotopes and GHG concentrations before, during, and after the Saharan dust
events. The patterns observed will be further examined in the discussion section to explore
potential mechanisms and implications.

3.2.1. Keeling Plots of CO,

To investigate the isotopic behavior of atmospheric CO, during Saharan dust intru-
sions, Keeling plots [35] (Figure 8a—c) were constructed for three distinct time windows
corresponding to the periods with the highest R? values, in order to maximize the reliability
of the inferred source signature. Each plot represents a linear regression between §'3C-CO,
and the inverse of CO, concentration. The regression slopes and intercepts vary across the
three intervals, reflecting differences in the isotopic composition of CO, and its sources.
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Figure 8. Keeling plots of §'3C~CO; versus the inverse of CO, concentration 1/CO, for three distinct
Saharan dust intrusion periods, based on 10 min blocks: (a) 10-12 March, (b) 14-17 March, and
(c) 24-26 March 2025. The intercepts, shown with their standard deviations, indicate the isotopic
fingerprint of the emission source. The p-value associated with the regression is reported as p.

The first event (10-12 March) shows a relatively strong correlation (R% = 0.603), sug-
gesting a coherent isotopic signal. The second event (14-17 March) presents a slightly
lower R? (0.473), yet still indicates a consistent isotopic trend, possibly reflecting enhanced
heterogeneity in air mass composition. The third event (2426 March) exhibits the weakest
correlation (R? = 0.213), which may be attributed to more stratified transport regimes and
mixed air masses, as suggested by trajectory analysis.

3.2.2. Keeling Plots of CHy

To explore the isotopic behavior of atmospheric CHy during Saharan dust intrusions,
Keeling plots [36] (Figure 9a—c) were constructed for the same three time windows used in
the CO; analysis: 10-12 March, 14-17 March, and 24-26 March 2025. Each plot represents
a linear regression between 513C-CH, and the inverse of CH, concentration. The results
show a very weak correlation, with low R? values suggesting that CHy variability during
these events is influenced by multiple overlapping sources and does not conform to the
assumptions of a single-source mixing model. Nevertheless, the consistently very negative
intercepts fall within the characteristic range of biogenic CH,4, suggesting that background
CHy during the dust intrusions was dominated by biogenic emissions.
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Figure 9. Keeling plots of 513C—CHj versus the inverse of CHy4 concentration 1/CHy for three distinct
Saharan dust intrusion periods, based on 10 min blocks: (a) 10-12 March, (b) 14-17 March, and
(c) 24-26 March 2025. The p-value associated with the regression is reported as p.

4. Discussion

The integrated analysis, combining satellite and ground-based remote sensing obser-
vations, in situ aerosol optical measurements, air mass trajectory modeling, and continuous
monitoring of GHG stable isotopes, reveals a coherent link between Saharan dust intrusions
and perturbations in regional carbon dynamics. Although the temporal correspondence
between the dust intrusions and the observed isotopic shifts is evident, the alignment is
not perfectly synchronous. The physical presence of mineral aerosol and the chemical pro-
cesses influencing §'*C-CHy and §'3C-CO; can evolve on different timescales. Gas-phase
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oxidation may exhibit a time lag relative to the arrival of dust-laden air masses, and such
reactions can continue or intensify even after the peak aerosol load has passed, leading
to delayed isotopic responses. Additionally, part of this mismatch may arise from the
photochemical nature of these processes, which operate under sufficient solar radiation.
Consequently, the timing of isotopic changes along the air mass trajectory may carry addi-
tional uncertainty, reflecting the variable onset of photochemically driven reactions. In this
context, the shift toward less negative 5'°C-CHy values around 20 March likely reflects the
delayed and combined influence of two closely spaced Saharan dust intrusions. Although
the aerosol peaks occurred earlier, the associated changes in oxidative capacity can persist
and partially overlap, producing an integrated isotopic signal that does not coincide exactly
with the timing of maximum dust load.

In situ measurements of aerosol optical properties revealed a marked contribution from
coarse mineral particles, a defining feature of Saharan dust intrusions, indicating that the
sampled air masses were influenced by dust-laden conditions. The first and third episodes
were characterized by slightly enhanced scattering coefficients at longer wavelengths,
displaying less sharply defined peaks that suggest less intense dust plumes. In contrast,
the second intrusion exhibited a markedly higher scattering signal at longer wavelengths,
with a narrow and well-defined peak of short duration, indicative of a more concentrated
and intense dust transport episode. Enhancements in aerosol scattering were accompanied
by notable changes in particle size distribution, as reflected by the scattering Angstrom
exponent (SAE). During the first two events, SAE values approached zero, consistent
with the dominance of coarse mineral particles. In contrast, the third event showed a
less pronounced and more variable decrease in SAE, suggesting a more heterogeneous
aerosol composition. This interpretation is consistent with the back trajectory analysis:
while the first two intrusions were clearly linked to air masses originating from North
African source regions, the third event displayed a more complex transport pattern. In
this case, the air parcels travelled over Libya and Tunisia but also included contributions
from northern Europe, indicating the arrival of mixed and layered air masses during the
22 March intrusion. Such variability in aerosol origin may also help explain the different
isotopic response observed in §'3C-CH, during this period, as air parcels with distinct
source regions and transport histories can carry chemically diverse mixtures of dust and
reactive gases. Notably, the intense scattering peak observed on 14-16 March coincides
with the most pronounced subsequent enrichment in §'*C-CHj, which becomes evident
after 17 March. This temporal sequence suggests that the conditions associated with the
second intrusion were particularly conducive to promoting CH, isotopic fractionation.

Specifically, the observed decrease in CHs mole fractions accompanied by an enrich-
ment in §'*C-CHy points to isotopic fractionation likely driven by enhanced oxidative
reactions. In addition to this, diurnal variability provides further insight into the short-term
dynamics of the system. Previous work by Buono et al. [31] has characterized the expected
seasonal behaviour of CO, and 5'3C-CO, at the site, and over the period considered here
(1 March-20 April) both species exhibit patterns consistent with those established seasonal
cycles. For methane, the March diurnal cycle shows a more pronounced daytime decrease
in CHy mole fractions. In contrast, 5!3C-CH, in March remains systematically less negative
than in April, with this behaviour persisting throughout most of the month. These diur-
nal features, although not the primary focus of the present study, are consistent with the
interpretation that oxidation processes may modulate the observed isotopic signatures.

One plausible mechanism involves the catalytic role of Fe-rich mineral dust in gener-
ating reactive Cl radicals (Cle), which increases the oxidative capacity of the atmosphere
and preferentially removes lighter CH, isotopes. Simultaneously, a light increase in atmo-
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spheric CO, concentrations was observed during the dust events. This rise is plausibly
associated with a temporary reduction in photosynthetic activity caused by diminished
incoming solar radiation on the surface, itself a consequence of the elevated aerosol loads
documented from vertical profiles of aerosol optical properties over the observation period.
Correspondingly, §!3C~CO, values show a noticeable decline, consistent with reduced up-
take of 2CO, by plants. Since photosynthesis preferentially fixes the lighter isotope (12C),
diminished photosynthetic activity leads to less '>C being removed from the atmosphere.
As a result, the §'3C-CO, values temporarily decline, reflecting the transient decrease in
photosynthetic carbon uptake. Outside of dust intrusion periods (10-26 March 2025), the
§13C-CO;, trend displays a progressive increase, as illustrated in the corresponding figures,
which is consistent with the expected seasonal enhancement of photosynthetic activity
during this time of year [57].

To further investigate the isotopic source signatures associated with the dust-intrusion
periods, Keeling plots were generated for CO, and CHy across the three restricted time
windows. These analyses offer additional insight into mixing processes and potential
source contributions, influencing the observed isotopic variability. While the CO, Keeling
plots display clearer linear relationships, the CHy plots consistently show very weak cor-
relations, with low coefficients of determination. This contrast reflects the more complex
and regionally integrated atmospheric behavior of CHy, which rarely conforms to a simple
two-end-member mixing framework on which the Keeling plot approach relies [36]. More-
over, the markedly different atmospheric abundances of the two gases further contribute to
this divergence: CO; is over two orders of magnitude more abundant than CH,, meaning
that small measurement uncertainties propagate very differently. As a result, the CHy
Keeling plots are inherently more sensitive to noise and variability, reinforcing the weaker
and less interpretable linear relationships observed during the dust-intrusion periods.
Although the weak correlations observed in the CHy Keeling plots limit the robustness of
source apportionment, the consistently very negative intercepts remain compatible with
a predominantly biogenic CHy signature. This interpretation is also consistent with the
well-documented [58,59] association between Saharan dust and long-range transport of mi-
crobial and organic material, which may contribute to the complex mixture of bio-mineral
particles influencing the isotopic composition of the sampled air masses. The Keeling
intercepts obtained for CO; (—32.7%o, —28.5%0, and —26.8%o) fall within the typical range
of C3 ecosystem respiration [60] and indicate that, during the Saharan dust intrusions, the
isotopic signature of CO, was dominated by local biogenic sources. The dust intrusions
do not introduce a characteristic CO, isotopic signature of their own but instead modify
atmospheric mixing and surface processes, thereby influencing the apparent intercept.

Marteen et al. [19] proposed, also, that the MDSA mechanism plays a pivotal role in
regional-scale atmospheric chemistry, potentially driving ozone (O3) suppression, VOC
oxidation, secondary organic aerosol formation, and HCI production through heteroge-
neous reactions involving Cl. Furthermore, Bonasoni et al. [61] investigated the impact
of Saharan dust intrusions on tropospheric O3 levels at Mt. Cimone station in Northern
Italy. During 12 documented dust transport events between June and December 2000, they
observed a pronounced anticorrelation between coarse particle concentrations and surface
O3 mixing ratio. Specifically, southerly flows carrying mineral dust from North Africa
were associated with significant O3 reductions compared to background free-tropospheric
conditions. These findings suggest that elevated concentrations of mineral aerosol can
facilitate heterogeneous O3 destruction on particle surfaces, even at considerable distances
from the dust source regions.
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Taken together, the process-based hypothesis of Marteen et al. [18] and the observa-
tional evidence from Bonasoni et al. [61] provide a coherent framework for interpreting
the O3 depletion events observed at Mt. Cimone. In our study, the isotopic shifts in
CHy4 and CO; observed during Saharan dust intrusion further support the occurrence of
dust-induced chemical processing, likely involving Cl-mediated heterogeneous reactions
consistent with the MDSA mechanism. This convergence of chemical theory, observa-
tional data, and isotopic evidence reinforces the role of mineral dust as a key modulator of
tropospheric oxidizing capacity in the Mediterranean region.

5. Conclusions

This study provides preliminary evidence that Saharan dust intrusions can alter the
isotopic composition of atmospheric methane (CHy4) and carbon dioxide (CO,), although
through distinct and partly independent mechanisms. The combined analysis of aerosol
optical properties, air mass trajectories, and continuous isotopic measurements shows
that dust-laden air masses can affect regional carbon dynamics by modifying both the
physical environment and the chemical reactivity of the atmosphere. For CHy, the observed
decreases in CHy mole fractions accompanied by enrichments in §'3C-CH, during dust
events suggest enhanced isotopic fractionation. Although CH,4 Keeling plots did not yield
strong linear relationships, reflecting the complex, multi-source nature of atmospheric
CHy, the isotopic time series nonetheless indicates that dust intrusions can modulate CHy
isotopic composition. For CO;,, the temporary increases in CO, concentrations and con-
current declines in §!3C~CO, are consistent with a short-term reduction in photosynthetic
uptake driven by dust-induced radiative suppression. In contrast to CHy, CO, Keeling
plots displayed clearer mixing relationships, highlighting the stronger influence of local
processes on short-term CO, variability during dust events. Taken together, these findings
demonstrate that Saharan dust intrusions exert a measurable influence on the isotopic
composition of both CHy and CO;, acting through a combination of radiative, chemical,
and transport-related processes. Furthermore, the alignment with O3 depletion patterns
documented in previous studies reinforces the broader role of mineral dust in modulat-
ing tropospheric oxidative capacity across the Mediterranean basin. However, given the
complexity of the processes involved and the limited temporal resolution of the events
examined, these interpretations should be considered indicative rather than conclusive.
Future research should include extended observational campaigns and targeted in situ
chemical analyses to fully characterize the mechanisms driving aerosol-gas coupling and
their broader climatic implications.
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