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6  Abstract 
 

1. Abstract 

Pesticides are a group of chemicals used to prevent crops from pests, diseases, and weeds. They are 

widely applied in conventional agriculture. During or after application, they can be emitted into the 

atmosphere due to spray drift, volatilization or wind erosion. There, they can be transported by the 

wind over long distances and be deposited in regions far away from their sources. Organochlorine 

pesticides (OCPs) have been banned or restricted since the 1970s due to their persistence, 

bioaccumulation, toxicity, and long-range transport potential. Therefore, so-called currently used 

pesticides (CUPs) received more attention and replaced and complemented the restricted OCPs. 

However, the environmental occurrence and fate as well as potential adverse effects on human health 

or the environment are mostly unknown for these CUPs. In addition, studies on airborne pesticides had 

only covered a small number of CUPs and a high number of them is not monitored in the atmosphere. 

This raises the question, to what extent CUPs can be distributed and transported in the atmosphere. 

This thesis aimed at identifying and quantifying currently used pesticides and transformation products 

(TPs) that are of relevance in the atmosphere across agricultural areas in Europe as well as their 

potential long-range transport to the marine atmosphere of the Atlantic Ocean. In addition, potential 

adverse human health effects were evaluated based on measured concentrations and calculated Daily 

Inhalation Rates (DIRs). 

To achieve these aims, analytical methods for the determination of 329 OCPs, CUPs and TPs in the 

particulate and gaseous air phase were developed, optimized, and validated. The instrumental analysis 

was performed on a liquid chromatograph coupled to a time-of-flight mass spectrometer (LC-QTOF) 

and a gas chromatograph coupled to a triple quadrupole mass spectrometer (GC-QqQ). Different 

extraction methods were compared for the extraction of glass-fibre filters (GFFs, particle-bound 

pesticides) and PUF/XAD-2 columns (gaseous pesticides). GFFs were extracted using a Quick, Easy, 

Cheap, Effective, Rugged and Safe (QuEChERS) extraction with Milli-Q water/acetonitrile (1:2). 

PUF/XAD-2 columns were extracted using a cold-column extraction for air samples from agricultural 

areas. For the extraction of air samples from the Atlantic Ocean, the extraction method for the 

PUF/XAD-2 columns was further optimized to reduce matrix effects and method detection limits. A 

QuEChERS-like extraction was used for these samples. Method detection limits were in the pg/m³ range 

for both, particle-bound and gaseous pesticides. Therefore, the method was suitable for the 

determination of pesticides in higher concentrations across agricultural areas as well as background 

concentrations in the marine atmosphere. Samples were collected using high-volume air samplers 

(HVAS) equipped with GFFs and PUF/XAD-2 columns at two agricultural areas in Europe (Portugal and 



Abstract  7 
 

the Netherlands) within the European Union (EU) funded project SPRINT and on board the research 

vessel Polarstern on a cruise between South America and Europe in 2023.  

99 different pesticides and transformation products were detected in the air across agricultural areas 

in Europe in the pg/m³ to ng/m³ range. 11 of these were detected in the atmosphere for the first time. 

In 95 % of the air samples, multiple pesticides were detected with a maximum number of 34 pesticides 

per sample. To investigate potential human health effects, DIRs were calculated for individual pesticides 

and pesticide mixtures. DIRs were below the Acceptable Daily Intake (ADI) with a margin of exposure 

(MOE) of > 1000 for the highest calculated DIR. However, the ADI only includes the intake by food and 

drinking water and does not include the intake by inhalation. As 91 % of the detected pesticides were 

associated with potential adverse health effects, the intake via different routes could sum up for 

individual pesticides or pesticide mixtures and thereby potentially cause human health effects. 

In addition, 22 pesticides were detected in the air across the Atlantic Ocean in the pg/m³ range. 15 

CUPs and 4 TPs were found for the first time in the marine atmosphere across the Atlantic Ocean. Most 

of these compounds have calculated atmospheric half-lives below two days, which is why they have 

not been expected to be transported over longer distances. However, for 12 CUPs and 4 TPs, first 

evidence could be given for a potential long-range transport. For the determination of potential 

sources, air mass back trajectories were calculated. For most samples, an influence of marine air 

masses was found. Higher pesticide concentrations in the northern hemisphere compared to the 

southern hemisphere were found to occur from air masses originating from agricultural areas in 

Europe. 

The results from the air samples from agricultural areas as well as from the Atlantic Ocean reveal that 

CUPs are present in the atmosphere and can potentially undergo long-range transport. This data is 

important to feed and validate environmental fate and exposure models to investigate potential 

adverse effects of CUPs and their TPs. In addition, the results highlight the need for further atmospheric 

pesticide studies that cover a high number of compounds in remote areas to gain more information on 

their atmospheric transport potential. For this, future studies should also include suspect or non-target 

screening using high-resolution mass spectrometers to identify pesticides of potential concern and to 

include the >2000 active substances currently registered for use worldwide.  
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2. Zusammenfassung 

Pestizide sind Chemikalien, die zum Schutz von Pflanzen vor Schädlingen und Krankheiten eingesetzt 

werden. Sie sind in der konventionellen Landwirtschaft weit verbreitet und können während oder nach 

der Anwendung durch Sprühdrift, Verdampfung oder Winderosion in die Atmosphäre gelangen. In der 

Atmosphäre können sie mit dem Wind transportiert werden und sich in Regionen weit entfernt von 

ihrer Quelle ablagern. Organochlorpestizide (OCP) wurden seit den 1970er Jahren aufgrund ihrer 

Persistenz, Bioakkumulation, Toxizität und ihres Potenzials zum Langstreckentransport verboten oder 

eingeschränkt. Dadurch wurden die derzeit verwendeten Pestizide (currently used pesticides, CUPs) 

relevanter und ersetzten bzw. ergänzten die reglementierten OCPs. Das Vorkommen und der Verbleib 

in der Umwelt, sowie die potentiellen schädlichen Auswirkungen auf die menschliche Gesundheit oder 

die Umwelt, sind für die meisten CUPs jedoch weitestgehend unbekannt. Darüber hinaus haben 

bisherige Studien zu Pestiziden in der Luft nur eine kleine Anzahl von CUPs abgedeckt. Eine große 

Anzahl an CUPs wurde in der Atmosphäre bisher kaum oder gar nicht untersucht. Dies wirft die Frage 

auf, inwieweit CUPs in der Atmosphäre verbleiben und über längere Strecken transportiert werden 

können. 

Ziel dieser Arbeit war es, derzeit verwendete Pestizide und Transformationsprodukte (TPs), die in 

landwirtschaftlichen Gebieten in Europa von Bedeutung sind, in der Atmosphäre zu identifizieren und 

zu quantifizieren. Zudem wurde untersucht, ob diese Substanzen in die Meeresatmosphäre des 

Atlantischen Ozeans transportiert werden. Darüber hinaus wurden basierend auf den gemessenen 

Konzentrationen und berechneten täglichen Inhalationsraten (DIRs) mögliche negative Auswirkungen 

auf die menschliche Gesundheit untersucht. 

Um diese Ziele zu erreichen, wurden zunächst Analysemethoden für die Bestimmung von 329 OCPs, 

CUPs und TPs in der partikulären und gasförmigen Phase der Luft entwickelt, optimiert und validiert. 

Die instrumentelle Analyse wurde zum einen mit einem Flüssigkeitschromatographen, gekoppelt mit 

einem Flugzeit-Massenspektrometer (LC-QTOF) und zum anderen mit einem Gaschromatographen, 

gekoppelt an ein Triple-Quadrupol-Massenspektrometer (GC-QqQ), durchgeführt. Für die Extraktion 

von Glasfaserfiltern (GFFs, partikelgebundene Pestizide) und PUF/XAD-2-Säulen (gasförmige Pestizide) 

wurden unterschiedliche Extraktionsmethoden verglichen. Die GFFs wurden mittels einer Quick, Easy, 

Cheap, Effective, Rugged and Safe (QuEChERS)-Extraktion mit Milli-Q Wasser/Acetonitril (1:2) 

extrahiert. Bei den PUF/XAD-2-Säulen wurde eine Kaltextraktion für die Luftproben, die in 

landwirtschaftlichen Gebieten in Europa genommen wurden, verwendet. Für die Extraktion von 

Luftproben über dem Atlantischen Ozean wurde die Extraktionsmethode für die PUF/XAD-2-Säulen 

weiter optimiert, um Matrixeffekte und die Nachweisgrenzen der Methode zu verringern. Diese Proben 

wurden mit einer auf QuEChERS basierenden Methode extrahiert. Die Nachweisgrenzen der Methode 
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lagen sowohl für partikelgebundene als auch für gasförmige Pestizide im pg/m³-Bereich. Daher ist die 

entwickelte Methode sowohl für die Bestimmung von Pestiziden in höheren Konzentrationen in 

landwirtschaftlichen Gebieten als auch für die Untersuchung von Hintergrundkonzentrationen in der 

Meeresatmosphäre geeignet. Die Proben wurden im Rahmen des von der Europäischen Union (EU) 

finanzierten Projekts SPRINT an zwei landwirtschaftlichen Standorten in Europa (Portugal und den 

Niederlanden), sowie an Bord des Forschungsschiffs Polarstern auf einer Seereise zwischen Südamerika 

und Europa mit Hilfe großvolumiger Luftsammler genommen.  

99 unterschiedliche Pestizide und Transformationsprodukte wurden in der Luft in den untersuchten 

landwirtschaftlichen Gebieten in Europa im pg/m³ bis ng/m³-Bereich nachgewiesen. 11 dieser 

Substanzen konnten zum ersten Mal in der Luft nachgewiesen werden. In 95 % der Luftproben wurden 

mehrere Pestizide nachgewiesen, wobei die maximale Anzahl an Pestiziden pro Probe bei 34 Pestiziden 

lag. Um mögliche Auswirkungen auf die menschliche Gesundheit zu untersuchen, wurden die DIRs für 

einzelne Pestizide sowie Pestizidmischungen berechnet. Die DIRs lagen unter der zulässigen täglichen 

Aufnahmemenge (ADI), wobei die höchste berechnete DIR einen Margin of Exposure (MOE) von > 1000 

aufwies. Der ADI-Wert umfasst jedoch nur die Aufnahme über Lebensmittel und Trinkwasser. Eine 

Aufnahme durch Inhalation ist hingegen in diesem Wert nicht berücksichtigt. Da 91 % der 

nachgewiesenen Pestizide mit potenziell gesundheitsschädlichen Effekten in Verbindung gebracht 

wurden, könnte sich die Aufnahme über verschiedene Wege für einzelne Pestizide oder 

Pestizidmischungen summieren und sich dadurch potenziell auf die menschliche Gesundheit 

auswirken. 

Zudem wurden 22 Pestizide in der Luft über dem Atlantischen Ozean im pg/m³-Bereich nachgewiesen. 

15 CUPs und 4 TPs wurden zum ersten Mal in der Meeresatmosphäre über dem Atlantischen Ozean 

gefunden. Die meisten dieser Verbindungen besitzen eine berechnete atmosphärische Halbwertszeit 

von weniger als 2 Tagen, weshalb ein Langstreckentransport für diese Substanzen nicht erwartet 

wurde. Für 12 CUPs und 4 TPs konnten jedoch erste Hinweise auf einen möglichen 

Langstreckentransport gefunden werden. Um mögliche Quellen der gefundenen Pestizide zu 

bestimmen, wurden Rückwärtstrajektorien berechnet. Diese ergaben für einen Großteil der Proben 

einen Einfluss durch marine Luftmassen. Zudem wurden höhere Pestizidkonzentrationen auf der 

Nordhalbkugel im Vergleich zur Südhalbkugel gefunden, welche durch einen Einfluss der Luftmassen 

aus landwirtschaftlichen Gebieten in Europa stammen können. 

Die Ergebnisse der Luftproben aus landwirtschaftlichen Gebieten und dem Atlantischen Ozean zeigen, 

dass CUPs in der Atmosphäre präsent sind und potenziell über lange Strecken transportiert werden 

können. Diese Daten sind wichtig, um Schadstoffausbreitungsmodelle und Expositionsmodelle zu 

speisen und zu validieren. Damit können potenziell schädliche Auswirkungen von CUPs und ihren TPs 
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weiter untersucht werden. Zudem zeigen die Ergebnisse, dass weitere Studien zu Pestiziden in der Luft 

erforderlich sind, die eine große Anzahl an Pestiziden in abgelegenen Gebieten untersuchen. Dadurch 

können mehr Informationen über ihren potenziellen Langstreckentransport erhalten werden. Hierzu 

sollten künftige Studien auch Suspect oder Non-target Screening mittels hochauflösender 

Massenspektrometrie nutzen. Damit könnten potenziell bedenkliche Pestizide oder 

Transformationsprodukte aus den mehr als 2000 weltweit für die Verwendung registrierten Substanzen 

identifiziert werden. 
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3. Introduction 

Pesticides are substances used to prevent crops from pests or diseases. They have been extensively 

used in agriculture with increasing quantities and number of compounds applied on fields over the last 

decades, reaching 3.70 million metric tons of global pesticide use in 2022 [1]. Rising temperatures due 

to climate change are expected to further increase the application of pesticides in the future due to 

increasing volatilization rates, degradation, and an increasing number of different pests [2, 3]. In the 

past, adverse effects of pesticides on the environment [4-7] and on human health [8-11] as well as 

decreasing biodiversity due to pesticide use [12, 13] have been reported.   

Pesticides are classified according to their mode of action and the organisms on which the action is 

performed. The main pesticide groups are insecticides, herbicides, and fungicides. Organochlorine 

pesticides (OCPs), such as the insecticide dichlorodiphenyltrichloroethane (DDT, Figure 1a) or the 

fungicide hexachlorobenzene (HCB, Figure 1b) have been extensively investigated and regulated. They 

have been detected in the atmosphere for the first time in the 1960s [14]. Since then, they have been 

detected in areas where they never had been used, even in remote areas like the world oceans [15-21] 

and polar regions [22-35]. OCPs have been banned and restricted in industrialised countries since the 

1970s but have still been used for vector control in developing countries [22]. Due to their persistence 

(P), bioaccumulation (B), toxicity (T), and their potential to undergo long-range transport (LRT), they 

have been included as part of the twelve initial persistent organic pollutants (POPs) in the Stockholm 

Convention on Persistent Organic Pollutants [36]. 

 

Figure 1: Structural formulas of two organochlorines, a) 4,4'-DDT and b) hexachlorobenzene 

Subsequently, the production and use of CUPs received more attention. The group of CUPs includes 

compounds from a variety of chemical classes, such as carbamate insecticides, organophosphate 

insecticides, chloroacetanilide herbicides, phenoxyacid herbicides, neonicotinoid insecticides, 

pyrethroid herbicides, triazole fungicides, and other classes that are inspired by natural products. CUPs 
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are expected to be less persistent and toxic and to not be prone to long-range atmospheric transport 

(LRAT) due to their different physical-chemical properties compared to OCPs. However, some CUPs such 

as the organophosphate insecticide chlorpyrifos (Figure 2a) or the pyrethroid insecticide lambda-

cyhalothrin (Figure 2b) have shown to be toxic. Chlorpyrifos affects the nervous system by inhibiting 

the acetylcholinesterase (AChE) activity and can persist in water or soil [37]. Lambda-cyhalothrin on 

the other hand could be related to neurotoxicity and reproductive toxicity in non-target organisms by 

oxidative stress. In addition, some CUPs have been detected in the air at remote areas far away from 

their application sites such as alpine regions [38-41], national parks [42, 43], the worlds’ oceans [20, 

21, 44-48], and polar regions [23-25, 49, 50].  

 

Figure 2: Structural formulas of two currently used pesticides, a) chlorpyrifos and b) lambda-cyhalothrin 

3.1 Sources and emission pathways of pesticides 

Pesticides in the atmosphere occur mainly from agricultural use as large quantities and high numbers 

of different compounds are used. Other sources include manufacturing and formulation processes, 

waste effluents, urban or industrial weed control, the use at parks, gardens, lawns, or golf courses, and 

large-scale arial spraying for vector control [51].  

During and after application, pesticides can be emitted to the atmosphere due to spray drift, 

volatilization, or wind erosion (see Figure 3). The extent of individual emission pathways depends on 

the application technique and formulation type, the texture of the ground, the physicochemical 

properties of the pesticide, and the weather conditions during application. Up to 75 % of the applied 

pesticides can be emitted to the atmosphere due to spray drift during application [51]. A portion of this 

deposits within a short distance from the application site, while some pesticides can be carried by the 

wind over longer distances. This process depends on the aerosol size distribution and the pesticide 

properties [52]. Another pathway for pesticides to enter the atmosphere is volatilization from soil, 

water, or plant surfaces. Volatilization is a continuous process and can be the major route for pesticides 
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into the atmosphere. Losses due to volatilization can reach up to 90 % within three days and depend 

on the application technique of the pesticide [53, 54]. Pesticides applied on the soil surface are more 

likely to volatilize than pesticides that are incorporated into the soil. The volatilization from plant 

surfaces is usually larger than from soil as the plants have a lower adsorption capacity [55]. The third 

pathway of the emission of pesticides to the atmosphere is the transport of pesticides bound to soil 

particles by wind erosion [52]. The erosion of the soil is influenced by the horizontal wind speed, 

precipitation rate, temperature, soil weathering, the cultivation practice, and the particle size 

distribution of the topsoil [56]. Large particles with particle sizes between 500 to 1,000 µm in diameter 

tend to roll along the ground. They usually do not become airborne, but they can break down into 

smaller particles which can become airborne. Particles with particle sizes between 100 and 500 µm 

diameter are transported by saltation and are generally deposited near the source as they usually don’t 

move vertically above one meter. Particles in the range of 0.002 and 10 µm are the most important 

particles for wind erosion as they can be suspended in the atmosphere and be transported over longer 

distances [51, 57]. Pesticides that became airborne can be carried by the wind and deposit in non-

target areas due to dry and wet deposition. These compounds can be re-volatilized and re-enter the 

atmosphere and can be further transported and deposited downwind. This process can be repeated 

until pesticides are transformed or accumulated and can even continue for decades for very persistent 

compounds [58]. 

 

Figure 3: Sources, emission pathways and removal processes of pesticides in the atmosphere 
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3.2 Fate and distribution of pesticides in the atmosphere 

Pesticides in the atmosphere can be distributed between the particulate and gaseous air phase. The 

factors that influence this distribution are further described in Section 3.2.1. Depending on the 

distribution and the properties of a compound, it can be removed from the atmosphere by different 

processes, as described in Section 3.2.2. Chemicals that are not removed from the atmosphere can be 

transported further away from their source even over long distances to remote areas. Factors that 

influence the atmospheric long-range transport of a chemical are described in Section 3.2.3. 

3.2.1 Phase distribution 

When pesticides are emitted into the atmosphere, they partition between the particulate and gaseous 

air phase. This depends on their physical-chemical properties, such as water solubility, vapor pressure, 

air-octanol and air-water partition coefficients, and the degradation or transformation reactions [59]. 

The distribution between the particulate and gaseous phase influences the residence time of a 

compound in the atmosphere as different removal processes are prevalent for the respective phase 

and influence the removal from the atmosphere by wet and dry deposition [51]. The partitioning 

between the particulate and gaseous air phase is described by the octanol-air partition coefficient Koa 

[60]. Compounds with a higher Koa are more likely to be bound to particles, whereas compounds with 

lower Koa are more likely to be present in the gaseous phase. In temperate climates, most semi-volatile 

pesticides are expected to be transported in the gaseous phase and only a small fraction is adsorbed 

to atmospheric particles [59]. At lower temperatures, the equilibrium tends to shift from the gaseous 

phase to the particulate phase [60]. The distribution between the particulate and gaseous phase is also 

relevant for human risk assessment, as smaller particles (PM 2.5 and PM 10) can penetrate deeper into 

the respiratory system and pesticides that are bound to these particles or are present in the gaseous 

phase can cause human health issues such as asthma, neurobehavioral disorders, or cancer [9, 61, 62].  

3.2.2 Photochemical reactions and deposition 

Pesticides can be removed from the atmosphere by different processes. The main removal pathways 

are the photochemical degradation, wet deposition, and dry deposition. These processes influence the 

atmospheric residence time of a pesticide. Therefore, the atmospheric residence time of a pesticide is 

calculated by the following equation [63]. 

𝜏𝐴 =
1

𝑘𝑑𝑒𝑔𝑟 + 𝑘𝑤𝑒𝑡 + 𝑘𝑑𝑟𝑦
 

with  τA = atmospheric residence time / s 

 kdegr = photochemical degradation rate in air / 1/s 

 kwet = wet deposition rate / 1/s 
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 kdry = dry deposition rate / 1/s 

The atmospheric residence time determines the time that a compound can reside in the atmosphere 

dependent on the removal rates. However, pesticides that have been deposited on the earth’s surface 

on soil, vegetation, or water can re-enter the atmosphere and be transported from place to place until 

they break down or reach a permanent sink [51]. For the degradation and deposition of a chemical, 

the distribution between the particulate and gaseous air phase is important, as the removal processes 

vary between the two phases [64]. Further details on the three main removal processes are given in 

the following paragraphs. 

Photochemical reactions 

The photochemical degradation of organic pollutants includes the photolysis and the reaction with 

hydroxyl (OH) radicals, nitrate (NO3) radicals, and ozone (O3) [63]. The dominant atmospheric removal 

process for pesticides present in the gaseous phase is the reaction with OH radicals [65]. The removal 

rates by OH radicals are influenced by the sunlight intensity, the OH radical concentration, and the air 

temperature. Highest OH radical concentrations can be detected during noon. They are 4 to 20 times 

higher in summer than in winter and are higher at lower latitudes [66]. To calculate the atmospheric 

residence time from the reaction with OH radicals, the mean global annual OH radical concentration in 

the atmospheric boundary layer of 5 x 105 molecules/cm³ is used [67]. The OH radical reactions with 

chemicals include (i) a H-atom abstraction from C-H and O-H bonds in saturated organic compounds, 

(ii) the OH radical addition to >C=C< and -C≡C- unsaturated bonds, (iii) the OH radical addition to 

aromatic rings, and (iiii) the OH radical interaction with -NH2, >NH, >N-, -SH, and -S groups [65]. The 

removal of a chemical by the reaction with NO3 radicals or ozone is only relevant for some specific 

compounds, such as unsaturated hydrocarbons and aromatics [68]. This reaction can be relevant in 

polluted urban atmosphere during night-time hours when high NO3 concentrations are present [69]. 

Photolysis is an important removal process for pesticides that absorb light at wavelengths between 290 

nm and 800 nm. Many pesticide classes, such as triazines, ureas, and some halogenated compounds 

carry no chromophore to absorb light above wavelengths of 290 nm [52]. For these compounds the 

reaction with OH radicals is assumed to be the main degradation process [70]. The degradation 

products of pesticides that result from these reactions in the atmosphere can themselves be of 

potential concern and can have very different characteristics than their parent compounds. They can 

be more toxic than their parent compound and can have different atmospheric half-lives which 

influences their potential atmospheric transport [52, 71]. The different properties of degradation or 

transformation products may also result in different removal processes compared to the parent 

compound. An example are the degradation products of triazines which have a similar toxicity than 

their parent compounds but can be more persistent [52, 72]. Studies also showed that pesticide 
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transformation products can have stronger endocrine disrupting effects than their parent compounds 

due to changes in gene expression and hormonal secretion [73]. Chemicals that act as endocrine 

disruptors can affect the epigenome by e.g. deoxyribonucleic acid (DNA) methylation and histone 

modifications which can cause chronic effects that can be passed on to future generations [74].  

Wet and dry deposition 

Deposition of pesticides from the atmosphere can be classified as wet deposition, including 

precipitation, and dry deposition. This depends on the partitioning between the gaseous and 

particulate phase of a compound. Wet deposition occurs from the uptake of a pesticides into a cloud 

or a rain droplet followed by the removal of the droplets by precipitation (rain, snow, or fog) [71]. 

Thereby, the main processes are (1) in-cloud scavenging or rain-out, and (2) below-cloud scavenging or 

wash-out [63, 68]. During heavy rain events, the pesticide concentration in the gaseous air phase 

decreases and can drop to zero for substances that are efficiently washed-out [68]. For the particulate 

phase, the scavenging depends on the physical properties of the particles where the particle size is the 

most important one. The process of particle removal is dominated by in-cloud processes. In these 

processes, pesticides attached to particles are washed out with the particle when precipitation occurs. 

Coarse particles can also be washed out by below-cloud scavenging [22]. Pesticides bound to particles 

have a higher removal rate compared to gaseous bound compounds as they are more likely be removed 

by rain and therefore, their atmospheric residence time is often shorter [68]. The wet deposition rate 

also depends on the season, as the intensity and duration of the precipitation usually varies during the 

year [71].  

The process of dry deposition includes the uptake of a compound at the earth’s surface by water, soil, 

and vegetation [63, 68]. It consists of three mechanisms: diffusion, impaction, and sedimentation [71]. 

For particles, the dry deposition depends on the size distribution and the shape of the particle. For 

pesticides present in the gaseous phase, the dry deposition is influenced by the physical-chemical 

properties of the compound, the characteristic of the earth’s surface (soil or water) and the 

environmental conditions [68]. As described above, chemicals that are deposited to the earth’s surface 

can be re-emitted to the atmosphere. This can occur in regions far from the chemical’s emission areas, 

like polar regions or the world’s oceans, or during periods when fewer pesticides are applied (e.g. 

during winter). During this time, the water surface can act as a source of a chemical to the air [75]. The 

knowledge on the deposition and re-emission processes that take place for a compound is crucial to 

determine the atmospheric residence time and the resulting transport distance, ambient air 

concentrations and potential impacts on humans or ecosystems [71].  
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3.2.3 Long-range Atmospheric Transport 

Pesticides that are not removed from the atmosphere by photochemical reaction or deposition can 

undergo long-range atmospheric transport. The atmospheric transport is expected to be the major 

entrance pathway of chemicals into the environment [71]. According to the Stockholm Convention, a 

compound has the potential to undergo long-range atmospheric transport if one or more of the 

following three criteria are met: (i) the chemical was measured in levels that are of potential concern 

in locations distant from the source, (ii) monitoring data of a chemical show that long-range transport 

with the potential for transfer to a receiving environment may have occurred via air, water, or migratory 

species, or (iii) the atmospheric half-life of a chemical is greater than two days [76]. The atmospheric 

half-life of a compound is defined as the time in which the mass of a chemical is reduced by 50 %. For 

pesticides, it results mainly from the reaction with OH radicals. The atmospheric residence time is also 

influenced by the air temperature and the persistence of the substance [22, 68]. Compounds that are 

expected to have a low persistence in temperate climates can be more resistant to breakdown in polar 

regions [59]. In addition, chemicals which tend to adsorb more onto atmospheric particles can have 

higher removal rates due to wet and dry deposition [77]. CUPs are expected to be removed from the 

atmosphere due to lower vapour pressures, higher water solubilities, and lower chemical stability 

compared to OCPs. Therefore, shorter atmospheric half-lives are expected for these compounds. 

However, CUPs with atmospheric half-lives below two days have been found in remote areas since the 

1990s, indicating that long range transport occurs even for these pesticides [20, 22, 42, 49, 78]. A 

reason for their long-range transport to polar regions is the grasshopper effect, as substances can travel 

longer distances due to repeated volatilization and deposition to and from the atmosphere [77, 79]. In 

addition, CUPs can also be transported by water currents and re-volatize into the atmosphere [21, 80].  

3.3 Pesticides in the atmosphere 

OCPs have been reported in the atmosphere for the first time in the 1960s [14]. Since then, they have 

been intensively investigated in the atmosphere around the globe, including remote areas such as the 

world’s oceans [15-18, 81] and polar regions [19, 26, 27, 29-35]. Since their ban and restrictions in 

industrial countries in the 1970s [22] and their inclusion in the Stockholm Convention in 2004 [36], 

CUPs came more into the focus of atmospheric pollution as their number of different compounds, 

production and use highly increased since then. 

Data on CUPs and OCPs in the atmosphere from 142 studies that have been conducted since the 1990s 

is summarized in Figure 4 and Table A4. Less than 50 % of the reviewed studies on pesticides in the 

atmosphere included CUPs in their research and often investigated only a small number of them (<100 

CUPs, mostly around 30 to 50 CUPs, see Figure 4a). In addition to the small number of CUPs included, 

these studies also mostly cover small geographical areas in one country during a limited period of time. 

More than 50 % of the studies that were conducted since the 1990s focused on rural and urban areas, 
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where concentrations in the pg/m³ to ng/m³ range were detected (see Figure 4b). In addition, 20 % of 

atmospheric pesticide studies investigated their occurrence in agricultural areas. Here, concentrations 

were detected up to a few hundred ng/m³, with higher concentrations during the pesticide application 

periods in spring and summer. Some CUPs (up to 16) have also been investigated in remote areas such 

as mountain sites [40, 41], in marine areas such as the Bering and Chuckchi Sea [20], the Bohai Sea 

[47], and the North Pacific and Arctic Ocean [48], and in polar regions such as the Arctic [23, 25, 49] 

and Antarctica [21] and have been detected in concentrations in the low pg/m³ to low ng/m³ range. 

Only one study was found, that included all of the research areas, where pesticides have been found 

(rural, urban, agricultural, marine, and polar). This data is especially relevant for the knowledge on 

potential atmospheric transport of CUPs either by ocean currents or by atmospheric transport. 

However, most of the atmospheric pesticide studies only analysed pesticides by gas chromatography 

coupled to mass spectrometry (GC-MS) and did not include more polar or thermolabile compounds 

(see Figure 4c). Only in recent years, liquid chromatography coupled to mass spectrometry (LC-MS) was 

applied more often to gain data on these compounds and therefore, data on polar and thermolabile 

CUPs is only available for a small number of compounds yet.  

 

Figure 4: Literature review of 142 studies on pesticides in the atmosphere (for details see Table A4). a) Number of CUPs included 
in atmospheric pesticide studies. CUPs = currently used pesticides. b) Study areas covered in atmospheric pesticide studies. c) 
Instrumental analysis used in atmospheric pesticide studies. GC = gas chromatography, MS = mass spectrometry, HRMS = high-
resolution mass spectrometry, LC = liquid chromatography. d) Air sampling techniques used in atmospheric pesticide studies. 
PAS = passive air sampler, HVAS = high-volume air sampler. 

3.4 Sampling and analysis of pesticides 

Pesticides in the air are commonly sampled with two different sampling techniques: passive air 

sampling (Section 3.4.1) and active air sampling (Section 3.4.2). For both sampling techniques, different 
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adsorbents are used to collect airborne pesticides. The different methods used for extraction and 

analysis of pesticides in air are described in Section 3.4.3.  

3.4.1 Passive air sampling 

Passive air sampling (PAS) is used to identify the presence of chemicals, including pesticides, in the 

atmosphere. In general, passive sampling is based on the diffusive uptake of a chemical present in the 

air in a sorbent over time (see Figure 5). Sorbents typically used in passive sampling are polyurethane 

foam (PUF) disks [29, 31, 40-42, 81-114] or XAD resins [32, 34, 39, 115-120]. The advantages of passive 

sampling are that it is inexpensive, easy to implement, noise-free, and it requires no electricity. 

Therefore, it can be used for large scale assessments of atmospheric contaminants even in remote 

areas where no power supply is available. However, a major challenge is the determination of the exact 

air volume interacting with the adsorbent material during the exposure period. The sampling rate is 

highly influenced by meteorological conditions such as the wind speed and the temperature as this 

affects the diffusion of the molecules as well as their gas-particle partitioning [121, 122]. Some studies 

therefore use active air samplers installed close to the passive samplers to calculate the sampling rate 

and to determine the pesticide concentrations. Another disadvantage of passive sampling is the 

uncertainty if a compound was present in the particulate or gaseous air phase. Different adsorbent 

materials are expected to sample only gaseous particles (e.g. XAD resin), while others can also adsorb 

particle-bound compounds (e.g. PUF). However, the literature on this is not consistent and differences 

in the literature may be associated with the sampling site characteristics, meteorological conditions, 

the type of adsorbent (the same material could have different densities, e.g. different PUFs) as well as 

different analytical processes [123]. Consequently, the quantitative determination of pesticides using 

passive samplers has high uncertainties that have to be considered when concentrations are calculated. 

However, passive sampling is an important technique to gain valuable information on the occurrence 

of pesticides in remote or inaccessible areas and on long-term trends [124].  
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Figure 5: Example of a) a passive air sampler, picture by Vera Silva/Wageningen University & Research and b) a scheme of a 
passive air sampler 

3.4.2 Active air sampling 

Active air samplers are used to determine the concentration of pesticides in ambient air. Air is drawn 

through the adsorbent materials by means of a pump. It can be distinguished between high-volume air 

samplers (HVAS) and low-volume air samplers (LVAS) with the difference being in the amount of air 

that passes the adsorbents. Air volumes typically range between 18 and 90 m³/h for HVAS and between 

0.06 and 0.18 m³/h for LVAS. To ensure the higher air volumes, a power supply is required at the 

sampling site for HVAS. This can make the method unfeasible for the use in remote areas and in large-

scale sampling. However, active air sampling is highly important for the quantitative determination of 

pesticides in air as the exact sampling volume is known. In addition, active air samplers can provide 

information on the pesticide distribution between the particulate and gaseous air phase. This data is 

important for exposure modelling and risk assessments of pesticides as it can provide information on 

the inhalation quantity of pesticides and potential effects on human health.  

In general, a filter is installed in front of a glass column filled with an adsorber material (see Figure 6). 

As filters, quartz-fibre filters (QFFs) or glass-fibre filters (GFFs) are commonly used to sample the 

particulate air phase. For the gaseous air phase, adsorbent materials commonly used are PUF or/and 

XAD resins [59]. The total air volume sampled (m³) is measured and used for the calculation of pesticide 

concentrations. Typical sampling times range between 24 h and 1 week, depending on the detection 

limits of the analytical methods, expected air concentrations, and the purpose of the sampling. 

Important to consider for active sampling is the breakthrough volume, i.e. the moment when the 

adsorbent material is saturated by a compound and a loss of the compound occurs downstream. 
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Therefore, the breakthrough point has to be determined before the sampling and the sampling time 

should be selected depending on potential breakthrough of the investigated compounds [125]. 

 

Figure 6: Example of a) a high-volume air sampler and b) a scheme of a high-volume air sampler 

3.4.3 Analytical procedures 

The analytical procedure for the quantification of pesticides usually consists of the extraction, a clean-

up step, and the instrumental analysis. As depicted in Table A4, extraction methods commonly used 

for pesticides in air samples are Soxhlet extraction, accelerated solvent extraction (ASE), microwave-

assisted extraction (MAE), and ultrasonic-assisted extraction (UAE). As extraction solvents, hexane, 

mixtures of hexane with other solvents (e.g. hexane-acetone or hexane-dichloromethane), acetone, 

dichloromethane, or ethyl-acetate are often used.  

A clean-up step is often applied to reduce the interferences caused by co-extracted substances in the 

instrumental analysis, especially for GC-MS analyses. Commonly, a solid-phase extraction (SPE) with 

normal phase sorbents, such as alumina, silica gel, Florisil, or a combination of these, is used during 

this step [126]. This can lead to good cleaning effects for non-polar compounds such as organochlorines 

but is less effective for more polar pesticides.  

As described in Section 3.3 and depicted in Figure 4c, GC-MS has mostly been used for the instrumental 

analysis of pesticides. In recent years, the application of LC-MS largely increased for the determination 

of more polar and thermolabile pesticides without prior derivatisation. In addition, high-resolution 

mass spectrometry (HRMS) coupled to LC or GC for the analysis of pesticides in the atmosphere became 
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more important in recent years, but until now there are still only a few studies available. HRMS is 

especially valuable for the investigation of a high number of target compounds as well as for suspect 

or non-target screening of emerging contaminants or transformation products. Due to the rising 

number of pesticides on the market (>2000 active substances) [127] and missing information on 

pesticide transformation products, HRMS is expected to become more relevant in the future. 

3.5 Integration in the EU project SPRINT 

This thesis was integrated into the European Union Horizon 2020 programme no. 862568 with the title 

“Sustainable Plant Protection Transition: A Global Health Approach” (SPRINT) (https://sprint-

h2020.eu/). The aim of the project is to develop a Global Health Risk Assessment Toolbox to determine 

the health risks and impacts of pesticide mixtures on humans and the environment. The project 

consists of 28 institutions working on ten work packages (WPs) (see Figure 7). WP1, WP8, WP9, and 

WP10 included the Stakeholders platform, dissemination and communication activities, the project 

coordination, the data management, and the ethics requirements. In WP2, the pesticide distribution 

and current health state was investigated at ten case study sites (CSS) in Europe and one CSS in 

Argentina (see Figure 8) including the sampling and analysis of pesticides in different environmental 

compartments (e.g. soil, water, and air), in animals (e.g. blood and urine) and in humans (e.g. blood, 

urine, and wristbands). WP3 investigated the modelling and exposure assessment of pesticides for 

human health and the environment. WP4 and WP5 included an ecotoxicological assessment and health 

risk assessment of pesticide mixtures in terrestrial and marine organisms as well as on human health. 

WP6 and WP7 worked on a cost-benefit analysis and potential transition pathways and policy 

recommendations for a sustainable agriculture with the use of less pesticides.  

The content of this thesis was involved in WP2 for the sampling and analysis of pesticides in ambient 

air at two CSS (Portugal and the Netherlands). In addition, the results from the ambient air samples are 

used in WP3 for the exposure modelling of pesticides in air on human health.  
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Figure 7: The ten work packages (WPs) included in the EU Horizon 2020 SPRINT project [128] 

 

Figure 8: The eleven case study sites included in the EU Horizon 2020 SPRINT project for pesticide analysis [129] 
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4. Point of departure and objectives 

At the beginning of this doctoral research, data on pesticides in the atmosphere, except for the well-

studied organochlorine pesticides, have been rare, especially for remote areas. Currently used 

pesticides which replaced and complemented the banned OCPs had been expected not to be prone to 

long-range atmospheric transport due to their short calculated atmospheric half-lives. However, a small 

number of CUPs had been investigated and detected at remote areas, indicating that this assumption 

must be reconsidered. Studies on CUPs mostly focused on a small number of compounds using passive 

samplers. In addition, they had often used GC-MS for the instrumental analysis and had not included 

more polar or thermolabile CUPs that can only be determined by LC-MS. This raised the questions, 

which CUPs that have not yet been investigated can occur in the atmosphere close to application sites 

as well as in more remote areas, and in which concentrations they are present. This could give 

important information on the relevance of specific pesticides for human health or environmental 

exposure and on the potential long-range transport of CUPs to non-target areas.  

Based on this point of departure and questions that have arisen, the aims of this PhD thesis were 

(i) to develop an analytical method using liquid chromatography coupled to high-resolution 

mass spectrometry and gas chromatography coupled to triple quadrupole mass 

spectrometry for the simultaneous determination of organochlorine pesticides, currently 

used pesticides, and transformation products in the particulate and gaseous phase of the 

air, 

(ii) to determine which pesticides are of relevance at European agricultural sites, how they are 

distributed in the air and if the concentrations are of concern for humans or the 

environment, and 

(iii) to identify currently used pesticides that can undergo long-range atmospheric transport to 

the marine atmosphere of the Atlantic Ocean. 

The aims were addressed by three studies included in the cumulative part of this thesis. The specific 

objectives of these studies were as follows: 

Chapter 5.1: “Development of an analytical method for the determination of more than 300 

pesticides and metabolites in the particulate and gaseous phase of ambient air” 

Freya Debler, Juergen Gandrass. Analytical and Bioanalytical Chemistry, 416, 3059–3071, 

https://doi.org/10.1007/s00216-024-05254-4, 2024. 

This study aimed at developing quantitative multi-methods for the analysis of 329 pesticides, including 

organochlorine pesticides, currently used pesticides, and transformation products in the particulate 

and gaseous phase of the air by using liquid chromatography coupled to HRMS (LC-QTOF) and gas 

https://doi.org/10.1007/s00216-024-05254-4
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chromatography coupled to triple quadrupole mass spectrometry (GC-QqQ). The scope of target 

analytes was defined by a literature review and commercially available certified pesticide standards 

and was extended by target analytes from the EU SPRINT project. Instrumental methods were 

implemented on a LC-QTOF and a GC-QqQ and chromatographic and mass spectrometric parameters 

were optimized. The instrumental methods as well as the extraction methods for the particulate and 

gaseous air phase were optimized and validated for the quantification of pesticides in the pg/m³ to 

ng/m³ range. 

Chapter 5.2: “Occurrence and distribution of pesticides and transformation products in ambient air 

in two European agricultural areas” 

Freya Debler, Nelson Abrantes, Paula Harkes, Isabel Campos, Juergen Gandrass. Science of the Total 

Environment, 940, 173705, https://doi.org/10.1016/j.scitotenv.2024.173705, 2024. 

The occurrence and distribution of organochlorine pesticides, currently used pesticides, and 

transformation products in the air was investigated at two agricultural areas in Europe (Portugal and 

the Netherlands). Particulate (GFFs) and gaseous (PUF/XAD-2 columns) air samples were taken for 14 

months using high-volume air samplers next to agricultural fields in both countries. Particle phase 

fractions were calculated to determine the partitioning behaviour of CUPs between the particulate and 

gaseous air phase. In addition, hazard profiles were determined, and daily inhalation rates were 

calculated to evaluate potential risks to human health.  

Chapter 5.3: “Currently used and legacy pesticides in the marine atmosphere from Patagonia to 

Europe” 

Freya Debler, Juergen Gandrass, Martin Otto Paul Ramacher, Alkuin Maximilian Koenig, Simon 

Zimmermann, Hanna Joerss. Environmental Pollution, 373C, 126175, 

https://doi.org/10.1016/j.envpol.2025.126175, 2025. 

This study investigated whether currently used pesticides are of relevance for long-range transport to 

the marine atmosphere of the Atlantic Ocean. Particulate and gaseous air samples were taken on a 

south-north transect across the Atlantic Ocean with high-volume air samplers to determine the 

occurrence and spatial distribution of CUPs. To examine potential sources of currently used pesticides 

resulting from atmospheric transport, air-mass back trajectories were computed.  

https://doi.org/10.1016/j.scitotenv.2024.173705
https://doi.org/10.1016/j.envpol.2025.126175
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5. Synopsis 

5.1 Development of an analytical method for the determination of more than 300 pesticides 

and metabolites in the particulate and gaseous phase of ambient air 

Pesticides have been detected in the environment even in remote areas such as the world’s oceans and 

polar regions. This indicates that they are transported from their source regions to these areas through 

the atmosphere or the water phase. Legacy pesticides as well as some CUPs have been detected in the 

atmosphere in these remote areas in the past. However, most of these studies only included a small 

number of compounds with a focus on legacy pesticides and the use of GC-MS/MS for the instrumental 

analysis. Therefore, there is a high demand for a multimethod for the quantitative analysis of a high 

number of pesticides, including legacy pesticides, currently used pesticides, and transformation 

products, in ambient air.  

The development of this multimethod is especially challenging as it should include pesticide 

concentrations in air at trace levels in the sub pg/m³-range that can be influenced by strong matrix 

effects due to the air matrix itself as well as matrix constituents from the sampling material. In addition, 

such a method should complement the scarce data and deliver missing information on currently used 

pesticides and their transformation products in ambient air. Consequently, the primary aim of this work 

was to develop a multimethod for the analysis of a broad range of pesticides and their transformation 

products in the particulate and gaseous phase of ambient air using an LC-QTOF and a GC-QqQ 

instrument.  

The first step to develop a multimethod for the extraction of pesticides in ambient air was the 

development of the instrumental method on the LC-QTOF and the GC-QqQ. For the extraction of 

pesticides from GFFs (particulate air phase) and from PUF/XAD-2 columns (gaseous air phase), different 

extraction methods were compared in this work with regards to recovery rates and relative standard 

deviations for each of the 329 investigated pesticides. For the GFFs, four different extraction methods 

were compared: Soxhlet extraction, UAE, QuEChERS extraction and an extraction by diffusion. For all 

extraction methods, dichloromethane (DCM) was used as the extraction solvent. The QuEChERS 

extraction resulted in the highest number of compounds with recovery rates between 70 and 120 % 

and relative standard deviations (RSD) below 20 % and was therefore defined as the preferred method. 

For the PUF/XAD-2 columns, two different extraction methods using DCM as the extraction solvent 

were compared: Soxhlet extraction and cold-column extraction (CCE). The CCE showed better recovery 

rates (between 70 and 120 %) and better RSD (below 20 %) for the investigated compounds and was 

used as the preferred extraction method. 

As a final step, the selected extraction methods for both, GFFs and PUF/XAD-2 columns, were validated 

according to the method performance acceptability criteria characterized in SANTE/12682/2019 [130] 
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using a matrix-matched calibration. Method quantification limits (MQLs) were determined as the 

lowest spike level meeting the performance acceptability criteria (recovery rates between 70 and 120 

% and RSD < 20 %). The method detection limits (MDLs) were determined by a signal-to-noise ratio 

(S/N) of 3. Solvent and method blanks were analysed together with the validation extracts. For the 

PUF/XAD-2 columns, breakthrough experiments were performed to determine possible breakthrough 

during sampling with a high-volume air sampler. In addition, the precision and linearity of the 

instrumental method was determined. To determine the applicability of the method, air samples taken 

around agricultural fields in the Netherlands were analysed. The results showed that the method was 

able to determine pesticides in high concentrations during the application period as well as background 

concentrations when no pesticides were applied. 

In conclusion, the two extraction methods developed in this study enable the determination of more 

than 300 pesticides in the low pg/m³ to ng/m³ range in the particulate and gaseous phase of ambient 

air, from which 263 pesticides on the GFFs and 75 pesticides on the PUF/XAD-2 columns fulfilled the 

strict SANTE criteria. The developed multimethod can be used to analyse a wide range of pesticides in 

the atmosphere to gather more information on their potential atmospheric transport and fate in the 

environment.  

As a result of the work carried out as part of this doctoral thesis, the following paper has been published 

in Analytical and Bioanalytical Chemistry. The online version can be found at the following DOI: 

https://doi.org/10.1007/s00216-024-05254-4. 

Development of an analytical method for the determination of more than 300 pesticides and 

metabolites in the particulate and gaseous phase of ambient air 

Freya Deblera *, Juergen Gandrassa 

a Helmholtz-Zentrum Hereon, Institute of Coastal Environmental Chemistry, Organic Environmental 

Chemistry, Max-Planck-Str. 1, 21502 Geesthacht, Germany 

* Corresponding author: freya.debler@hereon.de 
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5.2 Occurrence and distribution of pesticides and transformation products in ambient air 

in two European agricultural areas 

The production and use of pesticides is still increasing, and more than 2000 pesticides are currently 

registered globally [127]. During and after application, pesticides can be emitted to the atmosphere 

and carried to areas far away from their application sites. There, they can deposit and can affect non-

target organisms and environments. Data on the distribution and atmospheric transport of currently 

used pesticides is still scarce. However, some CUPs have been detected in remote areas indicating a 

potential atmospheric transport of these compounds. To gather more data on the atmospheric 

concentrations of currently used pesticides, the aim of this study was to investigate the distribution of 

pesticides in the atmosphere close to application sites as well as potential background concentrations 

during periods when no pesticides were applied. 

To determine the pesticide concentrations in the atmosphere close to application sites, high-volume 

air samples were taken at two agricultural areas in Europe between April 2021 and June 2022. The 

developed and optimized method of the publication Development of an analytical method for the 

determination of more than 300 pesticides and metabolites in the particulate and gaseous phase of 

ambient air was applied to these samples. A total of 99 out of 329 investigated pesticides were detected 

in the air. To determine the distribution between the particulate and gaseous air phase, both air phases 

were analysed separately, and particle phase fractions were calculated. 97 % of the samples contained 

at least one pesticide and in 95 % of the samples, multiple pesticides were detected. Concentrations of 

the individual pesticides ranged between 0.003 ng/m³ for background concentrations and 10 ng/m³ 

during pesticide application periods.  

For the evaluation of potential hazardous effects of the detected pesticides, hazard profiles were 

determined. 91 % of the observed pesticides could be linked to at least one out of eleven investigated 

human health effects, with 74 % being linked to multiple adverse human health effects. In addition, 

DIRs for adults, children, and infants were calculated for individual compounds as well as pesticide 

mixtures. The DIRs that were calculated for the highest mixture concentration present in one sample 

was around 173 times higher than the median DIR for single compounds. When compared to the ADI, 

DIRs were at least 1700 times below the ADI of the respective compound. As the ADI only accounts for 

uptake via food and drinking water and does not include the intake by inhalation or skin exposure, the 

total pesticide intake from all compartments could sum up to a higher value leading to a higher risk. In 

addition, data on pesticide mixture toxicity is not available and can therefore also sum up to a higher 

human health risk.  

The results of this study provide valuable insights into the occurrence and distribution of legacy and 

currently used pesticides in the atmosphere across European agricultural areas. The data can be used 
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as an input for exposure modelling to better understand the behaviour of these compounds in the 

atmosphere and potential impacts on human health or the environment.  

As a result of the work carried out as part of this doctoral thesis, the following paper has been published 

in Science of the Total Environment. The online version can be found at the following DOI: 

https://doi.org/10.1016/j.scitotenv.2024.173705. 

Occurrence and distribution of pesticides and transformation products in ambient air in two 

European agricultural areas 

Freya Deblera *, Nelson Abrantesb, Paula Harkesc, Isabel Camposd, Juergen Gandrassa 
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c Soil Physics and Land Management Group, Wageningen University & Research, Wageningen 6700, 

Netherlands 

d CESAM & Department of Environment and Planning, University of Aveiro, Aveiro 3810-193, Portugal 
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5.3 Currently used and legacy pesticides in the marine atmosphere from Patagonia to 

Europe 

The previous publication Occurrence and distribution of pesticides and transformation products in 

ambient air in two European agricultural areas focused on atmospheric pesticide concentrations across 

their source regions. The detection of 99 pesticides in these regions raised the question on how these 

compounds are further distributed across the atmosphere and if they can potentially undergo long-

range atmospheric transport to remote areas such as the worlds’ oceans or polar regions and thereby 

influence these pristine regions. Legacy pesticides such as organochlorines have been widely studied 

and detected in these remote areas, but data on CUPs is scarce and only a small number of them have 

been analysed in a few places. This raises concern on how CUPs are distributed across the atmosphere 

and if they can be transported over long distances. The aim of this study was to determine the 

occurrence and concentrations of pesticides in the atmosphere across the Atlantic Ocean and thereby 

identify CUPs that could potentially undergo long-range transport. 

For the analysis of air samples from the Atlantic Ocean, the extraction method for the GFFs was applied 

as described in the publication Development of an analytical method for the determination of more 

than 300 pesticides and metabolites in the particulate and gaseous phase of ambient air. For the 

PUF/XAD-2 columns, the extraction method was further optimised to reduce matrix effects and to 

increase the number of compounds that can be quantified. Therefore, a QuEChERS-like approach was 

applied to the PUF/XAD-2 columns including the extraction with a mixture of Milli-Q 

water/acetonitrile + 1% acetic acid (1:2). For the GC-MS/MS analysis, a clean-up of the extracts was 

performed using a dispersive solid-phase extraction (d-SPE). The optimized extraction method was re-

validated and applied to the air samples from the Atlantic Ocean. This approach reduced the matrix 

effects that were previously determined for the LC-QTOF analysis and increased the number of 

pesticides which matched the validation criteria of SANTE/12682/2019 [130]. 

Twelve particulate and gaseous air samples were taken with a high-volume air sampler between March 

and April 2023 on a transect along the Atlantic Ocean between Patagonia and Europe. Twenty-two 

pesticides were detected in the air samples, including fifteen CUPs, four transformation products, and 

three OCPs. Concentrations ranged between 1.6 and 420 pg/m³. All CUPs and TPs were detected for 

the first time in the atmosphere across the Atlantic Ocean. For twelve CUPs and four TPs, first empirical 

evidence was found that they may undergo long-range transport and should therefore be considered 

for future risk assessments. 

To determine potential sources of the pesticides detected in this study, air mass back trajectories (BTs) 

and the mean rainfall rate at the trajectories passage were calculated. Potential sources of the 

pesticides included European agricultural areas in Spain and France, as well as the Canary Islands for 
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some samples taken along the European and African coastline. As the sampling took place during 

European spring, when pesticides are applied in agriculture, this can explain the occurrence of some 

of the detected CUPs along the European coastline. Samples taken along the South American coastline 

and between South America and Africa were mostly influenced by marine air masses, indicating that 

the compounds detected in these samples have been transported over a longer time or volatilized from 

seawater.   

Consequently, this study identifies potential candidates for long-range transport from the group of 

CUPs and their TPs. This adds valuable information on the fate of these compounds in the environment 

and input data for future exposure modelling or risk assessments. In addition, the data shows, that 

even CUPs that are not expected to be transported over longer distances due to their calculated 

atmospheric residence time (< two days) and their physical-chemical properties can be detected in 

remote areas far away from their site of application.  

As a result of the work carried out as part of this doctoral thesis, the following paper has been published 

in Environmental Pollution. The online version can be found at the following DOI: 

https://doi.org/10.1016/j.envpol.2025.126175. 

Currently used and legacy pesticides in the marine atmosphere from Patagonia to Europe 

Freya Deblera, b *, Juergen Gandrassa, Martin Otto Paul Ramacherc, Alkuin Maximilian Koenigd, Simon 
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b Universität Hamburg, Department of Chemistry, Institute of Inorganic and Applied Chemistry, Martin-
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6. Conclusions and future perspectives 

The main conclusions from the findings in this PhD thesis can be summarized as follows: 

(i) The developed and validated methods are suitable for the ultra-trace analysis of 329 

pesticides, including legacy pesticides, currently used pesticides, and transformation 

products in the particulate and gaseous phase of ambient air in the low pg/m³ to ng/m³ 

range. 

(ii) Pesticide mixtures are omnipresent in the air across agricultural areas with up to 34 

compounds per sample as well as in the marine atmosphere of the Atlantic Ocean with up 

to 10 compounds per sample.  

(iii) First empirical evidence was found for the potential long-range transport of twelve 

currently used pesticides and four transformation products with calculated atmospheric 

half-lives below 2 days. This underlines the importance to investigate airborne pesticides 

as well in remote areas and to survey pesticides with low calculated atmospheric half-lives 

for which long-range atmospheric transport has not been expected.  

(iv) Nine currently used pesticides and two transformation products were reported for the first 

time in ambient air and fifteen currently used pesticides and four transformation products 

were detected for the first time in the atmosphere across the Atlantic Ocean. 

In more detail, the instrumental analysis was developed on an LC-QTOF and a GC-QqQ and included 

the optimization of the solvent and temperature gradients, the ion sources’ and the MS parameters. 

For the extraction of GFFs and PUF/XAD-2 columns, different extraction techniques were compared. 

Highest improvement of recovery rates and relative standard deviations were achieved by a QuEChERS 

extraction using Milli-Q water/ACN + 1 % acetic acid for the GFFs and a cold-column extraction with 

dichloromethane for the PUF/XAD-2 columns. In addition, a clean-up step was performed for the GC-

MS/MS analysis of GFFs using a dispersive solid-phase extraction with primary secondary amine (PSA), 

C18, and magnesium sulphate (MgSO4). To compensate for matrix constituents from the sampling 

material, a matrix-matched calibration of cleaned GFFs and PUF/XAD-2 was used for the instrumental 

analysis. Matrix effects from the matrix-matched calibration were found to increase the signal with 

median values of 398 % compared to a solvent calibration on the GC-QqQ and to reduce the signal with 

a median value of 79 % compared to a solvent calibration on the LC-QTOF. This highlights the 

importance of considering matrix effects and employing matrix-matched calibrations for the 

quantification of pesticides in ambient air in both GC-MS/MS and LC-HRMS analyses. Validation of the 

developed methods showed that they are selective, precise, accurate and robust according to the 

method performance acceptability criteria described in the guideline for pesticide analysis 

SANTE/12682/2019 for 263 compounds on the GFFs and 75 compounds on the PUF/XAD-2 columns. 
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In addition, 39 pesticides (GFFs) and 110 pesticides (PUF/XAD-2 columns) could be determined semi-

quantitatively, and 27 pesticides (GFFs) and 138 pesticides (PUF/XAD-2 columns) could be determined 

qualitatively. The challenges for the quantitative determination of pesticides in air were the 

determination in the ultra-trace range as well as the compensation for matrix effects from the air and 

the sampling material. MDLs for most target analytes ranged from 0.02 to 0.2 ng/m³ for the GFFs, and 

from 0.0003 to 0.3 ng/m³ for the PUF/XAD-2 columns. Therefore, the methods are capable of detecting 

pesticides in ambient air in the low pg/m³ to ng/m³ range. For single pesticides, MDLs were higher due 

to stronger influences of matrix constituents on these compounds or lower extraction efficiency for 

these compounds. 

The results from 96 air samples (GFFs and PUF/XAD-2 columns) taken at two agricultural areas in 

Portugal and the Netherlands showed that 99 different pesticides were present in the atmosphere, 

including 82 CUPs, 12 TPs and 5 OCPs. Concentrations ranged between 0.003 and 10 ng/m³. Prior 

studies only investigated legacy pesticides or a small number of CUPs and data on a high number of 

pesticides in ambient air was limited at the start of this PhD thesis. The high number of pesticides 

detected in this study indicates the importance of including a higher number of target pesticides to 

create a full picture of the actual pollution status of pesticides in the air and to not underestimate 

potential environmental or human health effects of chemical mixtures. As currently more than 2000 

pesticides are registered globally, future studies should also consider performing suspect or non-target 

screening using high-resolution mass spectrometry to include compounds that are not currently in the 

focus of atmospheric transport or gain information on TPs relevant for atmospheric transport as they 

can have different properties than their parent compounds and therefore can for example be more 

persistent and more likely to stay airborne.  

28 of the detected pesticides were not approved in the EU during the sampling period. Possible reasons 

for the detection of these compounds are a high persistence in the environment (e.g. for the OCPs), 

volatilization from the soil from applications in previous years when they have been approved in the 

EU or a potential long-range transport from other application areas where they are still registered for 

use. This data shows that information on pesticide occurrence in the air can not only be concluded 

from the approval status and application of a compound, but pesticide analysis should also consider 

compounds that are not currently registered for use or could be transported from other countries that 

still apply these compounds.  

In addition, 95 % of the samples contained pesticide mixtures. This is especially important when 

potential human health effects are evaluated, as the presence of different compounds can enhance 

potential effects or sum up to a potential hazard to humans or other organisms. Therefore, DIRs were 

calculated for single compounds as well as pesticide mixtures for adults, children, and infants and were 
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compared to the ADI. Highest DIRs for single compounds were 1700 times below the ADI for this 

substance. However, DIRs calculated for the highest mixture concentration detected in one sample was 

around 173 times higher than the median DIR for single compounds. The ADI also only includes the 

intake by food and drinking water and does not consider the intake by inhalation or skin exposure. 

Therefore, when all intake sources are summed up, the total daily intake could be above the ADI. This 

highlights the importance to include all potential intake pathways in human health risk assessments 

and that threshold values are needed for the exposure by inhalation. Only if such values are available, 

a reliable statement can be given on the actual influence of pesticide intake by inhalation on human 

health and the question how much it contributes to the total human intake of pesticides. Another 

factor, when investigating the potential impact from airborne pesticides on human health is the 

distribution of a compound between the gaseous and particulate air phase as pesticides attached to 

small particles (PM 2.5) or present in the gaseous phase can penetrate deeper into the respiratory 

system. Therefore, particle phase fractions were calculated for pesticides with high detection 

frequencies. The calculated particle phase fractions were significantly correlated with the KOA of the 

respective compound showing that pesticides with a higher KOA were more likely to be attached to 

particles. In total, more pesticides were detected in the particulate phase compared to the gaseous 

phase. As no information on the particle size distribution could be given in this study, this information 

would be important to be evaluated in future studies to determine the influence of pesticides attached 

to small particles (PM 2.5) on human health. 

To further investigate the potential long-range transport of pesticides, 12 air samples (GFFs and 

PUF/XAD-2 columns) were sampled in the atmosphere across the Atlantic Ocean between South 

America and Europe. For the analysis of pesticides in these samples, the extraction method of the 

PUF/XAD-2 columns was further optimized to be able to quantify more compounds in lower 

concentrations as expected in the marine atmosphere. The optimized method included a QuEChERS 

extraction with Milli-Q water/ACN + 1% acetic acid (1:2). For the GC-MS/MS analysis the extracts were 

cleaned by a d-SPE similar to the clean-up performed for the GFFs. MDLs of the optimized method 

ranged from 0.000005 to 0.29 ng/m³ for most target analytes. With the optimized method for the 

PUF/XAD-2 columns and the previously developed method for the GFFs, 22 different pesticides were 

detected in the marine atmosphere of the Atlantic Ocean in concentrations between 0.002 and 0.42 

ng/m³. Prior studies only investigated OCPs and a small number of CUPs in the marine atmosphere and 

polar regions. The results from this study revealed, that fifteen CUPs and four transformation products 

were detected for the first time across the Atlantic Ocean. Most of these compounds had calculated 

atmospheric half-lives below two days. Therefore, they would not be expected to undergo long-range 

transport based on their atmospheric half-live and would not be expected to occur in a remote 

environment such as the Atlantic Ocean. This shows the limitations of previous studies and the 
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importance to include a higher number of compounds even with properties that would not expect 

them to undergo atmospheric transport. In future studies, the potential transport by water currents 

should also be considered to distinguish between the different transport routes. Also, the air-water 

exchange is an important factor to determine the potential transport routes and the source of a 

compound in the atmosphere as it can also occur from volatilization from the water surface. This is 

especially relevant for warmer areas such as the mid-Atlantic region, as higher air and water 

temperatures occur that can lead to higher re-emission rates from the surface seawater. Future 

research in other marine or polar regions of a high number of CUPs and TPs can therefore help to 

elucidate if and in which concentrations these compounds occur and if further pesticides have the 

potential to undergo long-range transport.  

13 of the CUPs and TPs across agricultural areas as well as in the marine atmosphere detected in this 

PhD work have at least one carbon-bonded trifluoromethyl (CF3) group. Therefore, they can be 

precursors of the very persistent and very mobile (vPvM) substance trifluoroacetate (TFA; CF3COO-). 

According to the Organisation for Economic Co-operation and Development (OECD) definition, TFA as 

well as C-CF3-containing pesticides belong to the group of per- and polyfluoroalkyl substances (PFAS) 

[131]. Currently, a restriction proposal is discussed under REACH, the European Union chemicals 

regulation [132]. However, active ingredients used in plant protection products have been excluded 

from the proposed restriction [133]. Except for one of the detected pesticides, all of them are currently 

approved in the EU and for 10 of them the approval periods have been recently extended [134]. The 

findings of 13 of these PFAS-like pesticides in this PhD work show that C-CF3-containing pesticides could 

contribute to the formation and emission of TFA and therefore contribute to PFAS concentrations in 

the environment. This highlights the importance to discuss the degradation of C-CF3-containing 

pesticides to TFA on a regulatory level and to include C-CF3-containing pesticides in PFAS-related studies 

in the environment.  

In conclusion, the results from this thesis show, that the atmospheric transport of CUPs has been 

neglected in past studies. Therefore, the results from both studies on pesticides in the atmosphere, in 

agricultural areas as well as the marine atmosphere of the Atlantic Ocean, are expanding the scarce 

data on CUPs in the atmosphere and their potential atmospheric transport. To further fill the gap on 

CUPs occurrence and fate in the atmosphere, future studies should include a high number of pesticides 

and/or use suspect or non-target screening to further identify potential candidates for atmospheric 

transport. In addition, studies on pesticides in the atmosphere across marine areas should also include 

the air-sea exchange of CUPs to investigate the influence of pesticides concentrations in the surface 

water on atmospheric pesticide concentrations. In addition, the data generated in this thesis can be 

used to feed and validate environmental fate or exposure models. This can give further insights into 
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the distribution and fate of these compounds in the environment and potential effects on 

environmental or human health. 



68  References 
 

7. References 

 
[1] Food and Agriculture Organization of the United Nations (FAO). FAOSTAT - Pesticides Use 2022. 

Available from: https://www.fao.org/faostat/en/#data/RP. 
[2] Bernhardt E.S., Rosi E.J. and Gessner M.O. (2017): Synthetic chemicals as agents of global 

change. Front Ecol Environ. 15(2):84-90. DOI: 10.1002/fee.1450 
[3] Delcour I., Spanoghe P. and Uyttendaele M. (2015): Literature review: Impact of climate change 

on pesticide use. Food Res Int. 68:7-15. DOI: 10.1016/j.foodres.2014.09.030 
[4] Köhler H.R. and Triebskorn R. (2013): Wildlife Ecotoxicology of Pesticides: Can We Track Effects 

to the Population Level and Beyond? Science. 341(6147):759-65. DOI: 
10.1126/science.1237591 

[5] Rico A. and Van den Brink P.J. (2015): Evaluating aquatic invertebrate vulnerability to 
insecticides based on intrinsic sensitivity, biological traits, and toxic mode of action. Environ 
Toxicol Chem. 34(8):1907-17. DOI: 10.1002/etc.3008 

[6] Sánchez-Bayo F. and Wyckhuys K.A.G. (2019): Worldwide decline of the entomofauna: A review 
of its drivers. Biol Conserv. 232:8-27. DOI: 10.1016/j.biocon.2019.01.020 

[7] Sanchez-Bayo F. and Goka K. (2016): Impacts of Pesticides on Honey Bees /  Chambo E.D., 
(editor). Beekeeping and Bee Conservation - Advances in Research InTechOpen,  

[8] Hertz-Picciotto I., Sass J.B., Engel S., Bennett D.H., Bradman A., Eskenazi B., Lanphear B. and 
Whyatt R. (2018): Organophosphate exposures during pregnancy and child neurodevelopment: 
Recommendations for essential policy reforms. Plos Med. 15(10). DOI: 
10.1371/journal.pmed.1002671 

[9] Kalyabina V.P., Esimbekova E.N., Kopylova K.V. and Kratasyuk V.A. (2021): Pesticides: formulants, 
distribution pathways and effects on human health - a review. Toxicol Rep. 8:1179-92. DOI: 
10.1016/j.toxrep.2021.06.004 

[10] Pathak V.M., Verma V.K., Rawat B.S., Kaur B., Babu N., Sharma A., Dewali S., Yadav M., Kumari 
R., Singh S., Mohapatra A., Pandey V., Rana N. and Cunill J.M. (2022): Current status of pesticide 
effects on environment, human health and it's eco-friendly management as bioremediation: A 
comprehensive review. Frontiers in Microbiology. 13. DOI: 10.3389/fmicb.2022.962619 

[11] Rani L., Thapa K., Kanojia N., Sharma N., Singh S., Grewal A.S., Srivastav A.L. and Kaushal J. 
(2021): An extensive review on the consequences of chemical pesticides on human health and 
environment. J Clean Prod. 283. DOI: 10.1016/j.jclepro.2020.124657 

[12] Groh K., Vom Berg C., Schirmer K. and Tlili A. (2022): Anthropogenic Chemicals As 
Underestimated Drivers of Biodiversity Loss: Scientific and Societal Implications. Environ Sci 
Technol. 56(2):707-10. DOI: 10.1021/acs.est.1c08399 

[13] Sigmund G., Ågerstrand M., Antonelli A., Backhaus T., Brodin T., Diamond M.L., Erdelen W.R., 
Evers D.C., Hofmann T., Hueffer T., Lai A., Torres J.P.M., Mueller L., Perrigo A.L., Rillig M.C., 
Schaeffer A., Scheringer M., Schirmer K., Tlili A., Soehl A., Triebskorn R., Vlahos P., vom Berg C., 
Wang Z.Y. and Groh K.J. (2023): Addressing chemical pollution in biodiversity research. Global 
Change Biol. 29(12):3240-55. DOI: 10.1111/gcb.16689 

[14] Risebrough R.W., Huggett R.J., Griffin J.J. and Goldberg E.D. (1968): Pesticides: transatlantic 
movements in the northeast trades. Science. 159(3820):1233-6. DOI: 
10.1126/science.159.3820.1233 

[15] Lammel G., Ghim Y.S., Grados A., Gao H.W., Hühnerfuss H. and Lohmann R. (2007): Levels of 
persistent organic pollutants in air in China and over the Yellow Sea. Atmos Environ. 41(3):452-
64. DOI: 10.1016/j.atmosenv.2006.08.045 

[16] Lin T., Li J., Xu Y., Liu X., Luo C.L., Cheng H.R., Chen Y.J. and Zhang G. (2012): Organochlorine 
pesticides in seawater and the surrounding atmosphere of the marginal seas of China: Spatial 
distribution, sources and air-water exchange. Science of the Total Environment. 435:244-52. 
DOI: 10.1016/j.scitotenv.2012.07.028 

https://www.fao.org/faostat/en/#data/RP


References  69 
 

[17] Pegoraro C.N., Harner T., Su K. and Chiappero M.S. (2016): Assessing levels of POPs in air over 
the South Atlantic Ocean off the coast of South America. Science of the Total Environment. 
571:172-7. DOI: 10.1016/j.scitotenv.2016.07.149 

[18] Li Y.L., Lohmann R., Zou X.Q., Wang C.L. and Zhang L. (2020): Air-water exchange and 
distribution pattern of organochlorine pesticides in the atmosphere and surface water of the 
open Pacific ocean. Environmental Pollution. 265. DOI: 10.1016/j.envpol.2020.114956 

[19] Zheng H.Y., Gao Y., Xia Y.Y., Yang H.Z. and Cai M.H. (2020): Seasonal Variation of Legacy 
Organochlorine Pesticides (OCPs) From East Asia to the Arctic Ocean. Geophys Res Lett. 47(19). 
DOI: 10.1029/2020GL089775 

[20] Chernyak S.M., Rice C.P. and McConnell L.L. (1996): Evidence of currently used pesticides in air, 
ice, fog, seawater and surface microlayer in the Bering and Chukchi seas. Mar Pollut Bull. 
32(5):410-9. DOI: 10.1016/0025-326x(95)00216-A 

[21] Zhang X., Zhang X., Zhang Z.F., Yang P.F., Li Y.F., Cai M. and Kallenborn R. (2022): Pesticides in 
the atmosphere and seawater in a transect study from the Western Pacific to the Southern 
Ocean: The importance of continental discharges and air-seawater exchange. Water Res. 
217:118439. DOI: 10.1016/j.watres.2022.118439 

[22] van Dijk H.F.G. and Guicherit R. (1999): Atmospheric dispersion of current-use pesticides: A 
review of the evidence from monitoring studies. Water Air Soil Poll. 115(1-4):21-70. DOI: 
10.1023/A:1005293020536 

[23] Pucko M., Stern G.A., Burt A.E., Jantunen L.M., Bidleman T.F., Macdonald R.W., Barber D.G., 
Geilfus N.X. and Rysgaard S. (2017): Current use pesticide and legacy organochlorine pesticide 
dynamics at the ocean-sea ice-atmosphere interface in resolute passage, Canadian Arctic, 
during winter-summer transition. Sci Total Environ. 580:1460-9. DOI: 
10.1016/j.scitotenv.2016.12.122 

[24] Röhler L., Schlabach M., Haglund P., Breivik K., Kallenborn R. and Bohlin-Nizzetto P. (2020): Non-
target and suspect characterisation of organic contaminants in Arctic air - Part 2: Application of 
a new tool for identification and prioritisation of chemicals of emerging Arctic concern in air. 
Atmos Chem Phys. 20(14):9031-49. DOI: 10.5194/acp-20-9031-2020 

[25] Zhu L.Y., Bossi R., Carvalho P.N., Riget F.F., Christensen J.H., Weihe P., Bonefeld-Jorgensen E.C. 
and Vorkamp K. (2024): Suspect and non-target screening of chemicals of emerging Arctic 
concern in biota, air and human serum. Environmental Pollution. 360. DOI: 
10.1016/j.envpol.2024.124605 

[26] Galbán-Malagón C., Cabrerizo A., Caballero G. and Dachs J. (2013): Atmospheric occurrence 
and deposition of hexachlorobenzene and hexachlorocyclohexanes in the Southern Ocean and 
Antarctic Peninsula. Atmos Environ. 80:41-9. DOI: 10.1016/j.atmosenv.2013.07.061 

[27] Wu X.G., Lam J.C.W., Xia C.H., Kang H., Xie Z.Q. and Lam P.K.S. (2014): Atmospheric 
hexachlorobenzene determined during the third China arctic research expedition: Sources and 
environmental fate. Atmos Pollut Res. 5(3):477-83. DOI: 10.5094/Apr.2014.056 

[28] Bossi R., Vorkamp K. and Skov H. (2016): Concentrations of organochlorine pesticides, 
polybrominated diphenyl ethers and perfluorinated compounds in the atmosphere of North 
Greenland. Environmental Pollution. 217:4-10. DOI: 10.1016/j.envpol.2015.12.026 

[29] Bengtson Nash S.M., Wild S.J., Hawker D.W., Cropp R.A., Hung H., Wania F., Xiao H., Bohlin-
Nizzetto P., Bignert A. and Broomhall S. (2017): Persistent Organic Pollutants in the East 
Antarctic Atmosphere: Inter-Annual Observations from 2010 to 2015 Using High-Flow-Through 
Passive Sampling. Environ Sci Technol. 51(23):13929-37. DOI: 10.1021/acs.est.7b04224 

[30] Luek J.L., Dickhut R.M., Cochran M.A., Falconer R.L. and Kylin H. (2017): Persistent organic 
pollutants in the Atlantic and southern oceans and oceanic atmosphere. Science of the Total 
Environment. 583:64-71. DOI: 10.1016/j.scitotenv.2016.12.189 

[31] Pozo K., Martellini T., Corsolini S., Harner T., Estellano V., Kukucka P., Mulder M.A., Lammel G. 
and Cincinelli A. (2017): Persistent organic pollutants (POPs) in the atmosphere of coastal areas 
of the Ross Sea, Antarctica: Indications for long-term downward trends. Chemosphere. 
178:458-65. DOI: 10.1016/j.chemosphere.2017.02.118 



70  References 
 

[32] Hao Y., Li Y., Han X., Wang T., Yang R., Wang P., Xiao K., Li W., Lu H., Fu J., Wang Y., Shi J., Zhang 
Q. and Jiang G. (2019): Air monitoring of polychlorinated biphenyls, polybrominated diphenyl 
ethers and organochlorine pesticides in West Antarctica during 2011-2017: Concentrations, 
temporal trends and potential sources. Environ Pollut. 249:381-9. DOI: 
10.1016/j.envpol.2019.03.039 

[33] Wu X., Chen A., Yuan Z., Kang H. and Xie Z. (2020): Atmospheric organochlorine pesticides 
(OCPs) and polychlorinated biphenyls (PCBs) in the Antarctic marginal seas: Distribution, 
sources and transportation. Chemosphere. 258:127359. DOI: 
10.1016/j.chemosphere.2020.127359 

[34] Hao Y.F., Li Y.M., Wania F., Yang R.Q., Wang P., Zhang Q.H. and Jiang G.B. (2021): Atmospheric 
concentrations and temporal trends of polychlorinated biphenyls and organochlorine 
pesticides in the Arctic during 2011-2018. Chemosphere. 267. DOI: 
10.1016/j.chemosphere.2020.128859 

[35] Galbán-Malagón C., Gómez-Aburto V.A., Hirmas-Olivares A., Luarte T., Berrojalbiz N. and Dachs 
J. (2023): Dichlorodiphenyltrichloroethane (DDT) and Dichlorodiphenyldichloroethylene (DDE) 
levels in air and surface sea waters along the Antarctic Peninsula. Mar Pollut Bull. 197. DOI: 
10.1016/j.marpolbul.2023.115699 

[36] Stockholm Convention. The 12 initial POPs under the Stockholm Convention 2004. Available 
from: 
https://chm.pops.int/TheConvention/ThePOPs/The12InitialPOPs/tabid/296/Default.aspx. 

[37] Ubaid Ur Rahman H., Asghar W., Nazir W., Sandhu M.A., Ahmed A. and Khalid N. (2021): A 
comprehensive review on chlorpyrifos toxicity with special reference to endocrine disruption: 
Evidence of mechanisms, exposures and mitigation strategies. Sci Total Environ. 755(Pt 
2):142649. DOI: 10.1016/j.scitotenv.2020.142649 

[38] Feltracco M., Barbaro E., Maule F., Bortolini M., Gabrieli J., De Blasi F., Cairns W.R., Dallo F., 
Zangrando R., Barbante C. and Gambaro A. (2022): Airborne polar pesticides in rural and 
mountain sites of North-Eastern Italy: An emerging air quality issue. Environ Pollut. 
308:119657. DOI: 10.1016/j.envpol.2022.119657 

[39] Ding Y., Hayward S.J., Westgate J.N., Brown T.N., Lei Y.D. and Wania F. (2023): Legacy and 
current-use pesticides in Western Canadian mountain air: Influence of pesticide sales, source 
proximity, and altitude. Atmos Environ. 308. DOI: 10.1016/j.atmosenv.2023.119882 

[40] Meire R.O., Lee S.C., Yao Y., Targino A.C., Torres J.P.M. and Harner T. (2012): Seasonal and 
altitudinal variations of legacy and current-use pesticides in the Brazilian tropical and 
subtropical mountains. Atmos Environ. 59:108-16. DOI: 10.1016/j.atmosenv.2012.05.018 

[41] Guida Y.S., Meire R.O., Torres J.P.M. and Malm O. (2018): Air contamination by legacy and 
current-use pesticides in Brazilian mountains: An overview of national regulations by 
monitoring pollutant presence in pristine areas. Environ Pollut. 242(Pt A):19-30. DOI: 
10.1016/j.envpol.2018.06.061 

[42] Kruse-Plass M., Hofmann F., Wosniok W., Schlechtriemen U. and Kohlschütter N. (2021): 
Pesticides and pesticide-related products in ambient air in Germany. Environ Sci Eur. 33(1). DOI: 
10.1186/s12302-021-00553-4 

[43] Sofuoglu S.C., Sofuoglu A., Holsen T.M., Alexander C.M. and Pagano J.J. (2013): Atmospheric 
concentrations and potential sources of PCBs, PBDEs, and pesticides to Acadia National Park. 
Environ Pollut. 177:116-24. DOI: 10.1016/j.envpol.2013.02.015 

[44] Zhong G.C., Xie Z.Y., Cai M.H., Möller A., Sturm R., Tang J.H., Zhang G., He J.F. and Ebinghaus R. 
(2012): Distribution and Air-Sea Exchange of Current-Use Pesticides (CUPs) from East Asia to 
the High Arctic Ocean. Environ Sci Technol. 46(1):259-67. DOI: 10.1021/es202655k 

[45] Mai C., Theobald N., Lammel G. and Hühnerfuss H. (2013): Spatial, seasonal and vertical 
distributions of currently-used pesticides in the marine boundary layer of the North Sea. Atmos 
Environ. 75:92-102. DOI: 10.1016/j.atmosenv.2013.04.027 

[46] Borras E., Sanchez P., Munoz A. and Tortajada-Genaro L.A. (2011): Development of a gas 
chromatography-mass spectrometry method for the determination of pesticides in gaseous 

https://chm.pops.int/TheConvention/ThePOPs/The12InitialPOPs/tabid/296/Default.aspx


References  71 
 

and particulate phases in the atmosphere. Anal Chim Acta. 699(1):57-65. DOI: 
10.1016/j.aca.2011.05.009 

[47] Liu L., Tang J., Zhong G., Zhen X., Pan X. and Tian C. (2018): Spatial distribution and seasonal 
variation of four current-use pesticides (CUPs) in air and surface water of the Bohai Sea, China. 
Sci Total Environ. 621:516-23. DOI: 10.1016/j.scitotenv.2017.11.282 

[48] Gao Y., Zheng H.Y., Xia Y.Y., Chen M., Meng X.Z. and Cai M.H. (2019): Spatial Distributions and 
Seasonal Changes of Current-Use Pesticides from the North Pacific to the Arctic Oceans. J 
Geophys Res-Atmos. 124(16):9716-29. DOI: 10.1029/2018jd030186 

[49] Mayer L., Degrendele C., Senk P., Kohoutek J., Pribylova P., Kukucka P., Melymuk L., Durand A., 
Ravier S., Alastuey A., Baker A.R., Baltensperger U., Baumann-Stanzer K., Biermann T., Bohlin-
Nizzetto P., Ceburnis D., Conil S., Couret C., Degorska A., Diapouli E., Eckhardt S., Eleftheriadis 
K., Forster G.L., Freier K., Gheusi F., Gini M.I., Hellen H., Henne S., Herrmann H., Holubova 
Smejkalova A., Horrak U., Huglin C., Junninen H., Kristensson A., Langrene L., Levula J., Lothon 
M., Ludewig E., Makkonen U., Matejovicova J., Mihalopoulos N., Minarikova V., Moche W., Noe 
S.M., Perez N., Petaja T., Pont V., Poulain L., Quivet E., Ratz G., Rehm T., Reimann S., Simmons 
I., Sonke J.E., Sorribas M., Spoor R., Swart D.P.J., Vasilatou V., Wortham H., Yela M., Zarmpas P., 
Zellweger Fasi C., Torseth K., Laj P., Klanova J. and Lammel G. (2024): Widespread Pesticide 
Distribution in the European Atmosphere Questions their Degradability in Air. Environ Sci 
Technol. 58(7):3342-52. DOI: 10.1021/acs.est.3c08488 

[50] Balmer J.E., Morris A.D., Hung H., Jantunen L., Vorkamp K., Rigét F., Evans M., Houde M. and 
Muir D.C.G. (2019): Levels and trends of current-use pesticides (CUPs) in the arctic: An updated 
review, 2010-2018. Emerg Contam. 5:70-88. DOI: 10.1016/j.emcon.2019.02.002 

[51] Majewski M.S. and Capel P.D. (1995): Pesticides in the atmosphere; distribution, trends, and 
governing factors. Open-File Report. DOI: 10.3133/ofr94506 

[52] Jager M.E., Bourbon C. and Levsen K. (1998): Analysis of pesticides and their degradation 
products in rainwater: A probe into their atmospheric degradation. Int J Environ an Ch. 70(1-
4):149-62. DOI: 10.1080/03067319808032611 

[53] Majewski M.S., Foreman W.T. and Goolsby D.A. (2000): Pesticides in the atmosphere of the 
Mississippi River Valley, part I - rain. Science of the Total Environment. 248(2-3):201-12. DOI: 
10.1016/S0048-9697(99)00543-4 

[54] Spencer W.F., Cliath, M.M. (1990): Movement of Pesticides from Soil to the Atmosphere /  Kurtz 
D.A., (editor). Long range transport of pesticides  

[55] Boehncke A., Siebers J. and Nolting H.G. (1990): Investigations of the Evaporation of Selected 
Pesticides from Natural and Model Surfaces in Field and Laboratory. Chemosphere. 21(9):1109-
24. DOI: 10.1016/0045-6535(90)90132-D 

[56] Chepil W.S., Woodruff, N.P. (1963): The physics of wind erosion and its control. Advances in 
Agronomy. 15. DOI: 10.1016/S0065-2113(08)60400-9 

[57] Bundesanstalt für Geowissenschaften und Rohstoffe (BGR). Bodenerosion durch Wind 2024. 
Available from: 
https://www.bgr.bund.de/DE/Themen/Boden/Ressourcenbewertung/Bodenerosion/Wind/B
odenerosionWind_node.html. 

[58] Wania F. and Mackay D. (1996): Tracking the distribution of persistent organic pollutants. 
Environ Sci Technol. 30(9):A390-A6. DOI: 10.1021/es962399q 

[59] Bidleman T.F. (1999): Atmospheric transport and air-surface exchange of pesticides. Water Air 
Soil Poll. 115(1-4):115-66. DOI: 10.1023/A:1005249305515 

[60] Wania F., Axelman J. and Broman D. (1998): A review of processes involved in the exchange of 
persistent organic pollutants across the air-sea interface. Environmental Pollution. 102(1):3-23. 
DOI: 10.1016/S0269-7491(98)00072-4 

[61] WHO. Health Aspects of Air Pollution with Particulate Matter, Ozone and Nitrogen Dioxide. 
Report on a WHO Working Group, Bonn, Germany, 13-15 January 2003. WHO, Regional Office 
for Europe, Copenhagen. 2003. 

https://www.bgr.bund.de/DE/Themen/Boden/Ressourcenbewertung/Bodenerosion/Wind/BodenerosionWind_node.html
https://www.bgr.bund.de/DE/Themen/Boden/Ressourcenbewertung/Bodenerosion/Wind/BodenerosionWind_node.html


72  References 
 

[62] Sabarwal A., Kumar K. and Singh R.P. (2018): Hazardous effects of chemical pesticides on human 
health-Cancer and other associated disorders. Environ Toxicol Pharmacol. 63:103-14. DOI: 
10.1016/j.etap.2018.08.018 

[63] Deleeuw F.A.A.M. (1993): Assessment of the Atmospheric Hazards and Risks of New Chemicals 
- Procedures to Estimate Hazard Potentials. Chemosphere. 27(8):1313-28. DOI: 10.1016/0045-
6535(93)90226-U 

[64] van Pul W.A.J., Bidleman T.F., Brorström-Lundén E., Builtjes P.J.H., Dutchak S., Duyzer J.H., 
Gryning S.E., Jones K.C., van Dijk H.F.G. and van Jaarsveld J.A. (1999): Atmospheric transport 
and deposition of pesticides: An assessment of current knowledge. Water Air Soil Poll. 115(1-
4):245-56. DOI: 10.1023/A:1005238430531 

[65] Atkinson R. (1987): A Structure-Activity Relationship for the Estimation of Rate Constants for 
the Gas-Phase Reactions of OH Radicals with Organic-Compounds. Int J Chem Kinet. 19(9):799-
828. DOI: 10.1002/kin.550190903 

[66] Altshuller A.P. (1989): Ambient Air Hydroxyl Radical Concentrations - Measurements and Model 
Predictions. Japca J Air Waste Ma. 39(5):704-8. DOI: 10.1080/08940630.1989.10466556 

[67] Atkinson R. (1986): Kinetics and Mechanisms of the Gas-Phase Reactions of the Hydroxyl 
Radical with Organic-Compounds under Atmospheric Conditions. Chem Rev. 86(1):69-201. DOI: 
10.1021/cr00071a004 

[68] van Pul W.A.J., de Leeuw F.A.A.M., van Jaarsveld J.A., van der Gaag M.A. and Sliggers C.J. (1998): 
The potential for long-range transboundary atmospheric transport. Chemosphere. 37(1):113-
41. DOI: 10.1016/S0045-6535(98)00027-7 

[69] Atkinson R., Aschmann S.M. and Pitts J.N. (1984): Kinetics of the Reactions of Naphthalene and 
Biphenyl with Oh Radicals and with O-3 at 294+/-1-K. Environ Sci Technol. 18(2):110-3. DOI: 
10.1021/es00120a012 

[70] Palm W.U., Millet M. and Zetzsch C. (1998): OH radical reactivity of pesticides adsorbed on 
aerosol materials: first results of experiments with filter samples. Ecotoxicol Environ Saf. 
41(1):36-43. DOI: 10.1006/eesa.1998.1664 

[71] Schroeder W.H. and Lane D.A. (1988): The fate of toxic airborne pollutants. Environ Sci Technol. 
22(3):240-6. DOI: 10.1021/es00168a001 

[72] Belfroid A.C., van Drunen M., Beek M.A., Schrap S.M., van Gestel C.A. and van Hattum B. (1998): 
Relative risks of transformation products of pesticides for aquatic ecosystems. Sci Total Environ. 
222(3):167-83. DOI: 10.1016/s0048-9697(98)00298-8 

[73] Ji C., Song Q., Chen Y., Zhou Z., Wang P., Liu J., Sun Z. and Zhao M. (2020): The potential 
endocrine disruption of pesticide transformation products (TPs): The blind spot of pesticide risk 
assessment. Environ Int. 137:105490. DOI: 10.1016/j.envint.2020.105490 

[74] Collotta M., Bertazzi P.A. and Bollati V. (2013): Epigenetics and pesticides. Toxicology. 307:35-
41. DOI: 10.1016/j.tox.2013.01.017 

[75] Bidleman T.F., Jantunen L.M., Falconer R.L., Barrie L.A. and Fellin P. (1995): Decline of 
Hexachlorocyclohexane in the Arctic Atmosphere and Reversal of Air-Sea Gas-Exchange. 
Geophys Res Lett. 22(3):219-22. DOI: 10.1029/94gl02990 

[76] Stockholm Convention. Stockholm Convention on Persistent Organic Pollutants (POPs). Text 
and Annexes. Revised in 2019. 2020. 

[77] Vallack H.W., Bakker D.J., Brandt I., Broström-Lundén E., Brouwer A., Bull K.R., Gough C., 
Guardans R., Holoubek I., Jansson B., Koch R., Kuylenstierna J., Lecloux A., Mackay D., 
McCutcheon P., Mocarelli P. and Taalman R.D.F. (1998): Controlling persistent organic pollutants 
-: what next? Environ Toxicol Phar. 6(3):143-75. DOI: 10.1016/S1382-6689(98)00036-2 

[78] Majewski M.S., Foreman W.T., Goolsby D.A. and Nakagaki N. (1998): Airborne pesticide residues 
along the Mississippi River. Environ Sci Technol. 32(23):3689-98. DOI: 10.1021/es9802403 

[79] Wania F. and Mackay D. (1993): Global Fractionation and Cold Condensation of Low Volatility 
Organochlorine Compounds in Polar-Regions. Ambio. 22(1):10-8.   

[80] Ding Y., Zheng H., Chen Z., Gao Y., Xiao K., Gao Z., Han Z., Xue Y. and Cai M. (2023): Ocean 
current redistributed the currently using Organoamine Pesticides in Arctic summer water. Sci 
Total Environ. 886:163979. DOI: 10.1016/j.scitotenv.2023.163979 



References  73 
 

[81] Bogdal C., Abad E., Abalos M., van Bavel B., Hagberg J., Scheringer M. and Fiedler H. (2013): 
Worldwide distribution of persistent organic pollutants in air, including results of air monitoring 
by passive air sampling in five continents. Trac-Trend Anal Chem. 46:150-61. DOI: 
10.1016/j.trac.2012.05.011 

[82] Anh H.Q., Tomioka K., Tue N.M., Tuyen L.H., Chi N.K., Minh T.B., Viet P.H. and Takahashi S. 
(2019): A preliminary investigation of 942 organic micro-pollutants in the atmosphere in waste 
processing and urban areas, northern Vietnam: Levels, potential sources, and risk assessment. 
Ecotox Environ Safe. 167:354-64. DOI: 10.1016/j.ecoenv.2018.10.026 

[83] Cortes S., Pozo K., Llanos Y., Martinez N., Foerster C., Leiva C., Ustáriz J., Pribylová P., Klánová J. 
and Jorquera H. (2020): First measurement of human exposure to current use pesticides (CUPs) 
in the atmosphere of central Chile: The case study of Mauco cohort. Atmos Pollut Res. 11(4). 
DOI: 10.1016/j.apr.2019.12.023 

[84] Fuhrimann S., Klánová J., Pribylová P., Kohoutek J., Dalvie M.A., Röösli M. and Degrendele C. 
(2020): Qualitative assessment of 27 current-use pesticides in air at 20 sampling sites across 
Africa. Chemosphere. 258. DOI: 10.1016/j.chemosphere.2020.127333 

[85] Guida Y., Pozo K., de Carvalho G.O., Capella R., Targino A.C., Torres J.P.M. and Meire R.O. (2021): 
Occurrence of pyrethroids in the atmosphere of urban areas of Southeastern Brazil: Inhalation 
exposure and health risk assessment. Environmental Pollution. 290. DOI: 
10.1016/j.envpol.2021.118020 

[86] Martin S., Dévier M.H., Cruz J., Duporté G., Barron E., Gaillard J., Le Menach K., Pardon P., 
Augagneur S., Flaud P.M., Villenave É. and Budzinski H. (2022): Passive Sampling as a Tool to 
Assess Atmospheric Pesticide Contamination Related to Vineyard Land Use. Atmosphere-Basel. 
13(4). DOI: 10.3390/atmos13040504 

[87] Zhao M.Y., Wu J.X., Figueiredo D.M., Zhang Y., Zou Z.Y., Cao Y.X., Li J.J., Chen X., Shi S.P., Wei Z.Y., 
Li J.D., Zhang H.Y., Zhao E.R., Geissen V., Ritsema C.J., Liu X.J., Han J.J. and Wang K. (2023): 
Spatial-temporal distribution and potential risk of pesticides in ambient air in the North China 
Plain. Environ Int. 182. DOI: 10.1016/j.envint.2023.108342 

[88] Climent M.J., Coscollà C., López A., Barra R. and Urrutia R. (2019): Legacy and current-use 
pesticides (CUPs) in the atmosphere of a rural area in central Chile, using passive air samplers. 
Science of the Total Environment. 662:646-54. DOI: 10.1016/j.scitotenv.2019.01.302 

[89] Veludo A.F., Figueiredo D.M., Degrendele C., Masinyana L., Curchod L., Kohoutek J., Kukucka P., 
Martiník J., Pribylová P., Klánová J., Dalvie M.A., Röösli M. and Fuhrimann S. (2022): Seasonal 
variations in air concentrations of 27 organochlorine pesticides (OCPs) and 25 current-use 
pesticides (CUPs) across three agricultural areas of South Africa. Chemosphere. 289. DOI: 
10.1016/j.chemosphere.2021.133162 

[90] Zaller J.G., Kruse-Plass M., Schlechtriemen U., Gruber E., Peer M., Nadeem I., Formayer H., 
Hutter H.P. and Landler L. (2022): Pesticides in ambient air, influenced by surrounding land use 
and weather, pose a potential threat to biodiversity and humans. Science of the Total 
Environment. 838. DOI: 10.1016/j.scitotenv.2022.156012 

[91] Jaward F.M., Farrar N.J., Harner T., Sweetman A.J. and Jones K.C. (2004): Passive air sampling 
of PCBs, PBDEs, and organochlorine pesticides across Europe. Environ Sci Technol. 38(1):34-41. 
DOI: 10.1021/es034705n 

[92] Harner T., Shoeib M., Diamond M., Stern G. and Rosenberg B. (2004): Using passive air samplers 
to assess urban - Rural trends for persistent organic pollutants. 1. Polychlorinated biphenyls 
and organochlorine pesticides. Environ Sci Technol. 38(17):4474-83. DOI: 10.1021/es040302r 

[93] Pozo K., Harner T., Shoeib M., Urrutia R., Barra R., Parra O. and Focardi S. (2004): Passive-
sampler derived air concentrations of persistent organic pollutants on a north-south transect 
in Chile. Environ Sci Technol. 38(24):6529-37. DOI: 10.1021/es049065i 

[94] Motelay-Massei A., Harner T., Shoeib M., Diamond M., Stern G. and Rosenberg B. (2005): Using 
passive air samplers to assess urban-rural trends for persistent organic pollutants and polycyclic 
aromatic hydrocarbons. 2. Seasonal trends for PAHs, PCBs, and organochlorine pesticides. 
Environ Sci Technol. 39(15):5763-73. DOI: 10.1021/es0504183 



74  References 
 

[95] Klánová J., Kohoutek J., Hamplová L., Urbanová P. and Holoubek I. (2006): Passive air sampler 
as a tool for long-term air pollution monitoring:: Part 1.: Performance assessment for seasonal 
and spatial variations. Environmental Pollution. 144(2):393-405. DOI: 
10.1016/j.envpol.2005.12.048 

[96] Devi N.L., Qi S., Chakraborty P., Zhang G. and Yadav I.C. (2011): Passive air sampling of 
organochlorine pesticides in a northeastern state of India, Manipur. J Environ Sci (China). 
23(5):808-15. DOI: 10.1016/s1001-0742(10)60453-6 

[97] Pozo K., Harner T., Lee S.C., Sinha R.K., Sengupta B., Loewen M., Geethalakshmi V., Kannan K. 
and Volpi V. (2011): Assessing seasonal and spatial trends of persistent organic pollutants 
(POPs) in Indian agricultural regions using PUF disk passive air samplers. Environ Pollut. 
159(2):646-53. DOI: 10.1016/j.envpol.2010.09.025 

[98] Pribylova P., Kares R., Boruvkova J., Cupr P., Prokes R., Kohoutek J., Holoubek I. and Klanova J. 
(2012): Levels of persistent organic pollutants and polycyclic aromatic hydrocarbons in ambient 
air of Central and Eastern Europe. Atmos Pollut Res. 3(4):494-505. DOI: 10.5094/Apr.2012.057 

[99] Tombesi N., Pozo K. and Harner T. (2014): Persistent Organic Pollutants (POPs) in the 
atmosphere of agricultural and urban areas in the Province of Buenos Aires in Argentina using 
PUF disk passive air samplers. Atmos Pollut Res. 5(2):170-8. DOI: 10.5094/Apr.2014.021 

[100] Peverly A.A., Ma Y., Venier M., Rodenburg Z., Spak S.N., Hornbuckle K.C. and Hites R.A. (2015): 
Variations of Flame Retardant, Polycyclic Aromatic Hydrocarbon, and Pesticide Concentrations 
in Chicago's Atmosphere Measured using Passive Sampling. Environ Sci Technol. 49(9):5371-9. 
DOI: 10.1021/acs.est.5b00216 

[101] de la Torre A., Sanz P., Navarro I. and Martínez M.A. (2016): Time trends of persistent organic 
pollutants in spanish air. Environmental Pollution. 217:26-32. DOI: 
10.1016/j.envpol.2016.01.040 

[102] Li Q.X., Lu Y., Jin J., Li G.Y., Li P., He C. and Wang Y. (2016): Comparison of using polyurethane 
foam passive samplers and tree bark samples from Western China to determine atmospheric 
organochlorine pesticide. J Environ Sci. 41:90-8. DOI: 10.1016/j.jes.2015.05.022 

[103] Tominaga M.Y., Silva C.R., Melo J.P., Niwa N.A., Plascak D., Souza C.A. and Sato M.I. (2016): 
PCDD, PCDF, dl-PCB and organochlorine pesticides monitoring in Sao Paulo City using passive 
air sampler as part of the Global Monitoring Plan. Sci Total Environ. 571:323-31. DOI: 
10.1016/j.scitotenv.2016.07.173 

[104] Pozo K., Sarkar S.K., Estellano V.H., Mitra S., Audi O., Kukucka P., Pribylova P., Klanova J. and 
Corsolini S. (2017): Passive air sampling of persistent organic pollutants (POPs) and emerging 
compounds in Kolkata megacity and rural mangrove wetland Sundarban in India: An approach 
to regional monitoring. Chemosphere. 168:1430-8. DOI: 10.1016/j.chemosphere.2016.09.055 

[105] Pozo K., Oyola G., Estellano V.H., Harner T., Rudolph A., Prybilova P., Kukucka P., Audi O., Klánová 
J., Metzdorff A. and Focardi S. (2017): Persistent Organic Pollutants (POPs) in the atmosphere 
of three Chilean cities using passive air samplers. Science of the Total Environment. 586:107-
14. DOI: 10.1016/j.scitotenv.2016.11.054 

[106] Kurt-Karakus P.B., Ugranli-Cicek T., Sofuoglu S.C., Celik H., Gungormus E., Gedik K., Sofuoglu A., 
Okten H.E., Birgul A., Alegria H. and Jones K.C. (2018): The first countrywide monitoring of 
selected POPs: Polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs) and 
selected organochlorine pesticides (OCPs) in the atmosphere of Turkey. Atmos Environ. 
177:154-65. DOI: 10.1016/j.atmosenv.2018.01.021 

[107] Can-Güven E., Gedik K. and Kurt-Karakus P.B. (2019): Polyurethane foam disk passive sampler 
derived air concentrations of persistent organic pollutants in an agricultural region with hot 
climate. Atmos Pollut Res. 10(6):1913-20. DOI: 10.1016/j.apr.2019.08.004 

[108] Navarro I., de la Torre A., Sanz P., Arjol M.A., Fernández J. and Martínez M.A. (2019): 
Organochlorine pesticides air monitoring near a historical lindane production site in Spain. 
Science of the Total Environment. 670:1001-7. DOI: 10.1016/j.scitotenv.2019.03.313 

[109] Pegoraro C.N. and Wannaz E.D. (2019): Occurrence of persistent organic pollutants in air at 
different sites in the province of Cordoba, Argentina. Environ Sci Pollut R. 26(18):18379-91. 
DOI: 10.1007/s11356-019-05088-z 



References  75 
 

[110] Prats R.M., van Drooge B.L., Fernández P., Marco E. and Grimalt J.O. (2021): Changes in Urban 
Gas-Phase Persistent Organic Pollutants During the COVID-19 Lockdown in Barcelona. Front 
Env Sci-Switz. 9. DOI: 10.3389/fenvs.2021.650539 

[111] Schuster J.K., Harner T., Eng A., Rauert C., Su K., Hornbuckle K.C. and Johnson C.W. (2021): 
Tracking POPs in Global Air from the First 10 Years of the GAPS Network (2005 to 2014). Environ 
Sci Technol. 55(14):9479-88. DOI: 10.1021/acs.est.1c01705 

[112] Avila B.S., Mendoza D.P., Ramirez A. and Penuela G.A. (2022): Occurrence and distribution of 
persistent organic pollutants (POPs) in the atmosphere of the Andean city of Medellin, 
Colombia. Chemosphere. 307(Pt 1):135648. DOI: 10.1016/j.chemosphere.2022.135648 

[113] Llanos Y., Cortés S., Martínez A., Pozo K., Pribylová P., Klánová J. and Jorquera H. (2022): Local 
and regional sources of organochlorine pesticides in a rural zone in central Chile. Atmos Pollut 
Res. 13(5). DOI: 10.1016/j.apr.2022.101411 

[114] Mamontova E.A. and Mamontov A.A. (2022): Air Monitoring of Polychlorinated Biphenyls and 
Organochlorine Pesticides in Eastern Siberia: Levels, Temporal Trends, and Risk Assessment. 
Atmosphere-Basel. 13(12). DOI: 10.3390/atmos13121971 

[115] Schummer C., Tuduri L., Briand O., Appenzeller B.M. and Millet M. (2012): Application of XAD-
2 resin-based passive samplers and SPME-GC-MS/MS analysis for the monitoring of spatial and 
temporal variations of atmospheric pesticides in Luxembourg. Environ Pollut. 170:88-94. DOI: 
10.1016/j.envpol.2012.05.025 

[116] Levy M., Al-Alam J., Delhomme O. and Millet M. (2020): An integrated extraction method 
coupling pressurized solvent extraction, solid phase extraction and solid-phase micro 
extraction for the quantification of selected organic pollutants in air by gas and liquid 
chromatography coupled to tandem mass spectrometry. Microchem J. 157. DOI: 
10.1016/j.microc.2020.104889 

[117] Miglioranza K.S.B., Ondarza P.M., Costa P.G., de Azevedo A., Gonzalez M., Shimabukuro V.M., 
Grondona S.I., Mitton F.M., Barra R.O., Wania F. and Fillmann G. (2021): Spatial and temporal 
distribution of Persistent Organic Pollutants and current use pesticides in the atmosphere of 
Argentinean Patagonia. Chemosphere. 266. DOI: 10.1016/j.chemosphere.2020.129015 

[118] Wania F., Shen L., Lei Y.D., Teixeira C. and Muir D.C.G. (2003): Development and calibration of a 
resin-based passive sampling system for monitoring persistent organic pollutants in the 
atmosphere. Environ Sci Technol. 37(7):1352-9. DOI: 10.1021/es026166c 

[119] Shen L., Wania F., Lei Y.D., Teixeira C., Muir D.C. and Bidleman T.F. (2005): Atmospheric 
distribution and long-range transport behavior of organochlorine pesticides in North America. 
Environ Sci Technol. 39(2):409-20. DOI: 10.1021/es049489c 

[120] Zhang X.M., Barnes J., Lei Y.D. and Wania F. (2017): Semivolatile Organic Contaminants in the 
Hawaiian Atmosphere. Environ Sci Technol. 51(20):11634-42. DOI: 10.1021/acs.est.7b03841 

[121] Lévy M., Ba H., Pallares C., Pham-Huu C. and Millet M. (2020): Comparison and calibration of 
diverse passive samplers used for the air sampling of pesticides during a regional sampling 
monitoring campaign. Atmos Pollut Res. 11(7):1217-25. DOI: 10.1016/j.apr.2020.03.014 

[122] Moeckel C., Harner T., Nizzetto L., Strandberg B., Lindroth A. and Jones K.C. (2009): Use of 
depuration compounds in passive air samplers: results from active sampling-supported field 
deployment, potential uses, and recommendations. Environ Sci Technol. 43(9):3227-32. DOI: 
10.1021/es802897x 

[123] Galon L., Bragagnolo L., Korf E.P., dos Santos J.B., Barroso G.M. and Ribeiro V.H.V. (2021): 
Mobility and environmental monitoring of pesticides in the atmosphere — a review. Environ 
Sci Pollut R. 28(25):32236-55. DOI: 10.1007/s11356-021-14258-x 

[124] Wania F. and Shunthirasingham C. (2020): Passive air sampling for semi-volatile organic 
chemicals. Environ Sci Process Impacts. 22(10):1925-2002. DOI: 10.1039/d0em00194e 

[125] Melymuk L., Bohlin P., Sanka O., Pozo K. and Klanova J. (2014): Current challenges in air 
sampling of semivolatile organic contaminants: sampling artifacts and their influence on data 
comparability. Environ Sci Technol. 48(24):14077-91. DOI: 10.1021/es502164r 



76  References 
 

[126] Yusá V., Coscollà C., Mellouki W., Pastor A. and de la Guardia M. (2009): Sampling and analysis 
of pesticides in ambient air. Journal of Chromatography A. 1216(15):2972-83. DOI: 
10.1016/j.chroma.2009.02.019 

[127] British Crop Production Council. Compendium of Pesticide Common Names 2022. Available 
from: http://www.bcpcpesticidecompendium.org/. 

[128] Transition E.S.p.-S.P.P. Work packages 2020. Available from: https://sprint-
h2020.eu/index.php/project-information/work-packages. 

[129] EU SPRINT project - Sustainable Plant Protection Transition. Case studies 2020. Available from: 
https://sprint-h2020.eu/index.php/project-information/case-studies. 

[130] Analytical Quality Control and Method Validation Procedures for Pesticide Residues Analysis in 
Food and Feed. Supersedes Document No. SANTE/2017/11813. Implemented by 01/01/2020. 

[131] Freeling F. and Björnsdotter M.K. (2023): Assessing the environmental occurrence of the 
anthropogenic contaminant trifluoroacetic acid (TFA). Curr Opin Green Sust. 41. DOI: 
10.1016/j.cogsc.2023.100807 

[132] European Chemicals Agency. Hot topics - Per- and polyfluoroalkyl substances (PFAS) 2024. 
Available from: https://echa.europa.eu/hot-topics/perfluoroalkyl-chemicals-pfas. 

[133] European Chemicals Agency. Annex to the Annex XV Restriction Report - Proposal for a 
restriction. A.3.17. 2023. 

[134] European Commission EU Pesticide Database 2024. Available from: 
https://food.ec.europa.eu/plants/pesticides/eu-pesticides-database_en. 

[135] Baker L.W., Fitzell D.L., Seiber J.N., Parker T.R., Shibamoto T., Poore M.W., Longley K.E., Tomlin 
R.P., Propper R. and Duncan D.W. (1996): Ambient air concentrations of pesticides in California. 
Environ Sci Technol. 30(4):1365-8. DOI: 10.1021/es950608l 

[136] Waite D.T., Cessna A.J., Grover R., Kerr L.A. and Snihura A.D. (2002): Environmental 
concentrations of agricultural herbicides: 2,4-D and triallate. Journal of Environmental Quality. 
31(1):129-44. DOI: 10.2134/jeq2002.1290 

[137] Baraud L., Tessier D., Aaron J.J., Quisefit J.P. and Pinart J. (2003): A multi-residue method for 
characterization and determination of atmospheric pesticides measured at two French urban 
and rural sampling sites. Analytical and Bioanalytical Chemistry. 377(7-8):1148-52. DOI: 
10.1007/s00216-003-2196-3 

[138] Waite D.T., Cessna A.J., Grover R., Kerr L.A. and Snihura A.D. (2004): Environmental 
concentrations of agricultural herbicides in Saskatchewan, Canada: Bromoxynil, dicamba, 
diclofop, MCPA, and trifluralin. Journal of Environmental Quality. 33(5):1616-28. DOI: 
10.2134/jeq2004.1616 

[139] Waite D.T., Bailey P., Sproull J.F., Quiring D.V., Chau D.F., Bailey J. and Cessna A.J. (2005): 
Atmospheric concentrations and dry and wet deposits of some herbicides currently used on 
the Canadian Prairies. Chemosphere. 58(6):693-703. DOI: 
10.1016/j.chemosphere.2004.09.105 

[140] Bailey R. and Belzer W. (2007): Large volume cold on-column injection for gas chromatography-
negative chemical ionization-mass spectrometry analysis of selected pesticides in air samples. 
J Agr Food Chem. 55(4):1150-5. DOI: 10.1021/jf062972h 

[141] Esteve-Turrillas F.A., Pastor A. and de la Guardia M. (2008): Evaluation of working air quality by 
using semipermeable membrane devices. Analysis of organophosphorus pesticides. Anal Chim 
Acta. 626(1):21-7. DOI: 10.1016/j.aca.2008.07.039 

[142] Coscolla C., Castillo M., Pastor A. and Yusa V. (2011): Determination of 40 currently used 
pesticides in airborne particulate matter (PM 10) by microwave-assisted extraction and gas 
chromatography coupled to triple quadrupole mass spectrometry. Anal Chim Acta. 693(1-
2):72-81. DOI: 10.1016/j.aca.2011.03.017 

[143] Hart E., Coscollà C., Pastor A. and Yusà V. (2012): GC-MS characterization of contemporary 
pesticides in PM10 of Valencia Region, Spain. Atmos Environ. 62:118-29. DOI: 
10.1016/j.atmosenv.2012.08.006 

http://www.bcpcpesticidecompendium.org/
https://sprint-h2020.eu/index.php/project-information/case-studies
https://echa.europa.eu/hot-topics/perfluoroalkyl-chemicals-pfas


References  77 
 

[144] Coscollà C., Hart E., Pastor A. and Yusà V. (2013): LC-MS characterization of contemporary 
pesticides in PM10 of Valencia Region, Spain. Atmos Environ. 77:394-403. DOI: 
10.1016/j.atmosenv.2013.05.022 

[145] Coscollà C., Yahyaoui A., Colin P., Robin C., Martinon L., Val S., Baeza-Squiban A., Mellouki A. 
and Yusà V. (2013): Particle size distributions of currently used pesticides in a rural atmosphere 
of France. Atmos Environ. 81:32-8. DOI: 10.1016/j.atmosenv.2013.08.057 

[146] Coscollà C., León N., Pastor A. and Yusà V. (2014): Combined target and post-run target strategy 
for a comprehensive analysis of pesticides in ambient air using liquid chromatography-Orbitrap 
high resolution mass spectrometry. Journal of Chromatography A. 1368:132-42. DOI: 
10.1016/j.chroma.2014.09.067 

[147] Li H., Ma H., Lydy M.J. and You J. (2014): Occurrence, seasonal variation and inhalation 
exposure of atmospheric organophosphate and pyrethroid pesticides in an urban community 
in South China. Chemosphere. 95:363-9. DOI: 10.1016/j.chemosphere.2013.09.046 

[148] Yusà V., Coscollà C. and Millet M. (2014): New screening approach for risk assessment of 
pesticides in ambient air. Atmos Environ. 96:322-30. DOI: 10.1016/j.atmosenv.2014.07.047 

[149] Zivan O., Segal-Rosenheimer M. and Dubowski Y. (2016): Airborne organophosphate pesticides 
drift in Mediterranean climate: The importance of secondary drift. Atmos Environ. 127:155-62. 
DOI: 10.1016/j.atmosenv.2015.12.003 

[150] López A., Yusà V., Muñoz A., Vera T., Borràs E., Ródenas M. and Coscollà C. (2017): Risk 
assessment of airborne pesticides in a Mediterranean region of Spain. Science of the Total 
Environment. 574:724-34. DOI: 10.1016/j.scitotenv.2016.08.149 

[151] López A., Coscollà C., Yusà V., Armenta S., de la Guardia M. and Esteve-Turrillas F.A. (2017): 
Comprehensive analysis of airborne pesticides using hard cap espresso extraction-liquid 
chromatography-high-resolution mass spectrometry. Journal of Chromatography A. 1506:27-
36. DOI: 10.1016/j.chroma.2017.05.040 

[152] Lopez A., Coscolla C. and Yusa V. (2018): Evaluation of sampling adsorbents and validation of a 
LC-HRMS method for determination of 28 airborne pesticides. Talanta. 189:211-9. DOI: 
10.1016/j.talanta.2018.06.078 

[153] Villiot A., Chrétien E., Drab-Sommesous E., Rivière E., Chakir A. and Roth E. (2018): Temporal 
and seasonal variation of atmospheric concentrations of currently used pesticides in 
Champagne in the centre of Reims from 2012 to 2015. Atmos Environ. 174:82-91. DOI: 
10.1016/j.atmosenv.2017.11.046 

[154] Figueiredo D.M., Duyzer J., Huss A., Krop E.J.M., Gerritsen-Ebben M.G., Gooijer Y. and 
Vermeulen R.C.H. (2021): Spatio-temporal variation of outdoor and indoor pesticide air 
concentrations in homes near agricultural fields. Atmos Environ. 262:118612. DOI: 
10.1016/j.atmosenv.2021.118612 

[155] López A., Ruiz P., Yusà V. and Coscollà C. (2021): Methodological Aspects for the 
Implementation of the Air Pesticide Control and Surveillance Network (PESTNet) of the 
Valencian Region (Spain). Atmosphere-Basel. 12(5). DOI: 10.3390/atmos12050542 

[156] Decuq C., Bourdat-Deschamps M., Benoit P., Bertrand C., Benabdallah R., Esnault B., Durand B., 
Loubet B., Fritsch C., Pelosi C., Gaba S., Bretagnolle V. and Bedos C. (2022): A multiresidue 
analytical method on air and rainwater for assessing pesticide atmospheric contamination in 
untreated areas. Sci Total Environ. 823:153582. DOI: 10.1016/j.scitotenv.2022.153582 

[157] Degrendele C., Klánová J., Prokes R., Príbylová P., Senk P., Sudoma M., Röösli M., Dalvie M.A. 
and Fuhrimann S. (2022): Current use pesticides in soil and air from two agricultural sites in 
South Africa: Implications for environmental fate and human exposure. Science of the Total 
Environment. 807. DOI: 10.1016/j.scitotenv.2021.150455 

[158] López A., Fuentes E., Yusà V., Ibáñez M. and Coscollà C. (2022): Identification of Unknown 
Substances in Ambient Air (PM), Profiles and Differences between Rural, Urban and Industrial 
Areas. Toxics. 10(5). DOI: 10.3390/toxics10050220 

[159] Ni J.K., Cai M.H., Lin Y.J., Li T. and Ma J. (2024): Occurrence, seasonal variations, and spatial 
distributions of current-use organoamine pesticides in the atmosphere of Shanghai, China. 
Atmos Pollut Res. 15(8). DOI: 10.1016/j.apr.2024.102187 



78  References 
 

[160] Wang L., Cao G., Zhang Z.F., Liu L.Y., Jia S.M., Fu M.Q. and Ma W.L. (2024): Occurrence, seasonal 
variation and gas/particle partitioning of current used pesticides (CUPs) across 60 degrees C 
temperature and 30 degrees latitudes in China. J Hazard Mater. 464:132983. DOI: 
10.1016/j.jhazmat.2023.132983 

[161] Siebers J., Gottschild D. and Nolting H.G. (1994): Pesticides in Precipitation in Northern 
Germany. Chemosphere. 28(8):1559-70. DOI: 10.1016/0045-6535(94)90249-6 

[162] Halsall C.J., Bailey R., Stern G.A., Barrie L.A., Fellin P., Muir D.C.G., Rosenberg B., Rovinsky F.Y., 
Kononov E.Y. and Pastukhov B. (1998): Multi-year observations of organohalogen pesticides in 
the Arctic atmosphere. Environmental Pollution. 102(1):51-62. DOI: 10.1016/S0269-
7491(98)00074-8 

[163] Sanusi A., Millet M., Mirabel P. and Wortham H. (1999): Gas-particle partitioning of pesticides 
in atmospheric samples. Atmos Environ. 33(29):4941-51. DOI: 10.1016/S1352-2310(99)00275-
7 

[164] Sanusi A., Millet M., Mirabel P. and Wortham H. (2000): Comparison of atmospheric pesticide 
concentrations measured at three sampling sites: local, regional and long-range transport. 
Science of the Total Environment. 263(1-3):263-77. DOI: 10.1016/S0048-9697(00)00714-2 

[165] Peck A.M. and Hornbuckle K.C. (2005): Gas-phase concentrations of current-use pesticides in 
Iowa. Environ Sci Technol. 39(9):2952-9. DOI: 10.1021/es0486418 

[166] Scheyer A., Graeff C., Morville S., Mirabel P. and Millet M. (2005): Analysis of some 
organochlorine pesticides in an urban atmosphere (Strasbourg, east of France). Chemosphere. 
58(11):1517-24. DOI: 10.1016/j.chemosphere.2004.10.013 

[167] White L.M., Ernst W.R., Julien G., Garron C. and Leger M. (2006): Ambient air concentrations of 
pesticides used in potato cultivation in Prince Edward Island, Canada. Pest Manag Sci. 
62(2):126-36. DOI: 10.1002/ps.1130 

[168] Yao Y., Tuduri L., Harner T., Blanchard P., Waite D., Poissant L., Murphy C., Belzer W., Aulagnier 
F., Li Y.F. and Sverko E. (2006): Spatial and temporal distribution of pesticide air concentrations 
in Canadian agricultural regions. Atmos Environ. 40(23):4339-51. DOI: 
10.1016/j.atmosenv.2006.03.039 

[169] Scheyer A., Morville S., Mirabel P. and Millet M. (2007): Variability of atmospheric pesticide 
concentrations between urban and rural areas during intensive pesticide application. Atmos 
Environ. 41(17):3604-18. DOI: 10.1016/j.atmosenv.2006.12.042 

[170] Arinaitwe K., Kiremire B.T., Muir D.C.G., Fellin P., Li H., Teixeira C. and Mubiru D.N. (2016): Legacy 
and currently used pesticides in the atmospheric environment of Lake Victoria, East Africa. Sci 
Total Environ. 543(Pt A):9-18. DOI: 10.1016/j.scitotenv.2015.10.146 

[171] Coscollà C., López A., Yahyaoui A., Colin P., Robin C., Poinsignon Q. and Yusà V. (2017): Human 
exposure and risk assessment to airborne pesticides in a rural French community. Science of 
the Total Environment. 584:856-68. DOI: 10.1016/j.scitotenv.2017.01.132 

[172] Nascimento M.M., da Rocha G.O. and de Andrade J.B. (2018): A rapid low-consuming solvent 
extraction procedure for simultaneous determination of 34 multiclass pesticides associated to 
respirable atmospheric particulate matter (PM) by GC-MS. Microchem J. 139:424-36. DOI: 
10.1016/j.microc.2018.03.023 

[173] Yera A.M.B. and Vasconcellos P.C. (2021): Pesticides in the atmosphere of urban sites with 
different characteristics. Process Saf Environ. 156:559-67. DOI: 10.1016/j.psep.2021.10.049 

[174] Alegria H.A., Bidleman T.F. and Shaw T.J. (2000): Organochlorine pesticides in ambient air of 
Belize, Central America. Environ Sci Technol. 34(10):1953-8. DOI: 10.1021/es990982b 

[175] Buehler S.S., Basu I. and Hites R.A. (2001): A comparison of PAH, PCB, and pesticide 
concentrations in air at two rural sites on Lake Superior. Environ Sci Technol. 35(12):2417-22. 
DOI: 10.1021/es001805+ 

[176] Sofuoglu A., Odabasi M., Tasdemir Y., Khalili N.R. and Holsen T.M. (2001): Temperature 
dependence of gas-phase polycyclic aromatic hydrocarbon and organochlorine pesticide 
concentrations in Chicago air. Atmos Environ. 35(36):6503-10. DOI: 10.1016/S1352-
2310(01)00408-3 



References  79 
 

[177] Wennrich L., Popp P. and Hafne C. (2002): Novel integrative passive samplers for the long-term 
monitoring of semivolatile organic air pollutants. J Environ Monit. 4(3):371-6. DOI: 
10.1039/b200762m 

[178] Farrar N.J., Harner T., Shoeib M., Sweetman A. and Jones K.C. (2005): Field deployment of thin 
film passive air samplers for persistent organic pollutants: A study in the urban atmospheric 
boundary layer. Environ Sci Technol. 39(1):42-8. DOI: 10.1021/es048907a 

[179] Harrad S. and Mao H.J. (2004): Atmospheric PCBs and organochlorine pesticides in 
Birmingham, UK: concentrations, sources, temporal and seasonal trends. Atmos Environ. 
38(10):1437-45. DOI: 10.1016/j.atmosenv.2003.12.002 

[180] Gioia R., Offenberg J.H., Gigliotti C.L., Totten L.A., Du S.Y. and Eisenreich S.J. (2005): Atmospheric 
concentrations and deposition of organochlorine pesticides in the US Mid-Atlantic region. 
Atmos Environ. 39(12):2309-22. DOI: 10.1016/j.atmosenv.2004.12.028 

[181] Gouin T., Harner T., Blanchard P. and Mackay D. (2005): Passive and active air samplers as 
complementary methods for investigating persistent organic pollutants in the Great Lakes 
basin. Environ Sci Technol. 39(23):9115-22. DOI: 10.1021/es051397f 

[182] Alegria H., Bidleman T.F. and Figueroa M.S. (2006): Organochlorine pesticides in the ambient 
air of Chiapas, Mexico. Environmental Pollution. 140(3):483-91. DOI: 
10.1016/j.envpol.2005.08.007 

[183] Farrar N.J., Prevedouros K., Harner T., Sweetman A.J. and Jones K.C. (2006): Continental scale 
passive air sampling of persistent organic pollutants using rapidly equilibrating thin films 
(POGs). Environmental Pollution. 144(2):423-33. DOI: 10.1016/j.envpol.2005.12.057 

[184] Dvorska A., Lammel G., Klanova J. and Holoubek I. (2008): Kosetice, Czech Republic - ten years 
of air pollution monitoring and four years of evaluating the origin of persistent organic 
pollutants. Environmental Pollution. 156(2):403-8. DOI: 10.1016/j.envpol.2008.01.034 

[185] Yang Y.Y., Li D.L. and Mu D. (2008): Levels, seasonal variations and sources of organochlorine 
pesticides in ambient air of Guangzhou, China. Atmos Environ. 42(4):677-87. DOI: 
10.1016/j.atmosenv.2007.09.061 

[186] He J. and Balasubramanian R. (2010): A comparative evaluation of passive and active samplers 
for measurements of gaseous semi-volatile organic compounds in the tropical atmosphere. 
Atmos Environ. 44(7):884-91. DOI: 10.1016/j.atmosenv.2009.12.009 

[187] Cindoruk S.S. (2011): Atmospheric organochlorine pesticide (OCP) levels in a metropolitan city 
in Turkey. Chemosphere. 82(1):78-87. DOI: 10.1016/j.chemosphere.2010.10.003 

[188] Halse A.K., Schlabach M., Eckhardt S., Sweetman A., Jones K.C. and Breivik K. (2011): Spatial 
variability of POPs in European background air. Atmos Chem Phys. 11(4):1549-64. DOI: 
10.5194/acp-11-1549-2011 

[189] Park J.S., Shin S.K., Kim W.I. and Kim B.H. (2011): Residual levels and identify possible sources 
of organochlorine pesticides in Korea atmosphere. Atmos Environ. 45(39):7496-502. DOI: 
10.1016/j.atmosenv.2010.10.030 

[190] Li Q.B., Wang X.Y., Song J., Sui H.Q., Huang L. and Li L. (2012): Seasonal and diurnal variation in 
concentrations of gaseous and particulate phase endosulfan. Atmos Environ. 61:620-6. DOI: 
10.1016/j.atmosenv.2012.07.068 

[191] Yu Y.X., Li C.L., Zhang X.L., Zhang X.Y., Pang Y.P., Zhang S.H. and Fu J.M. (2012): Route-specific 
daily uptake of organochlorine pesticides in food, dust, and air by Shanghai residents, China. 
Environ Int. 50:31-7. DOI: 10.1016/j.envint.2012.09.007 

[192] Hapeman C.J., McConnell L.L., Potter T.L., Harman-Fetcho J., Schmidt W.F., Rice C.P., Schaffer 
B.A. and Curry R. (2013): Endosulfan in the atmosphere of South Florida: Transport to 
Everglades and Biscayne National Parks. Atmos Environ. 66:131-40. DOI: 
10.1016/j.atmosenv.2012.04.010 

[193] Khairy M.A. and Lohmann R. (2013): Feasibility of using low density polyethylene sheets to 
detect atmospheric organochlorine pesticides in Alexandria, Egypt. Environmental Pollution. 
181:151-8. DOI: 10.1016/j.envpol.2013.06.031 

[194] Kirchner M., Jakobi G., Körner W., Levy W., Moche W., Niedermoser B., Schaub M., Ries L., Weiss 
P., Antritter F., Fischer N., Henkelmann B. and Schramm K.W. (2016): Ambient Air Levels of 



80  References 
 

Organochlorine Pesticides at Three High Alpine Monitoring Stations: Trends and Dependencies 
on Geographical Origin. Aerosol Air Qual Res. 16(3):738-51. DOI: 10.4209/aaqr.2015.04.0213 

[195] Takazawa Y., Takasuga T., Doi K., Saito M. and Shibata Y. (2016): Recent decline of DDTs among 
several organochlorine pesticides in background air in East Asia. Environ Pollut. 217:134-42. 
DOI: 10.1016/j.envpol.2016.02.019 

[196] Gevao B., Porcelli M., Rajagopalan S., Krishnan D., Martinez-Guijarro K., Alshemmari H., Bahloul 
M. and Zafar J. (2018): Spatial and temporal variations in the atmospheric concentrations of 
"Stockholm Convention" organochlorine pesticides in Kuwait. Sci Total Environ. 622-623:1621-
9. DOI: 10.1016/j.scitotenv.2017.10.036 

[197] Gong P., Wang X.P., Sheng J.J., Wang H.L., Yuan X.H., He Y.Q., Qian Y. and Yao T.D. (2018): 
Seasonal variations and sources of atmospheric polycyclic aromatic hydrocarbons and 
organochlorine compounds in a high-altitude city: Evidence from four-year observations. 
Environmental Pollution. 233:1188-97. DOI: 10.1016/j.envpol.2017.10.064 

[198] Nost T.H., Halse A.K., Schlabach M., Bäcklund A., Eckhardt S. and Breivik K. (2018): Low 
concentrations of persistent organic pollutants (POPs) in air at Cape Verde. Science of the Total 
Environment. 612:129-37. DOI: 10.1016/j.scitotenv.2017.08.217 

[199] Yu S.Y., Liu W.J., Xu Y.S., Zhao Y.Z., Cai C.Y., Liu Y., Wang X., Xiong G.N., Tao S. and Liu W.X. (2019): 
Organochlorine pesticides in ambient air from the littoral cities of northern China: Spatial 
distribution, seasonal variation, source apportionment and cancer risk assessment. Sci Total 
Environ. 652:163-76. DOI: 10.1016/j.scitotenv.2018.10.230 

[200] Mao S.D., Zhang G., Li J., Geng X.F., Wang J.Q., Zhao S.Z., Cheng Z.N., Xu Y., Li Q.L. and Wang Y. 
(2020): Occurrence and sources of PCBs, PCNs, and HCB in the atmosphere at a regional 
background site in east China: Implications for combustion sources. Environmental Pollution. 
262. DOI: 10.1016/j.envpol.2020.114267 

[201] Dien N.T., Hirai Y., Koshiba J. and Sakai S. (2021): Factors affecting multiple persistent organic 
pollutant concentrations in the air above Japan: A panel data analysis. Chemosphere. 277. DOI: 
10.1016/j.chemosphere.2021.130356 

[202] Iakovides M., Apostolaki M. and Stephanou E.G. (2021): PAHs, PCBs and organochlorine 
pesticides in the atmosphere of Eastern Mediterranean: Investigation of their occurrence, 
sources and gas-particle partitioning in relation to air mass transport pathways. Atmos Environ. 
244. DOI: 10.1016/j.atmosenv.2020.117931 

[203] Lee M., Lee S., Noh S., Park K.S., Yu S.M., Lee S., Do Y.S., Kim Y.H., Kwon M., Kim H. and Park 
M.K. (2022): Assessment of organochlorine pesticides in the atmosphere of South Korea: 
spatial distribution, seasonal variation, and sources. Environ Monit Assess. 194(10). DOI: 
10.1007/s10661-022-10335-x 

[204] Iakovides M., Sciare J. and Mihalopoulos N. (2023): Simple multi-residue analysis of persistent 
organic pollutants and molecular tracers in atmospheric samples. MethodsX. 10:102224. DOI: 
10.1016/j.mex.2023.102224 

[205] Khuman S.N., Park M.K., Kim H.J., Hwang S.M., Lee C.H. and Choi S.D. (2023): Nationwide 
assessment of atmospheric organochlorine pesticides over a decade during 2008-2017 in South 
Korea. Sci Total Environ. 877:162927. DOI: 10.1016/j.scitotenv.2023.162927 

[206] Wang L., Cao G., Liu L.Y., Zhang Z.F., Jia S.M., Fu M.Q. and Ma W.L. (2023): Cross-regional scale 
studies of organochlorine pesticides in air in China: Pollution characteristic, seasonal variation, 
and gas/particle partitioning. Science of the Total Environment. 904. DOI: 
10.1016/j.scitotenv.2023.166709 

 



Appendix  81 

A. Appendix 
A.1 Physical-chemical properties and instrumental parameters of the investigated pesticides 
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B.1 Literature on pesticides in the atmosphere 
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C.1 Safety data information 
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