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Résumé L'ammoniac (NH3) est la forme d'azote utilisable la plus abondante dans l'environnement et l'un des gaz principaux émis par l'agriculture. Le NH3 contribue à la perte de biodiversité, aux épisodes de pollution par les particules fines (PM2.5) et à l'acidification des surfaces d'eau et des sols. Depuis la révolution industrielle, les émissions d'ammoniac ont augmenté en continu, accompagnées de l'intensification de l'agriculture et de l'augmentation de la demande alimentaire. Les concentrations atmosphériques devraient continuer à augmenter dans le futur, notamment à cause du réchauffement climatique. Dans les travaus de ma thèse, j'ai utilisé les mesures de la mission satellite IASI pour étudier l'évolution temporelle et spatiale de l'ammoniac dans des différentes régions agricoles. J'ai d'abord étudié l'effet des fluctuations météorologiques sur les concentrations atmosphériques associées à différentes pratiques agricoles. Je me suis ensuite concentrée sur les échanges solatmosphère, pour dériver un facteur d'émission de NH3, pendant la saison de croissance agricole en Europe. Pour réaliser ces études, j'ai utilisé différents jeux de données : les données météorologiques provenant de la réanalyse (ERA5) de l'European Centre for Medium-Range Weather Forecasts (ECMWF), la couverture terrestre et la surface brûlée provenant du sondeur MODIS embarqué à bord des satellites Aqua et Terra, et des données de simulation de modèle provenant du modèle de chimie-transport GEOS-Chem. Enfin, j'ai étudié les fluctuations de l'ammoniac atmosphérique en Syrie, pour analyser l'impact du conflit sur les terres cultivées. VII

Chapter 1 1 Introduction and research questions

The agricultural revolution that occurred ~10,000 years ago shaped today's economy and politics [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF]. By selectively domesticating plants and animals, it allowed the human population to increase in count and prosper. In today's world and under the current dietary choices, the human race is not able to survive anymore without vast fields of cultivated/fertilized lands, and acres stacked with selected breeds of animals for slaughter and exploitation.

Agricultural practices evolved with the passing years, introducing new methods and techniques to increase the yield or minimize the losses in case of natural disasters (e.g. floods, tsunami). For example, farmers used to burn fields prior to sowing after it was discovered that charcoal (carbon) increases the fertility of the soil. It was later explained that charcoal holds nutrients (e.g. ammonium (NH4 + )) in the soil for a longer time than a soil without it. During the same period, a scientist discovered that ammonia (NH3) is a nutrient for plants and if manufactured synthetically, it can be applied as fertilizers to increase the yield. Several scientists tried to manufacture ammonia to no avail. Until the 20 th century, Fritz Haber figured a way to produce ammonia by putting the non-reactive nitrogen (N2) and hydrogen (H2) gas under high pressure and temperature.

Eventually, the chemical bonds linking the nitrogen (N) and hydrogen (H) atoms in N2 and H2 respectively will break, to form loose H and N that will later merge into ammonia. It was such a breakthrough in the world of agriculture, and it needed to be applied at an industrial scale. Later, Carl Bosch designed an industrial procedure that succeeded in producing huge amounts of ammonia. Together, they won a patent for the Haber -Bosch process, and changed the course of the world. Synthetic fertilizers were the driver of the huge rise in population count by almost 2 folds from 1910 up until year 2000 [START_REF] Erisman | How a century of ammonia synthesis changed the world[END_REF]. The world consumption of synthetic fertilizers was found to increase by +300 %, mainly driven by Asia, Brazil and the United States (USDA, 2022a). One can argue that this is the result of agricultural intensification, while this is true to a certain extent, a part of the increase in fertilizers use is due to cropland expansion. For example, in 2019 the global cropland area was estimated to be 1,244.2 ± 62.7 million hectares (Mha) (compared to ~1090.3 Mha average during [2000 -2003]) [START_REF] Potapov | Global maps of cropland extent and change show accelerated cropland expansion in the twenty-first century[END_REF], this is roughly the size of both the united states (983.4 Mha) and Argentina (278 Mha) combined. The excess of N threw off the balance of the nitrogen cycle, one of the vital geochemical cycles on Earth, putting our survival on the stake [START_REF] Rockström | A safe operating space for humanity[END_REF]. Agriculture-emitted ammonia eventually get deposited in terrestrial ecosystems, leading to unintended fertilization of the natural habitats, and as a result, a loss in biodiversity [START_REF] Erisman | How a century of ammonia synthesis changed the world[END_REF]. In addition to that, ammonia is also one of the ignored contributors to air quality deterioration, its chemical reactivity with acidic species in the atmosphere leads to the formation of harmful particulate matter (PM). In intensive agricultural areas the inorganic PM2.51 can be attributed to ammonia emissions (e.g. at least 50 % of the PM2.5 in California [START_REF] Schiferl | An investigation of ammonia and inorganic particulate matter in California during the CalNex campaign[END_REF]). Its reduction, therefore is crucial to improve air quality. For instance, a decrease of ammonia emission in China by -50 % can lead to a reduction of -11 to -17 % in PM2.5, which will reduce haze pollution episodes [START_REF] Liu | Ammonia emission control in China would mitigate haze pollution and nitrogen deposition, but worsen acid rain[END_REF].

Nitrogen related pollution episodes are a growing threat [START_REF] Fields | Global Nitrogen: Cycling out of Control[END_REF]. At least since 2008, ammonia trends were seen to increase over a ten year period [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. The global population has been growing ever since the apparition of the Haber-Bosch process, and it will continue to do so. The United Nations (UN) expect a count of 9.7 billion in 2050 and 10.4 billion in 2100 (UN, 2022). With it, the food demand will rise by +35 % to +56 % in 2050, and if climate change is considered in the analysis, the numbers will change to +30 % to +62 % [START_REF] Van Dijk | A meta-analysis of projected global food demand and population at risk of hunger for the period 2010-2050[END_REF], due to the increase in ammonia emissions with temperature. The global respond to this growing demand is by intensifying agricultural practices and expanding the croplands surface area. Both of these strategies will eventually increase the nitrogen input in the environment. Thus, further increasing the loss in biodiversity, and leading to air quality degradation. It is therefore crucial to understand the factors that affect the loss of ammonia from agricultural soils, in order to be able to set a limit for the N applied especially under future climate scenarios. Reducing N input to soils will benefit both the environment and the economy; it is also proved to be beneficial on the longer run for a better yield [START_REF] Chen | Effects of reduced nitrogen inputs on crop yield and nitrogen use efficiency in a long-term maize-soybean relay strip intercropping system[END_REF].

In this chapter, I walk you through the different processes taking place in the nitrogen cycle, and the impacts of the excess N input from human intervention. I, then, discuss the history of atmospheric ammonia, the current trends and future projections. Finally, I list the thesis objectives aiming to understand the effects of multiple factors, such as meteorology and land use change on atmospheric ammonia.

The nitrogen cycle

Nitrogen (N) is one of six most abundant elements (C, H, N, O, S, P) 2 that are considered the major building blocks of life on Earth [START_REF] Chopra | The major elemental abundance differences between life, the oceans and the Sun[END_REF]. N is present in all living organisms as nucleic acids (DNA and RNA), proteins (amino acids), vitamins, and adenosine triphosphate (ATP) that is involved in metabolism [START_REF] Takai | The Nitrogen Cycle: A Large, Fast, and Mystifying Cycle[END_REF]. Although nitrogen consists of 78% of the terrestrial atmosphere, the vast majority of organisms (~99%) are not able to absorb it in its inert form (N2). This is due to the strong triple bond linking both nitrogen atoms; such a bond is hard to break (naturally) under ambient conditions except by lightning and some bacterial species in the soil and water bodies [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF]. N2 is rather known to be the nonreactive form of nitrogen, and it forms the first pool of nitrogen on Earth. The second pool is that of the reactive nitrogen (Nr), and it consists of all forms of nitrogen except N2, such as: nitrate (NO3 -), ammonium/ammonia (NH4 + /NH3), and organic nitrogen (Norg). The latter is defined as nitrogen originating from living organisms. It can be made of animal and plant residues, in addition to manure and urea [START_REF] Jacob | Introduction to Atmospheric Chemistry[END_REF]. Living organisms can only assimilate nitrogen in its reactive form (Nr). Atmospheric N2 is therefore unusable by these organisms unless transformed into Nr, this process is called "nitrogen fixation". The interaction between the two large nitrogen pools on Earth is mainly governed by nitrogen fixation (N2 to Nr), and denitrification (Nr to N2) [START_REF] Takai | The Nitrogen Cycle: A Large, Fast, and Mystifying Cycle[END_REF]. summarizes the main natural pathways of nitrogen in the environment. N2 is either fixed by 2 Carbon, hydrogen, nitrogen, oxygen, sulfur, and phosphorous. bacterial species (in the soil and in plant roots), lightning, or volcanic eruptions. The nitrogenfixing bacteria turns N2 into a reduced form of nitrogen (ammonia NH3 and ammonium NH4 + ). This pathway of N2 can also be referred as the biological nitrogen fixation (BNF). The produced ammonium and ammonia are then nitrified by bacteria to give nitrites NO2 -and nitrates NO3 -, this process is aerobic 3 and is called nitrification (blue arrows in Figure 1.1). These anions 4 (NO2 -and nitrates NO3 -) do not exist alone in nature, rather they attach to positively charged ions (cations), e.g. H + to form nitrous HNO2 and nitric HNO3 acids.

Plants can assimilate and absorb nitrogen in the form of ammonia/ammonium and nitrate [START_REF] Lea | CHAPTER 14 -AMMONIA ASSIMILATION AND AMINO ACID BIOSYNTHESIS[END_REF]. When lighting occurs, the triple bond of atmospheric N2 can be broken as well as the double bond of the two oxygen atoms (O2) in the atmosphere, the N and O can then produce nitrogen oxide NO (or nitric oxide). The oxidation of NO, by the hydroperoxyl radical (HO2•) and hydroxyl radical (HO•) continues until nitrogen dioxide (NO2) and then nitrate (NO3 -) are formed.

The nitrogen fixation pathway is shown in red arrows in Figure 1.1. Another pathway that can 3 A process that requires the presence of oxygen. 4 Negatively charged ions. produce ammonia (and ammonium) is the decomposition of organic nitrogen by a group of bacterial species and fungi, the decomposers, the process is known as ammonification (shown in orange in Figure 1.1). The nitrogen cycle is finally closed by denitrification that turns Nr back into its non-reactive form (N2), this process is done by the denitrifying bacteria and is anaerobic 5 (grey arrows in Figure 1.1).

The total Nr fixed naturally is estimated to be at a rate of 65 Tg N yr -1 [START_REF] Erisman | Nitrogen : too much of a vital resource : Science Brief[END_REF], and most of it (~90 %) is fixed by BNF [START_REF] Fowler | The global nitrogen cycle in the twenty-first century[END_REF]. Marine microorganisms also contribute to the nitrogen fixation. While most of the Nr produced in the oceans is stored in sediments (~140 Tg N yr -1 ), the rest of it is denitrified back to atmospheric N2 or nitrous oxide (N2O), the latter has a lifetime of 114 years and is the third most important greenhouse gas after methane (CH4) and carbon dioxide (CO2) [START_REF] Erisman | Nitrogen : too much of a vital resource : Science Brief[END_REF].

Nr in the environment

Nitrogen is most abundant in the non-reactive form. However, its reactive form, Nr, is vital for life on Earth. Too much of it, though, is rather a damage than a benefit [START_REF] Rockström | A safe operating space for humanity[END_REF][START_REF] Steffen | Planetary boundaries: Guiding human development on a changing planet[END_REF]. This section highlights the different forms of Nr in the environment, the human fixation of N, and the main sources, sinks, and impacts of excess Nr.

Following N2 fixation, Nr can fall into three main categories [START_REF] Jacob | Introduction to Atmospheric Chemistry[END_REF]:

(1) Reduced (inorganic) nitrogen, e.g. ammonia (NH3), and ammonium (NH4 + ),

(2) Oxidized (inorganic) nitrogen, e.g. nitrite (NO2 -), nitrate (NO3 -), nitrous oxide (N2O), and nitrogen oxides (NOx = NO + NO2), and

(3) Organic nitrogen, e.g. residues of animal and plant tissue, urea, and organo-nitrates (e.g. RONO2, where R is an organyl6 group). Among all the forms of reactive N in the atmosphere, ammonia is known to be the most abundant form of Nr [START_REF] Behera | Ammonia in the atmosphere: a review on emission sources, atmospheric chemistry and deposition on terrestrial bodies[END_REF]. Some other examples of atmospheric N-containing gases are: NOx, HNO3, and N2O (much less reactive than the other two). Naturally produced NOx gases 5 A process that takes place in the absence of oxygen.

(dominantly by lightning) also play a role in air quality, and in the formation of ozone in the upper troposphere [START_REF] Bray | Global emissions of NH3, NOx, and N2O from biomass burning and the impact of climate change[END_REF][START_REF] Murray | Lightning NOxand Impacts on Air Quality[END_REF][START_REF] Myhre | 8 Anthropogenic and Natural Radiative Forcing[END_REF], however, these represent only 10 % to 15 % of the total NOx emitted globally [START_REF] Schumann | The global lightning-induced nitrogen oxides source[END_REF]. Organo-nitrates are formed in the atmosphere via oxidation (photochemical and nocturnal) of volatile organic compounds (VOCs). The oxidation process is initiated by the two radicals OH and NO3 [START_REF] Farmer | Response of an aerosol mass spectrometer to organonitrates and organosulfates and implications for atmospheric chemistry[END_REF]. Organo-nitrates are known to be important for surface ozone formation in the stratosphere [START_REF] Fiore | Evaluating the contribution of changes in isoprene emissions to surface ozone trends over the eastern United States[END_REF], but also in the budget calculation of reactive nitrogen and aerosol formation in the lower troposphere [START_REF] Foulds | Abundance of NO3 Derived Organo-Nitrates and Their Importance in the Atmosphere[END_REF].

Reactive N: sources, sinks, and impacts

Excess Nr pollutes both marine and terrestrial ecosystems, deteriorates tropospheric air quality and contributes to ozone depletion in the stratosphere [START_REF] Erisman | Nitrogen : too much of a vital resource : Science Brief[END_REF]. Figure 1.2 summarizes the sources of nitrogen (white arrows), the processes (sinks) that follow the Nr release (red arrows), and the damages (yellow) excess Nr causes to the environment. The industrial production of fertilizers (and other goods), along with traffic are major sources of NOx gases (through fossil fuel combustion). Biomass burning and agricultural fires release Nr in the form of NOx and NH3, through the combustion of organic N [START_REF] Bray | Global emissions of NH3, NOx, and N2O from biomass burning and the impact of climate change[END_REF][START_REF] Whitburn | Ammonia emissions in tropical biomass burning regions: Comparison between satellite-derived emissions and bottom-up fire inventories[END_REF]. In agricultural lands and livestock management facilities, ammonia is released following the application of fertilizers, throughout the management process and spreading of animal manure, and through the N-fixating plants that are cultivated in croplands [START_REF] Chakraborty | Fixation of Nitrogen by the Rice Plant[END_REF][START_REF] Erisman | Nitrogen : too much of a vital resource : Science Brief[END_REF][START_REF] Sommer | Ammonia emission from field applied manure and its reduction-invited paper[END_REF]. In marine ecosystems N is fixed and stored in sediments, and the rest of it is denitrified and released back to the atmosphere as N2. The emitted NOx and NH3 end up: (1) on lands/plants through direct wet and/or dry deposition, and leaching in agricultural soil water, and (2) in oceans through groundwater, surface runoff and deposition (wet and dry, Figure 1.2).

Atmospheric Nr degrades air quality directly due to NOx emissions [START_REF] Jung | The Impact of Springtime-Transported Air Pollutants on Local Air Quality With Satellite-Constrained NOx Emission Adjustments Over East Asia[END_REF], and indirectly through the cascade of reactions caused by NH3 molecules [START_REF] Galloway | The Nitrogen Cascade[END_REF], since the latter is a precursor for particulate matter formation PM2.5 [START_REF] Fortems-Cheiney | Unaccounted variability in NH3 agricultural sources detected by IASI contributing to European spring haze episode[END_REF][START_REF] Viatte | NH 3 spatiotemporal variability over Paris, Mexico City, and Toronto, and its link to PM 2.5 during pollution events[END_REF][START_REF] Viatte | Atmospheric ammonia variability and link with particulate matter formation: a case study over the Paris area[END_REF]. In addition to that, the excess in nutrients (NH4 + and HNO3) in water bodies causes eutrophication 7 , resulting in loss in marine habitat and biodiversity, and the creation of dead zones [START_REF] Selman | Eutrophication and Hypoxia in Coastal Areas[END_REF]. Excess Nr also results in acidic and nutrient-rich soils, such environments favor species that can survive acidic and highly nutritious media, and lead to the death of more fragile species, therefore reducing the overall resilience of ecosystems [START_REF] Erisman | Nitrogen : too much of a vital resource : Science Brief[END_REF]. Globally, not all regions are affected to the same extent by excess Nr, for instance, the biodiversity loss is more apparent in parts of Africa and Southern America, Eastern U.S., South Asia and Central and Western Europe, than in the rest of the world [START_REF] Erisman | Nitrogen : too much of a vital resource : Science Brief[END_REF].

Human fixation of N

During the 19 th century, and following discovery of the Haber-Bosch process (the industrial conversion of N2 to NH3), the production of synthetic fertilizers played a major role in the perturbation of the N cycle [START_REF] Fowler | The global nitrogen cycle in the twenty-first century[END_REF][START_REF] Rockström | A safe operating space for humanity[END_REF]. Since then, human activities started to play a role in N2 fixation, and eventually became the first driver of global environmental changes [START_REF] Crutzen | Geology of mankind[END_REF]IPCC, 2013). Rockström and colleagues (Rockström et 7 Eutrophication is the excessive richness of nutrients in water bodies, due to excess (anthropogenic) Nr which causes a dense growth of cyanobacteria. This results in algal blooms (e.g. in lakes), which blocks sunlight in the water body and consumes the existing oxygen resulting in the creation of "dead zones". The water body becomes inhabitable by fish, therefore causing loss in marine biodiversity. al., 2009) introduced the concept of "planetary boundaries" for a safe operating space8 for humanity. These boundaries are thresholds that should not be exceeded, and are often associated with biophysical processes on Earth (e.g. the boundary of the nitrogen cycle is the amount of Nr in the environment). In today's world, the amount of fixed nitrogen by humans already exceeded the limit for a safe operating space. Anthropogenic activities produce Nr through several processes [START_REF] Galloway | The Nitrogen Cascade[END_REF]:

(1) Combustion of fossil fuel that produces NOx,

(2) agricultural activities such as fertilizers production and application, and manure management, and,

(3) N-fixating plants cultivated for food production purposes (soy, rice, beans, and other leguminous plants).

The use of fertilizers allowed the global population to increase in count, 50 % of the total population were estimated to be fed by the Haber-Bosch process in 2010 [START_REF] Erisman | How a century of ammonia synthesis changed the world[END_REF].

However, the excessive use of fertilizers caused a reduction in the resilience of agro-ecosystems [START_REF] Erisman | Nitrogen : too much of a vital resource : Science Brief[END_REF]. Fertilizers production, and application, in general is the dominant source of the reactive nitrogen on Earth with an estimate of 70 % of the total terrestrial Nr [START_REF] Battye | Is nitrogen the next carbon?[END_REF], and most of it is in the form of ammonia NH3 [START_REF] Galloway | Nitrogen Cycles: Past, Present, and Future[END_REF]. Although, fossil fuel combustion is a source of Nr, the amount of agriculture-emitted Nr exceeds that from fossil fuels (mainly in the form of NOx gases), and this is to the largest extent caused by the inefficient use of ammoniacal fertilizers, and the huge numbers of domesticated animals for food production purposes [START_REF] Behera | Ammonia in the atmosphere: a review on emission sources, atmospheric chemistry and deposition on terrestrial bodies[END_REF]. Other anthropogenic and biogenic sources emit ammonia, however, agricultural activities are the main contributors in the NH3 global budget [START_REF] Bouwman | A global high-resolution emission inventory for ammonia[END_REF][START_REF] Galloway | Transformation of the Nitrogen Cycle: Recent Trends, Questions, and Potential Solutions[END_REF][START_REF] Sutton | Towards a climate-dependent paradigm of ammonia emission and deposition[END_REF], and this includes a variety of agricultural activities (cultivation, fertilization, and manure management). While it is hard to quantify the exact amount of Nr fixed naturally, it is estimated that the total Nr input from fertilizers is double (or triple) the amount fixed by BNF [START_REF] Fowler | The global nitrogen cycle in the twenty-first century[END_REF][START_REF] Galloway | A chronology of human understanding of the nitrogen cycle[END_REF]. The meat and poultry industries alone account to one-third of the total anthropogenic nitrogen loss to the terrestrial ecosystem, which is roughly 65 Tg N yr -1 [START_REF] Uwizeye | Nitrogen emissions along global livestock supply chains[END_REF]. Regions that are dominated by manure management and cropping are the ones that show the highest annual emissions of ammonia, sometimes exceeding 25 kg N ha -1 , such as in Northern Europe (Sutton et al., 2013) (Figure 1.3).

As stated earlier, other sources of ammonia contribute to the total NH3 budget. For instance, the least addressed sources emit 15 % of the total ammonia emissions, and these include: sewage management, traffic (catalytic converters), pets, fish ponds, wild animals, and combustion [START_REF] Gross | Ammonia Volatilization from Freshwater Fish Ponds[END_REF][START_REF] Sutton | Ammonia emissions from nonagricultural sources in the UK[END_REF]. 

NH3 in the atmosphere

Historical evolution

The first ever recorded atmospheric ammonia pollution dates back to year 1800, specifically in spontaneous combustion caves of deposited coal in central Asia [START_REF] Sutton | Ammonia in the environment: From ancient times to the present[END_REF][START_REF] Sutton | Satellite pinpoints ammonia sources globally[END_REF]. These naturally occurring fire caves can burn for centuries, and will eventually emit, in addition to ammonia, acidic molecules such as hydrochloric acid (HCl), sulfuric acid (H2SO4), and HNO3. Ammonia reacts with these acids to form ammonium salts [START_REF] Belakovski | Kukhi-Malik area (Kuhi-malik), Yagnob River, Zeravshan Range, Sughd, Tajikistan[END_REF]), these will later be collected by locals and traded as luxury products [START_REF] Sutton | Alkaline air: changing perspectives on nitrogen and air pollution in an ammonia-rich world[END_REF].

Such salts are: ammonium chloride (NH4Cl), sulfate (NH4SO4), and nitrate (NH4NO3). The most important and abundant salt of these is sal ammoniac (NH4Cl), and can be found in several regions today such as in Tajikistan, and ancient Egypt (now Libya) [START_REF] Belakovski | Kukhi-Malik area (Kuhi-malik), Yagnob River, Zeravshan Range, Sughd, Tajikistan[END_REF]. Ammonium salts were used in medicine, metallurgy, and food [START_REF] Sutton | Ammonia in the environment: From ancient times to the present[END_REF]. The most traded salt among the mentioned beforehand, is sal ammoniac, due to its abundance and stability as compared to ammonium nitrate and sulfate [START_REF] Sutton | Alkaline air: changing perspectives on nitrogen and air pollution in an ammonia-rich world[END_REF]. As documented by Ibn-Hauqal in his book The Oriental Geography, locals used to collect sal ammoniac from around the cooled edges of the burning caves, trying to protect themselves from the flames by applying clay to their bodies [START_REF] Ouseley | The oriental geography of Ebn haukal an Arabian traveller of the tenth century[END_REF]. The price of nitrogen (sal ammoniac) was equivalent (slightly higher) than spice in 640 AD in places as Egypt and Sicily, it eventually evolved and increased with time up until 1140 AD [START_REF] Sutton | Alkaline air: changing perspectives on nitrogen and air pollution in an ammonia-rich world[END_REF].

In agricultural chemistry, the first scientist to suggest the use of mineral (synthetic) fertilizers is Baron Justus von Liebig (1803 -1873), he argued that ammonia and nitrates are direct nutrients to plants and their presence in soils is vital to a better yield [START_REF] Jacobson | Atmospheric Pollution: History, Science, and Regulation[END_REF]. At that time, humans did not know how to fix large amounts of nitrogen yet. However, an earlier attempt took place in 1787 by William Austin and later in 1823 by Johan Wolfgang [START_REF] Galloway | A chronology of human understanding of the nitrogen cycle[END_REF]. In 1910, the Haber-Bosch process allowed mass production of ammonia (N-fertilizers production), by adapting the NH3 process creased by Fritz Haber to an industrial scale production by Carl Bosch [START_REF] Smil | Enriching the Earth: Fritz Haber, Carl Bosch, and the Transformation of World Food Production[END_REF]. As a result, the value of 20 th century nitrogen is three orders of magnitude lower than that of the tenth century [START_REF] Erisman | How a century of ammonia synthesis changed the world[END_REF].

Measuring NH 3

The Nitrogen cycle is one of the most complex and studied cycles among scientific peers [START_REF] Gruber | An Earth-system perspective of the global nitrogen cycle[END_REF]. Not only is it by itself complex, but the reactivity of nitrogen with the carbon cycle makes it even harder to predict and understand the mechanisms in the N cycle [START_REF] Takai | The Nitrogen Cycle: A Large, Fast, and Mystifying Cycle[END_REF]. During the 19 th century, scientists started to recognize atmospheric ammonia, but only to study its function as a fertilizer ingredient [START_REF] Lawes | On agricultural chemistry[END_REF]. Figure 1.4 shows the mechanisms involved in the nitrogen and carbon cycles, the interactions between both cycles, in three large arenas: the human drivers, the atmospheric drivers, and the biogeochemical cycles [START_REF] Gruber | An Earth-system perspective of the global nitrogen cycle[END_REF]. The questions marks on the figure denotes unknown areas, or poorly understood processes. We can see how the interaction between atmospheric nitrogen (e.g. ammonia) and climate warming is not well understood in Figure 1.4. The understanding of the N cycle only started to increase recently, namely not before the 20 th century. For instance, during the 1980's period, some measurement techniques allowed the discovery that ammonia can be both emitted and absorbed by plants [START_REF] Farquhar | Gaseous nitrogen losses from plants[END_REF]. However, measuring ammonia was and is still difficult due to its high reactivity with the materials used in the manufacturing of the instruments, as well as its sticky nature and fast conversion to NH4 + [START_REF] Harper | Ammonia: Measurement Issues[END_REF]. It was therefore challenging to obtain accurate measurements. As a result, its role in spring pollution and other contributions to air quality deterioration was far from being understood. By the late 20 th century, the impacts of nitrogen pollution from agricultural practices started to be well recognized [START_REF] Novotny | Diffuse pollution from agriculture -A worldwide outlook[END_REF]. One of the methods used to measure ammonia was open-path Fourier transform infrared spectrometers (OP-FTIR), where the study focused on measuring ammonia emissions from lagoon during summer [START_REF] Todd | Measuring chemical emissions using open-path Fourier transform infrared (OP-FTIR) spectroscopy and computer-assisted tomography[END_REF]. By that time, FTIR instruments were loaded onto satellites for the sake of studying the meteorology and improving weather forecast. Unintentionally, opening the gate to a new way of probing ammonia from space. The first detection of ammonia from a satellite instrument was around 2008 -2009 [START_REF] Beer | First satellite observations of lower tropospheric ammonia and methanol[END_REF][START_REF] Clarisse | Global ammonia distribution derived from infrared satellite observations[END_REF][START_REF] Coheur | IASI measurements of reactive trace species in biomass burning plumes[END_REF]. This discovery allowed us to understand the temporal and spatial variability of atmospheric ammonia. In Chapter 2, I discuss the different satellite instruments that can detect ammonia from space, with an emphasis on the instrument I used in this thesis work.

NH 3 trends and mitigation measures

The mass production of nitrogen-based fertilizers did not come without a cost. Several studies showed that the overall trend in ammonia budget is positive globally, Liu (2022) and [START_REF] Mcduffie | A global anthropogenic emission inventory of atmospheric pollutants from sector-and fuel-specific sources (1970-2017): an application of the Community Emissions Data System (CEDS)[END_REF] found an increase of 81 % (between 1970 and 2017), and 78 % (from 1980 to 2018) of ammonia emissions respectively. The global trend in satellite derived ammonia total columns is seen to be mostly driven by the increases observed in East Asia, Western and Central Africa, North America, and Western and Southern Europe [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. The largest increase on a regional scale is seen in East Asia with an increase of 75.7 ±6.3 % on a decadal range [2008 -2018] (Figure 1.5), mostly driven by a rise in emissions in the North China Plain and Chengdu regions [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. In addition to that, the number of reported coastal dead zones increased dramatically from 9 during the 1960's, to 540 in 2011 [START_REF] Selman | Eutrophication and Hypoxia in Coastal Areas[END_REF]. In Europe, adopting the Gothenburg Protocol 9 resulted in major reductions of four air pollutants emissions: non-methane volatile organic compounds (NMVOCs), fine particulate matter (PM2.5), nitrogen oxides (NOx), and sulphur oxides (SOx) (Figure 1.6), but not in NH3 where we see rather a positive trend in Europe overall accounting to +20.8 % 10yr -1 (Van Damme et al., 2021), Figure 1.5). NOx and SOx emissions, for instance, decreased by 42 % and 76 % respectively (EEA, 2021) as Figure 1.6 shows. While NH3, equally addressed in the Gothenburg Protocol, reduced by only 8 % overall (in all EU-27 member states) from 2005 to 2019 (EEA, 2021). The low reduction in ammonia emissions, reported by EEA (2021), did not guarantee negative trends of ammonia total columns [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF], this means that the meteorological fluctuations play equally a crucial role in NH3 atmospheric budget and should be tackled to improve the estimation and modelling of atmospheric ammonia [START_REF] Sutton | Towards a climate-dependent paradigm of ammonia emission and deposition[END_REF]. The relationship of atmospheric ammonia with meteorological parameters is discussed in detail in Chapter 3.

EU countries in which ammonia emissions increased over the whole period [2005 -2019] are: Austria (+6 %), Estonia (+ 5%), Ireland (+5 %), and Latvia (+22 %) (EEA, 2021). In [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF] we can see that among these countries only Austria (+10 % per decade) and Ireland (+4 %) show a positive trend of atmospheric ammonia columns. In parts, the positive trends in ammonia columns could be in part related to the reduction of the acidic content/capacity of the atmosphere. For instance, the reduction of SOx and NOx emissions in China, caused the life time 9 The 1999 Gothenburg Protocol to Abate Acidification, Eutrophication and Ground-level Ozone (Gothenburg Protocol), is a protocol that was established in order to address air pollutants such as: Sulphur oxides (SOx), nitrogen oxides (NOx), ammonia (NH3) and non-methane volatile organic compounds (NMVOCs). In 2012, the protocol was amended to include fine particulate matter PM2.5 and new set of commitments to address in 2020, more details can be found through the following link: https://unece.org/environment-policy/air/protocol-abate-acidificationeutrophication-and-ground-level-ozone. duration of ammonia to increase. In the presence of atmospheric acids, ammonia molecules neutralize the latter to produce ammonium salts (PM2.5). This is considered an important loss mechanism (sink) of ammonia [START_REF] Abeed | Estimating agricultural ammonia volatilization over Europe using satellite observations and simulation data[END_REF][START_REF] Lachatre | The unintended consequence of SO2 and NO2 regulations over China: increase of ammonia levels and impact on PM2.5 concentrations[END_REF]. While the numbers shown in Figure 1.6 are only for EU member states, the global budget of ammonia is also increasing [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. Another reason to why the global mitigation of global ammonia budget is not efficient, is the lack of action in China. Being a major contributor to the global atmospheric ammonia (>25 kg N ha -1 ) [START_REF] Sutton | Towards a climate-dependent paradigm of ammonia emission and deposition[END_REF],in 2016 China started tackling ammonia emissions [START_REF] Liu | Ammonia emission control in China would mitigate haze pollution and nitrogen deposition, but worsen acid rain[END_REF].

Future projections

Since the emissions of ammonia are mainly driven by agricultural practices, and affected by meteorology), climate change and higher temperatures will increase the volatilization of ammonia from the surface [START_REF] Abeed | Estimating agricultural ammonia volatilization over Europe using satellite observations and simulation data[END_REF][START_REF] Shen | Intense Warming Will Significantly Increase Cropland Ammonia Volatilization Threatening Food Security and Ecosystem Health[END_REF]. In Ireland for instance, providing the applied amount of fertilizers is kept as is, ammonia concentrations will increase by ~20 % under a relatively moderate climate scenario (SSP2-4.5), and by up to ~40 % under a less likely scenario (SSP5-8.5), also referred to as business as usual, [START_REF] Abeed | Estimating agricultural ammonia volatilization over Europe using satellite observations and simulation data[END_REF], and Chapter 4).

A study that focuses on agricultural lands in the U.S. found an increase of volatilized ammonia by 81 % in 2100, as compared to 2010 under the RCP8.510 climate scenario [START_REF] Shen | Intense Warming Will Significantly Increase Cropland Ammonia Volatilization Threatening Food Security and Ecosystem Health[END_REF].

These projections are shown in Figure 1.7.

Future projections of the world population are not easy to predict [START_REF] Adam | How far will global population rise? Researchers can't agree[END_REF], however, the most recent United Nations report expected the global population to fall within 8.9 and 12.4 billion in 2100 (UN, 2022). An increase in population count will indeed increase the demand in food production, and therefore increases the cropland area (cropland expansion) [START_REF] Potapov | Global maps of cropland extent and change show accelerated cropland expansion in the twenty-first century[END_REF]. Climate change is expected to increase the volatilized ammonia from agricultural lands, as well as biomass burning. In a world with an ever-rising population count (until year 2100 at least), and expanding croplands areas for food production, it is crucial to understand the interaction of ammonia with the biosphere in order to mitigate the Nr excess consequences on the planet in the future.

Thesis objectives

In this introduction, I showed how atmospheric ammonia played a vital role in human history, increasing agricultural yields and as such feeding billions of people around the world. This however came at cost of a deteriorating part of the ecosystem by perturbing the nitrogen cycle.

This thesis aims at understanding the biosphere-atmosphere interactions, by shedding the light on agriculture-emitted ammonia. To answer this broad question, I choose to focus on three main axes:

1. The effect of meteorological fluctuations on atmospheric ammonia concentrations from agricultural practices.

2. The soil-atmosphere bi-directional exchange of ammonia in soils (forest, cropland, and grassland), with an emphasis on agricultural soils in Europe, and during the growing season. Several regions around the globe are considered, while the main focus is on agricultural ammonia, I also include some industrial regions/hotspot (mainly to compare both source types). In Chapter 4, I explain the soil-atmosphere bi-directional exchange of ammonia, by focusing on Europe during the start of the growing season in 2011. I use for this study, satellite, re-analysis, and model simulation data. Chapter 5 examines the effect of war-induced land-use/cover change, and political disturbances on atmospheric ammonia [2008 -2019] in two regions in Syria. The first is an agricultural region in the northeast of Syria that was seized by ISIS during the 2013 -2015 period, and the second is a government-owned fertilizers industry whose activities were highly affected by the events of the war. In Chapter 6 I conclude the work of this thesis, and discuss its limitations and perspectives.

Chapter 2

Data and methods

In this thesis, I use data from the IASI instrument (Infrared Atmospheric Sounding Interferometer), onboard the Metop satellites. I discuss here in details the IASI mission, and the orbit characteristics. I then present other instruments that can detect atmospheric ammonia from space. Finally, I introduce the other datasets used in my thesis to support the satellite observation, such as meteorological and land-related data variables.

IASI on Metop

In my studies I use data from the IASI instrument (Infrared Atmospheric Sounding Interferometer), onboard the Metop satellites. In this chapter I discuss in details the IASI mission, and the orbit characteristics. I then introduce the detection of ammonia from space, using different instrumentation. Finally, I present the other datasets used in my thesis, such as meteorological and land-related data.

The IASI instrument is a hyperspectral sounder aboard the Metop (Meteorological Operational satellite) platforms [START_REF] Clerbaux | Monitoring of atmospheric composition using the thermal infrared IASI/MetOp sounder[END_REF][START_REF] Hilton | Hyperspectral Earth Observation from IASI: Five Years of Accomplishments[END_REF]. IASI is considered the most innovative instrument onboard the polar-orbiting Metop satellites [START_REF] Klaes | The EUMETSAT Polar System[END_REF].

The Metop satellite

Three Metop satellites (Metop-A, B, and C) are the basis of the EUMETSAT (EUropean Organisation for the Exploitation of METeorological SATellites) Polar System (EPS). Metop-A was launched in October 2006, and de-orbited starting October 2021 [START_REF] Lentze | Ammonia Recovery from Swine Belt Separated Liquid[END_REF], after serving for ~15 years, while it was designed to last only 5 years [START_REF] Clerbaux | Monitoring of atmospheric composition using the thermal infrared IASI/MetOp sounder[END_REF] In addition to IASI, each Metop satellite carries a set of 11 instruments. Two of which are dedicated for data collection: the Argos Advanced Data Collection System (A-DCS) that collects data from ocean sensors and distribute it back to operational centres, and the Search and Rescue Satellite (SARSAT) that collects information from the emergency beacons 11 in order to help users in distress. A third non-scientific instrument is the Space Environmental Monitor (SEM), that monitors the space environment (weather) and solar activity, it is necessary to make sure the instrument withstands space weather. The rest of the instruments (8) aim at monitoring meteorology and atmospheric composition of the surface of the Earth, the oceans, and the 11 An emergency beacon is a radio transmitter that is portable and battery powered (radio beacon). It is often used by users in distress in cases of emergencies (e.g. plane crash) such as airplanes, vessels, and individuals in need of rescue. 

Metop Orbit Characteristics

The Metop satellites are in Low Earth Orbit 12 (LEO), at ~817 km altitude from the Earth surface. The inclination 𝑖 of the satellite is at approximately 98.8°, and it is measured relative to the equator. In Figure 2.3 I plot the inclination and altitude of Metop-A prior to the beginning of its de-orbiting process, using the tool IXION (https://climserv.ipsl.polytechnique.fr/ixion/). Both parameters vary with time due to friction of the atmosphere (Figure 2.3).

The Metop satellite can rotate the Earth completely in around ~101 minutes, which means that during one day, it finishes 14 complete orbits [START_REF] Clerbaux | Monitoring of atmospheric composition using the thermal infrared IASI/MetOp sounder[END_REF] 12 Satellites at a height lower than 1500 km from the Earth surface are known to be in Low Earth Orbit (LEO).

13 Formerly known as the Greenwitch Mean Time, Universal Time (UT) is the mean solar time of the Greenwich meridian (at longitude = 0°). In order to fully grasp the crossing time of a satellite, one must understand what we call the crossing nodes. These are the intersection points between the satellite orbit and the Earth equatorial plane. Two nodes exist, the ascending node (when the satellite moves from the south pole towards the north pole), and the descending node (north pole to south pole). The MST at the ascending node of Metop-A is seen to be at a ~21:30 until late 2018 (Figure 2.4). Metop B and C

behave the same as Metop-A prior to 2018.

Ammonia concentrations in the atmosphere vary with the time of the day [START_REF] Van Damme | On the weekly cycle of atmospheric ammonia over European agricultural hotspots[END_REF], as it depends, out of many factors, on its emissions and meteorological fluctuations [START_REF] Viatte | NH 3 spatiotemporal variability over Paris, Mexico City, and Toronto, and its link to PM 2.5 during pollution events[END_REF]. It is important, when comparing different years of IASI data, to be sure that the crossing/detection time of the satellite is the same. In this thesis, and since Metop-A drifted in its orbit/inclination (Figure 2.4), which affected its crossing time, I use data from Metop-A until 2018, and complete the time series with data from Metop-B.

The IASI instrument

IASI is a Fourier-transform spectrometer that probes the Earth's atmosphere in the thermal infrared. The instrument is developed by the French space agency, Centre National d'Etudes Spatiales (CNES), and EUMETSAT. Each instrument weighs around 236 kg, has the size of 1.7 m 3 [START_REF] Clerbaux | Monitoring of atmospheric composition using the thermal infrared IASI/MetOp sounder[END_REF].

IASI is a nadir-looking instrument, with a viewing angle of ~48° (Field Of View, FOV). To monitor the Earth, IASI has a moving sensor with an orthogonal (perpendicular to the direction of satellite movement) mode of sweeping. This sensor captures the incoming light reflected by the Earth surface, (in the thermal infrared spectral range between 645 and 2760 cm -1 ). The total width of the IASI swath is ~2200 km, with 15 views on each side of the swath. Each view, consists of four footprints (pixels) of 12 km in diameter each, all packed in one grid (50 km × 50 km). The observing mode of IASI is shown in Figure 2.5.

IASI receives a total of 1.3 million spectra on a daily basis, this is the size of 3.3 GB of data approximately. Each IASI spectrum contains a total of 8461 radiance channels, with a sampling at each 0.25 cm -1 . The raw spectral resolution varies between 0.35 and 0.5 cm -1 , and is wavenumber-dependent. In order to obtain a homogeneous resolution of 0.5 cm -1 , the radiances are multiplied by an apodization function (Guaussian function) [START_REF] Clerbaux | Monitoring of atmospheric composition using the thermal infrared IASI/MetOp sounder[END_REF]. IASI can measure the vertical profiles of temperature and relative humidity, with a resolution of 1 K and 10 % respectively [START_REF] Clerbaux | Monitoring of atmospheric composition using the thermal infrared IASI/MetOp sounder[END_REF]. The main objective of IASI was to improve weather forecast, but it is also able to detect up to 33 atmospheric species [START_REF] Clerbaux | Tracking pollutants from space: Eight years of IASI satellite observation[END_REF]. spectra for different species, in the same spectral range of IASI (middle and lower panels). We can clearly see from Figure 2.6 that the dominant absorbing species is water vapor in its multiple forms (hydrogen and oxygen isotopes), and these are H2O 16 , HDO, and H2O 18 [START_REF] Herbin | Distributions and seasonal variations of tropospheric ethene (C2H4) from Atmospheric Chemistry Experiment (ACE-FTS) solar occultation spectra[END_REF]. Among the strong absorbers are: (1) long lived species (more than ten years), such as carbon dioxide (CO2) (Crevoisier et al., 2009a), methane (CH4) (Crevoisier et al., 2009b) and nitrous oxide (N2O) [START_REF] Ricaud | Equatorial total column of nitrous oxide as measured by IASI on MetOp-A: implications for transport processes[END_REF], and (2) Medium-lived species, such as ozone (O3) [START_REF] Eremenko | Tropospheric ozone distributions over Europe during the heat wave in July 2007 observed from infrared nadir spectra recorded by IASI[END_REF], and carbon monoxide (CO) [START_REF] George | An examination of the long-term CO records from MOPITT and IASI: comparison of retrieval methodology[END_REF]. Despite their low signal, trace gases of lower residence time (lifetime), e.g. NH3, can be equally detected with IASI (weakly-absorbing species shown in Figure 2.6 lower panel). In total, 33 different species can be identified in IASI spectra [START_REF] Clarisse | Thermal infrared nadir observations of 24 atmospheric gases[END_REF][START_REF] Franco | Acetone Atmospheric Distribution Retrieved From Space[END_REF][START_REF] Franco | A General Framework for Global Retrievals of Trace Gases From IASI: Application to Methanol, Formic Acid, and PAN[END_REF]. These detections are done in three detection bands to cover the full spectral range of IASI, 645 to 2760 cm -1 (15.5 -3.62 𝜇m):

• Band 1: 645 -1210 cm -1

• Band 2: 1210 -2000 cm -1

• Band 3: 2000 -2760 cm -1

The signal to noise ratio (SNR) is an important measure of the performance of the instrument.

The SNR can be expressed either in radiance units (W/m 2 sr m -1 ) 14 as we can see on the left axis of Figure 2.7, and in Kelvin (right axis). IASI has an excellent SNR that does not exceed 0.2 K (noise equivalent temperature difference) for wavenumbers lower than 2200 cm -1 (Figure 2.7).

Only after 2500 cm -1 , the noise starts to increase due to less thermal infrared emissions [START_REF] Clerbaux | Monitoring of atmospheric composition using the thermal infrared IASI/MetOp sounder[END_REF].

14 Watt per steradian per square meter. 

Remote sensing of ammonia from space

In the previous section, I showed that the absorption signal of NH3 is weak when compared to other strong and medium-absorbing species, e.g. O3 (Figure 2.6). Scientists were able to detect atmospheric ammonia concentrations for the first time in in 2008/2009 from different satellite missions [START_REF] Beer | First satellite observations of lower tropospheric ammonia and methanol[END_REF][START_REF] Clarisse | Global ammonia distribution derived from infrared satellite observations[END_REF][START_REF] Coheur | IASI measurements of reactive trace species in biomass burning plumes[END_REF]. In 2009, the first detection of ammonia concentrations from IASI was performed in a large and local fire plume (Coheur et al., 2009) America (San Diego) [START_REF] Beer | First satellite observations of lower tropospheric ammonia and methanol[END_REF], and globally exposing ammonia source regions [START_REF] Shephard | TES ammonia retrieval strategy and global observations of the spatial and seasonal variability of ammonia[END_REF]. Only later, scientists were equally able to detect ammonia using the In 2011, the National American Space Agency (NASA) launched Cross-track Infrared Sounder (CrIS) onboard the NOAA Suomi-NPP platform [START_REF] Goldberg | Joint Polar Satellite System: The United States next generation civilian polar-orbiting environmental satellite system[END_REF]. Similar to IASI, CrIS is a Fourier transform spectrometer with a swath width of ~2200 km. The ascending node of the former is in the afternoon (13:30), while that for the latter in the morning (9:30) as shown in Section 2.1.2, and Table 1. When compared to TES, IASI can observe the Earth with a better horizontal resolution, even though the spectral resolution of the former (0.1 cm -1 ) is finer than that of IASI (0.5 cm -1 apodized). Horizontally, TES has a viewing pixel of 0.53 × 5.3 km, while for IASI it is an ellipse of 12km diameter (at nadir). I show in Table 1 the satellite instruments that can detect NH3, the platforms on which they orbit the Earth and the years during which ammonia data are made available. The crossing time and the references are equally shown in Table 1.

Among all the instruments shown in Table 1, CrIS has the highest vertical sensitivity to NH3, since its radiometric noise is the lowest [START_REF] Zavyalov | Noise performance of the CrIS instrument[END_REF]. Ammonia from IASI

NH 3 retrieval methods

The retrieval of ammonia from IASI spectra evolved through time since the first detection [START_REF] Clarisse | Global ammonia distribution derived from infrared satellite observations[END_REF][START_REF] Coheur | IASI measurements of reactive trace species in biomass burning plumes[END_REF]. [START_REF] Clarisse | Global ammonia distribution derived from infrared satellite observations[END_REF] constructed the first global map of ammonia using IASI data, in their study they calculated brightness temperature differences between an NH3-sensitive channel (at 867.75 cm -1 ) and two other channels at 861.25 and 873.50 cm -1 (non-sensitive to NH3).. The resulted differences were later multiplied by a factor to be converted into total columns. Although this method is fast, it loses all the information outside of the three channels used in the calculations, making it not very sensitive to NH3. One year later, a second approach was used in [START_REF] Clarisse | Satellite monitoring of ammonia: A case study of the San Joaquin Valley[END_REF], in order to detect ammonia in the San Joaquin valley in the U.S.. This method is called the Optimal Estimation Method (OEM), and it was successfully applied by other scientists to retrieve ammonia from TES, CrIS and AIRS [START_REF] Shephard | TES ammonia retrieval strategy and global observations of the spatial and seasonal variability of ammonia[END_REF][START_REF] Shephard | Cross-track Infrared Sounder (CrIS) satellite observations of tropospheric ammonia[END_REF][START_REF] Warner | The global tropospheric ammonia distribution as seen in the 13-year AIRS measurement record[END_REF]. Nevertheless, it was not possible to use this method with IASI spectra on a global scale, since it requires huge computational resources. The OEM method is beneficial to retrieve a vertical column of trace gas, it is therefore used to process NH3 data from the CrIS instrument.

The Hyperspectral Index (HRI)

The two retrieval methods, mentioned in the previous section, were either lacking sensitivity or required a lot of time and resources to process the millions of IASI spectra. The need for a new method to retrieve ammonia was therefore important. The OEM and the brightness temperature difference methods used part of the spectral information provided by IASI and TES, while other spectral features are available for exploitation.

Figure 2.9 shows an example spectrum of IASI (black line), with lines denoting the channels (vertical) or spectral ranges (horizontal) used in different studies for NH3 retrieval. In order to retrieve NH3 from TES, [START_REF] Shephard | TES ammonia retrieval strategy and global observations of the spatial and seasonal variability of ammonia[END_REF] used the OEM method, exploiting only a set of microwindows between 960 and 970 cm -1 (pink line in Figure 2.9). And the first global map from IASI was calculated based on a single NH3 feature at 867.75 cm -1 (orange lines in Figure 2.9) [START_REF] Clarisse | Global ammonia distribution derived from infrared satellite observations[END_REF]. NH3 from IASI was also retrieved using the Fast Optimal Retrieval on Layers for IASI (FORLI), this method is used to retrieve carbon monoxide CO, ozone O3 HNO3 profiles in [START_REF] Hurtmans | FORLI radiative transfer and retrieval code for IASI[END_REF]. The IASI-FORLI method only considers daytime ammonia, which results in high daily averages due to a limited number of measurements per day. This retrieval scheme only exploits a spectral range from 950 to 979 cm -1 (green line in Figure 2.9). [START_REF] Walker | An effective method for the detection of trace species demonstrated using the MetOp Infrared Atmospheric Sounding Interferometer[END_REF] introduced a new reliable method to detect trace gases, such as NH3, using IASI measurements. The HRI method was found to be the best known method to retrieve trace gases [START_REF] Walker | An effective method for the detection of trace species demonstrated using the MetOp Infrared Atmospheric Sounding Interferometer[END_REF]. Not only it is faster than previous methods, but also highly sensitive to NH3 since it considers a larger portion of the spectral range (red line in Figure 2.9), relative to the other methods stated earlier. Later, Van Damme et al. ( 2014) applied the HRI method on a wider spectral range than in [START_REF] Walker | An effective method for the detection of trace species demonstrated using the MetOp Infrared Atmospheric Sounding Interferometer[END_REF], therefore including more information and enhancing the detectability of NH3. The range for the HRI method shows up as a blue line in To retrieve NH3: Firstly, from each IASI observation, an Hyperspectral Range Index (HRI) is calculated. Secondly, and using theoretical look-up tables (LUTs), the HRI is converted to total columns of NH3 [START_REF] Van Damme | Global distributions, time series and error characterization of atmospheric ammonia (NH3) from IASI satellite observations[END_REF]. To calculate HRI, a mean background spectrum ȳ is constructed first, in addition to the associated variance-covariance matrix 𝑆 𝑦 𝑜𝑏𝑠 from spectra having no detectable NH3. The HRI is then defined as:

𝐻𝑅𝐼 = 𝐺(𝑦 -ȳ) 2-1
Where y is the spectrum that is measured by IASI, and G the measurement contribution function defined as:

𝐺 = (𝐾 𝑇 𝑆 𝑦 𝑜𝑏𝑠 -1 𝐾) 𝐾 𝑇 𝑆 𝑦 𝑜𝑏𝑠 -1 2-2
Where 𝐾 is a difference between two simulated spectra, the first with a small amount of NH3 and the second is without. The spectra are simulated using the Atmosphit model [START_REF] Coheur | Retrieval and characterization of ozone vertical profiles from a thermal infrared nadir sounder[END_REF].

The resulted HRI is a dimensionless parameter, and its sign depends on the sign of 𝐾, which can be negative in the case of an emission15 spectrum, and positive in the case of an absorption16 spectrum. HRI is a normalized parameter, as such when 𝐻𝑅𝐼 = 0, the spectrum does not contain a detectable amount of NH3. Only when 𝐻𝑅𝐼 = 3 𝑜𝑟 4, the signal is considered having a detectable amount of NH3.

Artificial neural networks for NH 3 retrieval

The HRI method was applied later followed by the use of an artificial neural network NN named ANNI-NH3 to retrieve ammonia from IASI spectra [START_REF] Whitburn | A flexible and robust neural network IASI-NH3 retrieval algorithm[END_REF]. The HRI parameter was calculated as in [START_REF] Van Damme | Global distributions, time series and error characterization of atmospheric ammonia (NH3) from IASI satellite observations[END_REF], and then ANNI-NH3 was used to convert the HRI to NH3 columns. Using the NN to retrieve NH3 from IASI was an extension to the work of [START_REF] Van Damme | Global distributions, time series and error characterization of atmospheric ammonia (NH3) from IASI satellite observations[END_REF], that provided new improvements, among them is the reduction of positive biases of the LUT retrieval, and a complete characterization of uncertainty [START_REF] Whitburn | A flexible and robust neural network IASI-NH3 retrieval algorithm[END_REF]. However, the first version of the neural network, ANNI-NH3-v1 [START_REF] Whitburn | A flexible and robust neural network IASI-NH3 retrieval algorithm[END_REF], did not properly represent the issue of high TC in the training dataset, which caused it to behave poorly when TC exceeds 10 Kelvin. For instance, the mean error on NH3 retrieval reached up to 35 % when TC is higher than 10 Kelvin over the land [START_REF] Van Damme | Version 2 of the IASI NH3 neural network retrieval algorithm; near-real time and reanalysed datasets[END_REF]. A second version of the neural network was developed later, and it was referred to as the ANNI-NH3-v2.1 To highlight the difference between using re-analysed meteorological data and the IASI L2 data for retrieval, Figure 2.10 shows a ten-year average of total columns calculated using different versions of IASI NH3 products. We can see that the re-analysed versions (v2.2R and v3R) show larger total columns than the v2.2 and v3 products.

(
Thanks to the improvements of the IASI NH3 retrieval methods and NN, we can better understand the temporal variability of ammonia [START_REF] Van Damme | On the weekly cycle of atmospheric ammonia over European agricultural hotspots[END_REF], as well as identify, categorize and quantify local hotspots of ammonia [START_REF] Van Damme | Industrial and agricultural ammonia point sources exposed[END_REF]. Numerous sources of ammonia have been observed from IASI over the years (Clarisse et al., 2019a;Van Damme et al., 2021), being from agricultural practices and manure management, to industrial activities, in particular fertilizers industries [START_REF] Dammers | NH3 emissions from large point sources derived from CrIS and IASI satellite observations[END_REF][START_REF] Van Damme | Industrial and agricultural ammonia point sources exposed[END_REF], fires [START_REF] Chang | Convergent evidence for the pervasive but limited contribution of biomass burning to atmospheric ammonia in peninsular Southeast Asia[END_REF][START_REF] Coheur | IASI measurements of reactive trace species in biomass burning plumes[END_REF][START_REF] Whitburn | Ammonia emissions in tropical biomass burning regions: Comparison between satellite-derived emissions and bottom-up fire inventories[END_REF] and other natural sources (Clarisse et al., 2019b).

NH3 data from IASI compare well with other satellite instruments, bottom-up and in-situ measurements [START_REF] Dammers | NH3 emissions from large point sources derived from CrIS and IASI satellite observations[END_REF][START_REF] Marais | UK Ammonia Emissions Estimated With Satellite Observations and GEOS[END_REF][START_REF] Viatte | Atmospheric ammonia variability and link with particulate matter formation: a case study over the Paris area[END_REF][START_REF] Whitburn | Ammonia emissions in tropical biomass burning regions: Comparison between satellite-derived emissions and bottom-up fire inventories[END_REF]. For instance, satellite-derived emissions of NH3 from IASI and CrIS show a similar bias when compared to bottom-up emissions in the UK [START_REF] Marais | UK Ammonia Emissions Estimated With Satellite Observations and GEOS[END_REF]. The relative error on the bottom-up emissions accounts to 11 -36 % and 9 -27 % when compared with IASI-and CrISderived emissions respectively. IASI NH3 data were equally compared to several in-situ platforms in Colorado in the US during summer 2014, the results show a good correlation (0.58) [START_REF] Guo | Validation of IASI Satellite Ammonia Observations at the Pixel Scale Using In Situ Vertical Profiles[END_REF]. 

IASI NH 3 products used in this thesis

In this thesis work I use the ANNI-NH3-v3R [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF] to examine the NH3-biosphere interactions (Chapter 3, and 4), and ANNI-NH3-v2.1R [START_REF] Van Damme | Version 2 of the IASI NH3 neural network retrieval algorithm; near-real time and reanalysed datasets[END_REF] to study the variability of ammonia in Syria (Chapter 5), since the ANNI-NH3-v3R data were not available for use at the time of the study. The re-analysed data are suitable when looking at the evolution of trends and/or other long-term processes, due to the homogeneity of the dataset when comparing to IASI L2 data. I considered only daytime ammonia measurements from IASI, since fewer errors on the retrieval were observed during the day and over land [START_REF] Van Damme | Version 2 of the IASI NH3 neural network retrieval algorithm; near-real time and reanalysed datasets[END_REF]. It is also more relevant to look at ammonia concentrations during the day in agricultural regions, as this is when the spreading of fertilizers usually takes place. The IASI-NH3 are retrieved from the Aeris data infrastructure, for the reanalysed data (https://iasi.aeris-data.fr/nh3r-era5/), and the IASI L2 data (https://iasi.aeris-data.fr/nh3/).

Meteorological data

In this thesis, I use several meteorological data from the ECMWF reanalysis (ERA5) [START_REF] Hersbach | The ERA5 global reanalysis[END_REF]. I introduce each parameter used briefly in this section. Data from ERA5 are hourly available from 1959 to the present day, and gridded at a resolution of 0.25 × 0.25 ° (native horizontal resolution of ERA5 is approximately 31 km). I interpolate ERA5 data temporally to the IASI morning overpass (~9:30 LST), and spatially to the coincident longitude and latitude of Metop-A. The ERA5 re-analysis data are well explained in the documentation section of Copernicus Data Store (CDS) dataset [START_REF] Bell | The ERA5 global reanalysis: Preliminary extension to[END_REF][START_REF] Hersbach | The ERA5 global reanalysis[END_REF]. The data are available through the following link:

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview.

Skin temperature

The skin temperature, namely T skin (or land surface temperature), is defined as the temperature of the uppermost surface layer when radiative equilibrium is reached, this includes ocean and land surface temperature. It also represents the theoretical temperature required in order to reach the surface energy balance (ECMWF, 2016).

Air surface temperature

The air surface temperature parameter is the temperature of air at 2m height above the surface of land, ocean and other water bodies. This parameter is calculated following an interpolation method between the lowest model level and the surface of the Earth, while considering atmospheric conditions. Both temperature parameters are expressed in Kelvin (K), but I convert them to degrees Celsius on multiple occasions by subtracting 273.15.

Total precipitation

The total precipitation parameter is the liquid (and ice) accumulated on the Earth surface (including rain and snow). It consists of both large-scale and convective precipitation. The ECMWF Integrated Forecasting System (IFS) generates the large-scale and the convective precipitation, via its cloud scheme and convection scheme respectively. The cloud scheme considers the cloud's formation and dissipation as a response to changes in atmospheric pressure, temperature and humidity. The total precipitation are calculated for a period of one hour, as the data used here are hourly. The water quantity is expressed in meters (in depth), as if the water spread all over the grid box.

Wind speed

I calculate the wind speed from the u and v wind components at 10 m distance using

Equation 2-3. The u and v wind components are the wind speed eastward (horizontal wind speed heading toward the east) and northward respectively, at a 10 m height from the Earth surface.

They are equally predicted by the IFS of ECMWF. Therefore, the wind speed calculated is the speed at a 10 m height, in a grid box.

𝑊𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 = √ 𝑢 2 + 𝑣² 2-3

Relative humidity

Relative humidity is calculated from the air and dew temperature at 2m height from the Earth surface, using Equation 2-4. 𝑇 𝑎𝑖𝑟 is the air temperature at 2m height, previously discussed in Section 2.4.2. 𝑇 𝑑𝑒𝑤 is the dewpoint temperature, and it is an interpolated value between the lowest level of the model and the Earth surface, while considering atmospheric conditions. This parameter is the temperature at which the air should cool down, in order for saturation to occur.

Land data

In addition to atmospheric parameters, in my thesis work I make use of land data such as: land cover type, and fire data (burned area). For example, in Chapter 4, the land type is used to determine the speed of exchange between the soil and the atmosphere, which will later serve in calculating emission potential of ammonia from the soil. In Chapter 5, the land cover type is used as an indicator of cropland expansion or shrinkage when studying the land-use change in Syria, during the civil war. And since ammonia can be emitted from fires, I looked at burned area data in order to see the contribution of fires to the ammonia concentrations in Syria. )

MODIS Land Cover type

2-4
used to represent croplands is defined as lands comprising of at least 60% cultivated area; A shrubland is defined as an area dominated by woody perennials (plants); bare lands (also called Barren in the MCD12Q1 product) are defined as lands with an at least 60% non-vegetated area [START_REF] Sulla-Menashe | User Guide to Collection 6 MODIS Land Cover (MCD12Q1 and MCD12C1) Product[END_REF]. In an attempt to estimate the expansion/abandonment of croplands, we use the classes provided by the MODIS product. The yearly grid of 2011 is chosen as the base year; we compare the other years to it. This product agrees 73.6% with the Food and Agriculture Organization (FAO)-Land Cover Classification System [START_REF] Sulla-Menashe | Hierarchical mapping of annual global land cover 2001 to present: The MODIS Collection 6 Land Cover product[END_REF].

In addition to that, the percentage of pixels switching back and forth from a class to another (due to spectral similarity) was reduced from the previous version of the product to the current one (<30% for version 6 and 55% for version 5; [START_REF] Sulla-Menashe | Hierarchical mapping of annual global land cover 2001 to present: The MODIS Collection 6 Land Cover product[END_REF]). Data are available here:

https://lpdaac.usgs.gov/products/mcd12q1v006/.

MODIS burned area

I use the Aqua/Terra MODIS burned area product (MCD64A1) [START_REF] Giglio | The Collection 6 MODIS burned area mapping algorithm and product[END_REF] to look for fire events in Syria for the study presented in Chapter 5. This product provides the approximate date of burn and the extent of burned area with a 500-m resolution. Data are downloadable here: https://lpdaac.usgs.gov/products/mcd64a1v061/. The MCD64A1 MODIS product is not well suited to map small burns (≲100 ha), this can cause an underestimation of croplands fires that can be significant (∼10× underestimate). Therefore, only fires greater than 100 ha are well estimated. A patch of land in Syria is ~20 ha, therefore one cropland's fire will not be apparent, but rather larger fires of several patches of croplands. In Chapter 5, I use yearly measurements of burned surface area, and then the anomalies of burned surfaces are presented.

The use of this product is justified, since the aim of the study was to observe anomalies between years during the spring season, which can be observed using MODIS.

Chapter 3

Ammonia -biosphere interactions

In Chapter 1, I discussed briefly the pathways of ammonia in the environment following its emission. Here, I identify the main pathways governing the volatilization of ammonia in agricultural fields, starting from fertilizers type and application and ending with the fate of the lost nitrogen. I then present some of the results that I obtained when looking at several agricultural regions, around megacities as well as in different parts of the world. I discuss the effect of several meteorological parameters on the volatilization of ammonia from agricultural soils.

Generally, the major nutrients required by a plant are: nitrogen (N), phosphorous (P), potassium (K), sulphur (S), magnesium (Mg), calcium (Ca) and sodium (Na) [START_REF] Finch | Fertilisers and manures, in: Lockhart and Wiseman's Crop Husbandry Including Grassland[END_REF].

Although all these nutrients are necessary for a plant's growth, nitrogen plays the most important role in increasing the yield in agriculture by speeding up the plants growth and improving the product's quality [START_REF] Finch | Fertilisers and manures, in: Lockhart and Wiseman's Crop Husbandry Including Grassland[END_REF][START_REF] Leghari | Role of nitrogen for plant growth and development: a review[END_REF]. For this reason, it is preferred to use fertilizers containing high percentage of N. For instance, in 2020, ~113 million tonnes (MT) of N were used worldwide, compared to ~48 MT of P, and ~39 MT of K (FAOSTAT, 2020). These 

NH3 chemistry and transport

In Figure 3.2 I draw the main processes that I will discuss here, numbered from 1 to 6. The N-fertilizer represented in Figure 3.2 is urea since it dominates the global N-fertilizers use [START_REF] Heffer | Global nitrogen fertiliser demand and supply: trend, current level and outlook 22[END_REF].

Urea should be spread deep into the soil (~15 cm depth) in order to avoid ammonia volatilization on the soil surface [START_REF] Adjetey | Studies on depth of placement of urea on nitrogen recovery in wheat grown on a red-brown earth in Australia[END_REF]. Once introduced into the soil, urea is dissolved in the soil water (hydrolysis) and as a result NH4 + and CO2 are released (process (1) in Figure 3.2). This process requires the presence of the urease enzyme (discussed in the following section). If not assimilated directly by plants, the NH4 + loses one proton (H + ) and becomes NH3 gas that can be volatilized (process (2)). The volatilization of ammonia from the soil to the atmosphere depends on multiple conditions within the soil that will be discussed in details in Section 3.1.3. NH4 + can undergo nitrification (see Section 1.1), where the resulted NO3 -can be also assimilated by plants, but also risks leaching in the soil water and eventually leaking to underground soil, and other water bodies in the ecosystem (e.g. rivers, lakes). Once in the atmosphere, NH3 can be deposited back on the soil or plant surfaces through wet (precipitation) or dry depositions (process (3)), or can react with available acids to form ammonium salts on PM (process (4)), or transported to nearby fields as gas (process ( 5)), and to further regions as PM (process ( 6)) where the latter can be deposited and re-volatilized as NH3.

Fertilizer types and use

We saw in Chapter 1 that Nr can be generated from natural processes, but the naturally available Nr is not enough to increase the agricultural yield. Therefore, most of the N uptaken by crops is provided by fertilizers. The rest of the nutrients can be provided by the decomposition of soil organic matter by bacteria and fungi, acid rain (provides sulphur), as well as additives present in fertilizers or added directly to the soil depending on its conditions and type (e.g. sandy soil can be treated by lime with magnesium limestone to enrich the soil with magnesium Mg [START_REF] Finch | Fertilisers and manures, in: Lockhart and Wiseman's Crop Husbandry Including Grassland[END_REF]). Along with NO3 -, ammonia is one of the forms of nitrogen that crops can absorb, as NH3 gas through leaves stomata [START_REF] Loubet | Investigating the stomatal, cuticular and soil ammonia fluxes over a growing tritical crop under high acidic loads[END_REF], or NH4 + in soil water via the roots [START_REF] Von Wirén | Mechanisms and Regulation of Ammonium Uptake in Higher Plants[END_REF]. Therefore, it is widely used in most synthetic N-fertilizers, or is a result of their dissolution in the soil water (e.g. urea). Several type of nitrogen fertilizers exist, these are: [START_REF] Finch | Fertilisers and manures, in: Lockhart and Wiseman's Crop Husbandry Including Grassland[END_REF], and being able to easily decompose into ammonium and incorporate into any type of soil because of its solid form (ACS, 2021). In Europe, however, ammonium nitrate use is dominant because it is considered more suitable to the soil and climate conditions than urea (Fertilizers Europe, 2016). The only other fertilizer that contains a higher amount of nitrogen is anhydrous ammonia (82 % N content) [START_REF] Finch | Fertilisers and manures, in: Lockhart and Wiseman's Crop Husbandry Including Grassland[END_REF].

The latter consists of NH3 in the liquid form due to compression at high pressure without water, hence the term anhydrous. It is found to be highly more efficient in terms of yield, when compared to using urea fertilization, however its use is not common in developing countries and is dangerous if not handled properly [START_REF] Naeem | Injected Anhydrous Ammonia Is More Effective Than Broadcast Urea as a Source of Nitrogen for Drill Seeded Rice[END_REF]. Anhydrous ammonia is widely used in agricultural lands of the United States, where previous accidents due to leakage resulted in dozens of injured individuals, among these, some reported respiratory failures due to exposure to dry NH3 [START_REF] Rispens | Anhydrous Ammonia Chemical Release -Lake County, Illinois, April 2019[END_REF].

In where the application of both can eventually lead to the loss of nitrogen to ammonia volatilization.

18 NPK fertilizers contain nitrogen, phosphorus, and potassium and they are usually characterized by NPK numbers. For example, a 15:15:15 NPK fertilizer contains 15 % N, 15 % P as phosphorus pentoxide (P2O5), and 15 % K as potassium oxide (K2O). 

Urea hydrolysis in the soil

The hydrolysis of urea is the reaction that breaks it down into ammonium NH4 + and bicarbonate HCO3 -, both of which are ions dissolved in water and are easily diffused into the soil relative to urea. HCO3 -is later volatilized as carbon dioxide gas (CO2). to prevent it from reacting with urea [START_REF] Manunza | The binding mechanism of urea, hydroxamic acid and N-(N-butyl)-phosphoric triamide to the urease active site. A comparative molecular dynamics study[END_REF]. Ammonia volatilization losses from urea decreased from 35.9 % to 2.7 % of N applied when using NBPT with urea compared to urea alone for a period of 7 days after application [START_REF] Franzen | Nitrogen Extenders and Additives for Field Crops[END_REF]. Lower temperatures can also reduce the conversion of urea to NH4 + (slow down the hydrolysis rate). More importantly, this conversion increases exponentially with increasing temperatures [START_REF] Sahu | Equilibrium and Kinetic Studies on the Hydrolysis of Urea for Ammonia Generation in a Semibatch Reactor[END_REF]. Urea hydrolysis is also affected by moisture, as it needs to capture the water from its surroundings in order to dissolve. 19 Urease is an enzyme that acts as a catalysis in the hydrolysis reaction of urea.

20 UAN consists of urea and ammonium nitrate dissolved in water and often used as a fertilizer. A soil water level 21 of 4 % (w/w 22 ) is seen to be inferior to the quantity needed for the whole fraction of urea granules to be dissolved, even at a high temperature (30°C), and relative humidity (70 %) [START_REF] Ni | Soil Moisture and Temperature Effects on Granule Dissolution and Urease Activity of Urea with and without Inhibitors-An Incubation Study[END_REF]. The reactivity of urease, however, increases with higher soil moisture, and temperature [START_REF] Sahrawat | Effects of temperature and moisture on urease activity in semi-arid tropical soils*[END_REF]. When the soil water level was at 8 %, and combined with a temperature of 20°C, the hydrolysis of granules increased remarkably up to a 100 % fraction of the added granules to the sample [START_REF] Ni | Soil Moisture and Temperature Effects on Granule Dissolution and Urease Activity of Urea with and without Inhibitors-An Incubation Study[END_REF].

NH 3 volatilization to the near surface air

As seen in the previous section, the conditions of the soil (moisture and temperature), and the urease activity play a crucial role in the content of NH4 + resulting from urea hydrolysis. If the hydrolysis rate is high, more ammonia will be ready in the soil quickly. This high rate of NH3 availability is not met with a high uptake from the plants roots, since the latter highly depends on the plant's growth stage and type, as well as the competition with the available NO3 - [START_REF] Cui | Plant preference for NH4+ versus NO3-at different growth stages in an alpine agroecosystem[END_REF]. Following the hydrolysis of urea, NH4 + and NH3 are in equilibrium in the soil, this equilibrium is governed by the dissociation constant of NH4 + (see Section 4.2 in Chapter 4). This reaction is reversible, where acidic medium (pH < 7) favours the formation of NH4 + from NH3, and a basic medium (pH > 7) will favour the formation of NH3 gas, making it available for volatilization. NH3 however, can either exist in the soil water (NH3(aq)) or in the soil air (NH3(gas)), and the equilibrium between both states of NH3 is governed by the Henry's law (see Section 4.2 in Chapter 4). Both of the equilibria mentioned beforehand are affected by soil temperature, where higher temperatures are seen to increase the availability of NH3, e.g. by increasing the value of the Henry's constant that is proportional to NH3(gas) concentration [START_REF] Lentze | Ammonia Recovery from Swine Belt Separated Liquid[END_REF]. In addition to that, temperature reduces the solubility of NH3 in soil water, therefore increasing the concentration of ammonia in soil air (gas phase), and resulting in higher volatilization from the soil. For instance, simulated volatilized NH3 showed higher correlation with surface air 21 The gravimetric water content is defined as the ratio of the mass lost, attributed to water initially present in the sample, to total mass of the fully dried soil. It is calculated using the following equation:

Gravimetric water content (%) = 100 ⨉ (M swc -M sc ) (M sc -M c ) ⁄
. Mswc is the mass of the wet (moist) soil and container, Msc is the mass of the dry soil and container, and Mc is the mass of the empty container [START_REF] Topp | Soil water content. Soil sampling and methods of analysis[END_REF]. The same study by [START_REF] Shen | Intense Warming Will Significantly Increase Cropland Ammonia Volatilization Threatening Food Security and Ecosystem Health[END_REF] examined the effect of total precipitation and wind speed, NH3 volatilization was found to be negatively correlated with increased rainfall due to wet deposition (r = -0.21), and positively correlated with wind speed (10m) due to short-range transport (r = 0.05). The transport and deposition of the volatilized NH3 will be discussed in the next section.

Transport and deposition

Ammonia has a short lifetime that usually ranges between a few hours to a few days [START_REF] Behera | Ammonia in the atmosphere: a review on emission sources, atmospheric chemistry and deposition on terrestrial bodies[END_REF]. It can be transported either on a short range (e.g. 1 km from the source of NH3, [START_REF] Fowler | The mass budget of atmospheric ammonia in woodland within 1 km of livestock buildings[END_REF]), or a long range (as deposited ammonium salts that can release NH3). Once transported, NH3 in the gas phase or NH4 + attached to particles will be deposited on land, vegetative and marine surfaces [START_REF] Wichink Kruit | PM2.5 pollution is substantially affected by ammonia emissions in China[END_REF]. Wind speed and direction plays an important role in this transport, as well as temperature and humidity [START_REF] Olesen | Modelling effects of wind speed and surface cover on ammonia volatilization from stored pig slurry[END_REF], since they govern the equilibria that generate NH3 and NH4 + as seen in the previous sections.

Globally, the total budget of the deposited nitrogen accounts to 56.7 Tg N yr -1 , with the majority being deposited on lands (68 %) rather than oceans (32 %) Figure 3.6 shows the trends in NH3 dry deposition from 2008 to 2016, as calculated with IASI data in [START_REF] Wang | Regional Transport Increases Ammonia Concentration in Beijing, China[END_REF].

These trends are generally seen in source regions of ammonia, implicating a short-range transport.

We can also see how the highest deposition trends > 0.2 kg N ha -1 are observed in China, a region with extensive agricultural practices, and industrial activities that emit NH3 (e.g. fertilizers and coke industries). Estimates of dry deposition from IASI from a different study also showed a positive trend of dry deposition that are mainly driven by Chinese agriculture [START_REF] Liu | Global estimates of dry ammonia deposition inferred from space-measurements[END_REF].

These trends are correlated to warmer and more humid periods [START_REF] Wang | Regional Transport Increases Ammonia Concentration in Beijing, China[END_REF].

The problem with ammonia's deposition is that this "sink" can transform into a source of NH3.

For instance, deposition of ammonium salts enriches the land and vegetative surfaces with NH4 + , therefore, enhancing the potential of NH3 formation and release based on the conditions of the medium where NH4 + is deposited. Ammonia dissolves in the water film of plants leaves, and will eventually evaporates when the temperature rises. And just like the soil, plants can emit NH3 when the atmospheric concentration is higher than the compensation point of canopy [START_REF] Behera | Ammonia in the atmosphere: a review on emission sources, atmospheric chemistry and deposition on terrestrial bodies[END_REF], e.g. the concentration at which the net flux from the canopy is zero (more details in Chapter 4). The compensation point is temperature dependent, and is affected by soil pH, NH3 deposition on leaves, and the ammonium concentration inside the canopy [START_REF] Schjoerring | Physiological parameters controlling plantatmosphere ammonia exchange[END_REF].

Formation of fine PM

Being the dominant alkaline (basic) gas in the atmosphere, ammonia is able to neutralize acidic gases, such as: hydrochloric acid (HCl), nitric acid (HNO3), and sulfuric acid (H2SO4). This process results in the formation of ammonium salts on PM. HCl is emitted mainly from waste burning (38 %), biomass fires (19 %), energy production (19 %), and the residential sector (13 %) [START_REF] Zhang | Global Emissions of Hydrogen Chloride and Particulate Chloride from Continental Sources[END_REF]. While at least 41 % of the nitric acid is formed through the oxidation of NO2 gas by the hydroxyl radical [START_REF] Alexander | Global inorganic nitrate production mechanisms: comparison of a global model with nitrate isotope observations[END_REF]. The emissions of H2SO4 are dominated by the coal industry and traffic [START_REF] Lin | Anthropogenic Emission Sources of Sulfate Aerosols in Hangzhou, East China: Insights from Isotope Techniques with Consideration of Fractionation Effects between Gas-to-Particle Transformations[END_REF]. The reactions of ammonia with the beforementioned acids are shown in the equations below. 𝑁𝐻 3 + 𝐻𝐶𝑙 ↔ 𝑁𝐻 4 𝐶𝑙 3-5

𝑁𝐻 3 + 𝐻𝑁𝑂 3 ↔ 𝑁𝐻 4 𝑁𝑂 3 3-6 2𝑁𝐻 3 + 𝐻 2 𝑆𝑂 4 → (𝑁𝐻 4 ) 2 𝑆𝑂 4 3-7
The first two reactions (3-5, 3-6) are reversible due to the high partial pressure of NH4Cl and NH4NO3. In other words, they are more easily to breakdown into NH3 and the corresponding acid (HCl or HNO3) [START_REF] Sutton | Development of resistance models to describe measurements of bi-directional ammonia surfaceatmosphere exchange[END_REF]. These two reactions are temperature-dependent, and are also affected by air and surface humidity [START_REF] Faisal | PM2.5 bound species variation and source characterization in the post-lockdown period of the Covid-19 pandemic in Delhi[END_REF], for instance high temperatures experienced during a dry period will likely reverse reaction 3-6 to result in the volatilization of ammonia from NH4NO3-bearing PM. This is because high temperatures are found to inhibit the formation of NH4NO3, as well as NH4Cl [START_REF] Bassett | Atmospheric equilibrium model of sulfate and nitrate aerosols-II. Particle size analysis[END_REF]. Ammonium sulphate, however, has a low volatility and is therefore considered as a stable salt [START_REF] Bassett | Atmospheric equilibrium model of sulfate and nitrate aerosols-II. Particle size analysis[END_REF]. It was found that, even in the case when less sulfuric acid is present in the atmosphere H2SO4, nitrate can compensate this decline and therefore ammonium nitrate salts PM will form.

This is mostly apparent in cold areas such as England [START_REF] Erisman | The need for ammonia abatement with respect to secondary PM reductions in Europe[END_REF]. NH4 + -bearing PM are likely to travel for longer distances with winds, and then get deposited in ecosystems (e.g. forests), and later transform back to NH3. Therefore, increasing the nutritional content of the soil, which leads to more greening of plants. This increase in plants growth interferes with the carbon cycle. The exceptional growth of vegetation will lead to a higher capacity in absorbing carbon dioxide (CO2) from the atmosphere. Thus, increasing the global carbon sink (annual carbon gain) by up to 0.72 Pg23 C yr -1 [START_REF] Gurmesa | Retention of deposited ammonium and nitrate and its impact on the global forest carbon sink[END_REF]. In urban regions, several studies showed the correlation between PM pollution episodes and fertilizers spreading in neighboring fields [START_REF] Viatte | Atmospheric ammonia variability and link with particulate matter formation: a case study over the Paris area[END_REF][START_REF] Wang | Atmospheric ammonia and its impacts on regional air quality over the megacity of Shanghai[END_REF][START_REF] Wichink Kruit | PM2.5 pollution is substantially affected by ammonia emissions in China[END_REF]. In the next section, I show some of the results of atmospheric ammonia from IASI in and around large cities in three different domains.

Ammonia concentrations in Europe, Canada, and Mexico

One of the implications of atmospheric ammonia emissions in and around urban regions, is the formation of particulate matter (PM). Megacities, as in cities with 10 million inhabitants or more, are prone to experience PM pollution episodes due to transported ammonia from neighboring rural areas, in addition to industrial-emitted NH3 from some types of industries [START_REF] Yamanouchi | Multiscale observations of NH<sub>3</sub> around Toronto, Canada[END_REF]. We investigate air pollution in three large domains, Europe, North America and southern North America in which three major megacities exists: Paris, Mexico, and Toronto respectively. 

The effect of skin temperature on NH 3 columns

We In order to see the change in atmospheric ammonia in each domain separately, I plot in Figure 3.12 NH3 total columns averaged per bins of temperature for all the regions in Europe (left panel), North America (middle panel), and southern North America (right panel). We notice that, overall, in Europe we observe the highest correlation between T skin and ammonia columns with an r 2 = 85 %. North America follows right away with an r² = 80 %, and only southern North America shows a low correlation of r² = 45 %. In sNA, the climate is relatively warm all year long, this can explain the lower correlation observed as compared to the two other domains.

The effect of air temperature on NH 3 total columns

Air and surface temperature rise simultaneously, however the land surface (T skin) heats up faster (and more) than the atmosphere. Land use also affects T skin, for instance in agricultural lands, T skin reduces due to irrigation [START_REF] Safieddine | Present and future land surface and wet bulb temperatures in the Arabian Peninsula[END_REF]. In Figure 3.13 I show the correlation between ammonia columns and skin (left) and air (right) temperature changes, in the European domain discussed previously (Section 3.2.1). The colored dots are considered bins containing a relatively high (reliable) number of measurements (at least 150,000 for the whole region), therefore the r² calculated only considers these measurements. The empty dots are bins containing less than 150,000 NH3 measurements per bin. While NH3 looks like it is increasing exponentially, the first part of the curve (with the high-count bins) is rather increasing linearly, with a coefficient of determination R² = 87 % and 94 % for T skin and air temperature respectively.

Both R² are very close, and the relationship is considered the same. The only difference can be due to the effect of irrigation in reducing T skin, as compared to T air. 

The effect of relative humidity on NH 3 total columns

The effect of relative humidity on NH3 concentrations in each of the study domains is shown in Figure 3.14. The highest coefficient of determintation we observe is in Europe, and it accounts to r² = 0.82 (negative correlation). A study by [START_REF] Reynolds | EFFECT OF SOIL MOISTURE AND AIR RELATIVE HUMIDITY ON AMMONIA VOLATILIZATION FROM SURFACE-APPLIED UREA[END_REF] concluded that the relative humidity of the air does not play a major role in NH3 volatilization unless the soil is dry. Other studies showed the same [START_REF] Van Hove | A study of the adsorption of NH3 and SO2 on leaf surfaces[END_REF][START_REF] Van Hove | A leaf chamber for measuring the uptake of pollutant gases at low concentrations by leaves, transpiration and carbon dioxide assimilation[END_REF]. We saw in Section 3.1.4 that a RH of 70 % was not enough to compensate for the dryness of the soil. In addition to this, increasing RH eventually increases the deposition of NH3 gas to land and vegetative surfaces as we saw in Section 3.1.4. In fact, the soil is drier in most Europe than both of the other domains, with North America being the most humid area. This can explain why we see a good correlation in Europe and lower one in North America. In southern North America, however, throughout the year we observe high temperatures and high humidity, which can explain the low correlation factor r² = 0.30 (Figure 3.14). This can be due to drier soil in parts of Europe, compared with the two other domains considered here.

-Mediumhigh RH = 60 -85%: The NH3 is decreasing as RH increases and as the time approaches winter (when RH is highest and the wet deposition of NH3 increases). In sNA, however, these ammonia measurements correspond to the spring season mostly.

-High RH = 85 -100%: Most of NH3 detected are during winter in sNA and Europe, and evenly distributed throughout the year in North America, so even if there are NH3 from fertilizers application, these are deposited quickly due to high RH. The low NH3 observed 25 Residence time is the lifetime of a species in the atmosphere before it is lost to deposition or chemical transformation. (isolated for instance), and are therefore interesting to study. In Appendix A I summarize in a table the regions names, their coordinates (longitudes and latitudes limits), the dominating climate, the country and main source of NH3. To assign a climate zone, I refer to the Köppen climate zones [START_REF] Beck | Present and future Köppen-Geiger climate classification maps at 1-km resolution[END_REF]. Despite the differences in climate, in all the agricultural regions I consider and show in Figure 3.15, the main growing season is during spring (MAM), except for regions in Lebanon (Baalbeck), Saudi Arabia (Al Kharj), Azerbaijan, and Sudan. For these countries the growing season starts in winter (USDA, 2022b).

In this section I look into different climate zones. These are:

-Steppe climate zone: typical of cold arid regions (e.g. Azerbaijan).

-Humid continental climate: characterized by a hot summer and they lack a dry season (e.g.

the agricultural region Erdao Canal Zhangbei in China).

-Desert climates, like in Egypt.

-The Mediterranean climate: dry in general, characterized by hot summers like in Spain and Southern Italy, and warm summers in Portugal.

-Marine west coast climates which are characterized by two main seasons, summer and winter. They do not witness temperature extremes.

-Savana/Monsoon climates have hot or warm summers, with a dry winter.

-Tropical rainforest which are characterized by heavy precipitation throughout the year and warm climates, they are known to receive the most rain among all other biomes.

Precipitation and climate zones

In Figure 3.16, I show the relationship between the NH3 volatilization from superficial urea application, with the rain volume (mm) 5 days after the fertilization. This study showed that the greatest NH3 losses occurred during dry years [2004 -2007] with a loss that reached up to 25.4 % of the total N applied. The N losses volatilization decreased exponentially as the amount of rainfall increased right after the fertilization [START_REF] Fontoura | Ammonia volatilization in no-till system in the South-Central region of the State of Paraná, Brazil[END_REF]. 2014 NH3 concentration are close to 3.5 ⨉ 10 15 molecules cm -1 , the increase observed after 2015 is mostly due to the increase in T skin (next Section). In Bekaa Valley in Lebanon, the lowest NH3 concentration is seen during 2011 when the amount of rainfall was the highest recorded during the period of study (~28 mm yr -1 ). In Turkey, the positive increase of NH3 is most apparent than the rest of the regions, this can also be related to temperature increase. In extreme dry climates, such as in Egypt for example, there is very little rainfall (1 -30 mm yr -1 ). Both the NH3 and precipitation trends are seen to be positive during the whole period (Figure 3.18). In the Nile Basin, for instance, there seems to be no correlation, since the amount of rainfall is very scarce and will not contribute vastly to the NH3 deposition. In the Nile Delta (upper panel, Figure 3.18), higher rainfall is seen to reduce atmospheric NH3. Finally, what's common among all regions is that interannually, enough rainfall per year can reduce the NH3 concentration. However, since rainfall is not the only factor playing a role here in NH3 volatilization, it is recommended to look at temperature changes interannually as well. I do this in the next section. In regions where it is extremely humid all year long (up to 1500 mm yr -1 ), the 

T skin and climate zones

In 

Wind speed

Transport by air masses is one of the sinks of atmospheric ammonia. Higher wind speed is expected to transport NH3 away from the fields, either as gas (NH3) or on PM (NH4 + ). In Figure 3.23, I plot the NH3 total columns averaged per bins of wind speed, in 1 m s -1 spaced wind bins.

The region I show here is an agricultural land in China, a region previously defined as an ammonia point-source in Clarisse et al. (2019a). We notice that atmospheric ammonia starts to increase once the wind speed exceeds 10 m s -1 . This can be associated with transport from neighboring sites. 

Conclusion

In this chapter I showed that it is possible to detect the fertilizers application period by looking the ammonia -T skin relationship. This can be used as a proxy for measuring the ammonia volatilization from fertilizers application. T skin and air temperature do increase the amount of atmospheric ammonia, with the correlation parameter R² slightly higher (0.94) than the one obtained from the relationship of NH3 with T skin (0.87). No matter the climate zone, T skin is always highly correlated to atmospheric NH3 (R² > 0.6), except in regions with all-year-long warm climates and the winter cultivation as the main growing season (e.g. Saudi Arabia). The effect of RH is not homogeneous, in dry conditions atmospheric NH3 reduces as RH decreases (0-40%). Higher correlations are observed in Europe (r² = 0.82), as compared to North America (r² = 0.44) and southern North America (r² = 0.33), due to a drier climate in general. Rainfall is seen to be inversely proportional to the concentration of atmospheric ammonia, in regions with medium rainfall, such as Mediterranean climates like regions in Italy, Spain and Lebanon. Humid climates are not directly correlated to rainfall, since the rain occurs all year long, such as regions with 1500 mm yr -1 cumulative rainfall. In dry climates, such as the Nile region, rainfall is rather observed to increase the volatilization of NH3. This can be a concern if due to climate change rain patterns change in desert climates. Finally, lower wind speeds are associated with higher NH3 concentrations, with a strong correlation over agricultural areas (e.g. r² = 0.64 in Xingtai Yong Guyuan in China). However, ammonia starts to increase once the wind speed exceeds 10 m s -1 , likely indicating transport from neighboring sites.

Chapter 4 The top panel in Figure 4.2 shows the monthly anomalies of ammonia for the period [2008 -2018] , calculated relative to the average of the a 10-year average of [2008 -2018], and the bottom panel shows the corresponding anomalies for T skin. There is a clear correlation between the increase in temperatures and the increase in atmospheric ammonia levels. This relationship was In order to meet the needs for a growing population, agricultural practices have intensified during the period [2003 -2019] (more fertilizer use per surface area), resulting in an increase in the net primary production (NPP) per capita [START_REF] Potapov | Global maps of cropland extent and change show accelerated cropland expansion in the twenty-first century[END_REF], subsequently increasing volatilized ammonia (increase in nitrogen soil content, and cultivated lands). In Europe alone, the area of croplands increased by +9 % from 2003 to 2019, and most of the expansion took place on lands that were abandoned for more than 4 years [START_REF] Potapov | Global maps of cropland extent and change show accelerated cropland expansion in the twenty-first century[END_REF]. Between the year 2008 and 2018, the increase in atmospheric ammonia columns accounted to +20.8 % (± 4.3 %) in Western and Southern Europe [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. Therefore, with the increase in croplands area and agricultural activities, climate change will have a significant effect on agricultural practices, with warmer climates enhancing the volatilization of ammonia from soils, especially in intensely fertilized lands [START_REF] Shen | Intense Warming Will Significantly Increase Cropland Ammonia Volatilization Threatening Food Security and Ecosystem Health[END_REF]. 

Ammonia volatilization from agricultural soils in Europe

Methods and datasets

Ammonia emission potential

The soil emission potential (𝛤 𝑠𝑜𝑖𝑙 ) has been thoroughly investigated in field and controlled laboratory environments (e.g. [START_REF] David | Ammonia sources and sinks in an intensively managed grassland canopy[END_REF][START_REF] Flechard | Advances in understanding, models and parameterizations of biosphere-atmosphere ammonia exchange[END_REF][START_REF] Massad | Review and parameterisation of bi-directional ammonia exchange between vegetation and the atmosphere[END_REF][START_REF] Mattsson | Temporal variability in bioassays of ammonia emission potential in relation to plant and soil N parameters in intensively managed grassland[END_REF][START_REF] Nemitz | Resistance modelling of ammonia exchange over oilseed rape[END_REF]Wentworth et al., 2014, among others). 𝛤 𝑠𝑜𝑖𝑙 is dimensionless and it can range from 20 (non-fertilized soil in a forest) to the order of 10 6 (mixture of slurry in a cropland). It is found to peak right after fertilizers application, due to the increase in ammonium content in the soil (a product of urea hydrolysis), reaching pre-fertilization levels 10 days following the application [START_REF] Flechard | The annual ammonia budget of fertilised cut grassland -Part 2: Seasonal variations and compensation point modeling[END_REF][START_REF] Massad | Review and parameterisation of bi-directional ammonia exchange between vegetation and the atmosphere[END_REF]. Little information exists on regional or global scales to assess the large-scale spatial variability of ammonia emission potentials.

In field studies, 𝛤 𝑠𝑜𝑖𝑙 is calculated by measuring the concentration of ammonium (NH4 + ) and H + (10 -pH ) in the soil; the ratio between both of these concentrations is 𝛤 𝑠𝑜𝑖𝑙 . In this study, we use IASI satellite data to calculate the ammonia emission potential 𝛤 𝑠𝑜𝑖𝑙 , and to have a regional coverage over Europe. With these, we cannot monitor soil content of ammonium nor its pH. This renders the remote 𝛤 𝑠𝑜𝑖𝑙 calculation challenging, and less straight forward. The full derivation of the equation used to calculate the emission potential is explained in Section 4.2.2. In short, upon its dissolution in the soil water, ammonia follows Henry's law. In steady state conditions between the soil and the near surface, the amount of the ammonia emitted and lost is considered equal.

Based on this assumption, the soil emission potential (dimensionless) is calculated through Eq. 4-22 in Section 4.2.2.

𝑘 is the soilatmosphere exchange coefficient or deposition velocity (cm s -1 ), also known as the mass transfer coefficient (this nomenclature will be used in this study). It is found to be affected by the roughness length of the surface, wind speed, the boundary layer height [START_REF] Olesen | Modelling effects of wind speed and surface cover on ammonia volatilization from stored pig slurry[END_REF][START_REF] Van Der Molen | Ammonia volatilization from arable land after application of cattle slurry. 2. Derivation of a transfer model[END_REF], and pH [START_REF] Lee | Ammonia harvesting via membrane gas extraction at moderately alkaline pH: A step toward net-profitable nitrogen recovery from domestic wastewater[END_REF]. It can be explained by a resistance model often used to explain the exchange between the surface and the atmosphere [START_REF] Wentworth | Soil-atmosphere exchange of ammonia in a non-fertilized grassland: measured emission potentials and inferred fluxes[END_REF]. Different studies provide look up tables values of 𝑘 for different land cover types and different seasons based on this resistance model [START_REF] Aneja | Dry Deposition of Ammonia at Environmental Concentrations on Selected Plant Species[END_REF][START_REF] Erisman | Parametrization of surface resistance for the quantification of atmospheric deposition of acidifying pollutants and ozone[END_REF][START_REF] Phillips | Ammonia flux and dry deposition velocity from near-surface concentration gradient measurements over a grass surface in North Carolina[END_REF][START_REF] Roelle | Modeling of Ammonia Emissions from Soils[END_REF][START_REF] Svensson | Mass Transfer Coefficient and Equilibrium Concentration as Key Factors in a New Approach to Estimate Ammonia Emission from Livestock Manure[END_REF][START_REF] Wesely | Parameterization of surface resistances to gaseous dry deposition in regionalscale numerical models[END_REF].

In general, the mass transfer coefficient 𝑘 is in the order of 10 -3 to 10 -2 m s -1 in a mixture of soil and manure, and 10 -6 to 10 -5 m s -1 in a mixture of manure alone [START_REF] Roelle | Modeling of Ammonia Emissions from Soils[END_REF]. I discuss and provide more information on 𝑘 in Section 4.3.3, and additional details on this calculation in general are provided in the next Section (4.2.2).

Calculation of emission potential 𝜞 𝒔𝒐𝒊𝒍

The soilatmosphere exchange of ammonia is bi-directional, in other words, the soil might either be a source (emission) or a sink (deposition) for ammonia. In the context of agricultural activities, one needs to acknowledge the processes taking place following the application of manure or synthetic fertilizers in order to understand this dynamic. The most vastly used fertilizer types release ammonia and its dissolved form ammonium (NH4 + ) into the soil.

Ammonium is a reactive form of nitrogen (Nr), and can be directly uptaken by plants, or transformed into nitrate (NO3 -) that is equally absorbed through the plants roots [START_REF] Krupa | Effects of atmospheric ammonia (NH3) on terrestrial vegetation: a review[END_REF].

Prior to its volatilization, ammonia in the soil exists either in the gas phase (NH3 (g)) or in the aqueous/liquid phase (NH3 (aq)), and the equilibrium between both states of ammonia is governed by Henry's law (Eq. 4-8) [START_REF] Wentworth | Soil-atmosphere exchange of ammonia in a non-fertilized grassland: measured emission potentials and inferred fluxes[END_REF]. I show the computation of the Henry's constant (𝐻 𝑁𝐻 3 ) in Eq. 4-9 [START_REF] Wichink Kruit | PM2.5 pollution is substantially affected by ammonia emissions in China[END_REF].

𝑁𝐻 3 (𝑔) 𝐻 𝑁𝐻3 ↔ 𝑁𝐻 3 (𝑎𝑞) 4-8 𝐻 𝑁𝐻3 = [𝑁𝐻 3 (𝑎𝑞) ] [𝑁𝐻 3 (𝑔) ] = 5.527 . 10 -4 . exp [4092 ( 1 𝑇 - 1 298.15
)]
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Temperature plays an important role in the equilibrium between the dissolved (𝑁𝐻 3 (𝑎𝑞) )

and volatilized ammonia (𝑁𝐻 3 (𝑔) ) in Eq. 4-9. Likewise, the dissolution of ammonia into ammonium in soil water is affected mainly by temperature, but also by soil acidity (pH) [START_REF] Roelle | Modeling of Ammonia Emissions from Soils[END_REF], this equilibrium is explained by the dissociation constant 𝐾 𝑁𝐻 4 + (Eq. 4-10 to 4-13).

𝑁𝐻 3 (𝑎𝑞) + 𝐻 3 𝑂 )]
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Once released to the atmosphere, ammonia near the surface exists in the gas phase, hence Henry's law describes the equilibrium between ammonia in the soil (liquid phase), and near the surface (gas phase). This bi-directional exchange between the soil and the atmosphere will continue until the equilibrium is reached, and this occurs when atmospheric ammonia concentration reaches what we call the compensation point 𝜒 𝑁𝐻 3 (the concentration of ammonia at equilibrium). 𝜒 𝑁𝐻 3 is defined as the concentration at which the net NH3 flux towards the soil is zero [START_REF] Farquhar | On the Gaseous Exchange of Ammonia between Leaves and the Environment: Determination of the Ammonia Compensation Point[END_REF], and is expressed in mass per volume (kg m -3 ). I can draw a link between the mass density 𝜒 𝑁𝐻 3 and the partial pressure (𝑃 𝑁𝐻 3 ) of ammonia near the surface (𝑁𝐻 3 (𝑔) ) by applying the ideal gas law (𝑃𝑉 = 𝑛𝑅𝑇), I obtain Eq. 4-14.

𝜒 𝑁𝐻 3 = 𝑃 𝑁𝐻 3 . 𝑀 𝑁𝐻 3 𝑅 𝑇

4-14

Where 𝑃 𝑁𝐻 3 is the partial pressure of ammonia near the surface as explained earlier (atm), 𝑀 𝑁𝐻 3 is the molar mass of ammonia (kg mol -1 ), 𝑅 is the gas constant (0.082 atm L mol -1 K -1 ), and 𝑇 is the temperature in Kelvin.

The partial pressure of ammonia can be equally expressed as a function of the Henry's constant 𝐻 𝑁𝐻 3 (Eq. 4-9) and the dissociation constant 𝐾 𝑁𝐻 4 + (Eq. 4-13) (Wichink Kruit, 2010): 

𝑃 𝑁𝐻 3 = 𝐾 𝑁𝐻
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From Eq. 4-14 one can see that 𝜒 𝑁𝐻 3 is a function of the partial pressure of ammonia, which in turn is a function of temperature (T skin), and the ammonium -pH ratio

[𝑁𝐻 4 + ] [𝐻 + ]
(also known as the emission potential of ammonia 𝛤 𝑠𝑜𝑖𝑙 ) . If I substitute Eq. 4-15 in 4-14 I get:

𝜒 𝑁𝐻 3 = 2.75 .10 9 ( 𝑔𝐾 𝑚 3 ) 𝑇 𝑠𝑜𝑖𝑙 exp [ -1.04 .10 4 𝑇 𝑠𝑜𝑖𝑙 ] 𝛤 𝑁𝐻 3 4-16
𝜒 𝑁𝐻 3 plays an important role in regulating the flux between the surface and the atmosphere. For instance, the flux of ammonia from the soil to the atmosphere (emission) occurs when the concentration of atmospheric ammonia is less than the compensation point 𝜒 𝑁𝐻 3 , while ammonia deposition (atmosphere to surface) occurs when the concentration of ammonia is equal to or greater than 𝜒 𝑁𝐻 3 [START_REF] Flechard | Dry deposition of reactive nitrogen to European ecosystems: a comparison of inferential models across the NitroEurope network[END_REF][START_REF] Wichink Kruit | PM2.5 pollution is substantially affected by ammonia emissions in China[END_REF]. It is then crucial to quantify the compensation point in order to understand this exchange. From Eq. 4-16 I conclude that the main variables needed to calculate 𝜒 𝑁𝐻 3 are soil temperature (T skin) and 𝛤 𝑠𝑜𝑖𝑙 , the latter is a dimensionless ratio between ammonium and pH (NH4 + (aq) and H + (aq) concentrations, respectively, in the soil). In my study, I use T skin from ERA5. IASI only measures the total columns of ammonia, and is not able to see the dissolved ammonium [𝑁𝐻 4 + ] in the soil. In this case, to calculate the 𝛤 𝑠𝑜𝑖𝑙 I need to look at the fluxes of ammonia and their relation to the dissolved ammonium. The bi-directional exchange of NH3 between the surface and the atmosphere can be expressed by the flux (assuming a flux independent of time) [START_REF] Roelle | Modeling of Ammonia Emissions from Soils[END_REF]Zhang et al., 2010):

𝐹𝑙𝑢𝑥 𝑁𝐻 3 = 𝑘 ([𝑁𝐻 3 ] 𝑠𝑜𝑖𝑙 -[𝑁𝐻 3 ] 𝑎𝑡𝑚 )
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Where 𝐹𝑙𝑢𝑥 𝑁𝐻 3 is the bi-directional flux between the soil and the atmosphere (molecules (m² s) -1 , 𝑘 is the soilatmosphere exchange velocity (m s -1 ), also known as the mass transfer coefficient;

[𝑁𝐻 3 ] 𝑠𝑜𝑖𝑙 is the concentration of NH3(g) in the soil, and [𝑁𝐻 3 ] 𝑎𝑡𝑚 is the concentration of NH3(g) in the atmosphere (molecules m -3 ). Assuming a first order dissociation of NH3, we can express the change in the [𝑁𝐻 3 ] 𝑐𝑜𝑙 total columns as follows:

𝑑 [𝑁𝐻 3 ] 𝑐𝑜𝑙 𝑑𝑡 = 𝐹𝑙𝑢𝑥 𝑁𝐻 3 -𝑘 ′ [𝑁𝐻 3 ] 𝑐𝑜𝑙 4-18
Where 𝑘′ is the rate of dissociation of first order 𝑘 ′ = 1 𝜏 ⁄ (m s -1 ), with τ the lifetime of NH3 in the atmosphere. Assuming steady state, and considering the [𝑁𝐻 3 ] 𝑎𝑡𝑚 as the [𝑁𝐻 3 ] 𝑐𝑜𝑙 , and

[𝑁𝐻 3 ] 𝑠𝑜𝑖𝑙 as 𝜒 𝑁𝐻 3 , Eq. 4-18 can be written as follows:

𝑘 ( 𝑁 𝑎 .𝜒 𝑁𝐻 3 𝑀 𝑁𝐻 3 - 1 𝑐 [𝑁𝐻 3 ] 𝑐𝑜𝑙 ) = [𝑁𝐻 3 ] 𝑐𝑜𝑙 𝜏
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Where 𝑐 is the column height and is equal to 6 km. It is important to note that we neglect the effect of transport by wind since we only look at large regions. Finally, the total column of ammonia [𝑁𝐻 3 ] 𝑐𝑜𝑙 can be written as:

[𝑁𝐻 3 ] 𝑐𝑜𝑙 = 𝑁 𝑎 . 𝜒 𝑁𝐻 3 𝑀 𝑁𝐻 3 . (𝑐 + 1 𝑘𝜏 ) 4-20
The column height is not considered anymore because it is negligible compared to 1 𝑘𝜏 ⁄ , using

Eq. 4-16 to 4-20 we get: ), where 𝑎 = 2.75 . 10 3 (𝑔 𝐾 𝑐𝑚 -3 ), 𝑁 𝑎 is Avogadro's number (𝑁 𝑎 = 6.0221409 × 10 23 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑜𝑙 -1 ), 𝑐 ′ = 100 is a factor used to convert 𝑘 from m s -1 to cm s -1 (since [𝑁𝐻 3 ] 𝑐𝑜𝑙 is in molecules cm -2 ), and 𝑀 𝑁𝐻 3 is the molar mass of ammonia gas (𝑀 = 17.031 𝑔 𝑚𝑜𝑙 -1 ). The emission potential of NH3 from the soil can be written as:

[𝑁𝐻 3 ] 𝑐𝑜𝑙 =
𝛤 𝑠𝑜𝑖𝑙 = [𝑁𝐻 3 ] 𝑐𝑜𝑙 . 𝑇 𝑠𝑜𝑖𝑙 exp ( -𝑏 𝑇 𝑠𝑜𝑖𝑙 ) 𝑀 𝑁𝐻 3 𝑎 . 𝑁 𝑎 . 𝑐 ′ . 1 𝑘𝜏
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Where [𝑁𝐻 3 ] 𝑐𝑜𝑙 is the total column concentration of ammonia (molecules cm -²), measured by satellite remote sensors, in this case, IASI. 𝑇 𝑠𝑜𝑖𝑙 is the soil temperature at the surface, which can be expressed as the skin temperature, T skin (Kelvin), extracted from ERA5 (Chapter 2, section 2.4.1), 𝜏 is the lifetime of ammonia (seconds), and 𝑏 is a constant (𝑏 = 1.04 × 10 4 𝐾).

MODIS Land Cover Type

In order to assign a mass transfer coefficient 𝑘 to each land type, I use MODIS land cover (refer to Chapter 2, Section 2.5.1). From the land use categories included in the MOD12Q1 product [START_REF] Belward | The IGBP-DIS Global 1-Km Land-Cover Data Set DIS-Cover: A Project Overview[END_REF]) I focus on croplands, forests, shrublands, and grasslands. I do not include barelands, snow cover, and urban areas in our analysis; I am not interested in studying these surfaces, since I focus on ammonia volatilization from the soil in areas amended with fertilizers. I show the emission potential in Forests and grasslands/shrublands for comparison with values in the literature. In an attempt to calculate an emission potential (Eq. 4-22) that is relevant to the land cover/use, I therefore assign a mass transfer coefficient 𝑘 to each land type based on literature values [START_REF] Aneja | Dry Deposition of Ammonia at Environmental Concentrations on Selected Plant Species[END_REF][START_REF] Erisman | Parametrization of surface resistance for the quantification of atmospheric deposition of acidifying pollutants and ozone[END_REF][START_REF] Roelle | Modeling of Ammonia Emissions from Soils[END_REF][START_REF] Svensson | Mass Transfer Coefficient and Equilibrium Concentration as Key Factors in a New Approach to Estimate Ammonia Emission from Livestock Manure[END_REF][START_REF] Wesely | Parameterization of surface resistances to gaseous dry deposition in regionalscale numerical models[END_REF] and I discuss it in Section 4.3.2.

GEOS-Chem chemistry transport model

In this study I use version 12.7.2 of the GEOS-Chem chemical transport model [START_REF] Bey | Global modeling of tropospheric chemistry with assimilated meteorology: Model description and evaluation[END_REF]. The model is driven by the Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) reanalysis product, including nested domains over Europe at a 0.5° × 0.625° horizontal resolution. MERRA-2 is the second version of the MERRA atmospheric reanalysis product by NASA's Global Moduling Assimilation Office (NASA/GMAO) [START_REF] Gelaro | The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2)[END_REF]. Boundary conditions for the nested domains are created using a global simulation for the same months at 2° × 2.5° resolution. I generate model output for March of 2011, preceded by a one month of discarded model spin-up time for the nested run, and two months for the global simulation. March corresponds well to the month of fertilizer application in Europe, and as such to the beginning of the growing season (FAO, 2022;USDA, 2022b).

Output includes the monthly mean for selected diagnostics. Anthropogenic emissions are taken primarily from the global Community Emissions Data System (CEDS) inventory [START_REF] Hoesly | Historical (1750-2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions Data System (CEDS)[END_REF]. Biogenic non-agricultural ammonia, as well as ocean ammonia sources, are taken from the Global Emission Inventories Activities database (GEIA, [START_REF] Bouwman | A global high-resolution emission inventory for ammonia[END_REF]). Open fire emissions are generated using the GFED 4.1s inventory [START_REF] Randerson | Global Fire Emissions Database, Version 4.1 (GFEDv4)[END_REF]. I use the Harmonized Emissions Component module (HEMCO) to obtain the ammonia emissions over Europe [START_REF] Keller | HEMCO v1.0: a versatile, ESMF-compliant component for calculating emissions in atmospheric models[END_REF].

EC-Earth climate model

To analyze how future climate will affect ammonia concentration and emission potential, I use the ECMWF climate model the European Earth Consortium climate model (EC-Earth, http://www.ec-earth.org/). While other climate models exist, we choose this one because IASI's ammonia product uses ERA5 for the retrievals and we calculate the emission potential from the T skin product of ERA5. The reanalysis uses the ECMWF's Integrated Forecasting System for the atmosphere-land component (IFS). IFS is also used in EC-Earth and is complemented with other model components to simulate the full range of Earth system interactions that are relevant to climate [START_REF] Döscher | The EC-Earth3 Earth system model for the Coupled Model Intercomparison Project 6[END_REF]. I note that the versions of the IFS models used in ERA5 and in EC-Earth are not identical as the climate model product is not assimilated and is not initialized with observations several times a day like ERA5. The EC-Earth simulations are included in the Climate model intercomparison project, phase 6 [START_REF] Eyring | Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental design and organization[END_REF], part of the Intergovernmental Panel on Climate Change (IPCC) report of 2021 (Masson-Delmotte, et al., 2021). I use the so-called Scenario Model Intercomparison Project (ScenarioMIP), covering the period [2015 -2100] for future projections under different shared socio-economic pathways (SSP) [START_REF] Riahi | The Shared Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: An overview[END_REF]. I analyze two scenarios, the SSP2-4.5 corresponding to "middle of the road" socio-economic family with a nominal 4.5W/m 2 radiative forcing level by 2100approximately corresponding to the RCP-4.5 scenario, and the SSP5-8.5 marks the upper edge of the SSP scenario spectrum with a high reference scenario in a high fossil-fuel development world throughout the 21st century. that ERA5 and MERRA-2 agree to a great extent with a value of 97 % (Figure 4.4c). The bias shows minor differences (up to 5°C in absolute value), these differences are only remarkable in the Alps region where one can see that ERA5 underestimates T skin relative to MERRA-2 (Figure 5.7.5d). MERRA-2 overestimates T skin in Eastern, Central, Western, and parts of Southern Europe by less than 3°C. For the calculation of the emission potential, T skin is needed. Here I will study it for both ERA5 and MERRA-2 later in this chapter. The results are summarized in 

Ammonia emissions, losses and lifetime in Europe

Most of the ammonia emissions in Europe are due to agricultural activities. mainly manure management, and fertilizers application) contribute to 83 % of the total ammonia emissions. Then, the emissions from natural sources follow (i.e. soil of natural vegetation, oceans, and wild animals) representing 16 % of the total ammonia, whereas the remaining 1 % correspond to emissions from biomass burning and ships. with a short lifetime, such as ammonia, the emissions are relatively well-balanced spatially by eventual sinks/losses (steady-state approximation). Therefore, one can calculate a steady-state lifetime (𝜏 𝑠𝑠 ) as the ratio between the total burden 𝐵 (Figure 4.6c) and the total emissions 𝐸 or losses 𝐿 (sum of all emitted / lost molecules of ammonia, Figure 4.6a or b) using the following equation: 𝜏 𝑠𝑠 = 𝐵 𝐿 ⁄ [START_REF] Plumb | Chapter 2: The Theory of Estimating Lifetimes Using Models and Observations[END_REF].

Note that the 𝜏 𝑠𝑠 is more or less the same whether I calculate it using the losses or the emissions.

For instance, in selected source regions (rectangles in Figure 4.6a) the total emissions and losses are very close with minor biases that are less than 2%. In Figure 4.7 I show the difference between calculating ammonia lifetime using the emissions and losses. The left panel shows a regression plot of both methods (with a coefficient of determination R² = 0.94), and the right panel shows the percentage difference between both lifetimes (Figure 4.7).

On a monthly average, 𝜏 𝑠𝑠 can go up to 12 hours, and it can reach 1 day (24 hours) in coastal regions such as in New Aquitaine in France (region E). The latter can be related to the high probability of air stagnation in that area in comparison to Northern Europe (Garrido-Perez et al., 2018), since higher PM2.5 pollution episodes were found under stagnant meteorological conditions [START_REF] Aqeg | Fine particulate matter (PM2.5) in the United Kingdom. Air Quality Expert Group (AQEG), prepared for the[END_REF]. Ammonium molecules carried on these PM2.5 can transform back into ammonia.

Our results agree with the literature suggesting a lifetime between a few hours to a few days [START_REF] Behera | Ammonia in the atmosphere: a review on emission sources, atmospheric chemistry and deposition on terrestrial bodies[END_REF][START_REF] Pinder | Environmental impact of atmospheric NH3 emissions under present and future conditions in the eastern United States[END_REF], and with those calculated by [START_REF] Evangeliou | 10-year satellite-constrained fluxes of ammonia improve performance of chemistry transport models[END_REF] over Europe, showing a monthly average of ammonia lifetime that ranges from 10 to 13 hours, despite that they do not consider ammonia emissions to natural sources that consist of 16% of the total ammonia (Figure 4.5). Shorter lifetimes from industrial sources of ammonia were reported in [START_REF] Dammers | NH3 emissions from large point sources derived from CrIS and IASI satellite observations[END_REF], with a mean lifetime of ammonia that is equal to 2.35 hours (±1.16). A recent study found lifetimes of ammonia that vary between 5 and 25 hours, roughly, in Europe (Luo et al., 2022); these values are higher since, in addition to ammonia loss, Luo et al. (2022) included the loss of ammonium, and thus considering the loss of ammonia only terminal when the ammonium is also lost/deposited. This approach is not considered here nor in [START_REF] Evangeliou | 10-year satellite-constrained fluxes of ammonia improve performance of chemistry transport models[END_REF].

Notably, ammonia lifetime and burden ( The fastest loss mechanisms are either chemical (i.e. in the vast majority transformation to particulate matter) or through wet and dry deposition [START_REF] Tournadre | Atmospheric ammonia (NH3 over the Paris megacity: 9 years of total column observations from ground-based infrared remote sensing[END_REF]. Figure 4.8 shows that more than 50 % of the ammonia molecules in the atmosphere are lost to chemical reactions in most of the regions (A, B, C, H, and F). The shortest residence time of ammonia is observed in England, where the chemical removal was significantly higher than other sinks and represented up to 73 % of the total ammonia loss pathways, suggesting a rapid transformation into inorganic particulate matter (PM2.5). In the regions D, G and E the chemical loss makes up 50 %, 49 %, and 42 %, respectively. In fact, in March 2011, PM was found to be mostly composed of inorganic nitrate (41 %), and ammonium (20 %) [START_REF] Viatte | NH 3 spatiotemporal variability over Paris, Mexico City, and Toronto, and its link to PM 2.5 during pollution events[END_REF] over Europe, both of which are products of atmospheric ammonia. Nitrate-bearing PM2.5 are formed when nitric acid (HNO3) reacts with ammonia [START_REF] Yang | The formation and mitigation of nitrate pollution: comparison between urban and suburban environments[END_REF], and ammonium is a direct product of the hydrolysis of ammonia.

41% of the nitric acid formed in the atmosphere is produced from the reaction between nitrogen dioxide (NO2) and the hydroxyl radical (OH) [START_REF] Alexander | Global inorganic nitrate production mechanisms: comparison of a global model with nitrate isotope observations[END_REF]. These chemical pathways help explain the large chemical losses in most of the regions studied in Figure 4.8.

Ammonia loss to transport is the highest in regions neighbouring the Atlantic Ocean, accounting for 30 %, 27 %, 32 %, and 34 % of total sinks in regions A, D, E, and G respectively.

These regions are exposed to the North Atlantic Drift, also known as the Gulf Stream, that is associated with high wind speed and cyclonic activity [START_REF] Barnes | North Atlantic air pressure and temperature conditions associated with heavy rainfall in Great Britain[END_REF]. In other regions, 14 % to 22 % of the total ammonia is lost to transport mechanisms, and in all regions, 11 to 22 % is lost to dry deposition (Figure 4.8). During March, precipitation is relatively lower as compared to winter (December, January, February) in Europe. Furthermore, 2011 was a particular dry year compared to the 1981 -2010 average (Met Office, 2016). Drought was reported to be severe in areas such as France, Belgium and the Netherlands, and moderate in England and Ireland [START_REF] Edo | Drought news in Europe: Situation in April 2011 -Short Analysis of data from the European Drought Observatory (EDO). EEA[END_REF]. This can help explain the low percentage of wet deposition during March 2011 (1 to 5 % out of the total loss of ammonia). 

Mass transfer coefficient estimation

To calculate emission potential, a calculation of the mass transfer coefficient 𝑘, which relates to the land type, is necessary. Figure 4.9 shows the land cover type from MODIS in Europe (left panel), and the corresponding assigned mass transfer coefficient 𝑘 (right panel) needed to calculate the emission potential Eq.4-22). In order to choose a mass transfer coefficient that is convenient for the different land types relevant to this study, we searched for 𝑘 values in the literature. Not all land types have been studied for ammonia transfer coefficient.

For water bodies and other land types that are not considered here (see Section 4.2.3), the mass transfer values 𝑘 were set to zero and represented in grey colour in Figure 4.9. In a laboratory experiment, [START_REF] Svensson | Mass Transfer Coefficient and Equilibrium Concentration as Key Factors in a New Approach to Estimate Ammonia Emission from Livestock Manure[END_REF] reported 𝑘 = 4.3 × 10 -3 m s -1 for a mixture of soil and swine manure, as therefore, we assign this value to croplands. Due to the lack of 𝑘 values for nonfertilized forests, shrublands and grasslands in the literature, we used values originally assigned for SO2, bearing in mind that these are approximate values and they reflect mostly the conditions of the soil cover type (short, medium or tall grass). To assign a 𝑘 value for forests, we used values reported in [START_REF] Aneja | Dry Deposition of Ammonia at Environmental Concentrations on Selected Plant Species[END_REF] (𝑘 = 2 × 10 -2 m s -1 ), which originally represent deposition velocity (mass transfer) of SO2 in a forest (high crops). For shrublands and grasslands (the two land types have the same 𝑘), we used the value 𝑘 = 8 × 10 -3 m s -1 that has been reported in [START_REF] Aneja | Dry Deposition of Ammonia at Environmental Concentrations on Selected Plant Species[END_REF] as the deposition velocity (mass transfer) of SO2 in a grassland (medium crops). These values are the best attempt to test the validity of using MODIS and lookup tables of 𝑘 values to calculate a realistic soil emission potential. As a result, Figure 4.9 (left panel) includes 5 land types, while k values are reported for 4 land types (other land type/water, croplands, forests, and shrublands/grasslands). After choosing the 𝑘 values, we assigned them for each land type on the (500 m × 500 m) grid. We then extrapolate the array with the 𝑘 values from 500 m × 500 m to the resolution of GEOS-Chem (0.5° × 0.625° grid box). This leads to averaging different fine pixels with different land cover types into a coarser grid. The result is shown on the right panel of Figure 4.9.

Uncertainties of this methodological approach can be summarized as follows:

(1) The 𝑘 value assigned for croplands is approximate and therefore not the same in every cropland over Europe.

(2) The 𝑘 value assigned for forests represents the SO2 exchange in high croplands, and ammonia might change especially when the latter is highly affected by humidity; it can easily dissolve in the water film on leaves in high humid conditions.

(3) The extrapolation of a fine array (500 m × 500 m) will merge several grids together and average them in order to construct the coarser grid box (0.5° × 0.625°); the result is Using the land-type specific 𝑘 value is necessary in order to reflect realistic emissions potential, as ammonia exchange in a forest is different from that of croplands or unfertilized grasslands, due to different barriers (long, medium or short crop / grass), and ammonium soil content in each land type.

Emission potential in Europe

Figure 4.10 illustrates the ammonia soil emission potential 𝛤 𝑠𝑜𝑖𝑙 calculated using Eq. 4-22 and 𝑘 values presented in Figure 4.9. After assigning the variable mass transfer coefficient, the remaining variables needed to calculate 𝛤 𝑠𝑜𝑖𝑙 in Eq. 4-22 are ammonia concentration and lifetime, as well as the skin temperature. For this reason, the emission potential 𝛤 𝑠𝑜𝑖𝑙 shown in Figure 4.10 are calculated using different configurations:

-Case 1: GEOS-Chem ammonia and lifetime with MERRA-2 T skin, i.e. simulated 𝛤 𝑠𝑜𝑖𝑙 , -Case 2: GEOS-Chem ammonia and lifetime and ERA5 Tskin, to check the effect of using ERA5 vs MERRA-2 for skin temperature, -Case 3: IASI's NH3, ERA5 T skin and GEOS-Chem ammonia lifetime, -Case 4: IASI's NH3, ERA5 T skin and ammonia lifetime from [START_REF] Evangeliou | 10-year satellite-constrained fluxes of ammonia improve performance of chemistry transport models[END_REF], that were calculated using LMDz-OR-INCA chemistry transport model. The latter couples three models: the general circulation model GCM (LMDz) [START_REF] Hourdin | The LMDZ4 general circulation model: climate performance and sensitivity to parametrized physics with emphasis on tropical convection[END_REF], the INteraction with Chemistry and Aerosols (INCA) [START_REF] Folberth | Interactive chemistry in the Laboratoire de Météorologie Dynamique general circulation model: model description and impact analysis of biogenic hydrocarbons on tropospheric chemistry[END_REF], and the land surface dynamical vegetation model (ORCHIDEE) [START_REF] Krinner | A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system[END_REF].

Based upon the four cases, I calculate a range of emission potentials, and filtered data points with ammonia total column concentration less than 5 × 10 14 molecules cm -2 . The latter are mostly grid boxes concentrated above 56° North that we consider as noise (shown in white pixels on Figure 4.10).

T skin from ERA5 and MERRA-2 agree very well, with a coefficient of determination r² = 0.97 (Figure 4.4). This explains the excellent spatial correlation between cases 1 and 2, where the correlation coefficient between 𝛤 𝑠𝑜𝑖𝑙 from cases 1 and 2 is r² = 0.97. Since IASI-NH3 retrievals use ERA5 T skin, this also suggests that using MERRA-2 or ERA5 does not affect our 𝛤 𝑠𝑜𝑖𝑙 calculation. In case 3, the emission potential agrees spatially and in value with that of GEOS-Chem. However, we observe higher 𝛤 𝑠𝑜𝑖𝑙 in regions such as Ireland, England, North France, Northeastern Spain, and Poland. This is due to the underestimation of ammonia from GEOS-Chem as compared to IASI observations (Figure 4.3a). For instance, 𝛤 𝑠𝑜𝑖𝑙 from IASI and ERA5

(case 3) differs with that from GEOS-chem and ERA5 (case 2) by up to -70 % in the Po Valley (Italy) and +60 % in England. Looking at Table 2, this difference can be explained by the corresponding MRD for each of the regions, in which it is -64 % for England and +110 % for the Po Valley. Similarly, the differences between case 3 and 4 reach up to +66 % in England, and this is mostly due to the 10-hours difference between ammonia lifetime from GEOS-Chem and [START_REF] Evangeliou | 10-year satellite-constrained fluxes of ammonia improve performance of chemistry transport models[END_REF]. The lowest 𝛤 𝑠𝑜𝑖𝑙 were obtained in case 4, due to the higher lifetimes than those calculated from GEOS-Chem. Note that 𝛤 𝑠𝑜𝑖𝑙 is inversely proportional to ammonia lifetime (Eq. 4-22). In fact, the longer ammonia stays in the atmosphere (longer lifetime), the less the flux will be directed from the soil to the atmosphere (less ammonia emission). variable 𝑘 that is adjusted to each land type. The fixed 𝑘 used is calculated assuming 14 days of fertilization (𝑘 = 10 -3 m s -1 ), 7 days when 𝑘 value reduces (𝑘 = 10 -5 m s -1 ), and 10 days when 𝑘 is low (𝑘 = 10 -6 m s -1 ) resulting in average of 𝑘 = 4.5 × 10 -4 m s -1 .

In the four cases presented in Figure 4.10, one can see similar spatial distribution of ammonia emission potential ranging from 12 × 10 -1 in a forest to 9.5 × 10 4 in a cropland (monthly average considering all the cases). In agricultural lands, our results show that 𝛤 𝑠𝑜𝑖𝑙 ranges from 2 × 10 3 to 9.5 × 10 4 . Our values for croplands start at around 10 3 . In fact, most of the studies summarized in [START_REF] Zhang | Bi-directional air-surface exchange of atmospheric ammonia: A review of measurements and a development of a big-leaf model for applications in regional-scale air-quality models[END_REF] reported 𝛤 𝑠𝑜𝑖𝑙 that range mostly from 10 3 to 10 4 in fertilized croplands/grasslands; the minimum 𝛤 𝑠𝑜𝑖𝑙 reported is in the order of 10 2 and the maximum is of the order of 10 5 . Therefore, our values fit within the range of 𝛤 𝑠𝑜𝑖𝑙 calculated in the literature and summarized in [START_REF] Zhang | Bi-directional air-surface exchange of atmospheric ammonia: A review of measurements and a development of a big-leaf model for applications in regional-scale air-quality models[END_REF] and the references within. [START_REF] Personne | Investigating sources and sinks for ammonia exchanges between the atmosphere and a wheat canopy following slurry application with trailing hose[END_REF] focused on Grignon, an agricultural region near Paris, France (48 • 51′N, 1 • 58′E). They obtained 𝛤 𝑠𝑜𝑖𝑙 values between 1.1 × 10 4 to 5.8 × 10 6 . In the present study, the emission potential over this region is between 5 × 10 3 (case 4) to 2 × 10 4 (case 2). In this study, it is expected to obtain lower values than the ones measured over specific field. Therefore, we consider our results to be in good agreement with the obtained values in [START_REF] Personne | Investigating sources and sinks for ammonia exchanges between the atmosphere and a wheat canopy following slurry application with trailing hose[END_REF], since ours reflect an average of a coarse patch of land of the size 55 × 70 km 2 approximately, with a 31-day mean.

In Figure 4.11 I show the difference in the emission potential between fixed and spatially variable 𝑘, where one can see that a fixed 𝑘 might overestimate 𝛤 𝑠𝑜𝑖𝑙 by 10 to 10 3 on a log10 scale (500 -3000 %), in agricultural areas. In cases 1, 2, and 3 the high differences (greater than +2500 %) are spread out such as noise, whereas in case 4 those differences are clearly outside the agricultural areas. The distinction between ammonia from croplands and regions with no ammonia is clear in case 4 (Figure 4.10). This is due to the homogeneity of the ammonia lifetimes calculated The mean emission potentials per ammonia source region in Europe (shown in rectangles in Figure 4.6) and per case are shown in Figure 4.12, and listed in Table 2. Table 2 shows the average lifetime from GEOS-Chem (hours), the average T skin from the three datasets that we used (°C), the average ammonia emission potential in all the cases examined (dimensionless), and the average ammonia columns from IASI and GEOS-Chem (molecules cm -2 ). The four cases show a similar pattern with the North European Plain exhibiting the highest emission potential.

This has been shown in Figure 4.12 also shows that for cases 1 and 2 (GEOS-Chem) the emission potential in the Po

Valley is higher as compared to case 3 (IASI), although it stays within the margin of error. This is due to the effect of temperature. Table 2 shows that at the time of the IASI overpass, T skin from ERA5 in the Po Valley is almost twice as large (8.95 °C) as the monthly averaged temperature (4.46 °C). The effect of skin temperature through Eq. 4-22 makes the emission potential highly dependent. In fact, 𝛤 𝑠𝑜𝑖𝑙 is both directly and inversely proportional to T skin, however, the exponential in the denominator has ~10 times more effect on the value of 𝛤 𝑠𝑜𝑖𝑙 than the T skin in the numerator. Therefore, through Eq. 4-22, we conclude that an increase in temperature by 1°C will reduce 𝛤 𝑠𝑜𝑖𝑙 by around -8%.

The standard deviation (shaded area) is found to be the highest in the North European Plain, which is also the largest region (hence higher variability is expected), especially when considering case 3 with IASI. IASI distinguishes different source sub-regions, leading to higher spatial variability of ammonia, and therefore 𝛤 𝑠𝑜𝑖𝑙 . As Figure 4.12 has shown, case 4 has the lowest 𝛤 𝑠𝑜𝑖𝑙 , with a factor of two lower than cases 1 to 3. This is due to the longer lifetimes calculated by [START_REF] Evangeliou | 10-year satellite-constrained fluxes of ammonia improve performance of chemistry transport models[END_REF]. However, we note that all the regions exhibit the same inter-variability between each of the case, regardless of the lifetimes used.

Case study: ammonia increase with temperature under future scenarios

As seen in Eq. 4-22, higher skin temperatures favor volatilization of ammonia from the soil.

In an attempt to understand how our simplified emission potential model behaves under changing climate, as well as under future scenarios, we adopt the future T skin simulations from EC-Earth climate model, into Eq. 4-22. The two climate socioeconomic scenarios that we consider are SSP2-4.5 ("middle of the road" scenario where trends broadly follow their historical patterns), and SSP5-8.5 (a world of rapid and unconstrained growth in economic output and energy use) [START_REF] Riahi | The Shared Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: An overview[END_REF].

I calculate current and future ammonia columns assuming that the emission potential 𝛤 𝑠𝑜𝑖𝑙 remains unchanged. In other words, we assume that the same amount of fertilizers and manure is used until 2100 in the agricultural fields and farms (unchanged ammonium soil content). The future columns of ammonia are calculated using Eq. 4-21, while using 𝛤 𝑠𝑜𝑖𝑙 calculated previously for March 2011, and Tsoil from EC-Earth for the corresponding time range. Switzerland. Under the SSP5-8.5 scenario, the results show an increase in ammonia columns of up to +100 % in Eastern Europe (Figure 5.14,right lower panel). This is directly related to the higher projected increase in skin temperature over these regions. Other studies have equally reported Eastern Europe to be more affected by climate change under future scenarios, as compared to Western Europe (European Environment Agency, 2022;[START_REF] Jacob | Climate Impacts in Europe Under +1.5°C Global Warming[END_REF].

Spatially, the increase in ammonia coincides with the increase in T skin. due to global warming, this region is expected to experience increased evapotranspiration [START_REF] Donnelly | Impacts of climate change on European hydrology at 1.5, 2 and 3 degrees mean global warming above preindustrial level[END_REF], which is a major factor that leads to the volatilization of ammonia.

The local and regional effect of volatilization of ammonia under different climate scenarios remains difficult to be properly assessed. Even under the "middle of the road" scenario 2-4.5, and without climate extremes [START_REF] Husted | Ammonia Flux between Oilseed Rape Plants and the Atmosphere in Response to Changes in Leaf Temperature, Light Intensity, and Air Humidity (Interactions with Leaf Conductance and Apoplastic NH4+ and H+ Concentrations)[END_REF]) (e.g. heatwaves), Europe might be facing big challenges in air or downwind agricultural regions, since chemistry and atmospheric transport (Figure 4.8) drive the loss of ammonia during the growing season in this part of the world. An increase in ammonia concentration poses a significant and yet poorly understood effect on local and regional air quality through the increase in PM2.5 concentration. We note, however, that ammonia columns in the soil are governed by a threshold. Higher temperatures will increase the rate of volatilization of ammonia from the soil, but only up to a certain point where no dissolved ammonium is left. Plants, however, can also be a source of ammonia when exposed to stressful conditions. For example, under heat stress and in instances where there is no ammonia in the air, increase in air temperature results in exponential increase in ammonia emission from plants'

leaves [START_REF] Husted | Ammonia Flux between Oilseed Rape Plants and the Atmosphere in Response to Changes in Leaf Temperature, Light Intensity, and Air Humidity (Interactions with Leaf Conductance and Apoplastic NH4+ and H+ Concentrations)[END_REF]. 

Discussion and conclusions

Agriculture worldwide has fed the human race for thousands of years, and will continue to do so, as mankind highly relies on it. Emissions from agricultural activities will inevitably increase, in order to meet the expected yield. In this chapter, I use a variety of state-of-the-art datasets (satellite, reanalysis and model simulation) to calculate the first regional map of ammonia emission potential during the start of the growing season in Europe. The emission potential can be used as a proxy to calculate ammonia columns in the atmosphere, and as such to assess its deposition, atmospheric transport, and contribution to PM formation. Here, we show that the GEOS-Chem chemistry transport model is able to reproduce key spatio-temporal patterns of ammonia levels over Europe. The ammonia budget is governed by the emissions over source regions (North European Plain, Brittany and the Po valley), as well as by key loss processes. We find that chemical loss pathway is responsible of 50 % or more of the total ammonia loss over Europe. From the GEOS-Chem simulation, we calculate the average ammonia lifetime in the atmosphere which ranges between 4 and 12 hours in agricultural source regions of Europe. From this, and using the mass transfer coefficient for different land cover types, we calculate a range of emission potentials 𝛤 𝑠𝑜𝑖𝑙 from IASI and GEOS-Chem. We find that 𝛤 𝑠𝑜𝑖𝑙 ranges between from 2 × 10 3 to 9.5 × 10 4 in fertilized lands (croplands). Choosing a variable 𝑘 from the literature, and based on different land cover types from MODIS, we calculate 𝛤 𝑠𝑜𝑖𝑙 values that are consistent with those found in the literature. The increase in T skin is expected to have an effect on the emission of ammonia from the soil. Using T skin from the EC-Earth climate model, we estimate ammonia columns by the end of the century [2075 -2099], and compare it to columns of the present climate [2015 -2039]. Our results show that ammonia columns will double under the SSP5-8.5 scenario, and will increase by up to 50 % under the most likely SSP2-4.5 scenario. Chapter 5

Industrial and agricultural changes during the Syrian war

In the previous chapters, I discussed the ammonia exchange between the soil and the atmosphere. I showed the effect of meteorological, and soil parameters on ammonia volatilization from agricultural lands. In order to complete the discussion, I will study in this chapter a case study that explores the effect of land use change, induced by conflict and human displacement, on the levels of ammonia using IASI data. During my PhD years, the war in Syria was one of the most talked about in the world. Here, I investigate two regions in Syria with two different ammonia sources: the first is a fertilizers industry (providing most of the synthetic fertilizers reserve of the country, and managed by the government), and the second is an agricultural region heavily affected by human displacement, and the invasion of the Islamic State in Iraq and Syria (ISIS) along with other political parties. Unlike the politically-stable agricultural regions explored in previous chapters, the north east of Syria witnessed changes that cannot be predicted by simulation models and inventories. The fluctuations of ammonia levels were not mainly driven and predicted by climatology, but rather by the events of the war. I use different datasets to support this analysis, including satellite (IASI Metop A/B, combined Aqua/Terra MODIS, Sentinel-2 imagery), and re-analysis data (ERA5 from ECMWF). This study provides a novel and complete view (before, during, and after) of the effect of the war in Syria on important agricultural sources.

It shows how atmospheric chemistry can be used as a powerful tool to study changes in social patterns/activities induced by political events and conflict. In this chapter I first introduce the topic, then discuss some of the results that are not mentioned in the published article. To look at ammonia in both source regions, I use IASI product NH3-v3R-ERA5 [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF].

To better visualize the industrial activity (in Homs), I look at satellite imagery from Sentinel-2 L1C [START_REF] Lamquin | Sentinel-2 L1C radiometric validation using deep convective clouds observations[END_REF]. In the agricultural region, I look at MODIS land cover type product (MCD12Q1 version 6) to study the changes in land cover such as expansion or abandonment of croplands' area [START_REF] Sulla-Menashe | User Guide to Collection 6 MODIS Land Cover (MCD12Q1 and MCD12C1) Product[END_REF]. Since atmospheric ammonia levels are affected by meteorological parameters, I also consider wind speed, T skin, and precipitation from ERA5.

Finally, the possible contribution of fires to atmospheric ammonia in the agricultural region are tested by using MODIS fire mask product MCD64A1 [START_REF] Giglio | The Collection 6 MODIS burned area mapping algorithm and product[END_REF].

I introduce the regions considered in Section 5.1, then I discuss briefly the timeline of the war relevant to the study in Section 5.2. The results are presented in sections 5.3 to 5.5. Only Figures 

Regions of study

The war in Syria is one of the most violent wars the current century has witnessed. Among the country's most vital sectors, agriculture and food production were heavily affected. The conflict started in early 2011, ignited by anti-government protests in Homs, in Central Syria. In spite of the damage, Syria's income from agricultural production still accounted to 26% of the total Gross Domestic Product (GDP, (FAO, 2017)) in 2017. Several studies used remote sensing data to monitor the social, economic and environmental damage and changes in Syria caused by war events [START_REF] Corbane | Monitoring the Syrian humanitarian crisis with the JRC's global human settlement layer and night-time satellite[END_REF][START_REF] Eklund | How conflict affects land use: agricultural activity in areas seized by the Islamic State[END_REF][START_REF] Jaafar | Agriculture as a funding source of ISIS: A GIS and remote sensing analysis[END_REF][START_REF] Lubin | Remote sensing-based mapping of the destruction to Aleppo during the Syrian Civil War between 2011 and 2017[END_REF][START_REF] Mohamed | Monitoring of Changes in Land Use/Land Cover in Syria from 2010 to 2018 Using Multitemporal Landsat Imagery and GIS[END_REF].

To investigate the effect of the war on the agricultural sector one can consider "source regions", or regions with remarkably high ammonia concentration. After investigation, I focus on two important regions, the first is an industrial one located in the city of Homs (marked with a 

The war timeline

It is important to note that the political situation was not the same everywhere in Syria during the war period. This allowed the recovery of some regions while others were still politically 

The industrial region

Ammonia changes due to the war events

To start, I show in Figure 5.3 the ammonia columns around the GFC plant as yearly averages to see the interannual changes for the period [2008 -2019], using an oversampling method that is used in other studies to identify hotspots of trace gases [START_REF] Van Damme | Industrial and agricultural ammonia point sources exposed[END_REF][START_REF] Zhu | Anthropogenic emissions of highly reactive volatile organic compounds in eastern Texas inferred from oversampling of satellite (OMI) measurements of HCHO columns[END_REF]. Before the war, [2008 -2012], the plant activity seems stable. Ammonia concentrations were equally steady before year 2013 (Figure 5. In 2016, ammonia decrease accounted to -32% in comparison to pre-war average. In Figure 5 The Damascus source is clearly affected by other war-related events that I do not attempt to explain here. Damascus is the capital of Syria, it is an industrial region, and during the war it was known as a hub for chemical weapons manufacturing (BBC News, 2017).

Local air quality in Homs in relation to the industry

Ammonia emitted from the GFC industry affects the nearby air quality and environment in the city of Homs. It is deposited in the nearby lake (Qattinah lake), which results in eutrophication and algal bloom events [START_REF] Mohamad | Use of Algae and Cyanobacteria to Assess the State of Pollution in Qattinah Univ[END_REF]. Furthermore, ammonia is a short-lived gas, and it can transform within hours into particulate matter PM as explained in chapters 1 and 3. However, no local observations of air quality exist and analyzing space-derived proxies of PM2.5 is not recommended [START_REF] Christopher | Satellite Remote Sensing of Particulate Matter Air Quality: The Cloud-Cover Problem[END_REF]. It is worth noting that when one looks at remote atmospheric nitrogen dioxide (NO2) levels around the GFC industry (Figure 5.8), as a tracer of anthropogenic activities, one can find a net decrease of NO2 tropospheric column. As in all wars, many anthropogenic activities are slowed down (people are less likely to take their cars, go to work, and resume normal life activities). Looking at nitrogen dioxide, however, the levels seem to decrease starting 2011, until the end of the siege in 2014 (red line in Figure 5.8), and later in 2016. This confirms that the industry was functioning with less activity than before the period war. It is also an expected pattern, as when the siege ended in May 2014 several buses were sent to transport the civilians and rebels out of the city of Homs (Al Arabiya [START_REF] News | Homs evacuation resumes after brief suspension[END_REF]BBC News, 2014). Later in 2016, one can see less NO2 concentrations, as the industry was attacked this year as mentioned in Section 5.3.1. Therefore, while there is an improvement in the local air quality due to less atmospheric ammonia and nitrogen dioxide, it would be hard to pin point the contribution of GFC suspended activities to it. The territory controlled by ISIS started to shrink in 2015 until they lost the battle to the Kurdish forces (SDF) by July 2019 (BBC News, 2019). The security conditions in 2019 allowed even a larger increase in the cultivated area that accounts for +35 % (Figure 5.9b). In 2019 atmospheric ammonia is +80 % higher than pre-war average, although this year witnessed the highest increase in cultivated area, the ammonia levels are lower than in 2018 due to negative temperature anomalies in 2019 as compared to 2018 (Figure 5.9d). As we saw in Chapters 3 and 4, higher temperature anomalies induce more volatilization of ammonia in agricultural fields. In this case study, the main driver in the ammonia increase is the political disturbances, and not meteorology.

In Figure 5.9d, one can see negative temperature anomalies while ammonia is higher, during the occupation of ISIS for instance [2013 -2015]. The effect of meteorology is studied in details in [START_REF] Abeed | A space view of agricultural and industrial changes during the Syrian civil war[END_REF].

Can we draw a link between both regions?

The GFC industry is a government-owned company, in Syria, the only official source of fertilizers is the Agricultural Cooperative Bank (ACB), a body owned by the Syrian state (FAO, 2003). The ACB calculates each farmer's needs for seeds and fertilizers, and distributes portions at low prices accordingly. Since the GFC was the only functioning plant during the war, one can argue that the decrease in fertilizers production in GFC must have affected the availability of fertilizers in the market and resulted in less fertilizer use in the northeast of Syria. However, even before the war starts, parallel (illegal) markets existed, where fertilizers are indeed sold at higher prices, and such transactions are hard to detect and track (FAO, 2003). Due to the lack of Nitrogenfertilizers (N-fertilizers) in the market, the gap was met with imported fertilizers (both legally and illegally). Therefore, Syrian farmers relied on imported fertilizers that are sold in the black market.

In Figure 5.10, I show the production, import and export data for the N-and NPK fertilizers 26 , during the years I could find available through the Food and Agriculture Organization (FAO). It is very tricky to know how much N-fertilizers were actually available in the market, as not all of these are documented nor legally sold. Alternatively, one can draw a relationship between NPK fertilizers import quantity (which is observed to increase from 2013 to 2019 in Figure 5.10. and atmospheric ammonia (which also appears to increase from 2013 and onward in Figure 5.9c, and also Article Figure 5).

Conclusion

As demonstrated with this case study, instruments onboard satellites, such as IASI, are powerful enough to provide atmospheric data from which the impact of geopolitical situations can be documented. This is particularly useful when access to the region of study is restricted owing to political complications. I learned from this study that the relationship ammonia -26 N-fertilizers are nitrogen-based fertilizers such as urea they all derive from ammonia. NPK fertilizers contain nitrogen (N), phosphorus (P), and potassium (K), these are considered the primary nutrients necessary to plant growth. cropland cover is not linear as it depends on other factors. Although the cropland cover expanded in the northeast of Syria during the war (larger agricultural area, induce more fertilizer use), in the context of a conflict, the quantity of atmospheric ammonia depends on the economic situation (whether or not the farmers can buy fertilizers), the political events (human displacement away from or migration to agricultural areas), and meteorology. The fluctuations in atmospheric ammonia in the industrial region (Homs city), are directly affected by the siege around the city, the attack, and later the lack of workforce. Such events are completely controlled by politics.

The current available emissions inventories are likely to underestimate the amount of ammonia emitted [START_REF] Van Damme | Industrial and agricultural ammonia point sources exposed[END_REF]. These inventories might not account for the events of war. In northeast Syria, the changes in T skin normally are expected to reduce the volatilization of ammonia, but the results of this study show the opposite, hence why an in-depth investigation of the political events is needed. The same notion applies to the changes in atmospheric ammonia levels in the industrial region that are solely driven by politics.

In addition to studying conflict-related changes, monitoring atmospheric composition can also show the effect of an economic crisis, e.g. the one undergoing in Lebanon. Measurements by Sentinel 5P [START_REF] Veefkind | TROPOMI on the ESA Sentinel-5 Precursor: A GMES mission for global observations of the atmospheric composition for climate, air quality and ozone layer applications[END_REF] show an increase in air pollution by nitrogen dioxide NO2 in 2022 due to the excessive use of diesel-fed generators in the absence of electrical supply from the government (LCAT, 2022). Another example of monitoring the changes due to an economic crisis is the study of that showed a decrease (unlike the case of Lebanon) in NO2 concentrations in Athens after 2008, associated with the very high prices of gasoline [START_REF] Vrekoussis | Economic crisis detected from space: Air quality observations over Athens/Greece[END_REF]. The disruptions due to war and/or a local crisis are not unidirectional, and hence such satellite instruments are crucial in order to remotely monitor these changes. The results briefly presented in this chapter are published in the journal Elementa -Science of the Anthropocene (Section 5.7).

Chapter 6 6 Conclusions and discussions

Ammonia (NH3) plays an important role in atmospheric chemical processes and, after deposition, in biogeochemical processes in ecosystems [START_REF] Rockström | A safe operating space for humanity[END_REF]. The most significant NH3 emissions are from livestock production and the fertilization of cultivated soils with nitrogen fertilizers. The intensification of agricultural practices has significantly perturbed the global nitrogen cycle over the past century, including the increase in ammonia (NH3) emissions to the atmosphere. The impacts of these emissions include the formation of fine particles, affecting air quality, acidification and eutrophication of ecosystems, and an indirect influence on climate change [START_REF] Myhre | 8 Anthropogenic and Natural Radiative Forcing[END_REF]. In order to meet a growing population demand (UN, 2022), the world is facing the challenge of transforming more ecosystems into non-resilient croplands, and/or intensifying the agricultural practices to increase food production. In fact, the volatilization of NH3 into the atmosphere and its transformation into suspended fine particulate matter (PM2.5), which is particularly harmful to human health, strongly depend on meteorological parameters. Inorganic PM2.5 consisting of ammonium (NH4 + ) salts are formed from NH3 when available. The changes in the partitioning of NH3-NH4 + vary under different ambient conditions and local meteorology (Chen et al., 2021). Changes in meteorological factors affect NH3 in several ways, for example:

• Increasing temperatures will increase NH3 volatilization and thus its agricultural emissions.

• Changes in temperature, humidity, and other meteorological factors and soil conditions can affect the rate of dissolution, photochemical, oxidative, and other chemical reactions, speeding up or slowing down the conversion of NH3 to ammonium NH4 + (which in turn affect the PM2.5 budget).

• Meteorology affects transport and mixing of atmospheric components, as well as deposition processes. Changes in large-scale weather patterns, which control the dispersion and transport of NH3, can result in changes of the frequency and intensity of air pollution events.

In the US and Europe, approximately half of the PM2.5 has an inorganic chemical speciation and is composed of ammonium (NH4 + ), nitrate (NO3 -), and sulfate (SO4 2-) [START_REF] Epa | Air Quality Criteria for Particulate Matter[END_REF][START_REF] Erisman | The need for ammonia abatement with respect to secondary PM reductions in Europe[END_REF]. For 10% NH3 emission reduction in the Eastern US, the reduction in inorganic PM2.5 was up to 8% in winter [START_REF] Pinder | Ammonia Emission Controls as a Cost-Effective Strategy for Reducing Atmospheric Particulate Matter in the Eastern United States[END_REF].

Decreasing the Nr input in the environment will benefit not only our heaths, but also ecosystems and biodiversity, [START_REF] Galloway | The Nitrogen Cascade[END_REF][START_REF] Zabel | Global impacts of future cropland expansion and intensification on agricultural markets and biodiversity[END_REF].For example, in the UK, reducing ammonia emissions by 6 % and NOx by 36 %, increases the biodiversity richness by 11 % [START_REF] Jones | Valuing Improvements in Biodiversity Due to Controls on Atmospheric Nitrogen Pollution[END_REF]. This small percentage is due to the fact that most of the Nr damaging the biodiversity originates from ammonia, rather than NOx.

Despite the urgency of the need to reduce Nr [START_REF] Rockström | A safe operating space for humanity[END_REF], little is being done on a global scale. The global use of N fertilizers was found to increase significantly, i.e. by a factor of 8 between 1961 and 2013 [START_REF] Lassaletta | Nitrogen use in the global food system: past trends and future trajectories of agronomic performance, pollution, trade, and dietary demand[END_REF]. This increase led to positive global trends in NH3 concentrations since 2008 that are driven by agriculture in Eastern Asia, [START_REF] Mcduffie | A global anthropogenic emission inventory of atmospheric pollutants from sector-and fuel-specific sources (1970-2017): an application of the Community Emissions Data System (CEDS)[END_REF][START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. One third of the global N fertilizer use is done in China (31 %), followed by India (15 %), and the United States (11 %) [START_REF] Lu | Global nitrogen and phosphorus fertilizer use for agriculture production in the past half century: shifted hot spots and nutrient imbalance[END_REF]. Cropland expansion and intensification scenarios are expected to increase crop yield, and lower the prices of food in the global market, this however comes with trade-offs to biodiversity [START_REF] Zabel | Global impacts of future cropland expansion and intensification on agricultural markets and biodiversity[END_REF]. Up to 14 % (8 %) of the biodiversity in terrestrial ecosystems are in danger under the cropland expansion 

Thesis conclusions

My thesis work shows the importance of understanding the evolution of ammonia concentrations with meteorology, land use, and climate in different parts of the world,. In my work I showed that higher atmospheric columns are driven by increasing air and land surface temperatures, decreasing relative humidity (especially in dry climates), wind speed (up to 10 m s - 1 ) and total precipitation in zones with medium cumulative rainfall per year (up to 300 mm yr -1 ) (Chapter 3). The correlation between ammonia columns and T skin is lower in warm climate regions, such as in Mexico. In a dry climate, such as Europe, better correlation is seen between increasing relative humidity and decreasing ammonia total columns. By looking at the NH3 -T skin relationship, I was able to detect the fertilizers application period from space, by seeing a jump in the concentrations of ammonia when temperatures fall within 10 and 25°C (fall and spring seasons). In most of the regions examined, ammonia increases almost linearly with temperature if the latter is below 30°C, and exponentially afterwards, especially if the warm periods coincide with the growing season.

In the study shown in Chapter 4, I demonstrated that European croplands, as well as natural habitats (e.g. forests, grasslands), will increasingly emit ammonia by 2100 especially in Eastern

Europe. I used a variety of datasets (satellite, reanalysis and model simulation) to calculate the first regional map of ammonia emission potential during the start of the growing season in Europe.

The emission potential can be used as a proxy to calculate ammonia columns in the atmosphere, and as such to assess its deposition, atmospheric transport, and contribution to PM formation. This study can help us define a threshold of N input, under future climates, to avoid further rising ammonia emissions and pollution relevant to N contamination.

In Chapter 5 we learned that IASI data are powerful enough to provide an understanding of the impact of geopolitical situations such as the war in Syria. This is particularly useful when access to the region of study is restricted owing to political complications. This study shows that the relationship ammoniacropland cover is not linear as it depends on other factors. Agricultural activities were seen to intensify, unlike the conventional expectation about agriculture in conflict areas. However, the concentrations of atmospheric ammonia did not depend only on croplands area, but also on the economic situation and the rules set by the political party that was in control of the region at the time of the study period. Meteorology did also play a role in the availability of ammonia, but it was not the main driver of the interannual variability. The current available emissions inventories are likely to underestimate the amount of ammonia emitted. These inventories might not account for the events of war. In northeast Syria, the changes in T skin normally are expected to reduce the volatilization of ammonia, but the results of this study show the opposite, hence why an in-depth investigation of the political events is needed. The same notion applies to the changes in atmospheric ammonia levels in the industrial region that are solely driven by politics.

Perspectives and future work

In order to calculate and assess the effect of ammonia on the biosphere, a comprehensive assessment of its budget on the local, regional, and global scale is needed. It is crucial to apply the method used in Chapter 4 to calculate the emission potential to all seasons of the year;

especially in regions with extensive agricultural activities, such as the agricultural regions in the United States, India, and China. In addition to this, more field measurements of ammonia emission potential (𝛤 𝑠𝑜𝑖𝑙 ) in different land use / cover types are required, this can help us perform better comparison with emission potentials calculated from model and satellite data. Having ammonia columns at different times of the day, from field observations or satellite measurements will allow quantification of daily emission potentials, that will in turn help us understand its diurnal variability. In addition to that, we will be able to understand the meteorological effects by looking at hourly data, and expand our knowledge about night-time ammonia. This for example, will be ensured with the launch of the Infrared Sounder (IRS) on the Meteosat Third Generation (MTG)

geostationary satellites scheduled at the end of 2024.

The study presented in Chapter 5 can be expanded to other areas of conflict, such as Ukraine, and

Yemen. In addition to studying agricultural changes in conflict areas, monitoring atmospheric composition can help us understand the impacts of economic crises (e.g. Venezuela, Lebanon) on the agricultural sector.

The results of my thesis showed that satellite data, in particular from the IASI instrument, are powerful enough to track ammonia sources and improve the emission inventories, in order to understand further PM forecast. In the light of the scarcity of in-situ measurements of ammonia, satellite-based observations play a major role in our understanding of the nitrogen cycle. IASI can also monitor the trends in ammonia to verify that nations are complying with the current regulations, especially in the context of global warming (EEA, 2010). The IASI-A has been in space since 2006, with IASI-B and -C currently in space, the new generation IASI-NG will be soon launched in 2025 and is expected to last up until 2040. With this, the IASI long-term record will continue to serve as the longest satellite mission in the world's history. More frequent observation will be secured with the launch of the geostationary satellite MTG, carrying the Infrared Sounder (IRS). Quantifying the relative contribution of agriculture, and the reactive nitrogen to air pollution is key to understand the impacts of N pollution. Gladly, the Nitrosat mission will provide high spatial resolution and sensitivity to ammonia and nitrogen dioxide (NO2) measurements, both of which are crucial to understanding the N cycle (https://nitrosat.eu/scirec/). Future energy transition is set to rely on hydrogen, however potential leakage and the risks attributed to its transportation are alarming [START_REF] Hauglustaine | Climate benefit of a future hydrogen economy[END_REF].

However, a promising molecule that can replace hydrogen (during the transportation process) is ammonia, as it can act as a hydrogen carrier (IChemE, 2019). Ammonia, unlike hydrogen, can be compressed and thus it is easier to transport it in the liquid form, which can reduce the leaks relative to transporting hydrogen gas. Later the NH3 can be decomposed to hydrogen for energy use, once arrived in the destination [START_REF] Klerke | Ammonia for hydrogen storage: challenges and opportunities[END_REF]. Thus, in addition to agriculture, the "socalled" green energy (hydrogen) of the future, will not be so green after all due to increasing NH3 emissions and adding to the alarming global budget of Nr. Hence, future and current missions are necessary to address nitrogen pollution, under the new energy reforms and a changing climate.
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 1 Figure 1.1 is adapted from the Environmental Protection Agency (US EPA, 2015), and
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 11 Figure 1.1. The nitrogen cycle. The Figure is adapted from the US Environmental Protection Agency (US EPA, 2015).

Figure 1 .

 1 Figure 1.2. The reactive nitrogen cycle. It summarizes the sources of N (white arrows), the processes taking place following Nr release to the environment (red), and the consequences that follow (yellow). Figure from Erisman et al. (2015).
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 1 Figure 1.3. Global ammonia emissions showing the contribution of natural and anthropogenic sources. The Figure is from Sutton et al. (2013).
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 14 Figure 1.4. The main drivers of the interactions between the nitrogen and the carbon cycles during the twenty-first century. The plus signs (+) indicate that the interaction increases the amount of the factor shown (e.g. land-use change increases CO2 emissions); the minus (-) signs indicate a decrease; question marks (?) indicate an unknown impact (or, when next to a plus or minus sign, they indicate a high degree of uncertainty). Orange arrows denote the direct anthropogenic impacts, and blue arrows denote natural interactions, many of which could also be anthropogenically modified. Arrow thickness denotes strength of interaction. Figure from Gruber and Galloway (2008).

Figure 1 .

 1 Figure 1.5. Regional trends of ammonia total columns [% 10yr -1 ] using satellite data for the period [2008 -2018]. The Figure is from Van Damme et al. (2021).
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 16 Figure 1.6. Percentage emission reductions of main air pollutants in 2019 for EU-27 member states, as compared to 2005, following the adoption of the Gothenburg Protocol. The Figure is adapted from the European Environment Agency (EEA, 2021): https://www.eea.europa.eu/ims/emissions-ofthe-main-air.
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 1 Figure 1.7. Future Trends of volatilized ammonia in response to future climate warming under RCP8.5. We are looking at individual projections (yellow), the 5-year running mean (black line), the mean with management practices adaptive to climate change (dashed line), and the mean with fixed temperature at the 2006-2015 average level. Figure is from Shen et al. (2020).

  . The second and third Metop satellites (B and C), are the only currently functional of the Metop series, were launched in September 2012, and November 2018 respectively. Metop-A, and B were launched on a Soyuz-2-1a Fregat vehicle, whereas Metop-C on a Soyuz-ST-B Fregat-M vehicle. In this thesis, the data used are from IASI-A (to cover the period [2008 -2018]), unless stated otherwise. I show the Metop-A satellite, as an artist view, in Figure 2.1.
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 21 Figure 2.1 Artist rendering of Metop-A. Figure from EUMETSAT.

  Figure 2.2 shows the timeline of the Metop series (A to C), the Metop-SG (1 and 2), and the MTG (S1 and S2).

Figure

  Figure 2.2. Timeline of the Metop series, carrying IASI (Metop-A, B, and C), IASI-NG (Metop-SG1, SG2, and SG-3), and the IRS instrument onboard the MTG S1 and S2. Figure by Gaëlle Katchourine (LATMOS).
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 23 Figure 2.3. Metop-A satellite inclination 𝒊 in blue [degrees], and altitude in black [km] prior to its de-orbiting that started in 15 October 2021. Figure is generated from IXION: https://climserv.ipsl.polytechnique.fr/ixion/.
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 24 Figure 2.4. Mean Solar Time (MST) of the ascending node of Metop-A which is around 21:30, prior to its de-orbiting that started in 15 October 2021. Figure is generated from IXION: https://climserv.ipsl.polytechnique.fr/ixion/.
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 2 Figure 2.5. IASI instrument observing mode. Figure by Gaëlle Katchourine (LATMOS).
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 2 Figure 2.6 shows the full spectrum detected by IASI (top panel), and the simulated absorption
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 26 Figure 2.6. Top panel: radiance measured by IASI (normalized units) in the spectral range 645 -2760 cm -1 . Middle panels: simulated radiances of the strong-absorbing species, and the weakabsorbing gases are shown in the lower panel (variable y-axis). Figure from Clerbaux et al. (2009).

Figure

  Figure 2.7. The radiometric noise of IASI, expressed in [W/m 2 sr m -1 ] (left axis, black line), and the noise equivalent temperature difference expressed in Kelvin [K] (right axis, blue line). The reference temperature is 280 K. Figure from Clerbaux et al. (2009).

instrument

  Atmospheric InfraRed Sounder (AIRS) onboard the Aqua satellite launched by NASA in 2002 (Warner et al., 2016), NH3 data from AIRS are therefore available since 2002 (published in 2016).

Figure 2 . 8 .

 28 Figure 2.8. Global distribution of NH3 from IASI during the year 2008 [mg m -2 ]. Figure is from Clarisse et al. (2009).
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 29 Figure2.9[START_REF] Van Damme | Global distributions, time series and error characterization of atmospheric ammonia (NH3) from IASI satellite observations[END_REF]. Instead of the 800-1000 cm -1 range (red line in Figure2.9) used in[START_REF] Walker | An effective method for the detection of trace species demonstrated using the MetOp Infrared Atmospheric Sounding Interferometer[END_REF][START_REF] Van Damme | Global distributions, time series and error characterization of atmospheric ammonia (NH3) from IASI satellite observations[END_REF] uses the range 800-1200 cm -1 (blue line in Figure2.9). The second improvement is related to the effect of thermal contrast, that was acknowledged in[START_REF] Clarisse | Satellite monitoring of ammonia: A case study of the San Joaquin Valley[END_REF]. The thermal contrast TC is the difference between the temperature of the first layer of the atmosphere and the surface.

Figure 2 . 9 .

 29 Figure 2.9. In black is a measured spectrum of IASI on 30 August 2011 in the California San Joaquin Valley (USA) (black). In orange are the channels used by Clarisse et al. (2009) to construct a global map of NH3. In pink are the windows used by Shephard et al. (2011) to retrieve NH3 from TES, and the green line represents the spectral range used by FORLI (Fast Optimal Retrieval on Layers for IASI) on IASI spectra, where the OEM method is employed (Hurtmans et al. 2012). The red and blue lines are the spectral ranges employed using the HRI method on IASI spectra (Van Damme et a. 2014, Walker et al., 2011). Figure is from Van Damme et al. (2014).

  [START_REF] Van Damme | Version 2 of the IASI NH3 neural network retrieval algorithm; near-real time and reanalysed datasets[END_REF]. The second version of the NN included multiple changes to the first version (ANNI-NH3-v1), among these are:(1) change in the output parameter which avoided resulting infinity values when NH3 is undetectable, (2) doubling the simulations used in the NN from 250000 to 450000, (3) separating land and sea training networks since the TC is more variable over the land than sea, and (4) reducing the number of input parameters to further simplify the computation[START_REF] Van Damme | Version 2 of the IASI NH3 neural network retrieval algorithm; near-real time and reanalysed datasets[END_REF].Version 2 of the NN was further modified and updated to version 3 (ANNI-NH3-v3). In v3, several changes to the network architecture and training were applied, as well as changes to the input and post-filtering[START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. Ammonia products from IASI are equally available as re-analysed data, since they employ re-analysed temperature data from the European Centre for Medium-Range Weather Forecasts (ECMWF). At first, the ERA-Iterim re-analysis were used in ANNI-NH3-v2R, and later the ERA5 reanalysis for the ANNI-NH3-V3R. Note that v2 and v3 used the IASI L2 17 meteorological data as input parameters, rather than re-analysed data from the ECMWF. The need to use a homogeneous set of meteorological data arose when noticeable changes were observed when using different versions of IASI L2 data for NH3 retrieval[START_REF] Van Damme | Version 2 of the IASI NH3 neural network retrieval algorithm; near-real time and reanalysed datasets[END_REF]. For instance, the biases between the ANNI-NH3-v2R (using ERA-Interim) and the ANNI-NH3-v2.1 (using IASI L2) were increasing as the IASI L2 version changes. This showed clear inconsistency in the NH3 dataset as the IASI L2 data are updated. While showing a 5-day moving mean of NH3 over the northern hemisphere, Van Damme et al. (2014) noticed that the ANNI-NH3-v2.1 averages are lower than those of ANNI-NH3-v2R, once the IASI L2 data was switched to v5.3.1.

Figure 2 .

 2 Figure 2.10. Global 10-year averages [2008 -2017] of ammonia total columns expressed in mol cm -2 using IASI/Metop-A. Here we show ANNI-NH3-v2.2 (top left), v2.2R-Interim (bottom left), v3 (top right), and v3R-ERA5 (bottom right) on a 0.25• × 0.25• grid. Figure is from Van Damme et al. (2021).

  MODIS instruments are orbiting the Earth onboard the Aqua and Terra satellites. The Aqua/Terra MODIS Land Cover product (MCD12Q1 version 6) provides yearly maps of land cover with a 500 m spatial resolution for the period that extends from 2001 until 2019 (Sulla-Menashe and Friedl, 2018). The MOD12Q1 product employs 17 categories of land cover classification[START_REF] Belward | The IGBP-DIS Global 1-Km Land-Cover Data Set DIS-Cover: A Project Overview[END_REF]. In Chapter 4, I consider on croplands, forests, shrublands, and grasslands. I do not include barelands, snow cover, and urban areas in the analysis. I am not interested in studying these surfaces, since I focus on ammonia volatilization from the soil in areas amended with fertilizers. I show the emission potential in forests and grasslands/shrublands for comparison with values in the literature. In Chapter 5, I extract the croplands, shrub, and bare lands from these datasets to examine the effect of war and human displacement. The classification
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 31 Figure 3.1. Fertilizer use in agriculture by nutrient, from 1961 to 2019. The fertilizer use in the agricultural sector includes use for crops, livestock, forestry, fisheries, and aquaculture. The figure is retrieved from https://ourworldindata.org/fertilizers, and the data is from the Food and Agricultural Organization of the United Nations (FAO).

  numbers were eventually increasing since 2002 when the N used in agriculture accounted to 84 MT. In Figure 3.1, I show the fertilizers use by nutrient type from 1961 until 2019. We can clearly see how the use of N in fertilization increased from year 1961 to 2019, as compared to the other nutrients, phosphorous P and potassium K. In 1961, the yearly global use of P, K and N was estimated to be around 10 million tonnes per year, in 2019 the use of P and K increased to reach around 40 million tonnes, when that of N reached 100 million tonnes.
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 32 Figure 3.2. Ammonia pathways following the application of fertilizers. The numbers refer to steps that are affected by soil and meteorological parameters, these are addressed in this Chapter.

  Figure 3.3, I show the percentage use of N-fertilizers use in Europe (2015/2016), and in the rest of the world (2013). Fertilizer types in Figure 3.3 are classified into 5 main categories: nitrate fertilizers (any fertilizer containing NO3 -), urea, UAN, all other N fertilizers, and finally NPK 18 fertilizers. We can see how the most widely used fertilizers are urea and ammonium nitrate,

Figure 3 . 3 .

 33 Figure 3.3. Nitrogen fertilizers consumption in Europe (2015/2016) and in the world (2013). Nitrate fertilizers are those containing NO3 -, UAN is urea mixed with ammonium nitrate (Aqueous nitrogen solution), and NPK are what we call compound fertilizers, these are fertilizers containing several nutrients: N, P, and K in different or similar proportions. Figure is adapted from Fertilizers Europe (2016). Report accessible here: https://www.fertilizerseurope.com/wp-content/uploads/2019/09/Fertilizer-Types-Infinite-Fertilizers.pdf.

  Figure 3.4 shows the hydrolysis reaction, and the fate of HCO3 -(Kissel and Cabrera, 2005). Urea hydrolysis depends broadly on: (1) water content, (2) acidity (pH) of the soil, and (3) the enzyme urease 19 activity. The latter is highly affected by temperature, for instance, higher temperatures increases the activity of urease and therefore the rate of hydrolysis. Farmers use urease inhibitors in order to slow down the hydrolysis process of urea or UAN 20 , and as a result reduce the loss of nitrogen as volatilized NH3. One of the common inhibitors is NBPT (N-(n-Butyl)thiophosphoric triamide), this molecule locks onto the binding sites of the urease enzyme

Figure 3 . 4 .

 34 Figure 3.4. The urea hydrolysis process (Kissel and Cabrera, 2005).

  temperature (at 2m height) in warmer climates (r = 0.76 ) than in colder ones in the United States (Shen et al., 2020) (Figure 3.5).
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 35 Figure 3.5 Spatial distribution of a ratio that represents the correlation between ammonia volatilization and air temperature (2m height). Figure from Shen et al. (2020).

Figure 3

 3 Figure 3.6. Trend in dry NH3 deposition [2008 -2016]. Figure from Liu et al, (2020).
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 37 Figure 3.7. Source regions of NH3 derived from 10 years average of IASI total columns [molecules/cm²] from 2008 to 2017. The crosses indicate Paris, Toronto, and Mexico locations (left to right). The three main domains considered are: "Europe" (left), "North America" (middle), and "southern North America" (right). Figure from Viatte et al. (2022).
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 3 Figure3.7 shows the three main domains we consider in this study: "Europe (EU)" (left), "North America (NA)" (middle), and "southern North America sNA" (right). In each domain, several sub-regions are considered and are index with alphabetical letters (Figure3.7). Each of these domains have distinct emission sources, agricultural regulations, and topography. Ten years of measurements from IASI are used to assess the NH3 variability over and around the three cities.

  saw in the previous sections of this Chapter how temperature can increase the volatilization of NH3 by interfering in all the pathways of NH3 from fertilizers application to the deposition of NH4 + -bearing PM. In order to assess the effect of temperature on NH3 concentrations from space, I show in Figure 3.8 and Figure 3.9 IASI NH3 total columns averaged per bins of ERA5 T skin, for a period of ten years [2008 -2018]. To calculate these averages, I classify individual temperature measurements (check IASI overpass, Section 2.1.2) into several bins. The first margins of the first bin are the lowest temperature value (Tmin) ever recorded in the region of focus, to Tmin + 1°C. All T skin values within this range are averaged in this bin. These are the values represented in the x axis in Figure 3.8. The NH3 concentrations that we see on the y axis in Figure 3.8, are values that fall within the temperature bin. I choose to show the sub regions of Europe first, since they are all agricultural source regions (see Figure 3.7).
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 38 Figure 3.8. Yearly IASI NH3 total columns (molecules/cm²) averaged per bins of ERA5 skin temperatures [°C], with an interval of 1°C between each consecutive bin. The red dots denote the growing seasons, at least 60% of the NH3 are detected during March-May and Sept-Nov periods. The regions considered here are the regions presented in Figure 3.7, in the Europe domain.
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 39 Figure 3.9. Same as Figure 3.8 but for regions in North America.

Figure 3 .

 3 Figure 3.10. Same as Figure 3.8 but for regions A to I (left to right, top to bottom) in the southern North America domain.
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 3 Figure 3.11. Same as Figure 3.8 but for regions J to S (left to right, top to bottom) in the southern North America domain.

Figure 3 .

 3 Figure 3.12. Evolution of NH3 with respect to T skin from ERA5 in the three study domains. The figure is done by averaging IASI NH3 total columns per bins of T skin with an interval of 1°C. Blue dots: yearly IASI NH3 total columns (molecules/cm²) averaged per bins of T skin [°C]. The regions considered here are the regions presented in Figure 4.1 in Europe (left panel), North America (middle panel), and southern North America (right panel). The red line is a polynomial fit of second order, and the relevant r² are shown on each panel. Note that I do not consider bins that contain less than 5% of the maximum number of measurements per bin; hence, the averages with (relatively) not enough measurements per bins are excluded.
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 3 Figure 3.13. IASI NH3 total columns averaged per bins of skin temperature (left), and air temperature at 2m height (right), with a 1°C interval between each two consecutive bins. The region considered is Europe (lon: [-8.75, 16.25], lat: [41, 59]), and the period is [2008 -2018].
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 3 Figure 3.14. Same as Figure 4.7 but for NH3 by averaging IASI NH3 total columns per bins of RH with an interval of 1%.
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 3 Figure 3.15. NH3 Source regions around the world. In green are agricultural regions, in red are industries surrounded by agricultural areas, and in blue are industrial hotspots of ammonia.

Figure 3 .

 3 Figure 3.17 shows the yearly NH3 total columns (orange line), and the cumulative rainfall during the corresponding year (blue bars), in four different regions, all characterized by a Mediterranean climate. The dashed lines are the linear fit for the NH3 total columns (orange dashed line), and the total rainfall (blue dashed line). All regions of Figure 3.17 show a positive trend of NH3 except for Cancello e Arnone in Italy, it is in fact where we observe positive trends in rainfall during the whole time period [2008 -2018]. The Mediterranean climate is relativelyhumid where the rainfall can reach up to 600 mm yr -1 such as in Italy (Figure3.17, first panel). In humid conditions, the rainfall and the high RH increase the deposition of NH3 to the surface. If we look at the inter-annual variability, we notice that the lowest NH3 concentrations are observed during years of relatively high rainfall(Figure 3.17). For instance, in Valladolid in Spain, 2010 to 

Figure 3 .

 3 Figure 3.16. The relationship between the rainfall volume during the five days following urea application on the soil surface and the cumulative ammonia volatilization in the 20-day period after N application (150 kg ha -1 ) in a no-till corn. Each data point refers to a harvest year. Figure from Fontoura and Bayer (2010).
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 3 Figure 3.17. Yearly NH3 and precipitation for the period [2008 -2018] for four agricultural regions in a Mediterranean climate. The total columns of ammonia (orange line), and the cumulative rainfall during the corresponding year (blue bars), in four different agricultural regions, all characterized by a Mediterranean climate. The dashed lines are the linear fit for the NH3 total columns (orange dashed line), and the total rainfall (blue dashed line). The legend contains the linear fit equation, where we can see whether the slope is positive or negative.

  NH3 concentrations are seen to be weakly correlated to the amount of yearly rainfall like in Taiwan (Figure 3.19). Figures for the rest of the agricultural regions, like Figure 3.17 and Figure 3.18, are added in Appendix B.

Figure 3 .

 3 Figure 3.18. Same as Figure 3.17 for two agricultural regions in a dry climate (desert), the Nile Delta (upper panel), and the Nile Basin (lower panel).

  Figure 3.20 I show below the coefficient of determination (R²) of NH3 with T skin (from ERA5). The study period is [2008 -2018], and the regions are agricultural (Appendix A). The R² values are calculated from the linear fitting of NH3 averaged per bins of total precipitation throughout the whole year (all seasons), with 1°C interval between consecutive bins.Regardless of the climate zone to which the region belongs, higher temperatures will always increase the volatilization of NH3. To a lesser extent in warm climate zones (Mediterranean, and desert) with R² falling within 0.4 and 0.6 approximately.

Figure 3 .

 3 Figure 3.20. The coefficient of determination (R²) extracted from a linear regression of IASI-NH3 and ERA5 T skin. NH3 total columns are averaged per bins of total precipitation with an interval of 1°C between consecutive bins. These plots are shown in Appendix B.

Figure 3 .

 3 Figure 3.19. Same as Figure 3.17 and Figure 3.18 but for an agricultural region in a humid climate (tropical savanna/monsoon), in Taiwan.

Figure 3 .

 3 Figure 3.21. Monthly anomalies of ammonia total columns (top) and T skin (bottom), as compared to the [2008 -2018] average. The corresponding units are molecules cm -2 for ammonia, and °C for T skin. The regions is Valladolid, an agricultural region in Spain (refer to Appendix A for coordinates).

Figure

  Figure 3.22. Same as Figure 4.10, but for an industrial region in the U.S. (Beech Island).

Figure 3 .

 3 Figure 3.23. IASI NH3 total columns averaged per bins of wind speed calculated from u and v wind components at 10m distance (ERA5), with a 1 m s -1 interval between each two consecutive bins. The region considered is a Chinese agricultural land (lon: [115.5, 116.5], lat: [41.5, 59.5]), and the period is [2008 -2018].

  Ammonia volatilization is enhanced by higher temperatures, and the fluctuations of other meteorological parameters (Chapter 3). I use simulation data for the month of March during 2011, because Europe witnessed isolated and connected ammonia and particulate matter (PM2.5) pollution episodes[START_REF] Viatte | NH 3 spatiotemporal variability over Paris, Mexico City, and Toronto, and its link to PM 2.5 during pollution events[END_REF]. The second reason is that the fertilizers spreading activities start in March in Europe, as shown by the FAO NDVI (e.g. start of the growing season in Ireland (FAO Earth Observation, 2022)). Combined with the increase in air and land temperatures and decreased of precipitations, ammonia concentrations are expected to increase during March. In this chapter, I study more in details the surfaceatmosphere ammonia exchange using IASI satellite data, ERA5 reanalysis, and simulation data from the chemistry transport model GEOS-Chem. By applying a simplified bi-directional exchange model, I plot the first map of ammonia emission potential 𝛤 𝑠𝑜𝑖𝑙 , a powerful parameter that can help us understand the exchange between the surface and the atmosphere, and that is usually calculated from direct field measurements. To have a look at the future projections of ammonia, using the simplified model presented in this study, I estimate the ammonia columns by the end of the century [2075 -2099], using T skin data from the climate model EC-Earth, under two possible future socioeconomic scenarios (SSP2-4.5 and SSP5-8.5).Part of the results of this chapter are included in a pre-print publication[START_REF] Abeed | Estimating agricultural ammonia volatilization over Europe using satellite observations and simulation data[END_REF] that is currently under review in Atmospheric Chemistry and Physics Discussions (ACPD), and added as Section 4.5 in this chapter. I note the reference[START_REF] Abeed | Estimating agricultural ammonia volatilization over Europe using satellite observations and simulation data[END_REF] in the legend of the figures included in the publication. Introduction Ammonia columns in Europe are associated with agricultural activities, manure and synthetic fertilizers spreading, notably in the Western, Southern, and the Southwestern parts of the continent. With IASI we can see two peaks of ammonia during the year, referring to the two growing seasons in Europe (spring and fall). The summer season starts in spring (March) and can extend till June in some European countries (USDA, 2022b).

  Figure 4.1 shows the monthly means of ammonia from IASI in Europe, from January till December 2011. It is clear that the ammonia columns start to increase in March, they then peak in April and return to lower levels in May andJune. These ammonia emissions were previously identified to induce PM2.5 pollution episodes in spring[START_REF] Viatte | NH 3 spatiotemporal variability over Paris, Mexico City, and Toronto, and its link to PM 2.5 during pollution events[END_REF].The increase in the application of synthetic fertilizers, and intensification of agricultural practices is believed to be the dominant factor of the global increase in ammonia emissions over the past century[START_REF] Behera | Ammonia in the atmosphere: a review on emission sources, atmospheric chemistry and deposition on terrestrial bodies[END_REF][START_REF] Mcduffie | A global anthropogenic emission inventory of atmospheric pollutants from sector-and fuel-specific sources (1970-2017): an application of the Community Emissions Data System (CEDS)[END_REF]. During the period[2008 -2018] alone, the increase in ammonia columns in Western and Southern Europe accounted to +20.8 % yr -1 (± 4.3 %)[START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. In the Po valley in Northern Italy, for instance, the concentrations of atmospheric ammonia increased continuously from 2015 till 2018 (Figure4.2).
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 41 Figure 4.1. Monthly averages of ammonia in Europe during the year 2011 using IASI NH3-v3R-ERA5 data, on a 0.5° × 0.5° grid.

Figure

  Figure 4.2. Monthly anomalies of IASI ammonia (top) and ERA5 T skin (bottom), relative to the [2008 -2018] average, in the Po Valley in Italy [44.7 -45.7 ° N; 9 -11 ° E].

  Results4.3.1 GEOS-Chem vs. IASIAmmonia lifetime 𝜏 is a crucial parameter to calculate the emission potential 𝛤 𝑠𝑜𝑖𝑙 . I use the GEOS-Chem model to calculate the lifetimes of ammonia during March 2011. In order to analyse how well the model simulates atmospheric ammonia, I compare the output of GEOS-Chem to the IASI total columns of ammonia gridded on the same horizontal resolution (0.5° × 0.625°) and during the same time period.

Figure 4 .

 4 Figure 4.3 shows the IASI NH3 distribution (panel a), and that from GEOS-Chem (panel b), the bias between the two (panel c), and the percentage mean relative difference MRD (panel d), all during March 2011. I calculate MRD following the equation (𝐺𝑒𝑜𝑠𝐶ℎ𝑒𝑚 𝑁𝐻 3 -𝐼𝐴𝑆𝐼 𝑁𝐻 3 ) × 100 𝐼𝐴𝑆𝐼 𝑁𝐻 3

Figure 4 . 3 .

 43 Figure 4.3. Ammonia total column concentrations from IASI (panel a), and GEOS-Chem (panel b), the difference between both datasets (panel c) in molecules cm -2 , and the Mean Relative Difference (MRD) in % (panel d); all data are a monthly average of March 2011, and over Europe at a 0.5° × 0.625° grid resolution. Note that the colour bar limits are different between panels (a) and (b).

Figure 4

 4 Figure 4.4. A comparison between T skin from ERA5 and MERRA-2: (a) T skin monthly average from ERA5, and (b) MERRA-2; (c) scatter plot of T skin from MERRA-2 (y axis) and ERA5 (x axis); and (d) the difference between the two datasets [°C].

  Figure 4.5 shows the repartitions of the emission sources in Europe in March 2011. The anthropogenic sources (i.e.

Figure 4 . 5 .

 45 Figure 4.5. Repartitions of ammonia emissions from anthropogenic, natural sources, biomass burning and ships. The data are from the Harmonized Emissions Component module (HEMCO) that is used in GEOS-Chem, and the period covered is March 2011, in the European domain. Anthropogenic sources are mainly agricultural activities that include manure management and fertilizers application. Natural sources include emissions from natural vegetations, oceans and wild animals.

Figure 4 .

 4 Figure 4.6 shows the total emissions (panel (a)), and losses (panel (b)), total burden (panel (c)), and the lifetime of ammonia, from GEOS-Chem in March 2011. I identify 8 source regions, shown as rectangles A to H in panel (a), which I investigate thoroughly in this study. In the calculation of the total loss of ammonia (Figure 4.6b), I considered dry deposition, chemistry, transport, and wet deposition (including loss to convection) from the GEOS-Chem model simulation, which are all possible loss pathways for ammonia (David et al., 2009).Figure 4.6b

  Figure 4.6b shows that the largest losses occur logically where I have the highest sources detected (see Figure 4.6a). The total ammonia burden (Figure 4.6c) is calculated as the integrated sum of ammonia along the atmospheric column in the model grid box. One can clearly detect ammonia hotspots over Europe, in particular the North European Plain (region C), Brittany (region D) and the Po Valley (region F). All of these regions are characterized by intense agricultural activities, as the total emissions and loss show (Figure 4.6a, and b). The total burden is generally the highest over France, Belgium, The Netherlands, and parts of Germany and Italy (Figure 4.6c). I show in panel (d) the lifetime 𝜏 𝑠𝑠 of ammonia calculated from the total burden and losses. In the case of a gas
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 46 Figure 4.6. Ammonia budget in Europe from GEOS-Chem: (a) Ammonia emissions from the Harmonized Emissions Component module (HEMCO) in kg s -1 with our regions of interest shown in rectangles, (b) ammonia full loss in kg s -1 , (c) ammonia total burden in kg, and (d) ammonia lifetime in hours. All plots refer to March 2011 and are presented at a 0.5° × 0.625° grid resolution.
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  Figure 4.7. Left panel: A regression plot of ammonia lifetimes calculated using emissions (y axis) and losses (x axis), with a coefficient of determination R² = 0.94. Right panel: the difference between both datasets displayed on the left, difference = 𝑩 𝑬 ⁄ -𝑩 𝑳 ⁄ 𝑩 𝑳 ⁄ ⨉ 𝟏𝟎𝟎.

  Figure 4.6a.

Figure 4 . 8 .

 48 Figure 4.8. Repartition of the ammonia loss mechanisms for major agricultural areas in Europe, during March 2011, as retrieved from GEOS-Chem, with the total ammonia loss shown in a grey box under each pie chart (kg s -1 ). The regions are shown in black boxes in Figure 2a.

Figure 4 .

 4 Figure 4.9. MODIS Land Cover Type, at a 500 m × 500 m grid box (left panel), and interpolated mass transfer coefficient 𝒌 on a horizontal resolution of 0.5° × 0.625° grid box (right panel).

  Figure 4.9.

Figure 4 .

 4 Figure 4.10. Ammonia soil emission potential (𝜞 𝒔𝒐𝒊𝒍 ) on a log10 scale from model simulation, observation and reanalysis for 4 different cases (see text for details).

Figure 4 .

 4 Figure 4.11 shows the emission potential (similarly to what I show in Figure 4.10) but from a fixed and averaged 𝑘 value for all land types. This Figure highlights the importance of using a

by

  [START_REF] Evangeliou | 10-year satellite-constrained fluxes of ammonia improve performance of chemistry transport models[END_REF] (Figure 4.13, left panel). The difference between the lifetimes calculated by GEOS-Chem and those from[START_REF] Evangeliou | 10-year satellite-constrained fluxes of ammonia improve performance of chemistry transport models[END_REF] are shown on the right panel of Figure 4.13. Higher biases are seen in non-agricultural areas. Both lifetime grids are calculated with different simulation models, but another possible explanation of the bias in the nonagricultural areas can be due to the absence of the emissions from natural sources in Evangeliou et al. (2021) calculations. These emissions consist only 16% of the total ammonia from GEOS-Chem (Figure 4.5).

Figure 4 .

 4 Figure 4.11. Relative difference (%) of 𝜞 𝒔𝒐𝒊𝒍 between a fixed and a variable 𝒌 value: 𝜞 𝒇𝒊𝒙𝒆𝒅 𝒌 -𝜞 𝒗𝒂𝒓𝒊𝒂𝒃𝒍𝒆 𝒌 𝜞 𝒗𝒂𝒓𝒊𝒂𝒃𝒍𝒆 𝒌

  Figure 4.3, Figure 4.6, and Figure 4.10, as well as in Table2, where 𝛤 𝑠𝑜𝑖𝑙 is higher in regions with high ammonia columns. This is expected in fertilized lands (croplands), since 𝛤 𝑠𝑜𝑖𝑙 is proportional to the concenrtation of ammonia near the surface. The latter increases when the soil content in ammonium (NH4 + ) increases following the application of nitrogen-based fertilizers.

Figure 4 .

 4 Figure 4.12. Mean ammonia emission potential 𝜞 𝒔𝒐𝒊𝒍 per region and per case, with the error margin on the mean as the shaded area (95 th percentile) for cases 1 to 4. The cases are explained in Figure 4.10 and its discussion.
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 4 Figure 4.13. Left: Ammonia lifetimes calculated by Evangeliou et al. (2021) during March 2011. Right: the difference between the lifetimes calculated from GEOS-Chem in this study and those calculated by Evangeliou et al. (2021) (τGEOS-Chem -τEvangeliou at al.).

Figure 4 .

 4 Figure 4.14. First and second rows: Ammonia total column concentrations during March (monthly averages) under the present climate [2015 to 2039] (first row), and in the end of century climate [2075 to 2099] (second row), under the socioeconomic scenarios SSP2-4.5 (left) and SSP5-8.5 (right). Third and fourth rows: The percentage increase in ammonia concentration (third row), and the change in T skin in °C (fourth row) by the end of the century [2075 to 2099] with respect to present climate [2015 to 2039] under SSP2-4.5 (left) and SSP5-8.5 (right). Ammonia columns were calculated using ammonia emission potential 𝜞 𝒔𝒐𝒊𝒍 derived from IASI and ERA5 for March 2011 (case 3), and EC-Earth T skin simulations for SSP2-4.5 and SSP5-8.5 extending from 2015 till 2099.

Figure 4 .

 4 Figure 4.14 shows ammonia columns during the 25-year [2015 -2039] representing the present climate (upper panels), and the end of the century [2075 -2099] (middle panels). The ammonia columns in the 25-year average climate of the end of century with respect to present day climate (lower panels) are also shown.

Figure 4 .

 4 Figure 4.15 depicts the change in ammonia columns under the SSP2-4.5 and SSP5-8.5scenarios, for our source regions (shown as rectangles in Figure4.6). Ammonia columns increase is foreseen to be the highest in the Po Valley (Italy) with +26 % and +59 % under SSP2-4.5 and SSP5-8.5 respectively. It is then followed by the agricultural areas around Barcelona (Spain), and the North European Plain (Belgium, the Netherlands) with an increase of +21 % (+49 %) and +20 % (+53 %) respectively, under the SSP2-4.5 (SSP5-8.5) scenario. Under the SSP5-8.5, the increase in ammonia columns in percentage is more than twice the change under SSP2-4.5 (+127 % in the case of the Po Valley for instance). The Po Valley is adjacent to the Alps mountains, and

Figure 4 .

 4 Figure 4.15. The percentage increase in ammonia concentration by the end of the century [2075 to 2099] with respect to the present climate [2015 to 2039] under the two climate scenarios SSP2-4.5 (blue) and SSP5-8.5 (red), in the source regions investigated in this study. The shades around each line represent the standard deviation from the mean.

Figure 4 .

 4 Figure 4.16 shows future levels of ammonia using only simulation data (GEOS-Chem and EC-Earth). It is the same as Figure 4.14, but with 𝛤 𝑠𝑜𝑖𝑙 from GEOS-Chem and MERRA-2 (case

Figure 4 .

 4 Figure 4.16. Same as Figure 4.14, but using emission potential 𝜞 𝒔𝒐𝒊𝒍 derived from GEOS-Chem and MERRA-2.

Figure 5 .

 5 Figure 5.2, Figure 5.3, and Figure 5.4 are adapted from Abeed et al. (2021).

  Figure 5.2, Figure 5.3, and Figure 5.4 are adapted from Abeed et al. (2021).
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 51 Figure 5.1. A map showing Syria (in red) and the locations of the two regions of focus in this work: Homs where the fertilizers industry is located (industrial region marked with a black cross), and the northeast of Syria with croplands (agricultural region in the black box).

  disturbed and unsafe to access. Therefore, the studied regions I focus on do not share the same conflict timeline. In the industrial region, for instance, the perturbations started to affect the activity of the fertilizers plant in 2011, and then they intensified in 2013 and 2014, when the forced military siege around the city of Homs worsened[START_REF] Isw | Syria Update: The Fall of al-Qusayr[END_REF]. While in the agricultural region, in northeast Syria, one can see changes in ammonia levels starting 2013 up until 2019. This region witnessed the presence of several militia groups and armies. Those who played the most crucial role in the agricultural changes are the Islamic State in Iraq and Syria (ISIS) and the Kurdish forces (also referred to as the Syrian Democratic Forces, SDF). ISIS started to infiltrate in the region during summer 2013 and they continued to expand until they seized a large area of the Syrian and the Iraqi territories in 2015. Starting that year and up until 2019, the power of ISIS was defeated by the SDF. In 2019, the SDF reclaimed the de facto autonomous region known by the name Rojava in northeast Syria, bringing more stability to the region, and as result higher agricultural activity. Relevant and key events are presented in Figure5.2.

Figure 5 . 3 .

 53 Figure 5.3. Yearly spatial average of IASI NH3 total columns (molec/cm²) around the fertilizers industry (indicated with a black star in the middle of the plot), from 2008 until 2019. The average is calculated using an oversampling method (Van Damme et al., 2018; Zhu et al., 2014). Adapted from Abeed et al. (2021).
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 52 Figure 5.2. Graphical timeline of the Syrian civil war events relevant to this study. In blue are those that affected the General Fertilizers Company (blue pin in left panel and discussed in section 5.3), and in red are those associated to the land-use changes in the agricultural region in Northeast Syria (red box in left panel and discussed in section 5.4). Adapted from Abeed et al. (2021).

  3). One can observe a decrease in the activity of the fertilizers industry that is reflected in less atmospheric ammonia, mostly during 2013 and 2014. The decrease accounted for -17% and -47%, during 2013 and 2014 respectively, in comparison to pre-war ammonia average [2008 -2012]. During these two years, the military siege around the city of Homs and the clashes were at their peak (CNN, 2014).

Figure

  Figure 5.5. 20-day running mean of ammonia total columns, for the fertilizer industry, during the period [2008 -2021] using IASI/Metop A data [2008 -2019], and IASI/Metop B data to complete the period [2020 -2021].
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 54 Figure 5.4. Upper panel: Yearly spatial average of ammonia total columns (molec/cm²) around the fertilizers industry (indicated with a black star in the middle of the plot). Lower panel: Visible satellite images from Sentinel 2 L1C of the fertilizers company on days of suspension of activities (2016), and resume of production (2017, 2018, and 2019). Figure adapted from Abeed et al. (2021).

. 4 I

 4 show ammonia yearly average around the industry as in Figure 5.3. during the period [2016 -2019] (upper panel), and satellite images reflecting the activity of the plant during those years (lower panel). The fertilizers plant ceased to function in June 2016 due to an attack on the plant itself (FAO/WFP, 2019). Visible satellite images show that the chimney of the industry was indeed not releasing any smoke during the time of the halt (Figure 5.4). Only in 2017, we see an activity as the satellite images show, together with the ammonia concentrations increase (Figure 5.4). In my article (Abeed et al., 2021), I do not show the total columns of ammonia after year 2019, since the changes during the pandemic period, [2020 -2021], are anomalous and including them in the study would obscure the analysis. But in order to see if the activity of the fertilizer industry came back to pre-war normal or not, I plot in Figure 5.5 the 20-day running mean for ammonia total columns, of the same area shown in Figure 5.4, for the period [2008 -06/2021]. Ammonia concentrations in 2020 and early to mid-2021 are similar to those in 2019. Even before the pandemic outbreak in early 2020, it is important to mention that the ammonia plant is already working less frequently since 2019, due to less workforce after the Russians started to manage the GFC (Enab Baladi, 2019). As a result, the concentrations in 2020 and 2021 are indeed less than the pre-war average.
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 56 Figure 5.6. Map showing the location of three ammonia sources: soda ash industry in Turkey (city of Mersin), Fertilizers industry in Syria (GFC in Homs city), and an industrial region in Damascus (city of Damascus). Source: Google Maps.
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 57 Figure 5.7. Upper panel: Oversampled yearly spatial average of ammonia total columns (molec/cm²) over an industrial region in the east of Damascus (the centre of the industrial area is indicated with a black star). Lower panel: 20-day running mean of IASI daily total columns of ammonia (molec/cm²) averaged over the soda ash industry in Mersin.
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 5 Figure 5.8. GOME-2 Monthly averages of NO2 total columns over the GFC until 2017.
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 59 Figure 5.9. On the left: the change in cultivated area during 2015 (panel (a)) and 2019 (panel (b)) as compared to the land cover in 2011 in north east Syria, using MODIS Land Cover Type product. The colour red denotes an expansion in croplands (active cultivation), blue denotes an abandonment of the croplands, and white means there was no change in the land cover. On the right: spring March-April-May anomalies of IASI ammonia (panel (c)), and ERA5 T skin in °C (panel (d)) as compared to pre-war spring average [2008 -2012]. The black (yellow) rectangles in panels (c) and (d) denote the period of occupation of ISIS (SDF).
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 5 Figure 5.10. Panel a: N-fertilizers production data [Metric Tonnes] for the years 2008 -2017. Panel b: NPK fertilizers import quantity for the years [2008 -2019] (grey bars), and export quantity for the years [2008 -2013] (red line) [Tonnes], source: FAOSTAT (https://knoema.com/FAORFBFP/faostat-fertilizers-by-product).
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  intensification) scenario by 2030, as compared to a reference scenario 27 . Under the stress of climate change (e.g. higher temperatures, increased rain and flooding), it is crucial to understand how ammonia concentrations interact with fluctuating meteorological parameters, especially increasing temperatures.

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 . Satellite instruments that can detect NH3. The year in which the satellite was launched, the intrument onboard, the platform (satellite), the crossing time and the references relevant to NH3 detection.

 1 

	Launch			Crossing time	
	year	Instrument	Platform	(Local Time or MST)	Reference for NH3 detection
	2002	AIRS	Aqua	13:30, 01:30	(Warner et al., 2016)
	2004	TES	Aura	13:30, 01:30	(Shephard et al., 2011)
	2008	IASI	Metop	09:30, 21:30	(Clarisse et al., 2009; Coheur et al.,
					2009; Van Damme et al., 2018;
					Whitburn et al., 2016)
	2011	CrIS	NPP Suomi	13:30, 01:30	(Shephard and Cady-Pereira, 2015)

Table 2 below .

 2. 

Table 2 . Summary of ammonia average lifetime, emission potential, concentrations and the T skin in selected regions in Europe.

 2 

  The eastern part of Europe is the most affected by the change in temperatures, and it is where we find the highest ammonia columns increase. Among the regions of focus, Italy, Spain, Belgium and the Netherlands are the most affected, as compared to France, England and Ireland. The highest increase in ammonia columns is observed in the Po Valley in Italy (+59 % under the SSP5-8.5).In this chapter, I also calculate ammonia concentration under future climate and during the start of the growing season (March) in Europe. However, in order to grasp the yearly budget of ammonia, it is crucial to apply this method to all seasons of the year; especially in regions with extensive agricultural activities, such as the United States, India, and China. In addition to this, more field measurements of ammonia emission potential (𝛤 𝑠𝑜𝑖𝑙 ) in different land use / cover types are required, this can help us perform better comparison with emission potentials calculated from model and satellite data. Finally, having ammonia columns at different times of the day, from field observations or satellite measurements will allow quantification of daily emission potentials, that will in turn help us understand its diurnal variability. This will be ensured with the launch of the Infrared Sounder (IRS) on the Meteosat Third Generation (MTG) geostationary satellites scheduled in 2025.

Particulate matter with a diameter less than or equal to

2.5 microns.

In organic chemistry, an organyl group is an organic substituent with one free valence at a carbon atom (e.g. an alkyl group -CH3).

The "safe operating space" is the state of environmental wellbeing that allows for sustainable development with respect to the earth system (e.g. substantial loss in biodiversity).

RCP8.5 is the "business as usual" climate scenario in which intense warming is predicted, and no mitigation measures are adopted.

The emission spectrum of a chemical element or chemical compound is the spectrum of frequencies of electromagnetic radiation emitted due to an electron making a transition from a high energy state to a lower energy state.

A material's absorption spectrum is the fraction of incident radiation absorbed by the material over a range of frequencies of Electromagnetic Radiation.

IASI L2 data are derived by a Level 2 processing of the IASI spectra, in the artificial neural network ANNI-NH3-v3, humidity and temperature profiles, surface pressure and temperature, and cloud coverage fractions are used as input parameters.

Pentagram = 10 15 grams = 1 billion metric tonnes carbon.

Steppe climates are known to be dry (semi-arid or arid), they receive an average of

cm of rainfall per year.

Published article

The reference scenario carries forward current trends in demographic growth, gross domestic products and trade policies considering that with higher incomes preferences change towards livestock products. For details, see Supplementary Note 4, in[START_REF] Zabel | Global impacts of future cropland expansion and intensification on agricultural markets and biodiversity[END_REF].

Agriculture in non-EU regions

Generally, both GEOS-Chem and IASI show coincident sources of ammonia, reflecting the good ability of the model to reproduce ammonia columns over major agricultural source regions in Europe. The bias between IASI and GEOS-Chem and the MRD are shown in Figure 4.3c and d. Ammonia columns from GEOS-Chem are underestimated by up to 2 × 10 16 molecules/cm² in some source regions/over hotspots, especially in England, North Eastern France, the North European Plain (Netherlands, Belgium, and Germany), and Spain (around Barcelona). [START_REF] Whitburn | A flexible and robust neural network IASI-NH3 retrieval algorithm[END_REF] found similar results, in which they show that GEOS-Chem underestimates ammonia columns by up to 1 × 10 16 molecules/cm² in Europe on a yearly average in 2009, notably in the North European Plain. It is important to note that, in our study, I compare only one month of data (March, 2011) that marks the start of the growing season in the majority of the countries of interest (FAO, 2022; USDA, 2022b). The differences are mainly because of the time coincidence, and the fact that only cloud-free data are used to retrieve ammonia. IASI observes ammonia during the satellite overpass (~9:30 AM local time), whereas the GEOS-Chem simulation is averaged over the whole month including all hours of the day. In Western and Northern Europe, the MRD is mostly less than -50 %, for instance, in the North European Plain (-49 %). If I look at the average MRD in regions of focus, I see that the Po Valley in Italy exhibits the highest MRD value (+110 %), whereas the best represented region is New Aquitaine in the southwest of France (-20 %). The rest of the regions have mean MRDs that fluctuate between -64 % and -42 %. A summary of the results of this study, including the MRD over some source regions is listed in Table 2. Although the bias and MRD can be considered high, the spatial distribution is consistent between IASI and GEOS-Chem. Therefore, according to the steady state approximation, the meteorological and soil parameters affecting one dataset (e.g. IASI NH3) are applicable to the other (e.g. model simulation). It is worth noting that although I do not use the latest version of GEOS-Chem, the results I obtain reflects our current understanding of the regional chemistry at this horizontal and temporal resolution.