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Abstract: Rainwater plays a key yet often underestimated role in the atmospheric
transport and deposition of environmental contaminants, contributing to the
dissemination of both traditional and emerging pollutants across urban, industrial,
and remote areas. For the first time, rainwater as an analytical matrix is
systematically addressed, providing a critical synthesis of the objectives, strategies,
and methodological approaches required for a comprehensive investigation of
atmospheric contamination mediated by precipitation. This review aims to provide a
comprehensive overview of the major classes of contaminants detected in rainwater
and to critically examine the analytical strategies currently employed for their
determination at trace and ultra-trace levels. The manuscript discusses the most widely
applied sample preparation techniques, with particular emphasis on solid-phase
extraction using polymeric and mixed-mode sorbents, alongside complementary
approaches such as liquid-liquid extraction, solid-phase microextraction, and treatments
of the particulate fraction. Instrumental methodologies based on gas chromatography
and high-performance liquid chromatography coupled with mass spectrometry are
presented as the gold standard for multiresidue analysis of organic pollutants, while
ion chromatography and ICP-MS are highlighted for inorganic and metal
contamination profiling. The review highlights current trends, methodological
strengths, and limitations in rainwater analysis. Overall, this work underscores the
importance of integrated and robust analytical approaches to achieve a comprehensive
assessment of rainwater contamination and identifies existing gaps in linking
analytical data with atmospheric processes, source attribution, and health risk
assessment, thereby reinforcing the relevance of rainwater monitoring in
environmental and public health studies.
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1. Introduction

In recent years, the issue of environmental contamination has attracted increasing attention from both the
scientific community and the public opinion. The presence of chemical pollutants in environmental matrices, such
as water, soil, air, and sediments, is now recognized as a serious global concern due to its direct impact on
ecosystems and human health [1]. While traditional sources of contamination, such as industrial effluents,
wastewater discharges, and stormwater runoff, have been extensively studied for their role in pollutant release and
transport, the role of rainwater as a potential carrier of atmospheric pollutants remains underexplored and warrants
further investigation [2]. Rainwater, in fact, plays a key role in the atmospheric transport of contaminants from
polluted urban and industrial areas to remote or relatively pristine environments [3-5], even at considerable
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distances [6,7]. The composition of precipitation is mainly determined by atmospheric conditions, specifically by
the type and concentration of both natural and anthropogenic pollutants present in the air. The amount and type of
precipitation, along with wind direction and cloud height, also influence the chemical composition of precipitation.
Through these processes, atmospheric pollutants are transported and deposited into water bodies and onto the
soil [8]. The different types of precipitation, including direct rainfall, throughfall, and stemflow, contribute in
varying ways to this transfer of pollutants. Throughfall, the portion of rainwater that passes through the forest
canopy, differs chemically from direct rainfall due to canopy exchange processes, as well as the dissolution and
washing off of aerosols and gaseous pollutants adsorbed onto leaves, branches, and bark [9]. Environmental
pollutants originate from human activities, including industrial production, intensive agriculture, urban expansion,
and the widespread use of synthetic materials and chemicals in everyday life, including sulfur, nitrogen, and carbon
compounds, soot, and solid particulate matter. In industrialized areas, these are joined by by-products of industrial
processes, incomplete combustion of fossil fuels, and typical emissions such as CO,, NH3, H>S, nitrogen and sulfur
oxides, heavy metals, and metal oxides [10]. Within the broad spectrum of environmental pollutants, in recent
years, increasing concern has been directed toward emerging contaminants (ECs), reflecting the intensification of
industrial production, agricultural practices, and the widespread use of synthetic chemicals [11]. In fact, ECs
include pesticides, hydrocarbons, and various synthetic chemicals such as pharmaceutical residues, personal care
products, endocrine-disrupting compounds, per- and polyfluoroalkyl substances (PFAS), microplastics [12],
nanoplastics, cosmetics, surfactants, cleaning agents, industrial chemicals, food additives, packaging materials,
metalloids, rare earth elements, nanomaterials, and even pathogens [13,14], whose environmental behavior,
persistence, and toxicological impacts remain only partially understood [4,14]. Many ECs exhibit high chemical
stability and resistance to degradation, enabling them to bioaccumulate and disperse over long distances, which
makes detection and control difficult. Despite their increasing occurrence, most are still not subject to mandatory
monitoring or disclosure in water supplies and wastewater systems. Their management is further complicated by
complex environmental behavior, persistence at trace or ultra-trace levels, and potential for long-range transport.
In addition, the absence of comprehensive regulations and the limited knowledge of their long-term impacts hinder
effective strategies to limit their spread and mitigate associated risks [14]. The growing global population is driving
a continuous increase in water demand for various human activities [8]. In regions with higher rainfall availability,
this demand can be partly addressed through rainwater harvesting (RWH), which is emerging as a sustainable
strategy to complement decentralized water supply systems and to provide drinking water even in remote
communities lacking centralized infrastructure [15,16]. However, the direct consumption of untreated rainwater is
discouraged, as precipitation can carry atmospheric pollutants and organic substances, while also being susceptible to
biological contamination from animals [17]. Moreover, rainwater may disseminate pathogens and antibiotic resistance
genes, highlighting the need for enhanced research and monitoring to fully assess its environmental implications.
Rainwater is generally regarded as a low-complexity environmental matrix, characterized by low organic
content and limited matrix interferences [13]. The analytical challenge, however, mainly arises from the need to
detect contaminants at ultra-trace levels, to perform multiresidue analyses, and to account for the wide diversity
of physicochemical properties exhibited by rainwater-borne pollutants [18]. One of the most critical and
analytically demanding aspects of such studies is the ability to provide a comprehensive snapshot of the
contamination spectrum affecting this environmental compartment [19,20]. In this context, solid-phase extraction
(SPE), particularly cartridge- or disk-based approaches employing polymeric sorbents with broad selectivity or
mixed-mode functionalities, represents the most widely adopted and effective pretreatment strategy, as it enables
high enrichment factors and simultaneous recovery of analytes spanning a wide polarity range. Complementary
techniques, such as liquid-liquid extraction (LLE), solid-phase microextraction (SPME), and selective treatments
of the particulate fraction are applied depending on the target analyte class, thereby allowing a more complete
characterization of both dissolved and particulate-associated contaminants in rainwater. Regarding instrumental
analysis, the techniques of choice are generally gas chromatography (GC) or high-performance liquid
chromatography (HPLC) coupled with mass spectrometry (MS). These hyphenated platforms are widely regarded
as the gold standard for multiresidue analysis at ultra-trace levels, owing to their high sensitivity, selectivity, and
robustness. lon chromatography (IC) remains highly relevant for the characterization of inorganic contaminants,
particularly heavy metals, and is frequently coupled with elemental analysis by inductively coupled plasma mass
spectrometry (ICP-MS) to define comprehensive metal contamination profiles. The interpretation of experimental
data remains the most critical aspect of rainwater analysis, particularly when the objective is to elucidate local
contamination sources and dispersion phenomena [4]. Integrated models capable of combining meteorological
processes with analytical contamination data and health risk assessment are still limited, highlighting a significant
gap in the comprehensive interpretation of rainwater monitoring results [13]. Understanding the complex dynamics
of atmospheric pollution, its deposition through precipitation, and its subsequent impacts is essential for
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developing effective strategies to safeguard both ecosystems and human health from both traditional and ECs. This
review provides a comprehensive overview of the major classes of environmental contaminants and the analytical
approaches available for their detection, with particular attention to organic pollutants in rainwater as an often-
overlooked pathway of transport and exposure. By examining current methodologies, recent innovations in sample
preparation, and their contribution to greener analytical practices, we aim to address key challenges and
environmental implications. Ultimately, this review emphasizes the critical role of rainwater monitoring in
advancing our understanding of contaminant cycling and assessing ecological risks.

2. Organic and Inorganic Contaminants in Rainfall
2.1. Volatile and Semi-Volatile Organic Compounds

Atmospheric organic contaminants can be distinguished by their sources, environmental behaviour, and
ecotoxicological impacts [21]. Among all, volatile and semi-volatile organic compounds (VOCs/SVOCs)
represent a major class of atmospheric contaminants due to their high mobility, diverse chemical nature, and
significant environmental and health implications [22]. This class encompasses a wide range of compounds,
including aliphatic and aromatic hydrocarbons (e.g., benzene, toluene, xylenes), halogenated hydrocarbons,
polycyclic aromatic hydrocarbons (PAHs), oxygenated species such as aldehydes, ketones, and carboxylic acids,
nitrogen-containing organics, phenols, and a variety of modern and legacy pesticides [23]. If VOCs are primarily
emitted through anthropogenic activities, including vehicle exhaust, industrial processes, solvent usage, residential
heating, and agricultural applications, SVOCs often originate from sources with lower volatility, such as surface
coatings, plastics, and combustion residues [24]. However, regardless of their origin, their persistence, fate, and
presence in rainwater strictly depend on the movement of air masses, climatic, seasonal, and daily variations, as
well as the amount of solar radiation that favors their degradation [25].

For instance, D. Yao et al. quantified the total VOCs (TVOCs) in Beijing city, China, during spring months,
detecting a TVOCs amount of 30.4 = 17.0 pg/m? [26]. The TVOCs composition was dominated by alkanes
(44.3%), followed by oxygenated VOCs (OVOCs) (17.4%), halogenated hydrocarbons (12.7%), aromatics (9.5%),
alkenes (8.2%), acetylene (5.3%), and carbon disulfide (2.5%). The authors observed that the relative proportion
of contaminants varied dramatically throughout the day, decreasing at night due to the reduction in human
activities. Furthermore, they revealed the non-negligible contribution of the air mass of nearby cities and provinces
to the total air mass composition over Beijing, highlighting how the movement of winds and air masses
dramatically influences air quality.

In another study, Shi et al. investigated VOC concentrations in Kunming, China during both the dry and wet
seasons, with particular focus on the rainy period [27]. Their findings showed that the environmental and health
implications of VOCs/SVOCs depend not only on air mass mobility but also on precipitation events. Specifically,
they reported that TVOCs concentrations during the rainy season were about 50% lower than in the dry season,
due to the washing effect of intense rainfall. Both processes, atmospheric transport and precipitation, facilitate the
displacement and deposition of contaminants into remote ecosystems, where they may accumulate in biota or enter
human use, thereby posing tangible risks to human health [28].

As previously mentioned, a representative class of substances belonging to VOCs/SVOC:s is represented by
PAHs. PAHs, characterized by fused aromatic rings, are environmentally concerning due to their persistence,
lipophilicity, and toxicological properties (mutagenic and carcinogenic) [29]. They are mainly produced by
incomplete combustion of organic matter, with anthropogenic sources, such as vehicle emissions, residential
heating, industrial processes, and waste incineration, representing the dominant contributors in urban and
industrialized areas [30]. Natural sources, including forest fires, volcanic eruptions, and diagenetic processes in
sediments, also contribute to atmospheric PAHs, but their relative contribution is typically lower in populated
areas [31]. Once released, their atmospheric behavior depends on molecular weight (MW): lighter PAHs (23 rings)
remain in the gas phase, while heavier ones (4—6 rings) adsorb onto particulate matter [32]. This partitioning
governs their transport and fate, as particle-bound PAHs can undergo long-range atmospheric dispersion and
deposit onto soils, waters, or snow through wet and dry deposition. Moreover, in the atmosphere they undergo
photolysis and oxidation (e.g., by OH radicals or ozone (O3)), leading to oxygenated derivatives and reactive
intermediates that impact both air quality and secondary organic aerosol (SOA) formation.

Mu e coworker investigated the presence of 16 PAHs in Yitong River water after continuous rainfall events [33],
detecting and quantifying 7 out of 16 PAHs especially with low MW, mainly composed of two to three rings, with
total concentrations ranging 279.19—756.37 ng/L. Likewise, Nguyen et al., in a similar study conducted in Ulsan,
South Korea, investigated the spatial distribution and temporal variation of PAHs observing how low MW are
frequently encountered dissolved in the precipitation wet fraction, while higher MW are generally adsorbed on
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particulate matter [34]. Additionally, they observed that during the hotter month of the year the dissolved fraction
increased due to the partial desorption of PAHs from the solid particles. Figure 1 schematically summarizes the
phase distribution of VOC and SVOC:s in atmosphere and their occurrence in precipitation events.

Gaseous Particles Particle-sorbed
pollutants pollutants
=* Rain —$ Rain

¢ Gas Exchange N
(Air-Water/Land) =+ Dry deposition

Figure 1. Schematic representation of the phase distribution of semivolatile pollutants and their occurrences in
atmospheric events.

Overall, PAHs illustrate how VOCs and SVOCs combine persistence, mobility, and reactivity, connecting
emission sources with atmospheric transport and transformation processes. Their tendency to partition between
gas and particle phases, undergo chemical reactions, and deposit into diverse environmental compartments
highlights the multiple pathways through which these compounds can accumulate, persist, and ultimately threaten
both ecosystem integrity and human health.

2.1.1 Oxygenated Volatile Organic Compounds

Once released into the atmosphere, VOCs undergo a variety of physical and chemical processes, including
oxidation and photolysis, giving rise to OVOCs. These compounds may have both primary and secondary origins:
primary OVOCs are directly emitted from biogenic and anthropogenic sources such as vegetation, biomass
burning, or fossil fuel combustion, whereas secondary OVOCs are predominantly formed through the atmospheric
oxidation of hydrocarbons by oxidants such as OH radicals, O3, and NO; radicals (Figure 2) [35,36]. Their
formation and transformation play a pivotal role in tropospheric chemistry, contributing to Oz generation, SOA
production, and ultimately affecting air quality and climate and participating in processes that lead to acidification
of precipitation [37]. Similar to VOCs/SVOC, OVOCs share chemical and physical properties such as partition
between the gas phase and particulate matter, volatility, and stability, which affect atmospheric transportation and
deposition [38]. Wet and dry deposition processes allow both local and regional dispersal, carrying these
compounds to soils, surface waters, and vegetation as reported by Pfannerstill et al. [39]. The authors monitored
the OVOC:s reactivity during rain events, discovering them as the main contributors to OH reactivity, with short-
term spikes driven by turbulence and possible re-volatilization from wet surfaces. Following precipitation, OH
reactivity decreased by ~30%, primarily due to wet deposition removing water-soluble OVOCs and reduced plant
emissions caused by lower temperature and irradiation [40].
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Figure 2. VOCs oxidation scheme and their contribution to O3 pollution and OVOCs generation.

2.2. Persistent Organic Pollutants

Persistent organic pollutants (POPs) are highly stable, lipophilic organic compounds that resist environmental
degradation and tend to bioaccumulate in living organisms, primarily emitted through anthropogenic activities [41].
POPs include polychlorinated biphenyls (PCBs), dioxins and furans (PCDD/Fs) [42] organophosphate esters
(OPEs), organochloride pesticides (OCPs) such as DDT and lindane, polybrominated diphenyl ethers (PBDEs),
and per- and PFAS. They are regulated under the Stockholm Convention, although the list of substances is
continuously being updated due to increasing anthropogenic activity [43]. Similarly to the previous class, they can
be transported over long distances by atmospheric events, reaching regions where they have never been produced
or used, such as the Arctic [44] and Antarctic [45]. Many POPs are semi-volatile, allowing them to cycle between
the gas phase and particle-bound phase which facilitates their global dispersion [46].

Luarte and coworkers demonstrate the important role of the low temperatures of Antarctica in the
environmental fate of POPs, repressing re-volatilization processes and favoring cold trapping, deposition which
limit any potential degradation [47]. In particular, they evaluated the atmospheric half life of some common POPs
estimating times following the order: 4,4 DDE (13.5 years) > 4,4’ DDD (12.8 years) > 4,4’ DDT (7.4 years) >
2,4' DDE (6.4 years) > 2,4' DDT (6.3 years) > a-HCH (6 years) > HCB (6 years) > y-HCH (4.2 years). While for
PCB congeners, they decreased in the following order: PCB 153 (7.6 years) > PCB 138 (6.5 years) > PCB 101
(4.7 years) > PCB 180 (4.6 years) > PCB 28 (4 years) > PCB 52 (3.7 years) > PCB 118 (3.6 years). Again,
atmospheric wet events such as rain or snow play a pivotal role in the scavenging of atmospheric contaminants
both adsorbed on particulates and in gas-phase. In particular, Figure 3 reports the meta-analyses conducted by
Cacas et al. which depicts the coefficient partition rain/particulate (logKrp) of some common POPs.
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Figure 3. Meta-analysis of rain-air particulate partition constants (Kre) for various families of organic pollutants.

The results shown are the mean and the standard deviation of logKrp (reproduced from [46]).

The value ranges from 2.6—11.5 with average value of 5.5 [46]. The highest values were observed for OPE
(2.7-6.6), PFAS (3.6-8.8), PCB (4.0-7.0) and some high MW PAHs. When comparing these values across
different environments, such as continental/urban versus coastal/open ocean regions, substantial differences were
noted, with lower values typically found in continental and urban areas. The rain/gas phase partition coefficient
(logKrg) assessed and found to be generally lower than logKgrp ranging from 1.1 to 9.6, with a mean value of 4.4,
and with higher value for high MW compounds. The authors also highlighted that precipitation scavenging, both
by snow and rain, can amplify POPs deposition to a similar extent [46]. However, snow deposition is restricted to
cold regions and/or winter periods, whereas rainfall occurs more broadly across seasons and climatic zones,
making it the dominant mechanism for POPs removal from the atmosphere.
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2.3. Inorganic Contaminants and Heavy Metals

Inorganic contaminants are worth mentioning as another critical component of atmospheric chemistry and
environmental pollution, as they exert significant influences on air quality, cloud microphysics, acid deposition,
and ecosystem health [48]. Among the most relevant species, the principal inorganic ions include nitrate (NO3"),
sulfate (SO427), and ammonium (NH4"). These ions are ubiquitous in atmospheric waters and aerosols, often
constituting a major fraction of fine particulate matter (PM,s) [47]. NO;™ is predominantly formed through the
atmospheric oxidation of nitrogen oxides (NO and NO;) emitted from fossil fuel combustion, vehicular traffic,
and biomass burning, while, SO4>" originates primarily from the oxidation of sulfur dioxide (SO,), which is
released during the combustion of coal and heavy oil, as well as from volcanic activity [49]. NH4", in contrast,
derives largely from agricultural sources, particularly volatilization of ammonia (NH3) from livestock manure,
synthetic fertilizers, and natural soil emissions [50]. The coexistence of these ions is strongly linked to the
formation of secondary inorganic aerosols, contributing to regional haze, reduced visibility, and atmospheric
acidity, which in turn affects precipitation chemistry and accelerates material degradation [S1]. In addition to ionic
species, heavy metals represent another common class of inorganic atmospheric contaminants with both soluble
and particulate-bound forms influencing their transport, deposition, and bioavailability. Key metals of concern
include lead (Pb), cadmium (Cd), zinc (Zn), copper (Cu), chromium (Cr), and mercury (Hg) [52]. These elements
originate from diverse natural and anthropogenic sources such as gasoline, industrial processes, battery recycling,
and metal smelting, fossil fuel combustion, metallurgical activities, waste incineration, and the abrasion of tires
and brake linings in urban environments. The physicochemical form of these metals is of particular importance:
water-soluble species exhibit higher mobility and ecological risk, as they can be readily incorporated into cloud
droplets and rainwater, enhancing deposition fluxes [53]. An additional dimension to the behavior of inorganic
contaminants in the atmosphere involves their interactions with organic compounds, which significantly influence
both their physicochemical properties and their environmental fate [54]. Adsorption processes facilitate the
attachment of inorganic species, particularly heavy metals (Pb, Cd, Zn, Cu, Cr, Hg), on organic aerosol surfaces.
This interaction alters both the solubility and reactivity of the metals: while hydrophilic organic coatings may
enhance dissolution and mobility, hydrophobic layers can stabilize metals in particulate form, extending their
atmospheric residence time [55]. Furthermore, functional groups present in organic compounds (e.g., carboxyl,
hydroxyl, phenolic groups) can act as chelating agents, forming stable metal-organic complexes that modify
deposition pathways and influence bioavailability upon entering aquatic or terrestrial ecosystems [45]. From a
deposition perspective, the coupling of inorganic and organic fractions in aerosols facilitates long-range
atmospheric transport, as organic coatings can shield reactive inorganic cores from rapid scavenging or
transformation. Once deposited, these mixed-phase particles contribute simultaneously to nutrient input (e.g.,
nitrogen and sulfur) and toxic metal contamination, exerting combined stress on [56]. This dual nature underscores
the importance of considering inorganic-organic interactions when assessing the environmental and health impacts
of atmospheric deposition. Particulate-bound metals, particularly those associated with fine and ultrafine particles,
have in addition extended human health implications on the respiratory system.

2.4. Emerging Polar Contaminants

According to the scientific literature, the term “emerging contaminants” (ECs) is defined as synthetic or
naturally occurring chemicals that are not commonly monitored in the environment, but have the potential to enter
it and cause known or suspected adverse ecological and/or human health effects [4]. ECs are now detected not
only in urban and agricultural areas but also in remote environments, reflecting intensified industrial production,
widespread agricultural chemical use, and the pervasive application of synthetic compounds. As a result, numerous
studies have investigated their occurrence, distribution, and analytical determination. ECs include a variety of
substances such as modern agrochemicals, pharmaceuticals, personal care products, and industrial chemicals. Due
to their chemical properties, ECs can reach all compartments, through their volatilization, aerosol formation or
diffusive exchange process in the case of the atmosphere, dry and wet deposition in the case of soil and aqueous
compartment, and through leaching and run off in the case of aqueous compartment [4]Additionally, many ECs
exhibit high chemical stability and resistance to degradation, enabling them to bioaccumulate and disperse over
long distances, which makes detection and control difficult. For example, Lee et al. [2] focused their attention on
26 emerging polar contaminants (EPCs) mainly associated with urban pollution sources in Northern Thailand. In
particular, the presence of pharmaceuticals, industrial compounds, and agrochemicals at rural and remote sites
suggested that rainfall may act as a vector for the long-range transport of these contaminants. To assess this
contribution, concentrations of EPCs in rainwater and throughfall were compared with those measured in surface
waters at remote locations. Among these, ten compounds were frequently detected. Notably, 4-nitrophenol showed
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the highest concentrations, with median values of 1431 ng L! in rainfall and 810 ng L™! in throughfall and
maximum concentrations exceeding 6.8 nug L™!. Caffeine was also ubiquitous, with median concentrations of
approximately 130-140 ng L' and detection frequencies up to 100%. tris(2-butoxyethyl) phosphate (TBEP) was
commonly detected, reaching maximum concentrations of about 290 ng L™!. Agrochemicals such as fenobucarb,
atrazine, and 2,4-D were observed less frequently, with maximum concentrations of 342, 95, and 74 ng L',
respectively, and median values often below detection limits. These results provide quantitative evidence that
atmospheric deposition via rainfall and throughfall represents a significant pathway for the dissemination of ECs
from urban and agricultural source regions to remote aquatic environments. Alonso et al. [57] investigated the
occurrence of the polar herbicides glyphosate (GLP) and atrazine (ATZ) in rainwater collected across agro-
productive areas of the Pampas region in Argentina, highlighting the role of atmospheric transport and wet
deposition in agricultural settings. Rainwater samples (n = 112) were collected throughout rainfall events at sites
characterized by different land uses and analyzed by LC-MS. Both GLP and ATZ were detected in more than 80%
of the rainwater samples, demonstrating substantial atmospheric transport and deposition in a region dominated
by intensive agriculture. Specifically, GLP exhibited median-to-maximum concentrations ranging from
approximately 1.24 to 67.3 ug L™! in rainwater, and ATZ ranged from about 0.22 to 26.9 ug L™'. The principal
metabolite of GLP, aminomethylphosphonic acid (AMPA), was also present in rainwater at lower frequencies
(~34% of samples) with concentrations between ~0.75 and 7.91 pug L', These detected levels indicate that rainfall
acts as an efficient wet deposition pathway for highly water-soluble herbicides, contributing significantly to their
environmental redistribution and surface loading in agricultural landscapes. An interesting approach is proposed
by Lamprea and colleagues [58]who demonstrated the ubiquitous presence of alkylphenols and bisphenol A (BPA)
in urban materials and their extractable character with water simulating rainfall contact and runoff. Their
experimental leaching tests demonstrated that BPA and nonylphenol (a representative alkylphenol) are
ubiquitously present in construction and automotive materials and can be mobilized when exposed to water. The
highest measured BPA emissions from materials such as polycarbonate, tires, and PVC ranged between
approximately 10 ng g 'and 300 ng g ' of material when leached with water. Nonylphenol was leached in
quantities of 1-10 ng g ' from diverse urban substrates. In automotive fluids analyzed separately, BPA
concentrations reached extremely high levels, up to 5.5 g L™! in brake fluid, while nonylphenol was found at
2.3-2.9 mg L™! in the same matrices. Although these fluid concentrations do not directly represent environmental
rainwater levels, they reflect the high loading potential of polar contaminants in urban systems, especially when
such fluids are washed off surfaces by rainfall and enter stormwater pathways. The study highlights how rain-
induced contact with urban infrastructure and vehicle components can contribute to the environmental release and
subsequent transport of EPCs like BPA and alkylphenols into runoff and receiving waters, reinforcing rain’s role
as a mediator of contaminant redistribution in urban landscapes.

3. Sample Management, Criticism in Analyses and Results Interpretation
3.1. Sample Collection, Management and Preservation

The accurate characterization of inorganic and organic compounds in precipitation critically depends on the
reliability of sampling methods and the rigorous implementation of contamination control protocols [59].
Rainwater collection is generally carried out using either wet-only collectors or bulk collectors [60]. Wet-only
collectors are automated systems that open exclusively during precipitation events, thereby minimizing
contamination from dry deposition and ensuring that the collected sample accurately reflects the chemical
composition of rainwater [61]. In contrast, bulk collectors remain open continuously, capturing both wet and dry
depositions. While this approach allows for the assessment of total atmospheric inputs, it also complicates the
interpretation of rain-specific processes. Advanced collectors often include temperature control and use inert
materials (e.g., Teflon, polyethylene) to minimize chemical interactions between the sample and container surfaces [62].
From an operational perspective, wet-only and bulk collectors differ substantially not only in terms of sample
representativeness, but also in the way sampling strategies can be implemented. Wet-only collectors, by opening
exclusively during precipitation events, provide samples that are more directly attributable to in-cloud and below-
cloud scavenging processes, thereby facilitating the interpretation of rainwater chemistry and source attribution.
These systems are particularly well suited for event-based sampling, where individual precipitation events are
collected and analyzed separately, as well as for fractional or first-flush approaches aimed at resolving intra-event
variability and the enhanced contribution of atmospheric pollutants during the initial stages of rainfall [63].
However, their reliance on automated sensors and moving components increases maintenance demand and
operational costs, especially in long-term monitoring programs. Bulk collectors, in contrast, offer a simpler and
more cost-effective setup, enabling continuous exposure and making them suitable for time-based sampling
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strategies (e.g., weekly or monthly integrations) commonly adopted in long-term deposition studies. Nevertheless,
the permanent exposure of bulk collectors to the atmosphere leads to the accumulation of dry deposition between
precipitation events, which is subsequently dissolved during rainfall, potentially resulting in elevated solute
concentrations and reduced specificity to rain-related processes. This phenomenon is particularly pronounced for
species predominantly associated with particulate matter or dry deposition, such as trace metals (e.g., Pb, Zn, Cu)
and ammonium, whose apparent concentrations in bulk samples tend to increase with longer integration times and
extended contact with collector surfaces [64]. In addition, prolonged sample residence times in bulk collectors
may promote physicochemical transformations, including adsorption-desorption processes, redox reactions, or pH-
driven speciation changes, which can further complicate data interpretation. Conversely, wet-only sampling is
generally more suitable for chemically reactive or less stable compounds, such as reduced nitrogen species and
low-molecular-weight organic acids, whose concentration may be affected by volatilization, microbial activity, or
photochemical degradation during extended exposure periods. As a result, differences between wet-only and bulk
datasets are often amplified under low-frequency sampling regimes, whereas high-frequency collection and strict
preservation protocols can partially mitigate these biases. Overall, the choice between wet-only and bulk sampling
approaches should therefore be guided not only by the distinction between wet and total atmospheric deposition,
but also by a critical evaluation of the chemical behavior, stability, and transformation potential of the target
contaminants in relation to the adopted sampling strategy [62].

The implementation of standardized protocols is then essential to ensure data comparability across
monitoring networks. These include specifications on collector design, sample volume requirements, and
procedures for handling events of low precipitation. To prevent contamination, strict precautions are implemented:
pre-cleaning of containers, immediate sample retrieval after precipitation events, and avoidance of direct handling
with non-sterile equipment. Particular attention is also given to minimizing contact with atmospheric dust, insects,
and plant debris, all of which may introduce trace metal or organic contaminants that could bias analytical results [65].
Field blanks and replicate sampling are often employed to evaluate background contamination and sampling
precision. Post-collection treatment and preservation of rainwater samples are critical for maintaining the integrity
of ionic and metallic constituents until laboratory analysis [66]. Given the low concentrations at which many
analytes occur, even minor alterations during storage can significantly affect the accuracy of results. Immediately
after collection, when necessary, samples are typically filtered (0.45 um or smaller pore size) to separate dissolved
and particulate fractions. With regard to filtration materials, careful selection is essential to prevent leaching or
adsorption of target analytes. Among the most commonly used membranes are those made of polycarbonate and
cellulose acetate.

Preservation strategies vary according to the analyte class. For cations and trace metals, acidification to pH <2
with ultrapure nitric acid is routinely applied to prevent precipitation, adsorption onto container walls, and microbial
activity [67]. In contrast, anions such as NO;~ and SO4>~ are generally stored without acidification to avoid chemical
transformation. NH4" requires particular attention as it is subject to volatilization and microbial conversion; therefore,
rapid cooling to 4 °C and prompt analysis are recommended [68]. When organic fractions are analyzed together with
inorganic species, freezing at —20 °C may be necessary to inhibit degradation processes [69,70].

Sample storage containers are commonly made of high-density polyethylene (HDPE) or Teflon to minimize
analyte loss through wall adsorption. Glass is generally avoided for trace metal analysis due to the risk of leaching
and adsorption [71]. Once stored, samples holding times prior to analysis should be kept to a minimum.
International guidelines, in fact, generally recommend analyzing samples within one to two weeks for ionic
species, and within a few days for more labile components such as NH4" or organic carbon [67,71]. When longer
storage is unavoidable, appropriate validation of stability, under chosen preservation conditions, must be
performed [72]. Rigorous documentation, including chain-of-custody forms, sample metadata (time, duration,
precipitation intensity, and meteorological conditions), and field notes on potential contamination events, is
indispensable to ensure the reliability and traceability of the dataset [73]. Proper treatment and preservation
practices not only safeguard the analytical accuracy but also enable robust interpretation of rainwater chemistry in
relation to atmospheric processes and pollutant sources.

3.2. Sample Pre-Tratment

Given the wide diversity of chemical structures and properties among these contaminants, no single analytical
approach can provide a universal solution [74]. Instead, tailored analytical strategies are required, combining careful
sample preparation, rigorous clean-up procedures, and reliable instrumental platforms with the analytical requirement.
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In the monitoring of precipitation, pre-concentration remains an essential step to reach analytical limits in the
ng/L or even sub-ng/L range, as required by recent European guidelines for the surveillance of emerging pollutants
in environmental waters [75]. Among extraction techniques, cartridge- or disk-based SPE remains the most widely
employed approach due to its high enrichment factor, reproducibility, and compatibility with automated workflows [76].
The use of polymeric sorbents with broad selectivity (e.g., Oasis HLB, Strata-X), ion-exchange materials, and
mixed sorbents enables efficient processing of large rainwater volumes and the simultaneous recovery of analytes
spanning a wide range of polarities [33,77]. Polymeric phases with balanced hydrophilic and lipophilic properties
are generally recommended for the retention of hydrophobic and moderately polar organic compounds, including
PAHs, combustion-derived compounds, and pesticides, through non-specific interactions. In parallel, ion-
exchange functionalities extend the applicability of the extraction to acidic and basic analytes, such as polar
pesticides, organic acids, and fluorinated compounds, while cation-exchange phases allow the enrichment of
dissolved trace metals. The combined use of these sorbents in mixed device, therefore, provides broad analytical
coverage and reduces the need for multiple, compound-specific extraction procedures when characterizing
rainwater contamination [78].

Alternatively, LLE remains a classical technique endorsed by European directives for hydrophobic and
SVOC contaminants, including pesticides and PAHs.

Regarding trace heavy metal analyses, sequential extraction procedures are commonly applied to particulate
matter to operationally discriminate metals associated with different solid-phase components. These approaches
rely on a series of selective extraction steps performed under controlled chemical conditions, such as neutral salt
solutions, weakly acidic buffers, reducing agents, and oxidizing reagents, to progressively release metals bound to
distinct particulate fractions [79].

As aresult, sequential extraction provides valuable information on metal partitioning, potential mobility, and
environmental availability, although the extracted fractions are operationally defined and do not necessarily
correspond to discrete chemical species [80].

Despite its simplicity, LLE often requires large amounts of solvent, offers limited selectivity, and performs
poorly for highly polar compounds [79,81] The total metal content however, can be determined on dry particulate
fraction collected from rainwater or atmospheric deposition samples. As metals are often strongly associated with
or embedded within particulate matrices, acid digestion is performed to solubilize particle-bound metals, most
frequently using nitric acid alone or in combination with oxidizing agents such as hydrogen peroxide [82].
Microwave-assisted (MAE) digestion is widely applied to enhance extraction efficiency, improve reproducibility,
and reduce contamination risks. In cases where particles contain significant mineral or silicate components, more
aggressive digestion mixtures may be employed to achieve near-total metal recovery [83].

Pressurized Liquid Extraction (PLE), is a more sustainable alternative to acid digestion employed for the
treatment of solid materials such as filters or particulate matter collected from precipitation samples. Non-polar to
moderately polar organic solvents such as hexane, dichloromethane, and acetone (or their mixtures like
hexane:acetone or dichloromethane:acetone) can be used to extract hydrophobic and semi-volatile organics
including PAHs, PCBs, pesticides, and other SVOC compounds. Polar solvents such as methanol, methanol-water
mixtures and water-based or chemically modified aqueous solutions are applied for more polar organic
contaminants to target labile metal fractions associated with particulate matter. Its high efficiency and reduced
extraction times make it a valuable complementary technique for assessing the extraction of both organic
contaminants, in a various range of polarity, and weak bonded metals from particulate fraction of atmospheric
deposition [84].

Although miniaturized extraction techniques such as dispersive micro-SPE, micro-LLE, and derivatized
SPME are increasingly being reported, their practical application in rainwater analysis remains limited. For volatile
and semi-volatile species, SPME provides a solvent-free and miniaturized option, allowing extraction directly
from the aqueous phase or headspace [85]. However, the limited capacity for analyte enrichment and sorbent-to-
sorbent variability restricts their use mainly to qualitative screening or exploratory studies [81]. Table 1 reports
some common extraction methods encountered in the literature applied for the enrichment of contaminants
detected in rainwater in the last 5 years in multiple investigations.
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Table 1. Representative examples of organic contaminants encountered in rainwater in different investigations.

Rainfall Event Detected Organic Sampling/Extraction Intrumentation Detected Concentration Reference
(Location) Contaminants Method (ng/L)
Thyfon rainfall Passive sampling/C18 0.34-15.3 (on three
(Changchun, China) PAHs, cartridge SPE GC-MS precipitation events) (331
Rainwater Passive sampling/Semi
(Isparta, Turkiye) OPCs, PAHs automated SP]_E system GC-MS 0.99-213 pg/L [78]
’ (C18 cartridge)
Rainfall Herbicides, fungicides Refrigerated collector/ GC-MS 0.5-170 (on multiple [79]
(Villiers-en-Bois, France ) and insecticides Stir-bar SPE seasonal events)
Rainfall NADP-NTN sampling
(Wisconsin, Upper Great PFAS protocol/SPE HPLC-MS/MS 0.7-6.1 [86]
Lakes Region, USA) (Oasis WAX cartridge)
Highway stormwater ~ Microplastics, additives, Glass flasks/ Oleo-extraction, Micro-FTIR 12825+ 157 to [12]
runoff (Treviso, Italy) plasticized, and polymers  purification, and filtration 96,425 + 430 micro-litters/L
Wet deposition flux:
Determination of wet Particulate
deposition flux PCDDs and PCDFs ~ Wet deposition samplet/PLE ~ GC-HRMS (2030 + 660 pg/m>-day) and  [42]
(Bursca, Turkiye) dissolved phase

(397 + 186 pg/m’-day)
Abbreviations: NADP-NTN: National Atmospheric Deposition Program—National Trends Sites.

3.3. Instrumental Analyses

At the detection stage, advanced instrumentation plays a pivotal role in environmental monitoring.
Chromatography, both gas (GC) and liquid (LC), coupled with MS systems remain the gold standards for organic
pollutant analysis, offering sensitivity and selectivity [86,87]. These techniques are widely adopted for both
targeted and non-targeted analyses, enabling the identification and quantification of a broad range of contaminants [88].
Compared to GC, LC provides broader applicability to polar and thermally labile compounds, whereas GC
generally offers higher chromatographic efficiency and robustness for volatile and semi-volatile analytes [89].
Among the criticisms, LC-MS is more susceptible to matrix effects and ion suppression, which can reduce
sensitivity and precision, especially in the analyses of polar analytes in complex environmental samples [76].
Additionally, the quantification of ECs may be constrained by the limited availability of reference standards,
resulting from the complex environmental transformations of the primary chemical species. The absence of
reference standards for many ECs can also limit structural confirmation and accurate quantification [90]. High-
resolution mass spectrometry (HRMS) has revolutionized the field through non-target screening, broadening the
analytical focus beyond known priority pollutants to include novel and unexpected compounds, while enabling the
study of atmospheric dynamics and contaminant transformations [91]. However, despite its remarkable
advantages, HRMS also poses significant challenges particularly in the interpretation of datasets which demands
advanced algorithms, integrated analytical workflows, and expert evaluation to extract authentic molecular
features from a multitude of artefacts and interferences [92]. For the quantification of inorganic constituents,
particularly trace and ultra-trace metals, ICP-MS remains a benchmark technique, offering outstanding sensitivity,
multi-element capability, and a broad linear dynamic range. In addition to its analytical versatility, [CP-MS enables
isotopic analysis and source tracing, providing valuable insights into geochemical processes and environmental
contamination pathways [93]. However, its performance can be affected by matrix-induced interferences, such as
space-charge effects or polyatomic ion formation in high-salt or complex matrices, which may compromise signal
accuracy and stability. Furthermore, the high operational costs, demanding maintenance requirements, and limited
applicability to organic species, often requiring chemical derivatization or coupling with chromatographic
separation, represent additional constraints [94].

IC is a robust and highly sensitive technique for the characterization of ionic contaminants in rainwater,
offering high sensitivity and selectivity for a broad range of target analytes. It is particularly suited for the
determination of major inorganic anions (e.g., ClI,, NO;~, NO;~, SO4*", PO4>), cations (e.g., NHs", Na*, K*, Ca?", Mg?"),
and low-molecular-weight organic acids such as formate (HCOO-) and acetate (CH3COO-), which are key
indicators of atmospheric processes and acid deposition [95]. When coupled with appropriate separation and
detection strategies, IC can also be applied to selected metal species, especially those present as soluble ionic
forms, although its capability for total heavy metal quantification remains limited compared to ICP-MS. The main
advantages of IC over ICP-MS include minimal sample preparation, lower operational costs, and the ability to
simultaneously resolve multiple anionic and cationic species while preserving their chemical speciation [95].
Conversely, ICP-MS provides superior sensitivity for trace and ultra-trace metals and broader elemental coverage
but lacks intrinsic speciation capability and requires more complex instrumentation and sample handling.
Accordingly, the integration of IC and ICP-MS provides complementary information on ionic speciation and trace
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metal abundance in rainwater, supporting both routine periodic monitoring and targeted investigations of
contamination events.

Parallel to these high-end tools, more accessible techniques, such as ultraviolet-visible (UV-Vis)
spectroscopy, fluorescence analysis [96], and electrochemical sensors [97,98], retain a crucial role in routine
monitoring, rapid screening, and portable field applications, where cost and practicality outweigh ultimate
sensitivity. These methods are particularly valuable for on-site assessments and real-time data acquisition.
However, they generally provide lower sensitivity and selectivity than mass spectrometric techniques and may be
influenced by interferences arising from the sample matrix.

In recent years, advances in environmental analytical science have promoted the adoption of integrated
methodologies that go beyond bulk chemical measurements, incorporating particle-level techniques such as
SEM-EDS and particle size analysis, together with atmospheric back-trajectory modeling. These approaches,
increasingly applied in recent published studies, have improved the ability to link rainwater composition to local,
regional, and long-range transport processes.

Several studies have demonstrated the effectiveness of combining sequential rainwater sampling, particle-
level characterization techniques, and atmospheric back-trajectory modeling to elucidate the sources and transport
pathways of contaminants deposited via precipitation. In this context, Berberler et al. [99] investigated sequential
rain events in Bartin (Turkey), focusing on water-insoluble particulate matter together with major inorganic
species. Rainwater samples were analyzed for pH and water-soluble ions (F~, CI-, NO;~, SO4*, PO4*", Na*, K*,
NH,*, Mg?", Ca?"), while insoluble particles were individually characterized using particle size distribution
analysis and SEM-EDS. Particle sizes ranged from sub-micrometric to several hundred micrometers, and SEM-
EDS revealed a heterogeneous mixture dominated by mineral dust particles (Si-, Al-, Ca-rich) and anthropogenic
components containing Fe and Zn. By integrating these results with HYSPLIT backward trajectory analysis, the
authors showed that long-range air masses contributed predominantly crustal and industrial particles, whereas
locally influenced trajectories were associated with traffic- and construction-related sources, highlighting the
importance of trajectory modeling for source apportionment beyond bulk chemistry.

Building on a similar experimental framework, Kilic and Kilic [78] extended this approach to sequential
rainwater samples collected in Antalya (Turkey), combining SEM-EDS, particle size analysis, ion
chromatography, and ICP-MS to characterize both insoluble and dissolved fractions. Particle size distributions
covered a wide range, with maximum diameters reaching approximately 1500 pm, indicating efficient scavenging
of coarse atmospheric particles during rainfall. SEM-EDS analyses again identified dominant Ca- and Si-rich
mineral particles, alongside Fe- and Ti-bearing anthropogenic particles. The application of HYSPLIT back
trajectories allowed the authors to associate enhanced coarse-particle deposition with continental and desert-
influenced air masses, while marine trajectories were reflected by increased Na" and CI™ concentrations in
rainwater. This study further demonstrated how coupling single-particle analysis with trajectory modeling can
disentangle the relative contributions of local, regional, and long-range sources to rainwater composition.

While the first two studies primarily addressed inorganic and particulate phases, Kilic and Pamukoglu [100]
applied a comparable sequential sampling and modeling strategy to investigate organic contaminants in rainwater,
focusing on 16 PAHs and 50 OCPs in Isparta Province. Following automated SPE, analytes were quantified by
GC-MS, revealing widespread contamination. PAH concentrations spanned more than two orders of magnitude,
from approximately 0.99 pg L' for high MW compounds such as benzo[k]fluoranthene to 213 ug L' for
phenanthrene, indicating strong combustion-related inputs. Several legacy OCPs, including chlordecone and DDT
derivatives, were also detected, confirming their atmospheric persistence. Importantly, HYSPLIT backward
trajectory analysis linked elevated concentrations of both PAHs and OCPs to air masses originating from industrial
and agricultural regions, providing clear evidence that long-range atmospheric transport significantly contributes
to the wet deposition of organic pollutants.

Taken together, these studies demonstrate that the integration of SEM-based single-particle characterization,
particle size analysis, targeted chemical measurements, and HYSPLIT trajectory modeling represents a robust and
complementary approach for investigating the origin, transport, and deposition mechanisms of both particulate
and molecular contaminants in rainwater.

3.4. Data Interpretation

The evolving landscape of environmental analytical chemistry reflects its intrinsically dynamic nature. The
continuous emergence of new contaminants, increasingly stringent regulatory requirements, and ongoing advances
in analytical instrumentation collectively underscore the need for flexible and adaptable methodologies [101]. In
parallel, the interpretation of increasingly complex datasets has been substantially strengthened by the application
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of chemometric approaches and, more recently, machine learning algorithms. These tools enable advanced pattern
recognition, source apportionment, and risk prioritization, and are no longer merely ancillary techniques but have
become integral to the transformation of raw analytical data into meaningful environmental knowledge [102].

Within this context, recent developments in sample preparation, chromatographic separation, and mass
spectrometric detection have significantly enhanced our ability to resolve and quantify the chemical complexity
of atmospheric precipitation [103]. Of particular importance is the integration of non-target screening strategies,
which has enabled the identification of transformation products, emerging contaminants (ECs), and chemical
fingerprints that would otherwise remain undetected. This has fundamentally reshaped our understanding of
atmospheric deposition, highlighting its dual role as both a sink and a vector in pollutant cycling [104]. Beyond
their analytical relevance, these methodological advances provide essential evidence for source tracing, assessment
of ecological and human exposure pathways, and the development of science-based regulatory frameworks.
Consequently, progress in environmental analysis should be regarded not only as a technical achievement but as a
cornerstone of effective environmental protection and sustainable policy.

The composition of rainwater contamination varies markedly across geographical regions and is largely
governed by the nature of local emission sources, atmospheric transport processes driven by wind patterns, and
the frequency and intensity of precipitation events. A fundamental distinction can be drawn between light, highly
mobile species, such as small inorganic ions, and heavier organic compounds. The former tend to persist longer in
the atmosphere and are therefore more susceptible to long-range transport, whereas the latter are more readily
removed through wet and dry deposition and are typically detected in closer proximity to their emission sources [105].

At the global scale, extensive research has focused on nitrate- and sulfur-containing species in wet deposition,
as these compounds constitute major contributors to rainwater contamination in urban environments. Emissions
from domestic heating, vehicular traffic, and industrial activities are widely recognized as the primary sources of
oxidized nitrogen and sulfur species in cities, frequently resulting in acidic precipitation. A long-term study
conducted over more than 18 years in Mexico City revealed pronounced spatial and temporal gradients in rainwater
chemistry, with central urban areas consistently exhibiting lower pH values and higher concentrations of acidic
components compared to peripheral zones [106].

Conversely, rainwater collected in proximity to rural and agricultural areas often shows elevated levels of
reduced nitrogen species, particularly ammonium, as well as increased concentrations of sodium and calcium ions.
These latter components are commonly associated with soil resuspension and land-use practices [107].
Agricultural influence is further evidenced by the presence of pesticide active substances in precipitation.
However, the atmospheric occurrence and subsequent incorporation of pesticides and other plant protection
products into rainwater are generally restricted in both time and space. Detectable concentrations are typically
limited to regions characterized by intensive agricultural activity and coincide with periods of peak application.
This behavior is largely governed by the physicochemical properties of these compounds, as their relatively high
molecular weight and low volatility promote rapid deposition, while the amounts scavenged by rainwater remain
low. These patterns are clearly illustrated by the study of Scheyer et al., which examined pesticide distributions in
rainwater from adjacent rural and urban areas, demonstrating a strong dependence on local usage practices [108].

More broadly, the presence of contaminants in precipitation reflects the spatial and temporal distribution of
chemical species in the atmosphere. Seasonal variability plays a particularly important role, as demonstrated by
Mullaugh et al. [109], who showed that the occurrence of volatile organic compounds (VOCs) in wet deposition
over Wilmington, North Carolina (USA), is strongly influenced by seasonal emission dynamics and
meteorological conditions. Taken together, these findings support the use of rainwater as a valuable environmental
matrix for investigating the transport, persistence, and removal of atmospheric contaminants. The analysis of wet
deposition therefore provides critical insights into source contributions, atmospheric processing, and the relative
roles of local and long-range transport for both inorganic and organic pollutants.

4. Conclusions and Perspectives

Rainwater represents a dynamic sink and transfer pathway for a wide spectrum of atmospheric contaminants,
ranging from VOCs and SVOCs to PAHs and POPs such as PCBs, OCPs, dioxins, brominated flame retardants,
and per- and PFAS. These pollutants are released into the atmosphere through combustion processes, industrial
activities, volatilization from soils and waters, and long-range transport. Once in the atmosphere, they undergo a
range of physicochemical transformations, including oxidation, photolysis, and SOA formation, which influence
their reactivity, solubility, and phase partitioning. Their subsequent removal occurs predominantly through wet
deposition, by both in-cloud scavenging and below-cloud washout, processes whose efficiency depends on the
physicochemical properties of the compounds as well as on meteorological factors such as rainfall intensity,
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droplet size distribution, and the trajectory of air masses. Intense rainfall events play a particularly important role
in the transfer of contaminants from the atmosphere to terrestrial and aquatic environments. During episodes of
heavy precipitation, both dissolved and particle-bound compounds are scavenged more efficiently, producing
sudden pulses of contaminant input to receiving waters and soils. Several studies have shown that atmospheric
concentrations of PAHs and related combustion products drop sharply during rainfall maxima, reflecting rapid
removal, while deposition fluxes in rainwater increase by orders of magnitude compared with dry periods. These
events can also promote the mobilization of oxygenated and nitrated PAH derivatives, which are often more toxic
and bioavailable than their parent compounds, highlighting the ecological relevance of rainfall-driven deposition.
However, the magnitude of these fluxes is highly variable, depending not only on precipitation characteristics but
also on local emission sources and the chemical history of air masses, underscoring the need for monitoring
strategies capable of capturing both long-term trends and event-based dynamics. Despite substantial advances,
important gaps remain in the literature. Most investigations have focused on legacy pollutants such as PAHs,
PCBs, and OCPs, while ECs, including PFAS, pharmaceuticals, personal care products, and novel flame
retardants, have rarely been addressed in the context of rainwater. Their distinct physicochemical behavior,
particularly polarity and persistence, calls for adapted sampling and analytical strategies. Moreover, very little is
known about the role of convective storms and thunderstorms, despite their potential to significantly enhance
deposition through strong updrafts, intense precipitation, and high electrical activity. The lack of systematic data
on these processes limits our ability to predict contaminant fluxes in a changing climate, where extreme
precipitation events are expected to increase in frequency and intensity. Addressing these knowledge gaps will
require targeted monitoring campaigns, advanced analytical methods for ultra-trace detection, and closer
integration of atmospheric chemistry, hydrology, and environmental sciences to fully understand the role of
rainwater in the cycling and redistribution of organic pollutants.
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