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1. Introduction 
 

  



1.1 Reactive nitrogen in our environment 
Over 78% of the atmosphere consists of nitrogen (N). The most common form of atmospheric 
nitrogen is di-nitrogen (N2) accounting for more than 99% of the total nitrogen in the 
atmosphere. N2 is chemically inert and unavailable for the biosphere (Vitousek et al., 
1997).The remaining percent consists of reactive nitrogen (Nr), which are a large group of 
reduced forms of nitrogen such as ammonia (NH3) and oxidized nitrogen species such as 
nitrogen oxides (NOx), nitrous oxide (N2O), and nitrate (NO3). Up to the industrial revolution, 
the Earth’s nitrogen cycle was mostly undisturbed by human activities, and the availability of 
reactive nitrogen to biological life depended on biological fixation, lightning and biomass 
burning for breaking down the strong bond between the two nitrogen atoms in N2 (Vitousek et 
al., 1997; Lelieveld and Dentener, 2000; Seinfeld and Pandis, 2006). Only two groups of 
bacteria are able to perform nitrogen fixation and use it directly for growth together with energy 
provided by plant roots (Warneck, 1999). The first group consists of cyanobacteria in anoxic 
environments, the second group is formed by Rhizobia in soils, which form into root nodules 
only near legumes to support its growth. Until the end of the 19th century fertilizer was only 
available in small amounts in the form of manure from guano and livestock. Through the 
invention of the Haber-Bosch process, the industrial production of fertilizers greatly increased, 
ending the predominantly undisturbed situation. In 1908 Fritz Haber discovered how NH3 
could be synthesized through reaction of N2 and hydrogen under high temperature and pressure 
using iron as a catalyst to form NH3. For this invention he was awarded the Nobel Prize in 
Chemistry. In the years after his invention in cooperation with Carl Bosch from BASF, the 
production of NH3 increased exponentially for use in agriculture and the production of 
explosives. The industrial production of NH3 has since sustained the exponential growth of the 
world population up to almost 7.5 billion people today (January, 2017, 
Worldometers.info/world-population/#pastfuture).  
 
Since the introduction of the Haber-Bosch process, reactive nitrogen (foremost in the form of 
NH3 and NOx) has been the cause of numerous unintended environmental and human health 
effects through the disruption of the nitrogen cycle (see e.g. Vitousek et al., 1997; Galloway et 
al., 2003; Erisman et al., 2013 for an overview), while being essential to sustain the world 
population. Reactive nitrogen in the Earth system has reached levels of up to four times the 
level of before the industrial revolution, far surpassing any planetary boundary (Rockström et 
al., 2009). Through atmospheric deposition, soil- and river-runoff nitrogen ends up in the water 
cycle where, in excess, it is the cause of eutrophication, which can lead to algal blooms. 
Eutrophication of water bodies reduces the biodiversity (Bobbink et al., 1998; Erisman et al., 
2008) and can cause dead zones due to the reduction of oxygen levels (Diaz et al., 2008). The 
increase of Nr deposition is a problem at global scale causing soil acidification and stress to 
fragile ecosystems (Bobbink et al., 1998). High Nr levels in drinking water are also of concern 
for human health (Townsend et al., 2003). A more pressing health hazard is the impact of Nr 
on air quality; through the formation of particulate matter (PM), NH3 and NOx have a negative 
indirect impact on human health (Pope et al., 2002; 2009). NH3 also has several positive and 
negative forcings on climate change. A large indirect impact is the increased emissions of N2O 
from fertilized fields. NH3 taken up in the soil is nitrified to nitrate which can subsequently be 
denitrified to N2O and nitric oxide (NO) (van Dijk et al., 2002). N2O is a major greenhouse gas 



(e.g. water vapour (H2O), carbon dioxide (CO2), ozone (O3) and methane (CH4)) due to its 
lifetime of 114 years. In turn, atmospheric aerosols have a direct impact through their effect on 
radiative forcing and an indirect impact through the formation of clouds (Adams et al., 2001; 
Myhre et al., 2013). Lastly, increased levels of nitrogen in soils is a controlling factor in the 
fixation of CO2 (e.g. Hungate et al., 2003; de Vries et al., 2014). Decreasing reactive nitrogen 
in the Earth system to an acceptable level is currently one of the great challenges for 
humankind. 

Both NH3 and oxidized nitrogen play a key role in the atmospheric nitrogen cycle and cannot 
be addressed separately. However I largely focus on atmospheric NH3 in the atmosphere 
because the uncertainties related to the atmospheric behaviour and cycling of NH3 are larger 
than for nitrogen oxides. Below the state of knowledge on NH3 sources and sinks as well as 
measurement techniques are introduced. These chapters aim to introduce the reader to the 
research questions of this thesis as described in section 1.9. 

 

1.2 Atmospheric ammonia 
1.2.1 Emission Sources of ammonia 
NH3 is emitted to the atmosphere by a large number of sources. Globally, the largest emission 
source is agriculture comprising over half of the estimated global emission total of 37.0 Tg 
NH3 in 2008 (Sutton et al., 2013). Agricultural emissions consist amongst others of volatilized 
NH3 from manure and chemical fertilizer, livestock housing, livestock grazing in fields, after 
harvesting crops and manure storage. About 40% of the total global emissions follow directly 
from volatilization of animal manure and chemical fertilizer, a process which is mostly 
controlled by temperature and pH of the soils. NH3 is also released by biomass burning 
(Andreae et al., 2001). Biomass burning includes emissions from wildfires such as tropical and 
boreal forests, fires as part of deforestation and agricultural waste burning. Another large 
source of NH3 is the ocean, seas and rivers (Johnson et al., 2008). Dissolved ammonium (NH4) 
is produced through direct uptake NH4, the degradation of organic nitrogen (including runoff 
from soils) and excreta of bacteria and plankton. NH4 in water is in equilibrium with the NH3 
in the atmosphere above the surface and therefore uptake or release depends on the temperature 
and atmospheric concentrations. Other emission sources include industrial processes using 
NH3, motorized vehicles using three way catalysts (Bishop et al., 2010), exchange between 
plant-atmosphere (Sutton et al., 1995), volcanoes (Andres et al., 1998, Sutton et al., 2008), 
humans (Sutton et al., 2000), pets (Sutton et al., 2000), and large animal congregations such as 
sea birds breeding colonies and seal and sea lion colonies (Riddick et al., 2012). These sources 
can be a major local contributor to NH3 in the atmosphere, but are globally of less importance. 
The emission process is shown schematically by the dashed arrow on the left in Figure 1.1. A 
summary of emission estimates for a number of scales (global, regional, and country) is given 
in Table 1.1. 
The emission numbers given in Table 1.1 have a high level of uncertainty. The uncertainty on 
the total emissions are at least ±30% following estimates on uncertainty in the input data of the 
emissions inventories (Sutton et al., 2013). All inventories rely on emission factors for each 
specific source, which often are not climate dependent and do not describe the emissions at 



process level. Another example, the European emissions of agriculture, which is by far the 
dominant source in the region, has an uncertainty rating of D (Kuenen et al., 2014, reported 
following the Emission Inventory Guidebook (EEA)) which means the emissions have a 
typical uncertainty range of up to 100 – 300 %. One of the reasons for this uncertainty is the 
large spatial and temporal variability in sources as well as the complexity and high costs of 
measuring in-situ atmospheric NH3 at the scales needed to characterize these sources. 
Emissions from forest fires are highly uncertain due to the fact that a large number of fires take 
place in remote regions making it hard to measure and characterize the emission source. 
Estimates from the ocean and surface waters vary wildly mostly due to the uncertainty in the 
background concentrations, the lack of measurements in most regions, and almost no existing 
measurements on the surface water to atmosphere exchange. 
 

 
Figure 1.1. Schematic figure of the processes part in the atmospheric NH3 budget and distribution. Figure 
adapted from Wichink Kruit (2010a). 
  
  



Table 1.1. Comparison of NH3 emission estimates in Tg. The estimates for the Netherlands are given in 
Gg (1.0 Gg = 0.001 Tg). (Part of the table is adapted from Sutton et al., 2013; the other references used are 
listed in the table). 

  Current best estimate (a) TNO-MACCIII ER ER 
Year 2000 2008 2008 2005 2014 
Scale Global Global UNECE-Europe Netherlands Netherlands 
Animal Excreta 10,5 (b) 11,2 (b) -- -- -- 
Agricultural Soils and Crops 25,2 (c,d) 28,3 (c,d) -- -- -- 
Biomass Burning (f) 4,4 5,5 -- -- -- 
Industrial and fossil fuel burning(g) 1,3 1,6 -- -- -- 
Humans and pets 3 3,3 -- -- -- 
Waste composting and processing 4 4,4 -- -- -- 
Soils (Natural vegetation) 2,4 2,4 -- -- -- 
Oceans (volcanoes) 8,6 (e) 8,6 (e) -- -- -- 
Total Emissions 59,3 65,4 5,5 159,6 Gg 134,2 Gg 
Total Agricultural Emissions 33,2 37 -- 136,8 Gg 114,1 Gg 
Reference (a) (a) (h) (i) (i) 

(a) Combination of references; Dentener & Crutzen 1994, Bouwman et al.,1997; Van Aardenne et al.,2000; JRC/PBL 
Edgar 4.2 
(b) Excludes emissions from land application of animal manure. 
(c) Includes emissions from grazing and land application of animal manure. 
(d) Includes estimated direct crop emissions from foliage and leaf litter. 
(e) Includes an upper estimate of 0.4 Tg N yr-1 as NHx (NH3 + NH4) from volcanoes based on an emission ratio of 15% 
NHx: SO2 and volcanic SO2 emissions of 6.7 Tg S yr-1. 
(f) Including savannah, agricultural waste, forest, grassland and peatland burning. 
(g) Not including potentially high emissions from low-efficiency domestic coal burning. 
(h) Kuenen et al., 2014 
(i) PBL/Mei 2016 
 

 
Figure 1.2. Global spatial distribution of NH3 for the year 2008 from all sources with a spatial resolution 
of 0.1° x 0.1°. Areas without emissions are coloured grey. (Source: EDGAR v42, 
http://edgar.jrc.ec.europa.eu) 
 
Figure 1.2 shows a global NH3 emission distribution for the year 2008 at a spatial resolution 
of 0.1° x 0.1° from the EDGAR v4.2 emission database. The highest emissions occur in the 
agricultural regions of the world and regions with large numbers of livestock per km2. These 
include Eastern China, Northern India, North-western Europe, which includes the Netherlands 
and north-western-Germany, the central United States and Central Canada. The emissions in 
the tropical regions mostly follow from biomass burning and are found in the Sahel region, 
parts of Brazil (although this also includes agricultural emissions) as well as the agricultural 



waste burning emissions in northern India. Figure 1.3 shows the spatial distribution of NH3 
emissions emitted from forest fires during the year 2014. The emission data is obtained from 
the Global Fire Emissions Database (GFED4, van der Werf et al., 2017). In 2014 there were 
two major boreal forest fires in the Great Slave Lake region in Canada and in North Eastern 
part of the Sakha Republic in Russia both easily visible in Figure 1.3.  

 
Figure 1.3. Global spatial distribution of NH3 emissions from fires in the year 2014. Areas without 
emissions from fires are shown in grey. (Source: GFEDv4) 

 

1.2.2 Sinks 
Atmospheric NH3 sinks include three processes, chemical conversion, wet deposition and dry 
deposition. The processes are shown by the dashed arrows in Figure 1.1. The chemical 
conversion involves the reaction of NH3 with a second constituent such as OH, HCl, nitric acid 
(HNO3) and sulphuric acid (H2SO4). The slowest of these is the oxidation of NH3 with hydroxyl 
(OH) radicals shown in reaction (R1.1).  

𝑂𝐻 +  𝑁𝐻  →   𝑁𝐻  +  𝐻 0    (R1.1) 

This reaction has a reaction rate of 0.96 x 10-4 m3 µmol-1 s-1 at 25 degrees Celsius, which only 
occurs when more viable routes are not available, i.e. in the stratosphere. At this reaction rate 
in combination with common upper-tropospheric OH concentrations, NH3 would have a 
lifetime in the range of 72 hours (Finlayson-Pitts and Pitts, 1999). The other common pathways 
involve the reaction of NH3 with an acid gas, transforming it from the gas phase to atmospheric 
aerosols containing NH4. Reaction (R1.2) describes the dominant reaction of NH3 which is 
neutralized by H2SO4 with a reaction rate of ~1.2 x 10-4 m3 µmol-1 s-1 (Baek et al., 2004). The 
reaction is irreversible under common atmospheric conditions due to the low vapour pressure 
of ammonium sulphate (NH4)2SO4: 

2 𝑁𝐻 (𝑔) + 𝐻 𝑆𝑂 (𝑔) →   (𝑁𝐻 ) 𝑆𝑂 (𝑠)  (R1.2) 

NH3 in addition can be neutralized through reactions with hydrogen chloride, which originates 
from sea salt, (R1.3) and HNO3 (R1.4) to form ammonium chloride (NH4Cl) and ammonium 



nitrate (NH4NO3). Both reactions are reversible and the partitioning between the gas and 
aerosol phases strongly depends on the atmospheric conditions such as temperature and relative 
humidity (Bassett and Seinfeld, 1983).  

𝑁𝐻 + 𝐻𝐶𝑙 ↔   𝑁𝐻 𝐶𝑙    (R1.3) 

𝑁𝐻 + 𝐻𝑁𝑂 ↔   𝑁𝐻 𝑁𝑂     (R1.4) 

The thermodynamic stability of ammonium chloride is much lower than for ammonium nitrate, 
making ammonium nitrate an important component of atmospheric aerosol in areas where NH3 
is in excess over sulfate levels (ten Brink et al., 1997). Conversion rates for NH3 to its NH4 
salts in polluted continental conditions vary depending on the amount of HNO3 and sulfuric 
acid production and the availability of NH3 (Behera et al., 2013). In the aerosol phase NH3 can 
be transported over long distances, as the typical atmospheric lifetime of ammonium aerosols 
is in the order of severak days, thus extending the impact of a single NH3 source to more remote 
regions.  
 
NH3 and NH4 are also removed from the atmosphere by the wet deposition process. Wet 
deposition of NH3 and NH4 is the deposition to the surface by precipitation (Fowler, 1980). 
For gases, the removal by rain out is dependent on the solubility of the component as well as 
on the precipitation amounts. The solubility of NH3 is very high, leading to a very effective 
removal in case of rain events. Hence, the life-time of NH3 and NH4 against wet deposition is 
generally in the order of days in the lower troposphere. The uptake of NH3 may be limited due 
to saturation effects in very high concentration areas. The scavenging of aerosols is much less 
effective with life-time in the order of a week. Wet deposition also takes place under conditions 
with fog and early morning dew although this is usually described as a separate process called 
occult deposition (Fowler et al., 1989; Kalina et al., 2002). Occult deposition is normally 
considered as unimportant, but may be the dominant nitrogen flux to the surface at high 
altitudes in mountainous areas. 
 
The third removal process is dry deposition. Dry deposition occurs through the exchange of 
NH3 and NH4 with surfaces of vegetation (e.g. leafs, stomata), soils, and water (Farquhar et al., 
1980; Van Hove et al., 1989; Duyzer et al., 1992; Nemitz et al.,2001, Quinn, 1996). The surface 
atmosphere exchange is bi-directional as the deposited NH3 can be re-emitted to the 
atmosphere. This process will be explained in more detail in the next section.  
 

1.2.3 Ammonia – surface interactions 
The exchange between surface and atmosphere is bi-directional and the flux direction depends 
on the atmospheric and surface conditions. The NH3 compensation point is defined as the 
concentration in the air at which no net NH3 exchange between the surface and the ambient air 
takes place. The compensation point (χ) determines the direction of the NH3 flux (Farquhar et 
al., 1980). When the NH3 concentration above the surface is higher than the compensation 
point, deposition will take place. When the concentration is below the compensation point, the 
surface will emit NH3. The compensation point of the surface depends on the type of surface 



and its nitrogen content (Nemitz et al., 2000). Independent of the surface type, the exchange 
can be seen as a balance between NH4 within a solution in the surface and the NH3 gas above 
the surface. By combining the Henry equilibrium constant (eq. 1.1), which describes the 
solubility of NH3 in water as a function of temperature (T), with the NH4 to NH3 dissociation 
equilibrium (eq. 1.2) the partial pressure of NH3 can be calculated by dividing 𝐻  over 𝐾  

(Dasgupta and Dong, 1986; Bates and Pinching, 1950). 

𝐻 =
( )

( )
= 5.527 ∙ 10 𝑒

∙
.      (1.1) 

𝐾 =
[ ( )][ ]

[ ]
= 5.67 ∙ 10 𝑒 .     (1.2) 

𝑁𝐻 (𝑔) = 𝑒
[ ]

[ ]
= 𝑒  Γ = 𝜒    (1.3) 

We find a basic formula to describe the equilibrium of the NH3-NH4 equilibrium with 𝜒  the 

compensation point which describes the NH3 concentration at the interface between the two, 
with 𝑎 = 2.75 ∙ 10  𝜇𝑔 𝑚  𝐾 and 𝑏 = 1.04 ∙ 10  𝐾 and type being the soil, vegetation or 
water surface. The compensation point has a strong relation with temperature. With about every 
5 degrees the compensation point doubles which potentially means a doubling of the emissions. 
The total emission however depends on the NH4 content of the surface in question, be it inside 
plant leaves, in the soil or in the surface layer of water covering both.  

1.3 In-situ atmospheric ammonia measurements 
Measuring atmospheric NH3 at ambient levels is complex due to the high reactivity and sticky 
nature (high solubility) of the molecule. This coupled with the high spatiotemporal variability 
of the emissions makes it hard to get a representative atmospheric concentration for a specific 
area.  The reactivity and stickiness, mostly in relation to inlets and filters, leads to large 
uncertainties and/or sampling artefacts with most of the commonly used measurement 
techniques (Erisman et al., 2001; von Bobrutzki et al., 2010; Puchalski et al., 2011). Methods 
used to overcome these artefacts are heating of the inlets, higher sampling flows and refraining 
from using inlets or filters at all by measuring NH3 through remote sensing. In the next sections, 
commonly used in-situ measurement techniques will be described. The most commonly used 
instruments to measure NH3 are passive samplers and denuders. More recently developed 
instruments are more and more based on the use of spectroscopy to determine the amount of 
NH3 within a cavity inside the instrument. Both sets of instruments, however, have an airflow 
passing through a filter or cavity either with air flowing through an inlet or slowly diffusing 
into a filter.  

1.3.1 Passive samplers, filter packs and denuders 
Passive samplers, filter packs and denuders measure a mean NH3 concentration over a longer 
sampling period, which typically covers several hours for denuders to days, weeks and months 
for passive samplers and filter packs. The techniques are based on the slow diffusion of NH3 



onto a medium, which are commonly filters coated with an acidic substance that binds the NH3 
to the surface (using the sticky nature). The samplers are then removed, rinsed and analysed 
inside a lab. This type of system is cheap to use at a large scale with the drawback of having 
only a low temporal resolution and the preparation and analysis being labour intensive.  

Filter packs are an active approach to sample atmospheric air, in which air is sucked through a 
series of filters. The filters collect both the aerosol and gas phase. After a specific time, 
commonly a day, the filters are exchanged and analysed. The NH3 analysis should be 
interpreted as a maximum value due to the evaporation of NH4 salts from the front filter. The 
NH3 from the evaporated NH4 salts can subsequently be collected by the impregnated back up 
filter. Such artefacts can be especially large at temperatures above 20 degrees Celsius when all 
ammonium nitrate may evaporate (Wyers et al., 1993, Schaap et al., 2002).  

Denuders use the airflow that passes through a tube with NH3 diffusing onto a tube (Ferm, 
1979), wetted with an acidic substance, while particles pass through the tube. Often a filter 
pack is placed behind the denuder to sample the aerosols. These denuder filter packs are in 
principle able to differentiate the gas and aerosol phase effectively when inlet artefacts are 
avoided. In more advanced denuders the tube sample is automatically removed after a specific 
amount of time and analysed (Keuken et al., 1988). The samples are then either analysed offline 
or online (AMANDA, Wyers et al., 1993) depending on the system. Various other versions 
exist such as the automated version of the AMANDA, the AiRRmonia instrument (Erisman et 
al., 2001). It uses a similar technique but instead of a denuder it uses a diffusion membrane to 
strip the gas from the flow. The main drawbacks are the response times to variations in the 
NH3 concentrations and the sampling tubing which make the denuders prone to sampling errors 
(von Bobrutzki et al., 2010). 

The high costs, potential artefacts and low temporal resolution are the main drawbacks of these 
traditional techniques, which makes it challenging to perform reliable measurements of NH3 
concentrations and fluxes. 

1.3.2 Spectroscopic techniques 
Spectroscopic measurements can be performed with either an open-path setup (described 
below) or in-situ with an airflow passing through a cell. The NH3 concentration is measured as 
a function of the intensity of a source and the intensity at a sensor and can be calculated with 
the use of Lambert-Beer’s Law (1.4), with 𝐼(𝜆) and 𝐼 (𝜆) the intensity of the source and at the 
detector, i the number of constituents absorbing at the wavelength 𝜆 with a cross-section  𝜎 (𝜆), 
𝑐  the concentration, and 𝑃(𝜆) scattering function and 𝐿  the optical path length, 

which can be large (remote sensing) or quite small (in-situ measurements). 
 

ln
( )

( )
= 𝐿 ∙ ∑ (−𝜎 (𝜆)𝑐 ) + 𝑃(𝜆),    (1.4) 

 
In laser spectroscopy a laser at a certain wavelength is the source which passes a through the 
airflow a number of times. A Quantum cascade laser absorption system (QCL) makes use of 
the absorption features of NH3 in the infrared; it measures over a small wavelength interval 



which covers the absorption feature of choice (Ellis et al., 2010; Ellis et al., 2011). QCL 
systems are fast (e.g. measure at a few Hz) and several measurements are usually averaged 
together to improve the sensitivity of the system. Specific drawbacks can be interfering species 
in the same wavelength range. Cavity-ring down spectroscopy (CRDS) instruments make use 
of a single laser pulse injected into a cavity, passing forth and back between a set of highly 
reflective mirrors (Berden et al., 2000). The time it takes to ring-down, i.e. the time it takes for 
light intensity to reduce to a certain level, is linked to the concentration of NH3 in the cavity. 
Similar to the QCL system a potential drawback is interfering species with absorption features 
in the same wavelength range. Instruments using photo acoustic spectroscopy make use of a 
modulated light source that excites the NH3 to a higher state. The absorption creates a local 
increase in temperature which causes a pressure change. As the light source is causing a 
periodic change, the pressure is periodic as well, thus an acoustic wave is created that can be 
measured with a microphone (Harren et al., 2000; Pogany et al., 2009). Each of these 
techniques have a high temporal resolution and can be used for NH3 flux measurements. The 
drawbacks are the costs of the instruments as well as the use of inlets. A number of inter-
comparison studies exist but most only compare two or three instruments. Larger scale 
measurements campaigns including a range of instruments have been performed end of the 
summer of 2008 (von Bobrutzki et al., 2010) and recently during the late summer of 2016 
(Twigg et al., 2017, in prep). These studies usually show an overall good agreement between 
the instruments, but usually with high offsets and slopes between the instruments following 
problems with the inlets, lack of a calibration standard, and poor performance of instruments 
for lower range concentrations.  
 

1.4 Remote sensing of ammonia 
Remote sensing of NH3 encompasses all measurements using an open-path setup. This can for 
example be a ground-based instrument measuring over a path over the surface of the earth or 
for example a satellite sounder observing the atmosphere. In the next sections examples will 
be given of ground based (section 1.4.1) and satellite remote sensing instruments (1.4.2). 
Throughout this thesis Fourier transform infrared spectroscopy (FTIR) and satellite retrieved 
NH3 columns and profiles will be used and validated. In the next section a summary of the 
theories on which the satellite and FTIR retrievals are based will be given. Section 1.4.3 will 
cover the optimal estimation method (Rodgers et al., 2000) which is used in the CrIS-NH3 and 
FTIR-NH3 retrievals. Section 1.4.4 describes the calculation of the hyperspectral range index 
(HRI) method (Walker et al., 2011) which is utilized in the IASI-LUT and IASI-NN retrievals 
(Van Damme et al., 2014a; Whitburn et al., 2016). 

1.4.1 Ground-based measurements 
Each of the instruments described earlier use airflows or diffusion to measure NH3 that either 
passes through a cell or a filter. Open-path measurements give the option to measure NH3 
without the use of inlets. The recently developed mini-DOAS instrument (Volten et al., 2012; 
Sintermann et al., 2016) uses an UV-lamp as the light source that is reflected by a retro reflector 
at the end of the measurement path. The reflected light is then measured by a charge-coupled 
device (CCD) that maps the UV light for a specific spectral window. The concentration is 
calculated using the Lambert Beer law (see equation 1.4). The mini-DOAS instrument and 



retrieval is described in more detail in chapter 5. As for the QCL, the mini-DOAS enables to 
measure NH3 on a very high temporal resolution. 

Another technique is open-path FTIR. FTIR instruments use the absorption of infrared light at 
specific wavelengths with the strength of the absorption depending on the vibrational and 
rotational absorption modes of the molecule in question. OP-FTIR measurements have been 
used to measure NH3 from large agricultural fields with path lengths up to a km (Griffith and 
Galle, 2000; Todd et al., 2001). The FTIR system can in principle also be used to measure the 
vertical profile and column of NH3 using the sun as the infrared source. The main advantages 
of the FTIR and DOAS techniques are that the instruments are in principle inlet and sampling 
artefact free while retaining high precision. The main drawbacks are the complexity and high 
instruments costs (in case of the FTIR). For this thesis I use these instruments to obtain the best 
possible NH3 concentration measurements currently available. At the start of this PhD there 
was no standard retrieval available for retrieving NH3 from FTIR spectra. The retrieval strategy 
of NH3 from ground-based FTIR solar spectra is described in detail in section 2.    

1.4.2 Satellite measurements 
Recently there have been several developments in the use of remote sensing to measure NH3, 
either with satellites or ground-based FTIR systems. Satellite systems such as the Infrared 
Atmospheric Sounding Interferometer (IASI, Clarisse et al., 2009; Coheur et al., 2009; Van 
Damme et al., 2014a) and the Cross-track Infrared Sounder (CrIS, Shephard and Cady-Pereira, 
2015) can be used to observe NH3 and are able to measure the global distribution of NH3 at a 
twice-daily resolution. Table 1.2 gives a summary of the satellite instruments that have been 
used for NH3 retrievals, showing the overpass times, footprints and overall instrument 
detection limit. Recent studies show the potential of the observations, giving knowledge on the 
distributions and levels of NH3 in regions where up till now there were no measurements. 
Furthermore, data are used to illustrate the uncertainty of emissions in the current inventories 
and its use in model validation (Clarisse et al., 2009; Shephard et al., 2011; Heald et al., 2012; 
Zhu et al., 2013; Van Damme et al., 2014b, 2015a, 2015b; Schiferl et al., 2014, 2016; Whitburn 
et al., 2015; 2016). In remote sensing of NH3 the light source is either the Sun (in the case of 
FTIR) or the Earth (Infrared) which is measured with an interferometer or a grating 
spectrometer. Figure 1.4 shows an example of the IASI-LUT satellite derived NH3 total 
columns measured above land (Van Damme et al., 2014a). Illustrated is the 1st Jan 2008 to the 
1st Jan 2015 mean NH3 total column distribution, which were retrieved from IASI-A measured 
spectra with the IASI-LUT retrieval. Note that a procedure using the relative error on the 
column has been used to enhance the mean towards the columns with lower errors. These are 
usually observations of higher total columns. The inset in the figure shows the weighted 
relative error [%].  



 
Figure 1.4. The weighted mean NH3 total column distribution for 1st Jan 2008 – 1st Jan 2015. The mean 
was weighted towards the relative error on the individual observations to enhance observations with lower 
errors. The FTIR sites used throughout this thesis in the validation of IASI and CrIS are indicated by the 
red circles. The inset figure shows the relative error in [%]. 
 
 
Table 1.2. Summary of Satellite infrared sounders with available NH3 products 

Instrument 
/ Product 

Satellite Operation Spatial 
Footprint 

Overpass 
time 

Detection 
limit 

Reference 

TES-NH3 AURA 2004 - 5x8km (once 
per 16-days) 

13:30 ~1 ppbv (a) 

IASI-
LUT/NN 

Metop-A 
Metop-B 
Metop-C 

A: Oct 2007 - 
B: Mar 2013 - 
C: planned 

12 km x12 km 
(twice daily) 

9:30, 21:30 ~2.5 ppbv (b) 

CrIS-FPR Suomi-
NPP 

2012 -  14 km x 14 km 
(twice daily) 

13:30, 1:30 ~1 ppbv (c) 

AIRS-NH3 AQUA Sep 2002 - 13.5 km x 1 km 13:30 - (d) 

MIPAS-
NH3 

Envisat June 2002 – 
April 2012 

Limb - 3-5pptv 
(upper 
troposphere) 

(e) 

(a) Shephard et al., 2011 
(b) Van Damme et al., 2014a; Whitburn et al., 2016 
(c) Shephard and Cady-Pereira, 2015 
(d) Warner et al., 2016 
(e) Höpfner et al., 2016 
 

  



1.4.3 The Optimal Estimation Method 
In this section the terminology of Rodgers et al., 2000 will be followed to shortly explain the 
optimal estimation method. First we define a forward model 𝒇(𝒙) that relates the measured 
vector 𝒚 with the atmospheric state 𝒙, which in our case is the real atmospheric profile of NH3 
taking into account the measurement noise 𝝐. 

𝒚 = 𝒇(𝒙) + 𝝐       (1.5) 

Taking the derivate  to relate changes in 𝒚 as a function of changes in the vertical profile 𝒙, 

let us define the Jacobian 𝑲, 

𝛿𝒚 = 𝑲𝛿𝒙        (1.6) 

A direct inversion to find the retrieved profile 𝒙 (with 𝒙 indicating the retrieved estimate of the 
real profile 𝒙) while having knowledge of 𝒚 is generally not possible as the inversion is an ill-
posed problem. In Rodgers (2000) optimal estimation method the problem is constrained by 
an a-priori covariance matrix that describes an ensemble of probable atmospheric states and 
estimates the most probable solution to a measurement with noise covariance matrix 𝑺𝝐. As the 
Lambert Beer formula is non-linear a Gauss-Newton iteration is used to minimize the cost 
function 𝑱 (1.7) and find the solution for the (i+1) iteration to the problem (1.8), 

𝑱 = [𝒚 − 𝒇(𝒙)]𝑻𝑺𝝐
𝟏[𝒚 − 𝒇(𝒙)] + [𝒙 − 𝒙𝒂]𝑻𝑺𝒂

𝟏[𝒙 − 𝒙𝒂]  (1.7) 

𝒙𝒊 𝟏 = 𝒙𝒂 + 𝑺𝒂𝑲𝒊
𝑻 𝑲𝒊𝑺𝒂𝑲𝒊

𝑻 + 𝑺𝝐
𝟏

𝒚 − 𝒇(𝒙𝒊) + 𝑲𝒊(𝒙𝒊 − 𝒙𝒂)   (1.8) 

With 𝑺𝝐 the covariance matrix of the measurement noise,  𝑺𝒂 the covariance of the a-priori 
knowledge, which ideally reflects the natural variability, and 𝒙𝒂 the a-priori state. 

At this point the averaging kernel 𝑨 can be defined (Rodgers, 2000) which relates the real 
change 𝒙 − 𝒙𝒂 to the measured change 𝒙 − 𝒙𝒂 (1.9),  

𝑨 =
𝜹( 𝒙 𝒙𝒂)

𝜹( 𝒙 𝒙𝒂)
= 𝑲𝑻𝑺𝝐

𝟏𝑲 + 𝑺𝒂
𝟏 𝟏

𝑲𝑻𝑺𝝐
𝟏𝑲    (1.9) 

And thus, 

𝒙 − 𝒙𝒂 = 𝑨( 𝒙 − 𝒙𝒂) + 𝝐𝒙      (1.10) 

with 𝝐𝒙 the retrieval error, which can be split into a measurement error, a smoothing error and 
errors due to estimates for parameters in the forward model. The trace of the averaging kernel 
gives the information content gained by the measurement which can be expressed as degrees 
of freedom of the signal (DOF).  



1.4.4 Hyperspectral Range Index 
The hyperspectral range index was designed to split the signature of the constituent of interest 
in the measured spectral signal from other sources such as interfering species, clouds, and 
temperature. The method is well described in Walker et al. (2011) and here only a short 
summary will be given. The scheme relies on the use of a “one-step” iteration of the model 
used in the optimal estimation approach, to link a total column amount to the measured 
spectrum, which can be written as following, 

𝒚 = 𝒇(𝒙, 𝒑) + 𝝐𝒓𝒂𝒏 + 𝝐𝒔𝒚𝒔      (1.11) 

with 𝒙 the true state defined as, 

𝒙 = [𝒙𝒄𝒐𝒍, 𝑜𝑓𝑓𝑠𝑒𝑡]𝑻      (1.12) 

𝝐𝒓𝒂𝒏 the random measurement error due to instrument noise, and  𝝐𝒔𝒚𝒔 the error from 

uncertainties in the model parameters 𝒑.  The model parameters 𝒑 can be seen as the best 
estimates of the spectral contributions from interfering parameters such as the modelled or 
calculated temperatures, clouds etc. The forward model can be linearized around a basic 
reference state 𝒙𝒓𝒆𝒇 based on the assumption that the model is nearly linear around the 

atmospheric state described by u, 

𝒚 − 𝒇(𝒙, 𝒃) = 𝑲 𝒙 − 𝒙𝒓𝒆𝒇 + 𝝐𝒓𝒂𝒏 + 𝝐𝒔𝒚𝒔     (1.13) 

with 𝑲 the Jacobian described similarly as described in last section. In the case of the IASI-
LUT retrieval scheme (Van Damme, 2014a) 𝑲 is the difference between a spectrum simulated 
with a given (small) amount and a spectrum simulated without NH3. Following the step 
described in (1.8) the least squares solution can be written as, 

𝒙 = 𝒙𝒓𝒆𝒇 + 𝑲𝑻𝑺𝝐
𝒕𝒐𝒕 𝟏

𝑲
𝟏

𝑲𝑻𝑺𝝐
𝒕𝒐𝒕 𝟏

𝒚 − 𝒇 𝒙𝒓𝒆𝒇, 𝒖    (1.14) 

with 𝑺𝝐
𝒕𝒐𝒕 the covariance matrix of the systematic and random errors. The measurement 

contribution function 𝑮 is defined as;  

𝑮 = 𝑲𝑻𝑺𝝐
𝒕𝒐𝒕 𝟏

𝑲
𝟏

𝑲𝑻𝑺𝝐
𝒕𝒐𝒕 𝟏

     (1.15) 

The next step is estimating 𝑺𝝐
𝒕𝒐𝒕 using a large ensemble of measured spectra in which no 

spectral signature of NH3 is detected. In the case of the IASI-LUT retrieval scheme (Van 
Damme., 2014a) this is done using a subset of 640000 spectra measured on the 15th of August 
2010, in which no NH3 detected, using an iterative approach (Clarisse et al., 2013). 𝑺𝝐

𝒕𝒐𝒕 is then 
estimated by calculating the covariance of the set of spectra, 

𝑺𝝐
𝒕𝒐𝒕 ≈

𝟏

𝑵 𝟏
∑ 𝒚𝒋 − 𝒚 𝒚𝒋 − 𝒚

𝑻
= 𝑺𝒚

𝒐𝒃𝒔𝑵
𝑱 𝟏     (1.16) 



with 𝒚 the mean ensemble spectrum. Substituting 𝒚 for 𝒇 𝒙𝒓𝒆𝒇, 𝒖  gives, 

𝒙 − 𝒙𝒓𝒆𝒇 = 𝑮(𝒚 − 𝒚) = 𝑯𝑹𝑰     (1.17) 

The last step is the conversion from the HRI index to a total column while taking into account 
the influence of the atmospheric state. In the IASI-LUT approach this is done by building a 
Look-Up-Table (LUT) which links the HRI and thermal contrast (difference in temperature 
between 1.5 km and the surface) to the total column. The LUT is built by performing a large 
number of radiative transfer calculations. In the IASI-NN retrieval (Whitburn et al., 2016) the 
conversion is made through a neural network trained for a larger number of input parameters 
describing the state of the atmosphere, which is expected to be an improvement to the quality 
of the retrieved total columns. 

1.5 Measuring ammonia deposition 
For a complete estimate of the total NH3 budget one should measure the fluxes of NH3, i.e. 
both the emission and deposition fluxes. This section covers the most common techniques for 
measuring NH3 wet and dry deposition. Section 1.5.1 describes the wet deposition 
measurements and section 1.5.2 the techniques to measure dry deposition.  In principle one can 
use the techniques used for measuring dry deposition to measure the emission of NH3. A more 
detailed description of emission measurements using similar setups as used for dry deposition 
measurements can be found in the study by Sintermann et al. (2012). A more detailed 
description of the dry deposition measurements and the typical setups used can be found in the 
references mentioned throughout the paragraph. 

1.5.1 Wet deposition 
Wet deposition of NH3 is measured by collecting precipitation containing NH3 and NH4. 
Samplers are used to collect precipitation onto a collector. The collected sample is analysed in 
a lab where the total NHx concentration is determined. There are two main types of wet 
deposition instruments: instrument that are continuously opened (i.e. bulk samplers) and 
instruments that only open when precipitation occurs (i.e. wet-only). Bulk samplers are 
influenced by dry deposition on the funnel of the sampler. A correction can be applied to 
account for the influence of dry deposition which is well described by Gauger et al. (2008). 
The second type of wet deposition instruments, the so called wet-only instruments, removes 
the influence of dry deposition by adding a funnel that opens when there is precipitation 
(Ridder et al., 1984). These type of measurements have been used to study the inputs of 
ammonia wet deposition (e.g. Fowler et al 1989). Comparison studies show large uncertainty 
of ~30% in mainly bulk deposition measurement (Buijsman et al., 1988; Draaijers et al., 1998; 
Staelens et al., 2005). 

1.5.2 Dry deposition 
Dry deposition fluxes can be measured by either using the eddy covariance technique 
(Baldocchi et al., 1988) or the gradient technique (Erisman et al., 1988; Galle et al., 2000). The 
NH3 flux can be defined as, 



𝐹 = 𝑤�̅� + 𝑤′𝜒′       (1.18) 

With 𝑤 the mean vertical wind speed, �̅� the mean concentration and 𝜒′ 𝑎𝑛𝑑 𝑤′ the fluctuations 
in the NH3 concentration and the vertical wind speed. For the eddy covariance technique 

instruments with high temporal resolutions are needed (>10 Hz) to measure the 𝑤′𝜒′ term in 
(1.18), which up to recently were either not available or did not measure NH3 concentrations 
with the needed precision and accuracy.  

The aerodynamic gradient technique describes the mass flux of NH3 following Fick’s law for 
diffusion, 

𝐹 = −𝐾        (1.19) 

with 𝐾  the diffusivity of NH3. Inside the turbulent layer the vertical flux of heat, mass and 

momentum can be described similarly (Thom, 1975) from which follows 𝐾 ~𝐾 ~𝐾 .  

Using the Monin-Obukhov similarity theory (Monin-Obukhov, 1954) the flux can be written 

as a function of the correction function 𝜓 (𝜁) and the atmospheric stability parameter 𝜁 = , 

𝐹 = −𝜅𝑢∗
( ) ( )

( )

     (1.20) 

with L the Monin-Obukhov length, 𝜅 the von karman constant and 𝑢∗ the friction velocity and 
𝑑 the zero displacement height. The flux can be calculated by measuring the concentration 
simultaneously at various heights and the meteorological parameters and utilizing formula 
(1.20).  

An alternative way to estimate deposition is simulating the NH3 flux with an inferential model. 
A number of models have been developed all based on the describing the flux as a current, 
equal to the concentration difference (𝜟𝑪, the potential) divided by a resistance, thus making 
an analogy to an electrical circuit (Monteith and Unswort, 1990; Sutton et al., 1995). 

𝐹 =         (1.21) 

The complexity of the resistance model depends on the number of included layers and sinks 
and if the flux can be bi-directional (Wichink Kruit et al., 2010b). Each of the resistances 
describes a single sink and are either determined or parameterized. State of the art flux models 
can be used to describe exchanges with only a small uncertainties but usually need a large 
number of input parameters that are not always available (Zöll et al., 2016). 



1.6 Modelling atmospheric ammonia concentration and 
deposition 

Atmospheric chemical transport models (CTM) simulate the emission, transport, chemical 
conversion and deposition of atmospheric species. They are used as a tool to evaluate budgets 
and distributions of atmospheric constituents; and they are for example commonly applied in 
air quality studies for policy support (Amann et al., 2011). Depending on the type of model 
there are usually a large number of atmospheric species included due to the intricate chemical 
conversion schemes of some species. CTMs depend on a large number of input variables such 
as meteorology, emission inventories, and land-use maps to calculate the transport, deposition, 
and chemical transformation of the atmospheric species. For NH3 several models are available 
with most using similar modules for calculating the chemistry and deposition (LOTOS-
EUROS, EMEP, GEOS, CMAQ, WRF). The current state of the art models use bi-directional 
deposition schemes (e.g. Wichink Kruit et al., 2012) using the compensation point approach to 
calculate the bi-directional flux between the atmosphere and surfaces. Meteorology is either 
handled by pre-modelled variables (offline, e.g. ECMWF, GEOS) or during the calculation 
(online, e.g. WRF). Emissions are driven by emission inventories and spread temporally by 
applying static hourly, weekly, and monthly time profiles.  

The performance of a CTM is limited by the temporal and spatial resolution of the input 
parameters. Currently the main limitations for modelling atmospheric NH3 are the uncertainty 
in emission inventories, the misrepresentation of emission sources, the overall lack of process 
level descriptions of emissions in relation to meteorological conditions, and the intricacies in 
the bi-directional flux descriptions. Emission inventories are often based on national 
inventories on animal numbers and total use of manure and fertilizer, which are often only 
available on a coarse spatial scale. New improvements include the introduction of more process 
based emissions modelling and the introduction of time profiles adjusted by measured 
concentrations (Hendriks et al., 2016, Lonsdale et al., 2017). Other improvements focus on 
using the spatial distribution found through measurements to adjust the distribution of the 
emissions. The state-of-the-art bi-directional flux schemes which were mentioned in section 
1.6 usually require a large number of input variables which often are not available. Furthermore 
the dynamics behind the atmosphere-biosphere flux are computationally too expensive for 
large scale regional models without simplification, at a cost of precision. 

Recent studies demonstrated the use of satellite observed NH3 to improve the spatial variability 
as well as the current underestimation in emission inventories (Schiferl et al., 2014; Van 
Damme et al., 2014b). As hourly measurements are rare in most regions CTMs are often 
validated using monthly measurements which are somewhat more available. As most processes 
vary with hourly timescales there is still a large uncertainty in hourly and daily concentrations. 
Furthermore most measurements are ground-based and with only a few airborne observations 
available the vertical distribution remains largely unvalidated (Li et al., 2016; Nowak et al., 
2007, 2010). Measurements of the vertical distribution of NH3 concentrations in the 
atmosphere are rare with only a handful number of campaigns (Whitburn et al., 2016, for an 
overview) and tower measurements (Erisman et al., 1988; Li et al., 2016) available. The reason 
is the high cost of airborne measurements in combination with the need of instruments with 



high sampling rates. Satellite remote sensing of NH3 can potentially be (and is) used to validate 
CTMs with a focus on the spatial distribution. The satellite observations measure the full 
column between the surface and the satellite and thus offer a better representation of the total 
vertical budget than surface measurements. A few studies have used the TES and IASI-NH3 
products for model evaluations but without a more complete validation of the products these 
evaluations are of limited value.  

1.7 Research aims and outline 
Even though NH3 is of high importance to both human health and ecosystems, a large 
uncertainty remains in the total atmospheric budget and distribution of the NH3 concentration 
and deposition at various scales, which follow directly from a lack of observations. Satellite 
observations of NH3 play an important role to improve our knowledge on these distributions 
and decrease the uncertainty in the emission and deposition estimates. A critical property in 
the use of the observations are good estimates of the uncertainty and errors in the NH3 satellite 
observations. These estimates are currently unavailable due to a lack of validation.  

This PhD research was funded by the Netherlands Organisation for Scientific Research (NWO) 
under project number GO/12-36. The original aim of the project was to investigate the use of 
the remote sensed IASI-NH3 column data for measuring NH3 and for improving our 
understanding of the atmospheric NH3 budget and its effects on the environment, human health 
and climate. The project had four pre-defined goals designed as steps to fulfil the original aim.  

- Perform an extended evaluation of the IASI product using global in-situ data. 
- Perform a novel validation experiment using DOAS and LIDAR measurement 

capabilities. 
- Investigate the European NH3 budget using a chemistry transport model. 
- Provide new deposition distributions over Europe as input for carbon sequestration 

studies. 

The research conducted builds on prior work on this topic by Van Damme et al. (2014a; 2014b; 
2015a; 2015b). Van Damme et al. (2015a) performed an initial evaluation of the IASI product 
using in-situ data from various sites around the world. The study showed the overall 
consistency of the observations but also showed the importance of representative vertical 
distributions of NH3, both for the retrieval of NH3 from satellite spectra and for comparisons 
of satellite observed NH3 against ground based in-situ NH3 measurements. Furthermore, it 
showed that the overall comparison suffers from time and space representativeness issues in 
comparing satellite observations to surface concentration measurements. Besides the initial 
validation steps some work was also done on using the satellite observations in comparison to 
modelled concentrations. Van Damme et al (2014b) compared the IASI satellite observations 
with the LOTOS-EUROS model. They showed overall consistency between model and 
observations but illustrated the poorly represented temporal variability of the emissions in the 
model. Following the results and recommendations of Van Damme et al. (2014b; 2015a), the 
aim of the project was redefined to gain more insight in the overall quality of the NH3 satellite 
products before using the observations in applications.  



The central goal of this thesis is thus the validation of remote sensed NH3 distributions with 
specific attention to the vertical distribution of NH3. In this thesis I will use novel approaches 
to gain a better understanding on the vertical distribution of NH3 and give an improved estimate 
of the uncertainty and errors in NH3 satellite observations.  

Research questions 

To achieve these aims novel experimental techniques were applied to measure NH3 in the 
atmosphere. A three-stage approach was used that aimed to validate a range of satellite 
products. The first stage comprised the development of a novel retrieval scheme for FTIR 
instruments to perform the validation at sites around the globe. The second stage was a 
dedicated campaign performed at Cabauw in the Netherlands to evaluate variations in the 
vertical distribution of NH3 and satellite retrievals in an area with intensive agriculture. The 
third stage focussed on the interpretation of the measured data, including uncertainty estimates, 
and on the validation of satellite observations using these data. The following research 
questions were defined as a guideline throughout this thesis. A short introduction is given with 
each of the research questions to explain the context. 

A way of validating satellite observed NH3 is using a second remote sensing instrument 
measuring the same air mass. The Network for the Detection of Atmospheric Composition 
Change (NDACC) has several measurement sites with FTIR instruments which can be used to 
fulfill this role. Solar spectra measured with FTIR at various locations can be used to retrieve 
atmospheric loads of atmospheric species that absorb in the infrared. At the start of this PhD, 
several studies had showed the use of the FTIR for measuring NH3 in biomass burning plumes  
(Paton-Walsh, 2005) but such retrieval had not yet been applied on a network wide scale 
leading to the question; 

How can one retrieve vertical profiles of ammonia from FTIR spectra and what are the 
uncertainties of ammonia concentrations derived from the FTIR measurements? 

NH3 satellite products have a lot of potential to be used for various activities from monitoring, 
to model validation, to emission estimates. One major issue, however, is the lack of validation 
and it was stressed in multiple recent publications that there should be an increased effort in 
validating NH3 satellite products for instruments such as IASI and CrIS. Using the FTIR 
retrieved concentrations we added the following question; 

What is the overall quality of the recently developed IASI-LUT and CrIS-FRP products? 

The ultimate goal of the thesis is linking the satellite derived concentrations and total columns 
to surface concentrations measured with instruments used in measurement networks and fields 
campaigns. An important uncertainty is related to the information about the vertical profile of 
NH3, especially in the lower troposphere, i.e. the mixing layer, where most of the NH3 in the 
atmosphere is located. Several instruments were deployed during a measurements campaign at 
Cabauw to analyse; 



Can tower measurements be used to provide enough information of the ammonia vertical 
profiles? 

Using the tower measurements a best estimate can be given on the overall shape of the vertical 
profile which can then be applied to compare the tower measurements with collocated FTIR 
and satellite observations. The profiles can also be used to compare concentrations measured 
from ground-based networks and field campaigns with satellite-derived NH3. I use both the 
tower measurements and observations from the Dutch LML network (Landelijk Meetnet 
Luchtkwaliteit) to answer; 

How do tower measurements of ammonia compare to FTIR and satellite observed ammonia 
profiles and total columns and to what extent does this improve the interpretation on 
satellite-derived ammonia? 

 Finally in order to synthesise the research findings the central question will be answered; 

Are we able to validate ammonia satellite observations, what is the uncertainty in the IASI-
LUT and CrIS-FPR products and what is needed as follow-up research? 

These five research questions will be discussed in the following chapters. In Chapter 2, the 
methodology for retrieving NH3 total columns and profiles from the ground-based FTIRs is 
described. We continue with the assessment of the uncertainties and errors of this method. The 
retrieval is then applied to the solar spectra measurements from FTIR sites around the world, 
covering a large range of NH3 concentration regimes. In Chapter 3, the FTIR observations from 
a larger set of measurements sites are used to evaluate the IASI-LUT product. The total 
columns of both retrievals are compared and an assessment is made of the uncertainties and 
errors in the IASI-LUT product. Chapter 4 covers the validation of the CrIS-NH3 Fast Physical 
Retrieval by the FTIR observations. The chapter gives an improved assessment of the 
uncertainties in the measurements of the vertical distributions of NH3 by the CrIS and FTIR 
instruments. Chapter 5 covers the observations made during the MARS measurement 
campaign. This chapter describes the tower measurements made during the campaign and gives 
an analysis of the NH3 concentrations at the Cabauw measurement site. Chapter 6 covers the 
comparison of the MARS tower and Dutch LML network NH3 measurements with the FTIR, 
IASI and CrIS remotes sensing product. Chapter 7, the final chapter, gives a synthesis of the 
results, an outlook and recommendations for future research. 

 


