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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 
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(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 
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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). 
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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 
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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 



Chapter 1   -   Introduction 

7 
 

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 
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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 
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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 
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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 



Chapter 1   -   Introduction 

11 
 

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 [%].  
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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 
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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).  
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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) 
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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, 
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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). 
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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 
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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.  
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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; 
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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. 
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2. Retrieval of ammonia from ground-based FTIR solar 
spectra 

 

Abstract. We present a retrieval method for ammonia (NH3) total columns from ground-based 
Fourier Transform InfraRed (FTIR) observations. Observations from Bremen (53.10N, 8.85E), 
Lauder (45.04S, 169.68E), Reunion (20.9S, 55.50E) and Jungfraujoch (46.55N, 7.98E) were 
used to illustrate the capabilities of the method. NH3 mean total columns ranging three orders 
of magnitude were obtained with higher values at Bremen (mean of 13.47 x 1015 molecules 
cm-2) to the lower values at Jungfraujoch (mean of 0.18 x 1015 molecules cm-2). In conditions 
with high surface concentrations of ammonia, as in Bremen, it is possible to retrieve 
information on the vertical gradient as two layers can be discriminated. The retrieval there is 
most sensitive to ammonia in the planetary boundary layer, where the trace gas concentration 
is highest. For conditions with low concentrations only the total column can be retrieved. 
Combining the systematic and random errors we have a mean total error of 26% for all spectra 
measured at Bremen (Number of spectra (N) =554), 30% for all spectra from Lauder (N=2412), 
25% for spectra from Reunion (N=1262) and 34% for spectra measured at Jungfraujoch 
(N=2702). The error is dominated by the systematic uncertainties in the spectroscopy 
parameters. Station specific seasonal cycles were found to be consistent with known seasonal 
cycles of the dominant ammonia sources in the station surroundings. The developed retrieval 
methodology from FTIR-instruments provides a new way to obtain highly time-resolved 
measurements of ammonia burdens. FTIR-NH3 observations will be useful for understanding 
the dynamics of ammonia concentrations in the atmosphere and for satellite and model 
validation. It will also provide additional information to constrain the global ammonia budget. 
 

 

 

 

 

 

 

 

 

Published as: Dammers, E., Vigouroux, C., Palm, M., Mahieu, E., Warneke, T., Smale, D., 
Langerock, B., Franco, B., Van Damme, M., Schaap, M., Notholt, J., and Erisman, J. W.: 
Retrieval of ammonia from ground-based FTIR solar spectra, Atmospheric Chemistry and 
Physics, 15, 12789-12803, doi:10.5194/acp-15-12789-2015, 2015. 
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2.1 Introduction 
Nitrogen emissions in the form of ammonia (NH3), which largely derive from agriculture, have 
been associated with acidification and eutrophication of soils and surface waters (Krupa, 2003; 
Vitousek et al., 1997), which may reduce biodiversity in vulnerable ecosystems (Bobbink et 
al., 1998, 2010). Ammonia also reacts with nitric acid and sulphuric acid to form ammonium 
salts, which account for a large fraction of particulate matter concentrations (Schaap et al., 
2004). Particulate matter is a major contributor to smog and is related to negative health 
impacts (Pope et al., 2009). Moreover ammonium salts play an important role in the radiance 
balance of the Earth, thus having an impact on climate change (Charlson et al., 1991, Erisman 
et al., 2007). It was shown that reduced nitrogen also plays a role in the fixation of carbon 
dioxide (CO2) (Reay et al., 2008). Human activities have increased the global emissions of 
reactive nitrogen (Nr) to the atmosphere (Holland et al., 1999). Current global Nr emissions 
have been estimated to be almost four times larger compared to pre-industrial levels (Fowler 
et al., 2013) with NH3 emissions amounting to 49.3Tg in 2008 (EDGAR-Emission Database 
for Global Atmospheric Research, 2011). Consequently this has led to large increases in 
atmospheric nitrogen deposition (Rodhe et al., 2002; Dentener et al., 2006).  Biomass burning 
was found to account for 11% of the global emission budget of NH3 (Bouwman et al., 1997). 
While the agricultural emissions dominate in the Northern Hemisphere, biomass burning is one 
of the main sources of the NH3 concentrations in the Southern Hemisphere. 

Despite its central role in many environmental threats, little is known about the ammonia 
budget and its distribution across the globe. Uncertainties in global and regional emission rates 
are large with errors of more than 50% (Erisman et al., 2007; Sutton et al., 2013). Ammonia 
concentrations have a large variability in time and space, a short lifetime in the order of hours, 
and the lack of globally distributed observations hamper our understanding. Surface 
observations are available, but these are not homogenously distributed over the globe with 
most observation sites located in the Northern Hemisphere. Most sites provide data with a poor 
temporal resolution (e.g. many observation networks use passive samplers with a sampling 
time of 2 or 4 weeks (Thijsse et al., 1998; Puchalski et al., 2011)) whereas emission and 
deposition dynamics affect concentrations on the scale of hours to days. Systems with higher 
sampling frequency such as the AMANDA, MARGA and (denuder) filter packs are available, 
but the number of measurement networks using these instruments is limited as they are often 
costly to operate (Erisman et al., 2001; Thomas et al., 2009; Mount et al., 2002; Hansen et al., 
2003). Moreover, measuring NH3 is challenging and existing in-situ measurement techniques 
are often prone to sampling artefacts (von Bobrutzki et al., 2010). Recent advances in open 
path remote sensing techniques, like (mini-) DOAS systems and open path Quantum Cascaded 
Laser instruments show large potential to overcome part of these sampling issues (Volten et 
al., 2012; Miller et al.,2014), but are still in the development stage and not widely applied yet. 
Another aspect is the lack of vertical information, as most instruments only measure surface 
concentrations (Erisman et al., 1998, 2007; Van Damme et al. 2015a). Some recent airborne 
measurements have been made (Nowak et al., 2007, 2010; Leen et al., 2013), but only during 
dedicated campaigns with limited temporal and spatial coverage. In short, it is very difficult to 
obtain detailed knowledge on the global ammonia budget using currently available field 
observations.   
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Remote sensing products from atmospheric satellite sounders such as the Infrared Atmospheric 
Sounding Interferometer (IASI), the Tropospheric Emission Spectrometer (TES) and the 
Cross-track Infrared Sounder (CrIS) (Van Damme et al., 2014a; Shephard et al., 2011; 
Shephard and Cady-Pereira, 2015) have become available and show good promise to improve 
NH3 concentration monitoring (Van Damme et al. 2014b; Luo et al., 2015; Whitburn et al. 
2015). However, these data sets are constrained by the overpass time of the satellite and the 
atmospheric conditions (cloud coverage, thermal contrast, etc.). Moreover, the uncertainties 
associated to the data are relatively large, which calls for a detailed evaluation of the data. A 
recent study (Van Damme et al., 2015a) showed a number of challenges related to the 
validation. First, reliable hourly in-situ data is sparse. Second, when not using optimal 
estimation satellite product as is the case for the IASI-NH3 retrieval, one has to assume a 
vertical profile to link surface concentrations to a column value. Third, the ground-based 
observations are often influenced by local sources, whereas satellite observations have a 
footprint of the order of tens on kilometres. A recent study by Shephard et al (2015) shows the 
potential of an instrument that can be used for profile comparisons. In the study instruments 
on an aircraft were used measure a vertical profile of NH3 which were used as a validation tool 
for the NH3-profile observations of TES. Hence, a measurement methodology that would 
provide columnar and vertical profiles of ammonia concentrations at a high temporal resolution 
would be highly beneficial for evaluating the merits of the novel satellite products. Fourier 
Transform infrared spectrometry (FTIR) provides this methodology. Atmospheric sounders 
have a long history for validation of satellite products. FTIR observations are already 
commonly used for the validation of satellite products of among others, carbon monoxide 
(CO), methane (CH4) and nitrous oxide (N2O) (Wood et al., 2002; Griesfeller et al., 2006; Dils 
et al., 2006; Kerzenmacher et al., 2012). 

FTIR spectrometry is a well-established remote sensing technique for the observation of 
atmospheric trace gases (Rao and Weber, 1992). FTIR has so far been used to estimate 
ammonia emissions from fires (Yokelson et al., 1997, 2007, Paton-Walsh et al., 2005)), but 
only on a campaign basis, not long-term monitoring. There are several monitoring stations with 
FTIR instruments operated on a regular basis, providing long-term time series for a suite of 
key tropospheric and stratospheric species, including Carbon Dioxide (CO2), Carbon 
Monoxide (CO) and Ozone (O3). So far nobody has systematically analysed the FTIR 
measurements for NH3. We have developed a NH3 retrieval strategy for four Network for 
detection of Atmospheric Composition Change (NDACC) FTIR stations, spanning very 
different concentration conditions (polluted and remote sites), in order to obtain time-series of 
NH3 total columns and show its value for describing temporal variations.  

First we present the measurement sites and the retrieval strategy in section 2.2. We describe 
the characteristics of the retrieval in section 2.3.1.1 and the uncertainty budget in section 
2.3.1.2. Section 2.3.2 constitutes of an interpretation of the results in combination with a 
comparison with existing datasets of CO total columns and temperature to distinguish between 
emission sources. We summarize the results in section 2.2.4. 
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2.2 Measurement sites and retrieval strategy 

2.2.1 Sites description 
Ground-based FTIR instruments measure the solar absorption spectra under cloud-free 
conditions by using a Fourier Transform Spectrometer in combination with a solar tracker. 
These spectra can be analysed by using a line by line model (Pougatchev et al., 1995; Hase et 
al., 2004, 2006), which models the spectroscopic absorption lines by using known parameters 
from a spectroscopic database (e.g. HITRAN, Rothman et al., 2013) in combination with the 
radiative state of the atmosphere, and an optimal estimation inversion scheme (Rodgers, 2000). 
Information on vertical concentration profiles can be retrieved using the pressure broadening 
of the absorption lines. For the NDACC network the spectral region measured is the near- to 
mid-infrared domain (740 to 4250 cm-1, i.e. 13.5 to 2.4 µm) with a HgCdTe or InSb cooled 
detector (Zander et al., 2008) and a suite of optical filters are used to optimize the signal-to-
noise ratio in the complementary spectral regions. Instruments in the network are routinely 
checked and characterized using laboratory measurements of HBr lines and the linefit software 
(Hase et al., 1999) to assess the instrument line shape, alignment and measurement noise levels. 
Four NDACC stations are used in our study, two in each hemisphere:  

- The site of Bremen (53.10N, 8.85E) is especially suitable to measure variations in 
ammonia concentrations as the surrounding state, Lower Saxony is a region with intensive 
agricultural activities with high and temporal variable emissions (Dämmgen et al., 2005). 
In short, the ammonia total columns (molecules cm-2) at Bremen are expected to reach 
high values compared to background stations. The Universität Bremen operates a Bruker 
125HR spectrometer and a solar tracker by Bruker GmbH, directly on the university 
campus.  

- The Jungfraujoch station (46.55N, 7.98E) is a high altitude station (3580 m.a.s.l.) located 
in Switzerland (Zander et al., 2008). There are no large emissions sources surrounding the 
station itself as it is mostly located in the free troposphere. At Jungfraujoch, a Bruker 
120HR instrument is in operation since the early 1990s. For the current study, specific for 
the Jungfraujoch site, we used a subset of spectra recorded during the 2004-2013 time 
period with apparent solar zenith angles (SZA) between 70 and 85˚ to increase the 
capability to retrieve the very low ammonia concentrations.  

- The Lauder (45.04S, 169.68E) National Institute of Water and Atmospheric Research 
(NIWA) atmospheric research station in Central Otago, New Zealand at an altitude of 370 
(m.a.s.l.). Long-term operations started in 1991 with a Bruker 120M (Griffith et al., 2003). 
This instrument was replaced with a Bruker 120HR in October 2001. Ammonia emissions 
in the surrounding valley are mostly due to livestock grazing on the pastures and a by-
product of seasonal fertilizer application. In recent years there has been an increase in 
cattle grazing and crop cultivation (EDGAR-Emission Database for Global Atmospheric 
Research, 2011).  

- Reunion Island (20.9S, 55.50E) is located in the Indian Ocean to the east of Madagascar. 
The station is located at the University campus of St.-Denis on the north side of the island. 
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Agricultural activities are mostly related to sugar cane production. The island is prone to 
some local biomass burning and wild fire events, which are known to emit ammonia. It is 
also close to Madagascar (~700 km), a region with frequent and intense biomass burning 
events, and it has been found using backward trajectory that the emissions in Madagascar 
can be transported to Reunion Island within one day (Vigouroux et al., 2009). The 
measurements used in this study are performed with a Bruker 120M spectrometer. Details 
on the measurements can be found in Senten et al. (2008) and Vigouroux et al. (2012). 

These stations are expected to provide significant differences in variability and levels of 
ammonia, making them suitable to demonstrate the strength of our retrieval scheme for 
application across the whole network. A summary of the station descriptions is given in Table 
2.1. CO columns were obtained from the NDACC database to be used for comparison in 
section 2.3. 

Table 2.1. FTIR stations used in the analysis. The location, longitude, latitude and altitude are given for 
each station as well as the instrument used for the measurements. Some station specifics are given in the 
last column.  

Station Location Longitude Latitude Altitude 
(m.a.s.l.) 

Instrument Station specifics 

Bremen Germany 8.85E 53.10N 27 Bruker 125 HR City, fertilizers, 
livestock 

Lauder New Zealand 169.68E 45.04S 370 Bruker 120 HR Fertilizers, 
livestock 

Reunion Indian Ocean 55.5E 20.90S 85 Bruker 120 M Fertilizers, fires 

Jungfraujoch Switzerland 7.98E 46.55N 3580 Bruker 120 HR High altitude, no 
large sources 

 

2.2.2 NH3 Retrieval Strategy 
The ammonia absorption lines from its υ2 vibrational band can be observed in the 700-1350 
cm-1 wavenumber range, which are also used in the retrieval of satellite products of ammonia 
(e.g. Clarisse et al., 2009, Van Damme et al., 2014a). In this spectral range the FTIR spectra 
can be measured using a potassium bromide (KBr) beam-splitter in combination with a 
mercury cadmium telluride (MCT) nitrogen cooled detector (Zander et al., 2008). The retrieval 
scheme of trace gas concentrations from FTIR spectra is built on the use of a set of spectral 
micro windows containing absorption lines of the targeted species, with minimum interference 
by other atmospheric species or solar lines. Two slightly different set of spectral micro-
windows were used at the four stations, but they both use the same main NH3 absorption lines. 
The target and interfering species are summarized in Table 2.2, with the profile retrieved 
species indicated in bold. To properly estimate ammonia, interfering species like O3 and water 
vapour (H2O) that overlap NH3 lines in the υ2 vibrational band have to be accounted for. Two 
micro windows were chosen that contain as little interfering species as possible. In both sets, 
the first micro window (MW1) covers the NH3 absorption line at 930.75 cm-1. At 
Bremen/Lauder, the choice was to use only isolated NH3 absorption features to avoid possible 
problems due to line mixing, therefore the spectral window MW1 is only 1 cm-1 wide [930.32-
931.32, MW1]. Figure 2.1 shows an example of a synthetic spectrum calculated to fit an 
observation that was measured with the 125HR in Bremen on the 19th of April 2010 at 09:59 
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(UTC) (Solar Zenith Angle of 45 degrees). The NH3 concentrations on this day were slightly 
higher than average resulting in slightly stronger NH3 absorption features in the spectra. The 
top two figures show the absorption contributions of the absorbing species in both micro 
windows. The bottom two panels show an enlarged version of the figure to distinguish the 
interfering species with smaller absorption features. At Reunion Island/Jungfraujoch, MW1 
was extended [929.4-931.4, MW1] to cover another NH3 line at 929.9 cm-1. This improved the 
retrieval for Reunion Island because at this location the NH3 concentration levels are much 
lower than at Bremen and the water vapour concentrations are much higher. In this high 
humidity condition, the 930.75 cm-1 line is not isolated from H2O, and it improved the retrieval 
to add the more isolated one at 929.9 cm-1 (see Figure 2.2). The main interfering species in 
MW1 are CO2, N2O, and H2O. Minor interfering species are SF6 and CFC-12. The second 
window is spanning the NH3 line at 967.35 cm-1. Again, different widths are used for 
Bremen/Lauder [966.97-967.68, MW2] and Reunion Island/Jungfraujoch [962.7-970, MW2]. 
The very weak absorption signatures at Reunion Island and Jungfraujoch are close to the noise 
level and therefore the whole NH3 absorption shape is retrieved (about 964-968 cm-1, see 
Figure 2.2) rather than a single line. The main interfering species in MW2 are O3, CO2 and 
H2O for all sites. At Reunion Island HDO is also interfering in MW2 as well as the isotopologue 
686 O3 (i.e. 16O-18O-16O), which has been fitted in addition to the main 666 O3. At Jungfraujoch 
apart from CO2, two O3 isotopologues (the most abundant and 686 O3) and water vapour which 
are the main interferences, N2O, CFC-12, SF6 and HDO absorptions are also retrieved.  Typical 
NH3 absorptions are weak, on the order of a few tenths of a percent. The typical measurement 
noise (signal-to-noise ratio) differs per spectra and site but ranges between ~250 at Lauder to 
~450 at Bremen. Channelling was not an issue in any of the spectra and did not need to be 
fitted. 

Table 2.2. Micro windows used in the NH3 retrieval at the four stations. 
Stations Micro 

window 
Spectral range 
(cm-1) 

Interfering species  
(Profile retrieved species in bold) 

Signal-to-noise ratio 
 (SNR) 

Bremen and 
Lauder 

MW1 930.32-931.32 NH3, H2O, O3, CO2, N2O, HNO3, 
SF6, CFC-12, solar lines 

Bremen – Real SNR mean 
value of 450 

MW2 966.97-967.68 NH3, H2O, O3, CO2, N2O, HNO3, 
solar lines 

Lauder  –  Real SNR mean 
value of 250 

Reunion  
 

MW1 929.4-931.4 NH3, H2O, O3, CO2, N2O, HNO3, 
SF6, CFC-12 

Reunion – Real SNR mean 
value of 365 

MW2 962.1-970.0 NH3, H2O, O3, CO2, N2O, HNO3, 
HDO, 686 O3, solar lines 

 

Jungfraujoch MW1 929.4-931.4 NH3, H2O, O3, CO2, N2O, HNO3, 
SF6, CFC-12 

 

MW2 962.1-970.0 NH3, H2O, O3, CO2, N2O, HDO, 686 
O3, solar lines 

Jungfraujoch – Fixed at 
250 
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Figure 2.1. Calculated spectrum [transmission] for both spectral windows measured with the 125HR in 

Bremen on the 19th of April 2010 at 09:59 (UTC) corresponding to a total column of 18.83 x 1015 

molecules cm-2. The top two panels show the individual contributions of the different species in the first 
(MW1) and second (MW2) spectral windows. The second row show the same calculated spectra but now 
with the y-axis scaled to show the minor interfering species. 

 
Except at Jungfraujoch where SFIT2 is used, the retrieval is performed using the more recent 
SFIT4.0.9.4 algorithm (Pougatchev et al., 1995, Hase et al., 2004, 2006). Both versions use a 
form of the optimal estimation method (Rodgers et al., 2000) to retrieve the volume mixing 
ratios and total columns of NH3 and makes use of a-priori information (profile and covariance 
matrix). For Bremen, Lauder and Jungfraujoch the used NH3 a-priori volume mixing ratios are 
based on balloon observations (Toon et al. 1999, NH3 available in dataset but not reported). 
The shape of the balloon measurements profile was kept constant but extended and scaled to 
expected surface concentrations. The a-priori surface volume mixing ratio is estimated to be 
10 ppb for Bremen (Dämmgen et al., 2005). Although the shape of NH3 profiles do change 
through time, the largest share of NH3 is expected to be in the mixing layer, which is 
represented by the lowest layers in the calculation (Van Damme et al 2015a, Nowak et al., 
2010). At Reunion Island, the a priori profile was taken from the MOZART model (Louisa 
Emmons, private communication). The a-priori profile peaks at a higher altitude (4-5 km) 
instead of the boundary layer as in Bremen, as NH3 is expected to originate mainly from 
transport of biomass burning emissions at this location. At all stations, the a-priori profiles of 



Chapter 2   -   Retrieval of ammonia from ground-based FTIR solar spectra 

28 
 

the interfering species were taken from the Whole Atmosphere Community Climate Model 
(Chang et al., 2008). 

At Bremen and Lauder, the a priori covariance matrices only have diagonal values 
corresponding to standard deviations of 100% for all layers with no interlayer correlation, 
chosen in relation to the large range of possible concentrations and variations between layers. 
At Jungfraujoch and Reunion Island, we did not use the a priori covariance matrix as in optimal 
estimation but the Tikhonov type L1 regularization (e.g. Sussmann et al., 2009) was adopted 
for the Jungfraujoch retrievals. After several tests, values of 50 and 250 were adopted for the 
alpha parameter and the signal to noise for inversion, respectively. A Tikhonov regularization 
with an alpha parameter value of 50 was also adopted for the Reunion retrievals. The signal to 
noise ratio is calculated for each spectra, the mean value being 365. 

 
Figure 2.2. Example of a synthetic atmospheric spectrum [transmission] for both spectral windows at 
Reunion Island, computed for the 5th June 2011 and a total column of 1.07 x 1015 molecules cm-2. The top 
panel shows the individual contributions of the main species in the first spectral window. The bottom panel 
shows the second spectral window.  
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Daily temperature and pressure profiles for the meteorological variables were taken from 
NCEP (National Center for Environment Prediction). For the radiative transfer calculations the 
profiles were split into about 50 levels, depending slightly on the station, from ground up to 80 
kilometres (100 kilometres in the case of Jungfraujoch and Reunion Island). The layers have a 
typical thickness of 500 meters in the troposphere up to 2 km for the higher layers. For the line 
spectroscopy we use the HITRAN 2012 database (Rothman et al., 2013) in combination with 
a number of corrections for CO2 (ATMOS, Brown et al.,1996) (except for Jungfraujoch for 
which the HITRAN lines are used) and sets of pseudo lines generated by G.C. Toon (NASA-
JPL) to account for broad unresolved absorptions by heavy molecules (e.g. CFC-12, SF6). 

 
Figure 2.3. Measured and calculated spectrum [transmission] for both spectral windows measured with 
the 125HR in Bremen on the 19th of April 2010 at 09:59 (UTC) corresponding to a total column of 18.83 
x 1015 molecules NH3 cm-2. The top two panels show the observed (blue line) and calculated (green line) 
spectra for MW1 (left) and MW2 (right). The bottom two figures show the residuals of the fits in both 
spectral windows. 

 
Figure 2.3 shows an example of the fit in both micro windows for the same measured spectra 
as used in Figure 2.1. The top two and bottom two panels show the calculated (Green line) and 
measured spectrum (Blue line) and the residual of both micro windows. The simultaneous fits 
are good with a standard deviation of 0.15% in both cases. 
 

2.3 Results of the FTIR retrievals 

2.3.1 Characteristics of the NH3 retrievals 

2.3.1.1 Vertical Information 

The retrieved vertical information differs from station to station. The top of Figure 2.4 shows 
for the 4 stations the average NH3 volume mixing ratios (VMR) for each of the retrieved layers 
(blue line) and the a priori profile that was used as input in the retrieval (green line). The bottom 
of Figure 2.4 shows the averaging kernels for each of the 4 stations averaged over all available 
observations. As mentioned earlier most of the NH3 at Bremen is in the lowest layers. In Figure 
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2.4 this is also observed as the averaging kernel shows the most sensitivity in the lowest layers 
(red and green lines for the layers 0.03-0.5km and 0.5-1km). The combination of the two 
spectral micro windows on average contain 1.9 degree of freedom for signal (DOFS) for the 
Bremen spectra, which means around two independent vertical layers can be retrieved. The 
two separate layers consist of a layer covering ground-1km and one that covers 1 km - 6 km 
height, which can be observed in Figure 2.4. It must be taken into account however that the 
shown averaging kernels are a mean for all observations and thus the retrievable number of 
layers and combined layer depths vary from spectra to spectra. On average, the Lauder spectra 
have a DOFS of 1.4. There is only vertical information for multiple layers during periods with 
increased NH3 total columns, which mostly occur during summer. Similar to Bremen averaging 
kernels peak near the surface. At Reunion Island only 1.0 DOFS is achieved, with almost no 
vertical information available. All the averaging kernels are peaking at the same altitude (about 
5km), which is also the peak of the a priori profile (Figure 2.4). Similar to the Reunion spectra 
the Jungfraujoch spectra do not have vertical information with a DOF of 1.0.  

 
Figure 2.4. Top panels: the retrieved NH3 profile (blue) and the a-priori profile (green) in order from left 
to right: Bremen (Left), Lauder (Left middle), Reunion island (right middle) and Jungfraujoch (right). 
Horizontal lines indicate the standard deviation in all observations for each layer. Bottom panels: the 
normalized averaging kernel for each of the stations. 

 

2.3.2 Uncertainties Budget 
For the error analysis the posteriori error calculation included in the SFIT4 package is used. 
The error calculation is based on the error estimation approach by Rodgers (2000). It allows 
the calculation of the error by attributing errors to each of the parameters used in the retrieval. 
The error budget can be divided into three contributions, the error due to the forward model 
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parameters, the measurement noise and the error due to the vertical resolution of the retrieval 
(smoothing error). The assumed uncertainties for the used parameters in the retrieval are listed 
in Table 2.3 for the parameters used in the calculation for Bremen, Lauder and Reunion. For 
Jungfraujoch, the error computation was performed using the perturbation method, the spectra 
of 2009 to 2011 and the Rodger formalism as explained e.g. in Franco et al., 2015. For Reunion 
Island, the covariance matrix used for the smoothing error has diagonal elements representing 
150% of variability from the a priori profile. To reflect the error in the NCEP temperature 
profiles we assume an uncertainty of about 2 K in the troposphere and a 5 K uncertainty in the 
stratosphere. For the uncertainty in the NH3 line parameters we assume values as stated in the 
HITRAN 2012 database. We assume a conservative 20% uncertainty for the intensity and 10% 
for both the temperature and pressure broadening coefficients.  

The results of the error calculation are listed in in Table 2.4. Combining the systematic and 
random errors we have a mean total error of 25.8 % for all the spectra measured at Bremen 
(N=554), 30.2 % for the spectra from Lauder (N=2412), 25.2 % for the Reunion spectra 
(N=1262) and 34.2 for the Jungfraujoch spectra (N=2702).  The errors are dominated by 
uncertainties in the spectroscopy. In detail, the random error sources amount to a mean error 
of 9.1 % for the Bremen spectra, which is mostly due to uncertainty in temperature, 
measurement noise and the zero level of the sensor (i.e. an instrument property). In the case of 
the systematic error, with a mean error of 23.5 %, the error is for the largest part due to the 
spectroscopy (i.e. line parameters) with smaller contributions of the temperature, zero level, 
phase and the smoothing error. The results are similar for the Lauder, Reunion and 
Jungfraujoch spectra with most of the uncertainty coming from the line parameters. Hence, 
line intensity parameters of the ammonia absorption lines are critical for the NH3 
concentrations.  

Table 2.3. Random and Systematic uncertainties used in the error calculation. ((a) HITRAN 2012) 
Version 
(Stations) 

SFIT 4  
(Bremen, Lauder, Reunion) 

Version  
(Stations) 

SFIT 2  
(Jungfraujoch) 

Parameter 
Random 
uncertainty 

Systematic 
uncertainty 

Parameter 
Random 
uncertainty 

Systematic 
uncertainty 

Temperature 
2 K tropos.  
5 K stratos. 

2 K Tropos.  
5 K stratos. 

Temperature 
1.5 K 0-20km  
2.0 K 20-30km 
5.0 K 30km - 

  

Solar line shift 0.005 cm-1 0.005 cm-1 Line intensity   20.0% 

Solar line strength 0.1 % 0.1  % Line T broadening   10.0% 

Solar zenith angle 0.01 Degrees 0.01 Degrees Line P broadening   10.0% 

Phase 0.001 Rad 0.001 Rad Interfering species   
HITRAN2012: 
varies 

Zero level 0.01 0.01 Instrumental Line  
Shape (ILS) 

  10% 

Background curvature   0.001 cm-2 Influence a priori Calculated   

Field of view   0.001 Solar Zenith Angle  0.2 degrees   

Line intensity   20.0%       
Line T broadening   10.0%       
Line P broadening   10.0%      

Interfering species Variesa         
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2.3.3 Time series 
Figure 2.5 shows the NH3 total columns retrieved from all available spectra from 2004-2013. 
Table 2.5 gives a summary of statistics of the retrieved NH3 columns. Individual measurements 
at Bremen (blue) show high concentrations, especially in spring with an overall mean column 
total of 13.7 x 1015 molecules NH3 cm-2 and a root mean square (RMS) of 20.22 indicating a 
large variability in the observations. The amplitude of the spring peaks vary throughout the 
years, with maxima in 2010 and 2013 reaching ~93 x 1015 and 85 x 1015 molecules NH3 cm-2. 
The variability through the years is caused by changes in meteorology, emissions and timing 
of the measurements. Gaps in the data are due to days with overcast and instrument downtimes. 
The individual observed columns are sorted into monthly averages to analyse the seasonal 
variability and to understand the processes driving the NH3 concentrations. This is shown in 
Figure 2.6 together with monthly averages of surface temperature and CO total columns. NH3 
column total concentrations at Bremen (Blue line) have a seasonal cycle with highest levels 
during spring, the summer months and autumn. The maximum concentrations occur around 
April which is consistent with temporal emission patterns for manure application reported for 
this region (Friedrich and Reis, 2004; Martin et al., 2015; Paulot et al., 2014). The baseline 
variability with higher concentrations in summer can be explained by an increase in 
volatilization rates of NH3, emitted from livestock housing, which is driven by animal activity 
and temperature (Gyldenkaerne et al., 2005). A comparison with CO is made to distinguish 
between agricultural and fire emissions sources. A correlation between NH3 and CO columns 
is not observed, which is consistent with agriculture as the dominant source of ammonia. 
 
Table 2.5. Statistics of the NH3 columns. (Nr: number of data points, DOFS: Degree of Freedom for Signal, 
Mean ± the error of the mean, RMS: Root Mean Square). Total columns are given in 1 x 1015 molecules 
NH3 cm-2.  

Station Nr Mean DOFS Mean 
 [molecules x 1015] 

Median  
[molecules x 1015] 

RMS  
[molecules x 1015] 

Bremen 554 1.9 13.75 ± 4.24  9.51 20.22 
Lauder 2412 1.4 4.17 ± 1.40 2.85 5.95 
Reunion 1262 1.0 0.80 ± 0.54  0.56 1.14 
Jungfraujoch 2702 1.0 0.18 ± 0.07 0.15 0.22 

 
On average the measurements at Lauder (Figure 2.5, red line, top panel) yield a column total 
of 4.17 x 1015 molecules NH3 cm-2. These levels are about 1/3rd of the concentrations measured 
at Bremen (blue, top panel). Spectra from Lauder are available for most days in the retrieved 
time series, which makes it easier to discern peaks and variability. Distinctive peaks are only 
visible in the summers. Maxima during spring times are not often observed. The peak values 
are similar in between years, with maxima typically around 30 x 1015 molecules NH3 cm-2. The 
RMS of 5.95 reflects a large variability in the observations between individual retrievals. The 
average error is 1.34 x 1015 molecules NH3 cm-2, which is around a quarter of the mean.  Figure 
2.6 shows the seasonal cycle of Lauder (red line, top left panel). The seasonal variation of NH3 
coincides with that of the atmospheric temperature (red line, bottom right panel) and with the 
livestock emissions in the surrounding region, which are strongly correlated with temperature. 
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The third panel of Figure 2.5 shows the observations from Reunion (green symbols, bottom 
panel). The mean column total observed at Reunion is 0.80 x 1015 molecules NH3 cm-2. The 
concentrations are low during most of the year. However, peaks reaching densities of ~6 x 1015 
molecules NH3 cm-2 can be observed during the end of each year. The peaks in September-
November coincide with the dry season indicating that emissions are mostly due to biomass 
burning and large fire events (Vigouroux et al., 2012). This is supported by the increased CO 
concentrations, which are also observed in October and November (see, bottom left panel, 
Figure 2.6). NH3 surface concentration measurements are not available for this region but a 
recent paper by Van Damme et al. (2015b), which uses IASI-NH3 observations, shows similar 
seasonal cycles for the south eastern parts of Africa (Madagascar). Temperature is almost 
constant throughout the year and not a major factor in the seasonality of Reunion. 

 

Figure 2.6. 2004-2013 monthly averaged columns for NH3, CO and temperature. The top two panels show 
the monthly NH3 column concentrations (molecules NH3 cm-2) for each of the four stations. Vertical lines 
indicate the mean monthly error. The bottom two panels show additional column concentrations of CO 
(bottom, left) and temperature (bottom, right).  

 
Observations from Jungfraujoch have the lowest mean concentration of all four stations (Figure 
2.5, orange line), with a mean of 0.18 x 1015 molecules NH3 cm-2. The low concentrations at 
Jungfraujoch are expected, as the station is located in the free troposphere high above the 
surrounding valleys. Transport of NH3 from the valleys only occurs sporadically during days 
with intense vertical mixing. This was also observed in an earlier study of CO concentrations 
(Barret et al., 2003).  The Jungfraujoch observations show almost no seasonal effects with only 
a minimal increase during the summer months. The low concentrations measured at 
Jungfraujoch support our assumption on the vertical distribution of the ammonia 
concentrations with low values in the troposphere that were used in our a-priori. 
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2.4 Conclusions and perspectives 
In this study we presented a new strategy to retrieve ammonia total columns from ground-
based FTIR solar spectra. Observations from four complementary stations were used to 
illustrate the capabilities of the retrieval method. NH3 total columns ranging three orders of 
magnitude were obtained with high abundances at Bremen (mean of 13.7 x 1015  molecules 
cm-2, with a mean DOFS 1.9) to low columns at Jungfraujoch (mean of 0.18 x 1015  molecules 
cm-2, with a mean DOFS 1.0). The very low levels obtained at the Jungfraujoch demonstrate 
the sensitivity of the retrieval method we developed. A separate error calculation shows 
random errors in the order of 10% and systematic errors of 25% for individual observations. 
The errors are dominated by uncertainties in spectroscopy, atmospheric temperature and 
deviations in instrumental parameters. For conditions with high surface concentrations of 
ammonia, as in Bremen, it is possible to retrieve information on the vertical gradient as two 
layers can be discriminated. At Bremen, the retrieval there is most sensitive to ammonia in the 
planetary boundary layer, where most of the ammonia is expected. For conditions with lower 
concentrations there is not enough information to discriminate individual layers. Station 
specific seasonal cycles were found to be consistent with known seasonal cycles of the 
dominant ammonia sources in the station surroundings. For example, highest levels in Bremen 
were observed during spring time when manure is applied to the fields with column total 
concentrations reaching up to 93 x 1015 molecules cm-2.  

Remote sensing techniques avoid sampling artefacts common to other techniques such as filter 
packs (Puchalski et al., 2011; von Bobrutzki et al., 2010). For in-situ observations open path 
remote sensing techniques, e.g. DOAS and QCL instruments, are starting to be used (Volten et 
al., 2010, Miller et al., 2014). The FTIR-NH3 observations would be an excellent addition to 
these approaches as it provides the NH3 total column and profiles, including vertical 
information for sites sampling high ammonia levels. With a mean error of ~25% for all 
observations in high ammonia source areas the accuracy of the FTIR retrievals is comparable 
to that reported for satellite products (TES, IASI, CrIS). Compared to the in-situ open path 
remote sensing methods the FTIR method has a higher uncertainty, but this is a trade-off for 
the ability to retrieve vertical information. To improve the accuracy of the FTIR-NH3 retrieval 
a reassessment of the spectral line parameters is necessary.  

Observations from existing networks commonly represent daily or even monthly averaged 
concentration values, which severely complicates any attempt to validate satellite observations. 
The novel FTIR-NH3 observations enable a direct validation of satellite products. As the FTIR-
NH3 product provides averaging kernels a direct comparison can be made with optimal 
estimation satellite retrievals while taking account of the a-priori information and vertical 
sensitivity of both instruments (Rogers and Connor, 2003). A dedicated field campaign was 
executed at the Cabauw Experimental Site for Atmospheric Remote Sensing (CESAR) in the 
Netherlands (spring and summer 2014) to validate the IASI-NH3 using a range of instruments 
including mini-DOAS instruments and a Bruker IFS-66 instrument (Dammers et al., 2017c, in 
prep). 
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The uncertainty in the emission distributions hampers the performance and prediction 
capabilities of air quality and climate models (Heald et al., 2012). Emissions are usually based 
on nationally reported yearly emission inventories (Pouliot et al., 2012) and gridded by 
distributing the emissions following animal numbers and agricultural land use (Bouwman et 
al., 2002, Keunen et al., 2011). To improve on static emission time profiles, a new direction is 
to include the impact of meteorological variability of ammonia emissions in modelling systems 
(Sutton et al., 2013). Recently, such an improvement was shown to greatly enhance the 
performance of air quality models (Skjoth et al., 2011). Satellite observations in combination 
with chemical transport models (CTM) have been used to provide a top-down constraint on 
ammonia emissions (e.g. Zhu et al., 2013). Similar to satellite observations, FTIR total columns 
in combination with surface and satellite observations could provide the means to evaluate the 
emission modelling through comparing trends and concentration anomalies within and 
between years. For this purpose continuous time series are necessary. Due to the lack of 
continuous data (i.e. more than one observation per hour) we could not derive a typical diurnal 
cycle in this study, whereas this would be highly useful for model evaluation. Improved 
knowledge on the diurnal cycles may also greatly help to interpret model evaluation results 
against satellite data as they provide snapshots, e.g. daily IASI’s observations at 9:30 local 
time. Also, the model-measurement comparison would be less sensitive to modelling errors in 
the turbulent vertical exchange as the ammonia is integrated over vertical.  

The developed retrieval methodology from FTIR-instruments provides a new way to obtain 
vertically and temporally resolved measurements on ammonia concentrations. FTIR-NH3 
observations may prove very valuable for satellite and model validation and may provide a 
complementary source of information to constrain the global ammonia budget. 
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3. An evaluation of IASI-NH3 with ground-based Fourier 
transform infrared spectroscopy measurements 

 

Abstract. Global distributions of atmospheric ammonia (NH3) measured with satellite 
instruments such as the Infrared Atmospheric Sounding Interferometer (IASI) contain valuable 
information on NH3 concentrations and variability in regions not yet covered by ground based 
instruments. Due to their large spatial coverage and (bi-) daily overpasses, the satellite 
observations have the potential to increase our knowledge of the distribution of NH3 emissions, 
and associated seasonal cycles. However the observations remain poorly validated, with only 
a handful of available studies often using only surface measurements without any vertical 
information. In this study, we present the first validation of the IASI-NH3 product using 
ground-based Fourier Transform InfraRed (FTIR) observations. Using a recently developed 
consistent retrieval strategy, NH3 concentration profiles have been retrieved using observations 
from nine Network for the Detection of Atmospheric Composition Change (NDACC) stations 
around the world between 2008- 2015. We demonstrate the importance of strict spatio-
temporal collocation criteria for the comparison. Large differences in the regression results are 
observed for changing intervals of spatial criteria, mostly due to terrain characteristics and the 
short lifetime of NH3 in the atmosphere. The seasonal variations of both datasets are consistent 
for most sites. Correlations are found to be high at sites in areas with considerable NH3 levels, 
whereas correlations are lower at sites with low atmospheric NH3 levels close to the detection 
limit of the IASI instrument. A combination of the observations from all sites (Nobs = 547) give 
a MRD of -32.4 ± (56.3) %, a correlation r of 0.8 with a slope of 0.73. These results give an 
improved estimate of the IASI-NH3 product performance compared to the previous upper 
bound estimates (-50% - +100%). 
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3.1 Introduction 
Humankind has increased the global emissions of reactive nitrogen to an unprecedented level 
(Holland et al., 1999; Rockström et al., 2009). The current global emissions of reactive nitrogen 
are estimated to be a factor four larger than pre-industrial levels (Fowler et al., 2013). 
Consequently atmospheric deposition of reactive nitrogen to ecosystems has substantially 
increased as well (Rodhe et al., 2002; Dentener et al., 2006). Ammonia (NH3) emissions play 
a major role in this deposition with a total emission of 49.3Tg in 2008 (Emission Database for 
Global Atmospheric Research (EDGAR), 2011). Although NH3 emissions are predominantly 
from agriculture in the Northern Hemisphere, wildfires also play a role, with biomass burning 
contributing up to 8% of the global emission budget (Sutton et al., 2013). NH3 has been shown 
to be a major factor in the acidification and eutrophication of soil and water bodies, which 
threatens biodiversity in vulnerable ecosystems (Bobbink et al., 2010; Erisman et al., 2008, 
2011). Through reactions with sulphuric and nitric acid, NH3 also contributes to the formation 
of particulate matter which is associated with adverse health effects (Pope et al., 2009). 
Particulate ammonium salts contribute largely to aerosol loads over continental regions 
(Schaap et al., 2004). Through its role in aerosol formation, NH3 also has an impact on global 
climate change as hygroscopic ammonium salts are of importance for the aerosol climate effect 
and thus the global radiance budget (Adams et al., 2001). Furthermore increased NH3 
concentrations in the soil also enhance the emission of nitrous oxide (N2O) which is an 
important greenhouse gas and an ozone-depleting substance (Ravishankara et al., 2009). 
Finally nitrogen availability is a key factor for the fixation of carbon dioxide (CO2) and thus it 
is an important factor in climate change. 

Despite the fact that NH3 at its current levels is a major threat to the environment and human 
health, relatively little is known about its total budget and global distribution (Sutton et al., 
2013; Erisman et al., 2007). Surface observations are sparse and mainly available for north-
western Europe, the United States and China (Van Damme et al., 2015a). At the available sites, 
in situ measurements are mostly performed with relatively poor temporal resolution due to the 
high costs of performing reliable NH3 measurements with high temporal resolution. These 
measurements of NH3 are also hampered by sampling artefacts caused by the reactivity of NH3 
and the evaporation of ammonium nitrate (Slanina et al., 2001; von Bobrutzki et al., 2010; 
Puchalski et al., 2011). As the lifetime of atmospheric NH3 is rather short, on the order of hours 
to a few days, due to efficient deposition and fast conversion to particulate matter, the existing 
surface measurements are not sufficient to estimate global emissions without inducing large 
errors. The lack of vertical profile information further hampers the quantification of the budget, 
with only a few reported airborne measurements (Nowak et al., 2007, 2010, Leen et al., 2013, 
Whitburn et al., 2015).  

Advanced IR-sounders such as the Infrared Atmospheric Sounding Interferometer (IASI), the 
Tropospheric Emission Spectrometer (TES), and the Cross-track Infrared Sounder (CrIS) 
enable retrievals of atmospheric NH3 (Beer et al., 2008; Coheur et al., 2009; Clarisse et al., 
2009; Shephard et al., 2011, Shephard and Cady-Pereira, 2015). The availability of satellite 
retrievals provide a means to consistently monitor global NH3 distributions. Global 
distributions derived from IASI and TES observations have shown high NH3 levels in regions 



Chapter 3   -   An evaluation of IASI-NH3 with ground-based Fourier transform infrared 
spectroscopy measurements 

40 
 

not covered by ground-based data. In this way, more insight was gained into known and 
unknown NH3 sources worldwide including biomass burning, industry and agricultural areas. 
Hence, satellite observations have the potential to improve our knowledge of the distribution 
of global emissions and their seasonal variation due to their large spatial coverage and (bi-) 
daily observations (Zhu et al., 2013; Van Damme et al., 2014b, 2015b; Whitburn et al., 2015; 
Luo et al., 2015). However, the satellite observations remain poorly validated with only a few 
dedicated campaigns performed with limited spatial, vertical or temporal coverage (Van 
Damme et al., 2015a; Shephard et al., 2015, Sun et al., 2015). 

Only a few studies have explored the quality of the IASI-NH3 product. A first evaluation of 
the IASI observations was made over Europe using the LOTOS-EUROS model and has shown 
the respective consistency of the measurements and simulations (Van Damme et al., 2014b). 
A first comparison using ground-based and airborne measurements to validate the IASI-NH3 
data set were made in Van Damme et al. (2015a). They confirmed consistency between the 
IASI-NH3 data set and the available ground-based observations and showed promising results 
for validation by using independent airborne data from the CalNex campaign. Nevertheless, 
that study was limited by the availability of independent measurements and suffered from 
representativeness issues for the satellite observations when comparing to surface 
concentration measurements. One of the key conclusions was the need for vertical profiles (e.g. 
ground-based remote sensing products or upper-air in situ measurements to compare similar 
quantities). Recently, Dammers et al. (2015) developed a retrieval methodology for Fourier 
Transform Infrared Spectroscopy (FTIR) instruments to obtain remotely sensed measurements 
of NH3 and demonstrated the retrieval characteristics for four sites located in agricultural and 
remote areas. Here we explore the use of NH3 total columns obtained with ground based FTIR 
at nine stations with a range of NH3 pollution levels to validate the IASI-NH3 satellite product 
by Van Damme (2014a). 

First, we concisely describe the ground based FTIR retrieval and IASI-NH3 product datasets 
in Sections 3.2.1 and 3.2.2. Next we describe the methodology of the comparison in Section 
3.2.3 followed by the presentation of the results in Section 3.3, which are then summarized and 
discussed in Section 3.4. 
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3.2 Description of the satellite and FTIR data sets and 

validation methodology 

3.2.1 IASI-NH3 product 
The first global NH3 distribution was obtained by a conventional retrieval method applied to 
IASI spectra (Clarisse et al., 2009), followed by an in depth case study, using a more 
sophisticated algorithm, of the sounder’s capabilities depending on the thermal contrast 
(defined in Van Damme et al. (2014a) as the temperature differences between the Earth surface 
and the atmosphere at 1.5 km altitude, Clarisse et al., 2010). In this study we use the NH3 
product developed by Van Damme et al. (2014a). Their product is based on the calculation of 
a dimensionless spectral index (Hyperspectral Range Index: HRI), which is a quantity 
representative of the amount of NH3 in the total atmospheric column. This HRI is then 
converted into NH3 total columns using look-up-tables based on numerous forward simulations 
for various atmospheric conditions. These look-up-tables relate the HRI and the thermal 
contrast to a total column of NH3 (Van Damme et al., 2014a). The product includes an error 
characterization of the retrieved column based on errors in the thermal contrast and HRI. 
Important advantages of this method over the method by Clarisse (2009) is the relatively small 
computational cost, the improved detection limit and the ability to identify smaller emission 
sources and transport patterns above the sea. One of the limitations of this method is the use of 
only two NH3 vertical profiles: a “source profile” for land cases and a “transported profile” for 
sea cases (Illustrated in Van Damme et al., 2014a, Figure 3). Another limitation of the product 
is that it does not allow the calculation of an averaging kernel to account for the vertical 
sensitivity of the instrument sounding to different layers in the atmosphere. In this paper we 
will use NH3 total columns retrieved from the IASI-A instrument (aboard of the MetOp-A 
platform) morning overpass (AM) observations (i.e. 09:30 local time at the equator during 
overpass) which have a circular footprint of 12 km diameter at nadir and an ellipsoid shaped 
footprint of up to 20 km x 39 km at the outermost angles. We will use observations from 
January 1st 2008 to December 31st 2014. Figure 3.1 shows the mean IASI-NH3 total column 
distribution (all observations gridded to a 0.1° x 0.1° grid) using observations above land for 
the years 2008-2014. The mean columns are obtained through a weighting with the relative 
error (see Van Damme et al., 2014a). The bottom left inset shows the corresponding relative 
error. 
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Figure 3.1. Mean IASI-NH3 total column distribution for the period between January 2008 and January 
2015. The total columns are a weighted average of the individual observations weighted with the relative 
error. Red circles indicate the positions of the FTIR stations. 

 

3.2.2 FTIR-NH3 retrieval 
The FTIR-NH3 retrieval methodology used here is described in detail in Dammers et al. (2015) 
and a summary is given here. The retrieval is based on the use of two spectral micro-windows, 
which contain strong individual NH3 absorption lines. The two spectral windows [930.32-
931.32 cm-1, MW1] and [962.70-970.00 cm-1, MW2] or the wider version for regions with very 
low concentrations [929.40-931.40 cm-1, MW1 Wide] and [962.10-970.00 cm-1, MW2 Wide] 
are fitted using SFIT4 (Pougatchev et al., 1995; Hase et al., 2004, 2006) or a similar retrieval 
algorithm (Hase et al, 1999) based on the optimal estimation method (Rodgers et al., 2000) to 
retrieve the volume mixing ratios (in ppbv) and total columns of NH3 (in molecules cm-2). 
Major interfering species in these windows include H2O, CO2 and O3. Minor interfering species 
are N2O, HNO3, CFC-12 and SF6. For the line spectroscopy, the HITRAN 2012 (Rothman et 
al., 2013) database is used with a few adjustments for CO2 (ATMOS, Brown et al., 1996), and 
sets of pseudo-lines generated by NASA-JPL (G.C. Toon) are used for the broad absorptions 
by heavy molecules (i.e. CFC-12, SF6). The a-priori profiles of NH3 are based on balloon 
measurements (Toon et al., 1999) and scaled to fit common surface concentrations at each of 
the sites. An exception is made for the a-priori profile at Reunion Island where a modelled 
profile from the MOZART model is used (Louisa Emmons, personal communication, 2014). 
There, the profile peaks at a height of 4-5 km, as NH3 are expected to be due to transport of 
biomass burning emissions on the island and Madagascar. For all stations, the a-priori profiles 
for interfering species are taken from the Whole Atmosphere Community Climate Model 
(WACCM, Chang et al., 2008). Errors in the retrieval are typically ~30% (Dammers et al., 
2015), which are mostly due to uncertainties in the spectroscopy in the line intensities of NH3 
and the temperature and pressure broadening coefficients (HITRAN 2012).  
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Figure 3.2. FTIR retrieved NH3 Total Columns (in molecules cm-2). Note, the labels on the vertical axis 
vary for each site.  
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An effort has been made to gather observations from most of the station part of the Network 
for the Detection of Atmospheric Composition Change (NDACC) which have obtained 
relevant solar spectra between 1st of Jan 2008 and 31st of Dec 2014. We excluded stations 
which have only retrieved or are believed to have, NH3 total columns smaller than 5 x 1015  
(molecules cm-2) during the study interval (i.e. Arctic and Antarctic and other stations with 
concentrations below the expected limits of the IASI-NH3 product, at best ~5 x 1015 for 
observations with high thermal contrast). Figure 3.1 shows the positions of the FTIR stations 
used in this study. The retrieved NH3 total columns (molecules cm-2) for each of the stations 
are shown in Figure 3.2.  
 
The number of available observations per station varies as does the range in total columns with 
high values of ~100x1015 (molecules cm-2) observed at Bremen and low values of about 1x1015 
(molecules cm-2) at St Denis Reunion. The following provides a short description of each of 
the sites used in this study and retrieved NH3 columns (molecules cm-2). Additionally, a short 
summary can be found in Table 3.1: 
The Bremen site operated on the university campus by the University of Bremen in the 
northern part of the city (Velazco et al., 2007). Bremen is located in the northwest of Germany, 
which is characterized by intensive agriculture. It is most suitable for comparisons with IASI 
given the very high observed concentrations (Figure 3.2, blue) and flat geography surrounding 
the station. NH3 sources near the measurement station include manure application to fields, 
livestock housing and exhaust emissions of local traffic. The retrieved NH3 total columns peak 
in spring due to manure application and show an increase in summer due to increased 
volatilization of NH3 from livestock housing and fields when temperatures increase during 
summer.  
The Toronto site (Wiacek et al., 2007) is located on the campus of the University of Toronto, 
Canada. The city is next to Lake Ontario with few sources to the south. NH3 sources are mainly 
due to agriculture as well as local traffic in the city. Occasionally, NH3 in smoke plumes from 
major boreal fires to the north and west of the city can be observed (Lutsch et al., 2016). The 
retrieved columns (Figure 3.2, green) show increased values during summers as well as peaks 
in spring.  
The Boulder observation site is located at the NCAR Foothills Lab in Boulder, Colorado, 
United States of America, about 60 km northwest of the large metropolitan Denver area. It is 
located at 1.6 km a.s.l. on the generally dry Colorado Plateau. Directly to the west are the 
foothills of the Rocky Mountain range and to the east are rural grasslands, farming and 
ranching facilities. Among them are large cattle feed lots to the northeast near Greeley 
approximately 90 km distant. The area is subject to occasional seasonal local forest fires and 
also occasionally sees plumes from fires as distant as Washington or California. The retrieved 
columns (Figure 3.2, grey) show the largest increase during summers. 
The Tsukuba site (Ohyama et al., 2009) is located at the National Institute for Environmental 
Studies (NIES), in Japan. The region is a mixture of residential and rural zones with mountains 
to the north. NH3 sources near the measurement site include manure and fertilizer applications 
and exhaust emissions of local traffic in the surrounding city with a large part originating from 
the from the Tokyo metropolitan area. The retrieved columns (Figure 3.2, red) show a general 
increase during the summers due to increased volatilization rates. 
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The Pasadena site lies on the Northern edge of the Los Angeles conurbation in the United 
States of America, at the foot of the San Gabriel mountains which rise steeply to the north to 
over 1.5 km altitude within 5 km distance. Local sources of NH3 include traffic, livestock, and 
occasional fires. FTIR observations typically take place around local noon to avoid solar 
obstruction by nearby buildings and morning stratus cloud that is common May-July. The 
highest retrieved columns (Figure 3.2, cyan) are observed during the summers. 
The Mexico City site is located on the campus of the National Autonomous University of 
Mexico (UNAM) at 2280 m a.s.l., south of the metropolitan area. Surface NH3 concentrations 
were measured by active open-path FTIR during 2003 with typical values between 10 - 40 ppb 
(Moya et al. 2004). The megacity is host to more than 22 million inhabitants, over 5 million 
motor vehicles and a wide variety of industrial activities. Low ventilation during night and 
morning causes an effective accumulation of the NH3 and other pollutants in Mexico City, 
which is located in a flat basin surrounded by mountains. The concentration and vertical 
distribution of pollutants are dominated by the large emissions and the dynamics of the 
boundary layer which is on average 1.5 km height during the IASI morning overpass (Stremme 
et al., 2009, 2013). The retrieved columns (Figure 3.2, orange) show an increase during the 
summers as well as a large daily variation. 
The measurement site on the university campus of St.-Denis (Senten et al., 2008) is located on 
the remote Reunion Island in the Indian Ocean. Observed NH3 columns (Figure 3.2, purple) 
are usually low due to the lack of major sources nearby the site but increases are observed 
during the fire season (Sept.-Nov.) with possible fire plumes originating from Madagascar, as 
already observed in another study involving short-lived species (Vigouroux et al., 2009). Local 
NH3 emissions include fertilizer applied for sugar cane production and local biomass burning.  
The Wollongong site is located on the campus of the University of Wollongong. The city of 
Wollongong is on the south east coast of Australia with the University only about 2.5 km from 
the ocean. The measurement site is also influenced by a 400m escarpment 1 km to the West, 
and the city of Sydney 60 km to the north.  NH3 sources come mainly from city traffic, as well 
as seasonal forest fires that can produce locally high amounts of smoke and subsequent NH3 
emissions (Paton-Walsh et al., 2005). The retrieved columns (Figure 3.2, brown) peak during 
the summer season due to the higher temperatures and seasonal forest fires. 
The Lauder (Morgenstern et al., 2012) National Institute of Water and Atmospheric Research 
(NIWA) station in Central Otago, New Zealand, is located in a hilly region with NH3 emissions 
in the valley surrounding the station mostly due to livestock grazing and fertilizer application. 
The observed columns (Figure 3.2, black) show a general increase during summers due to 
increased volatilization rates.  
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3.2.3 FTIR and satellite comparison methodology 

3.2.3.1 Co-location & data criteria 

NH3 is highly variable in time and space which complicates the comparison between the IASI 
and FTIR observations. Therefore collocation criteria were developed to investigate and 
mitigate the effect of the spatial and temporal differences between the FTIR and IASI 
observations on their correlation. So far, there is no model to describe the representativeness 
of a site for the region so a simple criterion was initially derived by analyzing the terrain around 
each site and comparing the correlation of the IASI and FTIR observations for multiple time 
and spatial differences to find the best correlation. To illustrate the differences between the 
representativeness of the sites we take the stations at Bremen, Lauder and Wollongong as 
examples. Around Bremen the terrain is flat with high reported NH3 emissions (Kuenen et al., 
2014) in the region surrounding the city. In contrast, Lauder is located in a hilly region with 
low NH3 emissions mostly due to local livestock grazing and fertilizer application in the 
surrounding valleys (EDGAR, 2011). Owing to the flat terrain, the region around Bremen 
should, in principle, have more homogeneous concentrations than Lauder. A more extreme 
case for geographical inhomogeneity is Wollongong. Wollongong is located at the coast near 
a 400m escarpment without major nearby NH3 sources. Hence increasing distances between 
the satellite measurement pixel center and the station may negatively impact the comparison 
due to the short lifetime of NH3, and the limitation on transport of NH3 to the site by the terrain 
(i.e. representativeness problems). Because no uniform criterion was found that would enable 
a good comparison for all stations, multiple criteria with a maximum difference of between 10 
km and 50 km will be used to analyze the optimal setting for each of the sites. Vertical sampling 
differences are not taken into consideration in this study however the IASI selection criterion 
on the thermal contrast is conservative and only those measurements for which IASI has a good 
sensitivity to surface concentrations are selected. 
 
Topography 
Any hill or mountain range located between the satellite pixel and the FTIR station may inhibit 
transport and decrease their comparability. To account for the topography we only used 
observations that have at maximum an altitude difference of 300 m (in) between the location 
of the FTIR and the IASI pixel position. The 300 m criterion was chosen based on tests using 
the FTIR and satellite observations from Lauder. For the calculation of the height differences 
we used the Space Shuttle Radar Topography Mission Global product at 3 arc second 
resolution (SRTMGL3, Farr et al., 2007).  
 
Temporal variation 
NH3 concentrations can vary considerably during the day, with lifetimes as short as a few hours 
not being uncommon (Dentener and Crutzen, 1994; Bleeker et al., 2009). The variability of the 
concentrations mainly arises from the variability in emission strengths as influenced by 
agricultural practices, meteorological, and atmospheric conditions such as temperature, 
precipitation, wind speed and direction, the development of the boundary layer (which is 
important as the IASI satellite observations take place around 9.30 local time and thus the 
boundary layer has not always been fully established), pollution level, and deposition rates. To 
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minimize the effects of this variability on the comparability of the IASI and FTIR observations, 
satellite observations with a time difference to FTIR observation of no more than 90 minutes 
were used.  
 
Product error 
The error of the IASI-NH3 columns derives from errors on the HRI and the thermal contrast 
(Van Damme et al., 2014a). Applying relative error filters of 50, 75 and 100% showed that 
mostly lower concentrations are removed from the comparison. Consequently, introducing any 
criteria based on the associated (relative) error will bias any comparison with FTIR columns 
towards the higher IASI total columns. Therefore, we decided not to filter based on the relative 
error as it skews the range of NH3 column totals. 
 
Meteorological factors 
The lowest detectable total column of the retrieval depends on the thermal contrast of the 
atmosphere (Van Damme et al., 2014a). For example, the retrieval has a minimum detectable 
NH3 column of around 5x1015 molecules cm-2 at a thermal contrast of about 12 Kelvin (K) for 
columns using the “transported” profile. A thermal contrast of 12 K is chosen as the threshold 
to ensure the quality of the IASI observations, which represents a lapse rate of around 8K/km 
altitude, near standard atmospheric conditions. We excluded data for Tskin temperatures below 
275.15 K to introduce a basic filter for snow cover and conditions with frozen soils.  The Tskin 
temperatures are obtained from the IASI L2 temperature profiles which have an uncertainty of 
~2 K at the surface (August et al., 2012). Finally, only IASI observations with a cloud cover 
below 10% are used. 
 
The complete list of selection criteria is summarized in Table 3.2. 
 
Quality of the FTIR observations 
No filters were applied to maximize the number of observations usable in the comparison. The 
resolution and detection limit of the FTIR instruments is usually better than that of the IASI 
instrument, leading to retrieved columns with, in principle, less uncertainty. Overall the FTIR 
retrievals show an error of ~30% or less with the largest errors due to the spectroscopic 
parameters (Dammers et al., 2015). While artefacts are possible in the data we did not 
investigate for specific artefacts and possible impacts. 
  
Table 3.2. Applied data filters to the IASI-NH3 product.  

Filter Filter Criteria 
Elevation |FTIRstation – IASI_Observation| < 300 m 
Thermal Contrast Thermal contrast >12 K 
Surface Temperature T > 275.15 K 

IASI-NH3 retrieval Error None 
Cloud cover fraction <10% 
Spatial sampling difference 50 km 10 km, Δx=5 km 

Temporal sampling difference <90 minutes 
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3.2.3.2 Application of averaging kernels 

When performing a direct comparison between two remote sensing retrievals, one should take 
into account the vertical sensitivity and the influence of a-priori profiles of both methods. One 
method to remove the influence of the a-priori profile and the vertical sensitivity is the 
application of the averaging kernels of both retrievals to the retrieved profiles of both products. 
The IASI-NH3 HRI-based product scheme however, does not produce averaging kernels thus 
it is not possible to account for the vertical sensitivity of the satellite retrieval. The effect of the 
lack of the satellite averaging kernel is hard to predict, so the satellite vertical sensitivity is 
only taken into account through the selection criterion on the thermal contrast. Nonetheless 
following the method described in Rodgers and Connor (2003), the FTIR averaging kernel 𝑨 
is applied to the IASI profile 𝒙𝒔𝒂𝒕 to account for the effects of the a-priori information and 
vertical sensitivity of the FTIR retrieval (the assumed profiles, called “land” and “sea” are 
described in Van Damme et al., 2014a). The IASI profiles are not fully retrieved profiles but 
fixed shape profiles used as an assumption in the IASI retrieval, see Van Damme et al., 2015a. 
These fixed profiles are used for scaling purposes to be able to account for the FTIR averaging 
kernel. A total column averaging kernel could be used instead, but in principle is similar to the 
procedure described here. The IASI profile is first mapped to the altitude grid of the FTIR 

profile by using interpolation, forming 𝒙𝒔𝒂𝒕
𝒎𝒂𝒑𝒑𝒆𝒅. Applying Eq. (3.1), the smoothed IASI profile 

𝒙𝒔𝒂𝒕 is calculated indicating what the FTIR would retrieve when observing the satellite profile, 
which is then used to compute a total column. This profile can then be compared with the FTIR 
profile. 

𝒙𝒔𝒂𝒕 = 𝒙𝒇𝒕𝒊𝒓
𝒂𝒑𝒓𝒊𝒐𝒓𝒊

+ 𝑨(𝒙𝒔𝒂𝒕
𝒎𝒂𝒑𝒑𝒆𝒅

− 𝒙𝒇𝒕𝒊𝒓
𝒂𝒑𝒓𝒊𝒐𝒓𝒊

)    (3.1) 

After the application of the averaging kernel, for each FTIR observation, all satellite 
observations meeting the coincident criteria are averaged into a single mean total column value 
to be compared with the FTIR value. If multiple FTIR observations match a single satellite 
overpass, taking into account the maximum time difference, the FTIR observations are also 
averaged into a single mean total column value.  
 

3.3 Results 

3.3.1 The influence of spatial differences between observations 

 
Following the approach of Irie et al. (2012) we will first show the correlation r, the slope as 
well as the mean relative difference (MRD) and the mean absolute difference (MAD) between 
satellite (y-axis) and FTIR NH3 total columns (x-axis) for each of the sites, as a function of the 
maximum allowable spatial difference between the observations (xdiff). The relative 
difference (RD) is defined here as, 
 

𝑅𝐷 =
(   –  )  

  
    (3.2) 
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A maximum relative difference of 200% was used to remove extreme outliers from the data, 
typically observations under wintertime conditions. The left side of Figure 3.3 shows the 
correlation coefficients (blue lines) and slope (red lines) for a selection of sites as a function of 
xdiff using a maximum allowed sampling time difference of 90 minutes. The right side of 
Figure 3.3 shows the MRD and MAD between the satellite and FTIR observations as a function 
of xdiff. The numbers on the bottom of each of the subfigures show the number of observations 
used in the comparison. The values in bold beside the title of each subplot give the mean 
concentrations of the IASI and FTIR observations. The bars indicate the standard deviation of 
the slope (left side figures) and the relative and absolute differences (right side figures).  
 

 
Figure 3.3. Correlation r (Blue lines, left figures), slope (Red lines, left figures) regression results, Mean 
Relative Difference (MRD, green lines, right figures) and Mean Absolute Difference (MAD, black lines, 
right figures) between IASI and FTIR observations as a function of xdiff for a selection of sites. Bars 
indicate the standard deviation of the slope of the individual regression results. The numbers in the bottom 
of each subfigure show the number of matching observations. The numbers on the left and right side of the 
stations name give the mean FTIR and IASI total columns for a xdiff <25 km. 

 
For most stations an increasing xdiff (Figure 3.3) means a decreasing correlation (blue lines) 
and a changing slope (either decreasing or increasing with distance, red lines). This can be 
explained by the local character and high variation of NH3 emissions/concentration in 
combination with the locations of the stations. Moving further away from a source will then 
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generally decrease the relation between the concentration in the air and the emission source. 
The same is true for satellite observations of the air concentrations, which have a large footprint 
compared to the local character of a point measurement (FTIR) and the emissions. The 
steepness of this decrease (or increase) tells us something about the local variation in NH3 
concentrations, which can be large for sites near heterogeneous emission sources or in cases 
with low transport/turbulence and thus overall relatively low mixing.  
 
Overall the highest correlations are seen at the Bremen site, which can partially be explained 
by the overall high number of observations with high concentrations (more than 15-20 x 1015 
molecules cm-2) which generally favours the correlations. The mean column totals as well as 
the MRD and MAD do not change much except for the smallest xdiff criteria. The larger 
changes for observations within 15 km are probably due to the smaller number of observations 
(which follows from the relatively few IASI observations directly above or near the stations). 
The results show an underestimation of observed columns by IASI with the “all stations” slopes 
in between ~0.6-0.8. The stations with a lower mean FTIR column totals, such as Toronto and 
Boulder (as well as Pasadena, Mexico City, and Lauder shown in the Appendix Figure A1) 
show lower correlations with most having slopes below one. The correlations decreasing with 
mean column totals point towards the product detection limits of the IASI-NH3 product. The 
Toronto site has lower correlation coefficients for the smallest xdiffs, but this seems to be due 
to the large drop in number of observations for a xdiff of <15 km. For higher xdiff criteria the 
correlations of the Toronto site shows results similar to Bremen. The observations at Boulder 
also show large differences when including more observations further away from the station. 
This can be explained by the land use surrounding the Boulder site. Immediately west of the 
measurement site is a mountain range which together with our elevation filter leads to rejection 
of the observations to the west. To the northeast there are some major farming areas 
surrounding the river banks. Correlations do increase with a decreasing xdiff, suggesting that 
IASI is able to resolve the large gradients in the NH3 concentrations near the site.  
 
From the correlation analysis as function of spatial coincidence, we conclude that a xdiff value 
of 25 km is recommended to make a fair comparison between IASI-NH3 and FTIR. Any criteria 
smaller than 15 km greatly reduces the number of observations and statistics. xdiff beyond 25 
km further decrease the correlations for the combined set. From this point onward a xdiff value 
of 25 km will be used. 
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3.3.2 Comparison of FTIR and IASI-NH3 data 

 
Figure 3.4. Time series of NH3 for IASI and FTIR datasets with xdiff < 25 km and tdiff < 90minutes 
(FTIR: Blue and IASI: Red). Scattered values are the observations for each day of year (multiple years of 
observations). The lines show the monthly mean total columns of the respective sets. 
 

Observations from multiple years are used to show the coincident seasonal variability of the 
FTIR and IASI-NH3 products for each of the sites (Figure 3.4, FTIR: blue, IASI: red). 
Observations are grouped together into a typical year as there are insufficient collocated 
observations to show an inter-annual time series. Note the different scales on the y-axis. Similar 
seasonal cycles are clearly observed in both datasets for most stations. Enhanced 
concentrations in spring are observed for Bremen and Toronto as well as Boulder due to 
manure application. Most of the sites show an increase of NH3 during the summer months 
which is likely due to the increased volatilization of NH3 as an effect of higher temperatures. 
Fire events that were earlier captured by FTIR at St.-Denis in November, as well as in the IASI 
data, are not observed in the collocated sets, which is due to a lack of coincident observations. 
Furthermore, there is a lack of observations in wintertime for most of the stations either due to 
low thermal contrast or due to overcast conditions. Tsukuba has observations above the 
detection limit but only one year of infrequent observations which is insufficient to show an 
entirely clear seasonal cycle. A similar thing can be said for Pasadena where the number of 
coincident observations are too few to make meaningful conclusions about the seasonal cycle. 
In conclusion, IASI reflects similar pollution levels and seasonal cycles as deduced from the 
FTIR observations. 
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Figure 3.5. Correlations between the FTIR and IASI total columns with filters thermal contrast > 12K, 
tdiff < 90min, xdiff < 25 km. The trend line shows the results of the regression analysis. 
 

Figure 3.5 and 3.6 show a direct comparison of the FTIR and IASI-NH3 total columns for each 
station as well as a combination of all the observations. Correlations, number of observations 
and slope are shown in the figures. The MRD and these statistics are also summarized in Table 
3.3. The comparison shows a variety of results. As before, of all 9 stations Bremen shows the 
best correlation with a coefficient of determination of r = 0.83 and a slope of 0.60. The intercept 
is not fixed at zero. The stations with overall lower observed totals columns (less than 10x1015 

molecules cm-2) show lower correlations. Stations with intermediate concentrations like 
Toronto and Boulder show correlations r = ~0.7-0.8. The figure also shows the relatively low 
number of high observations for both the FTIR and IASI values as a result of the relatively few 
FTIR observations during events. The few outliers can have a disproportional effect on the 
slope as most of the lower observations are less accurate due to the detection limits of the 
instruments. Overall most stations, except St.-Denis and Boulder and Mexico City, indicate an 
underestimation by IASI of the FTIR columns ranging from 10-50%. The mean relative 
differences for most stations are negative with most showing values in between -22.5 ± (54.0) 
% for Bremen down to a -61.3 ± (78.7) % for St.-Denis. The bias shows some dependence on 
the total columns with the underestimation being higher at stations with high mean total 
columns and lower at stations with low mean total columns. An exception to this are stations 
with the lowest mean total columns (i.e. St.-Denis and Wollongong). The differences at St.-
Denis might be explained by the fact that most IASI observations are positioned above water 
due to restrictions for terrain height differences. A similar thing can be said for Wollongong 
which is situated on the coast with hills directly to the inland. Most observations are on the 
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border of water and land which might introduce errors in the retrieval. The combination of all 
observations gives a MRD of -32.4 ± (56.3) %. 
 

 
Figure 3.6. Correlations between the FTIR and IASI total columns with filters thermal contrast > 12, tdiff 
< 90min, xdiff < 25 km. The trend lines show the results of the regression analysis. 

 
Table 3.3. Summarized results of the comparison between FTIR-NH3 and IASI-NH3 total columns within 
the coincidence criteria threshold (xdiff < 25 km, tdiff < 90minutes). N is the number of averaged total 
columns, MRD is the Mean Relative Difference (in %), r and slope are the correlation coefficient and 
slope of the linear regression. 

Sites N MRD in %  
(rms 1σ) 

r slope 

Bremen 53 -22.5±(54.0) 0.83 0.60 

Toronto 170 -46.0±(47.0) 0.79 0.84 

Boulder 38 -38.2±(43.5) 0.76 1.11 

Tsukuba 15 -28.3±(35.6) 0.67 0.57 

Pasadena 16 -47.9±(30.1) 0.59 0.83 

Mexico 65 -30.8±(43.9) 0.64 1.14 

St.-Denis 20 -61.3±(78.7) 0.65 1.26 

Wollongong 62 6.0±(74.3) 0.47 0.92 

Lauder 108 -29.7±(57.3) 0.55 0.77 

Combined 547 -32.4±(56.3) 0.80 0.73 
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3.4 Discussion and conclusions 
Recent satellite products enable the global monitoring of atmospheric concentrations of NH3. 
Unfortunately, the validation of the satellite products of IASI (Van Damme et al., 2014a), TES 
(Shephard et al., 2011) and CrIS (Shephard and Cady-Pereira, 2015) is very limited and, so far, 
only based on sparse in-situ and airborne studies. Dammers et al. (2015) presented FTIR total 
column measurements of NH3 at several places around the world and demonstrated that these 
data can provide information about the temporal variation of the column concentrations, which 
are more suitable for validation than ground-level concentrations. Ground-based remote 
sensing instruments have a long history for validation of satellite products.  FTIR observations 
are already commonly used for the validation of many satellite products, including carbon 
monoxide (CO), methane (CH4) and nitrous oxide (N2O) (Wood et al., 2002; Griesfeller et al., 
2006; Dils et al., 2006; Kerzenmacher et al., 2012). Furthermore, MAX-DOAS systems are 
used for the validation of retrievals for reactive gases (e.g. Irie et al., 2012), whereas 
AERONET is widely used to validate satellite-derived aerosol optical depth (e.g. Schaap et al., 
2008). The comparison between FTIR and IASI-NH3 column reported here can be seen as a 
first step in the validation of NH3 satellite products. 
 
In this study, we collected FTIR measurements from nine locations around the world and 
followed the retrieval described by Dammers et al. (2015). The resulting datasets were used to 
quantify the bias and evaluate the seasonal variability in the IASI-NH3 product. Furthermore, 
we assessed the colocation criteria for the satellite evaluation. Additional selection criteria 
based on thermal contrast, surface temperature, cloud cover and elevation differences between 
observations, were applied to ensure the quality of the IASI-NH3 observations. The FTIR 
averaging kernels were applied to the satellite profiles to account for the vertical sensitivity of 
the FTIR and the influence of the a-priori profiles. 
 
To optimally compare the satellite product to the FTIR observations it is best to reduce the 
spatial collocation criterion to the size of the satellite instrument’s footprint and allow for a 
time difference as short as possible. These considerations are to reduce effects of transport, 
chemistry and boundary layer growth but limit the number of coinciding observations 
significantly. We have shown that the spatial distance between the IASI observations and the 
FTIR measurement site is of importance: the larger the distance in space, the lower the 
correlation. When there is no exact match in the position of both observations the variations in 
the spatial separation lead to correlation coefficients that can greatly change even when 
changing the spatial criteria (xdiff) from 10 to 30 km. Reasons for the changes are the local 
nature of NH3 emissions, the surrounding terrain characteristics and their influence on local 
transport of NH3. The small values for spatial and temporal coincidence criteria show the 
importance of NH3 sources near the measurement sites when using these observations for 
satellite validation. For the validation of the IASI observations, we used a xdiff of less than 25 
km, which still showed high correlations while a large number of observations is retained for 
comparison.  
 
Overall we see a broad consistency between the IASI and FTIR observations. The seasonal 
variations of both datasets look similar for most stations. Increased column values are observed 
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for both IASI and FTIR during summers as the result of higher temperatures, with some sites 
showing an increase in concentrations due to manure application and fertilization events in 
spring (Bremen, Toronto). In general our comparison shows that IASI underestimates the NH3 
total columns, except for Wollongong. The Wollongong site has persistent low background 
columns, i.e. observations with a low HRI, to which IASI is not very sensitive, which results 
in an overestimation of the observed columns. Overall, correlations range from r ~ 0.8 for 
stations characterised by higher NH3 column totals (with FTIR columns up to 80 x 1015 
molecules cm-2) to low r ~ 0.4-0.5 correlations for stations, which only have a few to no FTIR 
observations above 5x1015 molecules cm-2. Hence, the detection limit or sensitivity of the IASI 
instrument largely explain the lower correlation values. The combination of all sites (Nobs = 
547) give a MRD of -32.4 ± (56.3) %, a correlation r of 0.8 with a slope of 0.73. 
 
In comparison to ground-based in situ systems, the FTIR observations have the big advantage 
to provide coarse vertical profiles, from which a column can be derived, which are more similar 
to what the satellite measures and therefore more useful for validation. Dedicated NH3 
validation datasets are needed that better match the overpass times of satellite instruments like 
IASI, TES and CrIS. This could be achieved by the addition of NH3 to the NDACC 
measurement protocols and matching the overpass time of these satellites over these 
measurement stations by using of the right spectral filters for detecting NH3. Furthermore, the 
low number of NDACC stations and their locations are not optimal for a dedicated validation 
of NH3 satellite products. Although these provide a starting point, the small set of stations does 
not cover the entire range of climate conditions, agricultural source types and emission 
regimes. Hence, our validation results should be seen as indicative. Additional stations or 
dedicated field campaigns are needed to improve this situation. New stations should be placed 
in regions where emissions and geography are homogenous to ensure that stations are 
representative for the footprints of the satellites. For validation of satellite products using FTIR 
measurements a monitoring and measurements strategy needs to be developed with a 
representative mixture of locations in addition to ground level data. The later can cover the 
spatial variation and different temporal measurements can be used. The use of IASI and FTIR 
observations to study NH3 distributions at ground level requires a combination of model 
calculations and observations (e.g. Erisman et al., 2005a; 2005b). Such techniques are required 
to provide all the necessary details to describe the high spatial and temporal variations in NH3. 
 
The direct comparison of the IASI and FTIR columns is an addition to earlier efforts by Van 
Damme et al. (2015a) to validate IASI column observations with surface in situ and airborne 
observations. Our results presented here indicate that the product performs better than the 
previously upper bound estimate of a factor 2 (i.e. -50 to +100%) as reported in Van Damme 
et al. (2014a). Although we tried to diminish any effect of sampling time and position it cannot 
be ruled out completely that these impacts the comparison statistics as the number of stations 
is small. Still the picture arising from the different stations is rather consistent, which hints at 
other issues that may explain the observed bias. A number of important issues concerning the 
retrieval techniques may explain the observed difference. First, the HRI based retrieval used 
for IASI is intrinsically different to the optimal estimation based approach used for the FTIR 
retrieval. An IASI optimal estimation retrieval for NH3 called FORLI does exist but is not fully 
operationally used as it is computationally much slower than the HRI method. Surprisingly a 
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first comparison between the FORLI and HRI based retrieval (see figure 9, Van Damme et al., 
2014a) shows ~30% lower retrieved columns by the HRI scheme, which is very close to the 
systematic difference quantified here. Do note that the results are not be fully comparable as 
the reported HRI-FORLI comparison was for a limited dataset and no quality selection criteria 
were applied. We recommend to further explore the use of the optimal estimation based IASI-
NH3 retrieval in comparison to the FTIR observations. Second, the IASI and FTIR retrievals 
incorporate the same line spectroscopy database (HITRAN 2012; Rothman et al., 2013) which 
removes a possible error due to different spectroscopy datasets. The spectroscopy is the largest 
expected cause of error in the FTIR observations with measurement noise being the close 
second for sites with low concentrations. An improvement to the line parameters (i.e. line 
intensity, pressure and temperature effects) would greatly benefit both the FTIR and IASI 
retrievals. Thirdly, the HRI based scheme uses the difference between spectra with and without 
the spectral signature of NH3. A plausible cause for error in this scheme is the influence and 
correlation of interfering species in the same spectral channels. H2O lines occur near most of 
the NH3 spectral lines and interfere with the NH3 lines at the resolution of the IASI instrument. 
Humidity levels vary throughout the year with an increase amount of water vapour in summer 
conditions. The HRI based scheme uses a fixed amount of water vapour and varying amounts 
of water vapour may interfere with the HRI value attributed fully to the NH3 columns. As there 
is a seasonality in the water vapour content of the atmosphere (Wagner et al., 2006), any error 
attributed to water vapour should show a seasonality in the difference between the IASI and 
FTIR observations. A seasonality was, however, not visible although it may be that the number 
of coincident observations was too small to recognize it. This again shows the need for 
dedicated NH3 validation data (e.a. dedicated FTIR observations). Fourth, the negative bias of 
the satellite observations can be expected by the lack of sensitivity to concentrations near the 
surface. This is of course where the ammonia concentrations usually peak. The FTIR 
observations however do fully observe the lower layers in the troposphere thus causing a 
discrepancy. Normally one can correct for this using the averaging kernel of the satellite 
observations. However, the IASI-NH3 retrieval does not produce an averaging kernel meaning 
it is not possible to calculate the exact effect. The use of a typical averaging kernel will cause 
more uncertainty as there is a large day to day variability in the averaging kernels as earlier 
retrievals showed (Clarisse et al., 2009). Finally, another possible cause of error is the lack of 
a varying NH3 profile and the proxy used for thermal contrast to describe the state of the 
atmosphere. The sensitivity of the scheme to the concentrations of NH3 in the boundary layer 
is described by using a fixed profile for land and sea observations in combination with a thermal 
contrast based on two layers (surface and 1.5 km) as it is expected that most of the NH3 occurs 
in the boundary layer. In reality the NH3 profile is highly dynamic due to a varying boundary 
layer height and changing emissions as well as temperature changes (e.g. inversions etc) 
occurring throughout the planetary boundary layer. Not accounting for this can introduce an 
error and future HRI based schemes should focus on estimating the possible effects of using 
only a specific profile. The use of multiple NH3-profiles in combination with multiple 
temperature layers would be a better approximation of state of the atmosphere, although 
computationally more expensive. The sharp difference between the sea and land retrieval 
introduces strong variability in observations near the coast. Furthermore, observations that are 
directly on the transition between water and land can introduce problems due to the varying 
emissivity. Similar issues have been reported for aerosol retrievals (e.g. Schaap et al., 2008).  
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Although the FTIR observations offer some vertical information, studies combining this 
technique with tower or airborne observations are needed to further improve knowledge and 
sensitivity of the FTIR and satellite observations to the vertical distribution of NH3. Without 
this knowledge, it is not possible to use the observations for quantitative emission estimates 
and modelling purposes as no uncertainty on the new estimate can be given. Approaches 
similar to the recent study by Shephard et al. (2015) using an airborne instrument, possibly in 
combination with an FTIR system focused on the overpass of multiple satellite systems for an 
extended period of time should be used to establish the sensitivities and biases of the different 
retrieval products available from satellite instruments as well as the bias between the satellite 
and surface instruments. The use of IASI and FTIR observations to study NH3 distributions at 
ground level requires a combination of model calculations and observations. Such techniques 
are required to provide all the necessary details to describe the high spatial and temporal 
variations in NH3. 
  



Chapter 4   -   Validation of the CrIS Fast Physical NH3 Retrieval with ground-based FTIR 

59 
 

4. Validation of the CrIS Fast Physical NH3 Retrieval with 
ground-based FTIR 

 

Abstract. Presented here is the validation of the CrIS Fast Physical Retrieval (CFPR) NH3 
column and profile measurements using ground-based Fourier Transform Infrared (FTIR) 
observations. We use the total columns and profiles from seven FTIR sites in the Network for 
the Detection of Atmospheric Composition Change (NDACC) to validate the satellite data 
products. The overall FTIR and CrIS total columns have a positive correlation of r = 0.77 
(N=218) with very little bias (a slope of 1.02). Binning the comparisons by total column 
amounts, for concentrations larger than 10.0 x 1015 molecules cm-2, i.e. ranging from moderate 
to polluted conditions, the relative difference is on average ~ 0 - 5% with a standard deviation 
of 25-50%, which is comparable to the estimated retrieval uncertainties in both CrIS and the 
FTIR. For the smallest total column range (<10.0x1015 molecules cm-2) where there are a large 
number of observations at or near the CrIS noise level (detection limit) the absolute differences 
between CrIS and the FTIR total columns show a slight positive column bias. The CrIS and 
FTIR profile comparisons differences are mostly within the range of the estimated retrieval 
uncertainties single level retrieved profile values, showing average differences in the range of 
~20 to 40%. The CrIS retrievals typically show good vertical sensitivity down into the 
boundary layer that typically peaks at ~850 hPa (~1.5 km), at this level the median absolute 
difference is 0.87 (std = ±0.08) ppb, corresponding to a median relative difference of 39% (std 
= ±2%). Most of the absolute and relative profile comparison differences are in the range of 
the estimated retrieval uncertainties. At the surface, where CrIS typically has lower sensitivity, 
it tends to overestimate under low concentrations conditions, and underestimate under higher 
atmospheric concentration conditions. 

 

 

 

 

 

 

 

Published as: Dammers, E., Shephard, M. W., Palm, M., Cady-Pereira, K., Capps, S., Lutsch, 
E., Strong, K., Hannigan, J. W., Ortega, I., Toon, G. C., Stremme, W., Grutter, M., Jones, N., 
Smale, D., Siemons, J., Hrpcek, K., Tremblay, D., Schaap, M., Notholt, J., and Erisman, J. W.: 
Validation of the CrIS Fast Physical NH3 Retrieval with ground-based FTIR, Atmospheric 
Measurement Techniques Discussions, doi:10.5194/amt-2017-38, in review, 2017. 
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4.1 Introduction 
 
The disruption of the nitrogen cycle by the human creation of reactive nitrogen has created one 
of the major challenges for humankind (Rockström et al., 2009). Global reactive nitrogen 
emissions into the air have increased to unsurpassed levels (Fowler et al., 2013) and are 
currently estimated to be four times larger than pre-industrial levels (Holland et al., 1999). As 
a consequence the deposition of atmospheric reactive nitrogen has increased causing 
ecosystems and species loss (Rodhe et al 2002; Dentener et al., 2006; Bobbink et al., 2010). 
Ammonia (NH3) as fertilizer is essential for agricultural production and is one of the most 
important reactive nitrogen species in the biosphere. NH3 emission, atmospheric transport, and 
atmospheric deposition are major causes of eutrophication and acidification of soils and water 
in semi-natural environments (Erisman et al., 2008, 2011). Through reactions with sulphuric 
acid and nitric acid, ammonium nitrate and ammonium sulphate are formed, which embody up 
to 50% of the mass of fine mode particulate matter (PM2.5) (Seinfeld and Pandis., 1988; Schaap 
et al., 2004). PM2.5 has been associated with various health impacts (Pope et al., 2002; 2009). 
At the same time, atmospheric aerosols impact global climate directly through their radiative 
forcing effect and indirectly through the formation of clouds (Adams et al., 2001; Myhre et al., 
2013). By fertilizing ecosystems, deposition of NH3 and other reactive nitrogen compounds 
also plays a key role in the sequestration of carbon dioxide (Oren et al., 2001). 
 
Despite the significance and impact of NH3 on the environment and climate, its global 
distribution and budget are still relatively uncertain (Erisman et al., 2007; Clarisse et al., 2009; 
Sutton et al., 2013). One of the reasons is that in-situ measuring of atmospheric NH3 at ambient 
levels is complex due to the sticky nature and reactivity of the molecule, leading to large 
uncertainties and/or sampling artefacts with the currently used measuring techniques (von 
Bobrutzki et al., 2010; Puchalski et al., 2011). Measurements are also very sparse. Currently, 
observations of NH3 are mostly available in north-western Europe and central North America, 
supplemented by a small number of observations made in China (Van Damme et al., 2015a). 
Furthermore, there is a lack of detailed information on its vertical distribution as only a few 
dedicated airborne measurements are available (Nowak et al., 2007, 2010; Leen et al., 2013, 
Whitburn et al., 2015, Shephard et al., 2015). The atmospheric lifetime of NH3 is rather short, 
ranging from hours to a few days. In summary, global emission estimates have large 
uncertainties. Estimates of regional emissions attributed to source types different from the main 
regions are even more uncertain due to a lack of process knowledge and atmospheric levels 
(Reis et al., 2009).  
 
Over the last decade the developments of satellite observations of NH3 from instruments such 
as the Cross-track Infrared Sounder (CrIS, Shephard and Cady-Pereira, 2015), the Infrared 
Atmospheric Sounding Interferometer (IASI, Clarisse et al., 2009; Coheur et al., 2009; Van 
Damme et al., 2014a), the Atmospheric Infrared Sounder (AIRS, Warner et al., 2016), and the 
Tropospheric Emission Spectrometer (TES, Beer et al., 2008; Shephard et al., 2011) show 
potential to improve our understanding of the NH3 distribution. Recent studies show the global 
distribution of NH3 measured at a twice daily scale (Van Damme et al., 2014a, Van Damme et 
al., 2015b) can reveal seasonal cycles and distributions for regions where measurements were 
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unavailable until now. Comparisons of these observations to surface observations and model 
simulations, show underestimations of the modelled NH3 concentration levels, pointing to 
underestimated regional and national emissions (Clarisse et al., 2009; Shephard et al., 2011; 
Heald et al., 2012; Nowak et al., 2012; Zhu et al., 2013; Van Damme et al., 2014b; Lonsdale 
et al., 2016; Schiferl et al., 2014, 2016; Zondlo et al., 2016). However, the overall quality of 
the satellite observations is still highly uncertain due to a lack of validation. The few validation 
studies showed a limited vertical, spatial and or temporal coverage of surface observations to 
do a proper uncertainty analysis (Van Damme et al., 2015a; Shephard et al., 2015; Sun et al., 
2015). A recent study by Dammers et al. (2016a) explored the use of Fourier transform infrared 
(FTIR-NH3, Dammers et al., 2015) observations to evaluate the uncertainty of the IASI-NH3 
total column product. The study showed the good performance of the IASI-LUT (Look up 
table, LUT, Van Damme et al., 2014a) retrieval with a high correlation (r ~ 0.8), but indicated 
an underestimation of around 30% due to potential assumptions of the shape of the vertical 
profile (Whitburn et al., 2016, IASI-NN (Neural Network, NN)), uncertainty in spectral line 
parameters and assumptions on the distributions of interfering species. The study showed the 
potential of using FTIR observations to validate satellite observations of NH3, but also stressed 
the challenges of validating retrievals that do not provide the vertical measurement sensitivity, 
such as the IASI-LUT retrieval. Since no IASI satellite averaging kernels are provided for each 
retrieval, and thus no information is available on the vertical sensitivity and/or vertical 
distribution of each separate observation, it is hard to determine the cause of the discrepancies 
between both observations. 
 
The new CrIS Fast Physical Retrieval (Shephard and Cady-Pereira, 2015) uses an optimal 
estimation retrieval approach that provides the information content and the vertical sensitivity 
(derived from the averaging kernels, for more details see Shephard and Cady-Pereira, 2015), 
and robust and straightforward retrieval error estimates based on retrieval input parameters. 
The quality of the retrieval has so far not been thoroughly examined against other observations. 
Shephard and Cady-Pereira (2015) used Observing System Simulation Experiment (OSSE) 
studies to evaluate the initial performance of the CrIS-NH3 retrieval, and report a small positive 
retrieval bias of 6% with a standard deviation of ±20% (ranging from  ±12 to ±30% over the 
vertical profile). Note that no potential systematic errors were included in these OSSE 
simulations.  Their study also shows good qualitative comparisons with the Tropospheric 
Emission Spectrometer (TES) satellite (Shephard et al., 2011) and the ground-level in situ 
Quantum Cascade-Laser (QCL) observations (Miller et al., 2014) for a case study over the 
Central Valley in CA, USA, during the DISCOVER-AQ campaign.  However, currently there 
has not been an extensive validation of the CrIS-NH3 retrievals using direct comparisons 
against vertical profile observations. In this study we will provide both direct comparisons of 
the CrIS retrieved profiles against ground-based FTIR observations, and comparisons of CrIS 
total column values against the FTIR and IASI.  
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4.2 Methods 

4.2.1 The CrIS Fast Physical Retrieval 
CrIS was launched in late October 2011 on board the Suomi NPP platform. CrIS follows a sun-
synchronous orbit with a daytime overpass time at 13:30 local time (ascending) and a night 
time equator overpass at 1:30. The instrument scans along a 2200 km swath using a 3 x 3 array 
of circular shaped pixels with a diameter of 14 km at nadir for each pixel, becoming larger 
ovals away from nadir. In this study we use the NH3 retrieval as described by Shephard and 
Cady-Pereira (2015). The retrieval is based on an optimal estimation approach (Rodgers, 2000) 
that minimizes the differences between CrIS spectral radiances and simulated forward model 
radiances computed from the Optimal Spectral Sampling (OSS) OSS-CrIS (Moncet et al., 
2008), which is built from the well-validated Line-By-Line Radiative Transfer Model 
(LBLRTM) (Clough et al., 2005; Shephard et al., 2009; Alvarado et al., 2013) and uses the 
HITRAN database (Rothman et al., 2014) for its spectral lines. The fast computational speed 
of OSS facilitates the operational production of CrIS retrieved (Level 2) products using an 
optimal estimation retrieval approach (Moncet et al., 2005). The CrIS OSS radiative transfer 
forward model computes the spectrum for the full CrIS LW band, at the CrIS spectral 
resolution of 0.625 cm-1 (Tobin, 2012), thus the complete NH3 spectral band (near 10 μm) is 
available for the retrievals. However, only a small number of micro windows are selected for 
the CrIS retrievals to both maximize the information content and minimize the influence of 
errors. Worden et al., (2004) provides an example of a robust spectral region selection process 
that takes into consideration both the estimated errors (i.e. instrument noise, spectroscopy 
errors, interfering species, etc.) and the associated information content in order to select the 
optimal spectral regions for the retrieval.  The a-priori profiles selection for the optimal 
estimation retrievals follows the Tropospheric Emission Spectrometer (TES) retrieval 
algorithm (Shephard et al., 2011); Based on the relative NH3 signal in the spectra the a-priori 
is selected from one of three possible profiles representing unpolluted, moderate, and polluted 
conditions. The initial guess profiles are also selected from these three potential profiles. 

An advantage of using an optimal estimation retrieval approach is that averaging kernels 
(sensitivity to the true state) and the estimated errors of the retrieved parameter are computed 
in a robust and straight-forward manner (for more details see Shephard and Cady-Pereira, 
2015).  The total satellite retrieved parameter error is expressed as the sum of the smoothing 
error (due to unresolved fine structure in the profile), the measurement error (random 
instrument noise in the radiance spectrum propagated to the retrieval parameter), and 
systematic errors from uncertainties in the non-retrieved forward model parameters and cross-
state errors propagated from retrieval-to-retrieval (i.e. major interfering species such as H2O, 
CO2, and O3) (Worden et al., 2004). As of yet we have not included error estimates for the 
systematic errors. The CrIS smoothing error is computed, but since in these FTIR comparison 
results we apply the FTIR observational operator (which accounts for the smoothing error), the 
smoothing error contribution is not included in the CrIS errors reported in the comparisons. 
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Thus, only the measurement errors are reported for observations used here; these errors can 
thus be considered the lower limit on the total estimated CrIS retrieval error.  

Figure 4.1 shows an example of CrIS-NH3 observations surrounding one of the ground-based 
FTIR instruments.  This is a composite map of all days in Bremen with observations in 2015. 
This figure shows the wide spread elevated amounts of NH3 across north-western Germany as 
observed by CrIS. 

 

Figure 4.1. Annual mean of the CrIS retrieved NH3 surface VMR values around the Bremen FTIR site for 
2015. The two circles show the collocation area when for radii of 25 and 50 km. 
 

Since the goal of this analysis is to evaluate the CrIS retrievals that provide information beyond 
the a-priori, we only performed comparisons when the CrIS spectrum presents a NH3 signal. 
We also focused our efforts on FTIR stations that have FTIR observations with total columns 
larger than 5 x 1015 molecules cm-2 (~1-2 ppb surface VMR). This restriction does mean that a 
number of sites of the FTIR-NH3 dataset will not be used. For comparability of this study to 
the results of the IASI-LUT evaluation in an earlier study by Dammers et al., (2016a) we 
include a short paragraph on the performance of the IASI-LUT and the more recent IASI-NN 
product when applying similar constraints. 
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4.2.2 FTIR-NH3 retrieval 
The FTIR-NH3 product used in this study is similar to the set described in Dammers et al. 
(2016a) and is based on the retrieval methodology described by Dammers et al. (2015). The 
retrieval methodology uses two spectral micro-windows whose spectral width depends on the 
NH3 background concentration determined for the observation stations and location (wider 
window for stations with background concentrations less than one ppb). NH3 is retrieved by 
fitting the spectral lines in the two micro-windows MW1 [930.32-931.32 cm-1 or wide: 929.40-
931.40 cm-1] and MW2 [962.70-970.00 cm-1 or wide: 962.10-970.00 cm-1. An optimal 
estimation approach (Rodgers et al., 2000) is used, implemented in the SFIT4 algorithm 
(Pougatchev et al., 1995; Hase et al., 2004, 2006). There are a number of species that can 
interfere to some extent in both windows, with the major species being H2O, CO2 and O3 and 
the minor species N2O, HNO3, CFC-12, and SF6. The HITRAN 2012 database (Rothman et 
al., 2014) is used for the spectral lines. A further set of spectroscopic line parameter 
adjustments are added for CO2 taken from the ATMOS database (Brown et al., 1996) as well 
as a set of pseudo-lines for the broad absorptions by the CFC-12 and SF6 molecules (created 
by NASA-JPL, G.C. Toon, http://mark4sun.jpl.nasa.gov/pseudo.html). The NH3 a-priori 
profiles are based on balloon measurements (Toon et al., 1999) and refitted to match the local 
surface concentrations (depending on the station either measured or estimated by model 
results). For the interfering species a-priori profiles we use the Whole Atmosphere Community 
Climate Model (WACCM, Chang et al., 2008, v3548). The estimated errors in the FTIR-NH3 
retrievals are in the order of ~30% (Dammers et al., 2015) with the uncertainties in the NH3 
line spectroscopy being the most important contributor. Based on the data requirements in 
section 4.2.1, a set of seven stations is used (Table 4.1). For all sites except Wollongong in 
Australia we use the basic narrow spectral windows. For Wollongong the wide spectral 
windows are used. For a more detailed description of each of the stations see the publications 
listed in Table 4.1 or Dammers et al. (2016a). 
 
Table 4.1. The location, longitudinal and latitudinal position, altitude above sea level, and type of 
instrument for each of the FTIR sites used in this study. In addition, a reference is given to a detailed site 
description, when available. 

Station Lon Lat  Altitude  
(m.a.s.l) 

FTIR instrument Reference 

Bremen, Germany 8.85E 53.10N 27 Bruker 125HR (a) 

Toronto, Canada 79.60W 43.66N 174 ABB Bomem DA8 (b) 
Boulder, United States 105.26W 39.99N 1634 Bruker 120HR  
Pasadena, United States 118.17W 34.20N 350 MkIV_JPL  
Mexico City, Mexico 99.18W 19.33N 2260 Bruker Vertex 80 (c) 
Wollongong, Australia 150.88E 34.41S 30 Bruker 125HR  
Lauder, New Zealand 169.68E 45.04S 370 Bruker 120HR (d) 

References: (a) Velazco et al., 2007; (b) Wiacek et al., 2007; Lutsch et al., 2016; (c) Bezanilla et al., 
2014; (d) Morgenstern et al., 2012 
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4.2.3 IASI-NH3 
The CrIS retrieval will also be compared with corresponding IASI/FTIR retrievals using results 
from a previous study by Dammers et al. (2016a). Both the IASI-LUT (Van Damme et al., 
2014a) and the IASI-NN (Neural Networks, Whitburn et al., 2016) retrievals from observations 
by the IASI instrument aboard MetOp-A will be used. A short description of both IASI 
retrievals is provided here, for a more in-depth description, see the respective publications by 
Van Damme et al. (2014a) and Whitburn et al. (2016). The IASI instrument on board the 
MetOp-A platform is in a sun-synchronous orbit and has a daytime overpass at around 9:30 
local solar time and a night time overpass at around 21:30.  The instrument has a circular 
footprint of about 12 km diameter for nadir viewing angles with of nadir observations along a 
swath of 2100 km. Both IASI retrievals are based on the calculation of a dimensionless spectral 
index called the Hyperspectral Range Index (HRI) (Van Damme et al., 2014a). The HRI is 
representative of the amount of NH3 in the measured column. The IASI-LUT retrieval makes 
a direct conversion of the HRI to a total column density with the use of a look-up-table (LUT). 
The LUT is created using a large number of simulations for a wide range of atmospheric 
conditions which links the Thermal Contrast (TC, the difference between the air temperature 
at 1.5 km altitude and the temperature of the Earth surface) and the HRI to a NH3 total column 
density. The retrieval includes a retrieval error based on the uncertainties in the initial HRI and 
TC parameters. The more recent IASI-NN retrieval (Whitburn et al., 2016) follows similar 
steps but it makes use of a neural network. The neural network combines the complete 
temperature, humidity and pressure profiles for a better representation of the state of the 
atmosphere. At the same time the retrieval error estimate is improved by including error terms 
for the uncertainty in the profile shape, and the full temperature and water vapour profiles. The 
IASI-NN version uses the fixed profiles that were described by Van Damme et al., (2014) but 
allows for the use of third party profiles to improve the representation of the NH3 atmospheric 
profile. The IASI-LUT and IASI-NN retrievals have both been previously compared with FTIR 
observations (Dammers et al., 2016a, Dammers et al., 2016b). They compared reasonably well 
with correlations around r=0.8 for a set of FTIR stations, with an underestimation of around 
30% that depends slightly on the magnitude of total column amounts,  with the IASI-NN 
performing slightly better.  
 

4.2.4 Data criteria & quality 
NH3 concentrations show large variations both in space and time as the result of the large 
heterogeneity in emission strengths due to spatially variable sources and drivers such as 
meteorology and land use (Sutton et al., 2013). This high variability poses challenges in 
matching ground-based point observations made by FTIR observations with CrIS downward-
looking satellite measurements which have a 14-km nadir footprint. For the pairing of the 
measurement data we apply data selection criteria similar to that described in Dammers et al. 
(2016a) and summarized in Table 4.2. To minimize the impact of the heterogeneity of the 
sources, we choose a maximum of 50 km between the centre points of the CrIS observations 
and the FTIR site location. To diminish the effect of temporal differences between the FTIR 
and CrIS observations a maximum time difference of 90 minutes is used. Topographical effects 
are reduced by choosing a maximum altitude difference of 300 m at any point between the 
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FTIR site location and the centre point of the satellite pixel location. The altitude differences 
are calculated using the Space Shuttle Radar Topography Mission Global product at 3 arc-
second resolution (SRTMGL3, Farr et al., 2007). To ensure the data quality of CrIS-NH3 
retrieval for Version 1.0, a small number of outliers with a maximum retrieved concentration 
above 200 ppb (at any point in the profile) were removed from the comparison dataset. While 
potentially a surface NH3 value of 200 ppb (and above) would be possible (i.e. downwind of 
forest fires), it is highly unlikely to occur over the entire footprint of the satellite instrument. 
Moreover, after inspecting these data points, they seem to be affected by numerical issues in 
the fitting procedure (possibly due to interfering species). As we are interested in validating 
the CrIS observational information (not just a-priori information), we only select comparisons 
that contain some information from the satellite (degrees of freedom for signal (DOFS) ≥ 0.1). 
Do note that on average the observations have a DOFS between 0.9 and 1.1. The DOFS > 0.1 
filter only removes some of the outliers at the lower end. No explicit filter is applied to account 
for clouds; however, clouds will implicitly be accounted for by the quality control as CrIS will 
not measure a NH3 signal (e.g. DOFS < 0.1) below optically thick clouds (e.g. cloud optical 
depth >~1). In addition, the CrIS observations are matched with FTIR observations taken only 
during clear-sky conditions, which mostly eliminates influence from cloud cover. Finally, the 
high signal to noise ratios (SNR) of the CrIS instrument, allows it to retrieve NH3 from a 
thermal contrast approaching 0 K during daytime observations (Clarisse et al., 2010). Given 
this, we decided not to apply a thermal contrast filter to the CrIS data. No additional filters are 
applied to the FTIR observations beyond the clear-sky requirement. 
 
For both IASI retrievals, we use the same observation selection criteria as described in 
Dammers et al. (2016a). The set of criteria is similar to those used here for the CrIS 
observations. Observations from both IASI retrievals are matched using the overpass time, and 
longitudinal and latitudinal positions. For comparability with CrIS a spatial difference limit of 
50 km limit was used, instead of the 25 km spatial limit used in the previous study. Furthermore 
we apply the thermal contrast (> 12K, difference between the temperatures at 1.5 km and the 
surface) and Earth skin temperature criteria to the IASI observations to match the previous 
study. 
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Table 4.2. Coincidence criteria and quality flags applied to the satellite and FTIR data. The third through 
fifth columns show the number of observations remaining after each subsequent data criteria step and the 
number of possible combinations between the CrIS and FTIR observations. The first set of numbers 
indicate the number of CrIS observations within a 1°x 1° degree square surrounding the FTIR site. 

Filter Data Criteria Nr. Obs.   
  FTIR  CrIS Combinations 
CrIS  15661 25855  
Temporal sampling 
difference 

Max 90 min 1576 13959 112179 

Spatial sampling 
difference 

Max 50 km 1514 3134 22869 

Elevation difference Max 300 m 1505 1642 9713 
Quality flag DOFS ≥ 0.1 1433 1453 8579 

 

4.2.5 Observational Operator Application  
To account for the vertical sensitivity and the influence of the a-priori profiles of both retrievals 
we apply the observational operator (averaging kernel and a-priori of the retrieval) of the FTIR 
retrieval to the CrIS retrieved profiles. The CrIS observations are matched to each individual 
FTIR observation in time and space following the matching criteria. The FTIR averaging 
kernels, a-priori profiles, and retrieved profiles are first mapped to the CrIS pressure levels 
(fixed pressure grid, layers are made smaller or cut off for observations above elevation to fit 
the fixed pressure grid). Following Rodgers and Connor (2003) and Calisesi et al. (2005) this 

results in the mapped FTIR averaging kernel, 𝑨𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅, the mapped FTIR 

apriori, 𝒙𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅,𝒂𝒑𝒓𝒊𝒐𝒓𝒊, and the mapped FTIR retrieved profile, 𝒙𝒇𝒕𝒊𝒓

𝒎𝒂𝒑𝒑𝒆𝒅. Then we apply the 

FTIR observational operator to the CrIS observations using eq. (1).  
 

𝒙𝑪𝒓𝑰𝑺 = 𝒙𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅,𝒂𝒑𝒓𝒊𝒐𝒓𝒊

+ 𝑨𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅

(𝒙𝑪𝒓𝑰𝑺 − 𝒙𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅,𝒂𝒑𝒓𝒊𝒐𝒓𝒊

)  (4.1) 

∆𝒙𝒂𝒃𝒔 = 𝒙𝑪𝒓𝑰𝑺 − 𝒙𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅      (4.2) 

∆𝒙𝒓𝒆𝒍 = (𝒙𝑪𝒓𝑰𝑺 − 𝒙𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅

)/(𝟎. 𝟓 𝒙𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅

+  𝟎. 𝟓  𝒙𝑪𝒓𝑰𝑺)   (4.3) 

 

where 𝒙𝒇𝒕𝒊𝒓
𝒂𝒑𝒓𝒊𝒐𝒓𝒊 is the FTIR a-priori profile, 𝒙𝒇𝒕𝒊𝒓

𝒎𝒂𝒑𝒑𝒆𝒅 is the interpolated FTIR profile, 

𝑨𝒇𝒕𝒊𝒓
𝒎𝒂𝒑𝒑𝒆𝒅is the FTIR averaging kernel, and 𝒙𝑪𝒓𝑰𝑺 is the smoothed CrIS profile. 

 
The CrIS smoothed profile 𝒙𝑪𝒓𝑰𝑺 calculated from equation (1) provides an estimate of the FTIR 
retrieval applied to the CrIS satellite profile. Next we evaluate both total column and profile 
measurements. 
 For the first validation step, following Dammers et al. (2016a), who evaluated the IASI-LUT 
(Van Damme et al., 2014a) product, we sum the individual profile (𝒙𝑪𝒓𝑰𝑺 ) to obtain a column 
total to compare to the FTIR total columns. This step gives the opportunity to evaluate the CrIS 
retrieval in a similar manner as was done with the IASI-LUT retrieval. If multiple FTIR 
observations match a single CrIS overpass we also average those together into a single value 
as well as each matching averaged CrIS observation. Therefore, it is possible to have multiple 
FTIR observations, each with multiple CrIS observations all averaged into a single matching 
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representative observation. For the profile comparison this averaging is not performed to keep 
as much detail available as possible. An important point to make is that this approach assumes 
that the FTIR retrieval gives a better representation of the truth. While this may be true, the 
FTIR retrieval will not match the truth completely. For readability we assume that the FTIR 
retrieval indeed gives a better representation of the truth, and in the next sections will describe 
the case in which we apply the FTIR observational operator to the CrIS values. For the 
tenacious reader we included a similar set of results in the appendix B, using the CrIS 
observational operator instead of the FTIR observational operator, as the assumption of the 
FTIR being truth is not exactly right.  
 

4.3 Results and discussion 

4.3.1 Total column comparison 

 
Figure 4.2. Correlation between the FTIR and CrIS total columns using the coincident data from all 
measurement sites. The horizontal and vertical bars show the total estimated error on each FTIR and CrIS 
observation. The colouring on the scatter indicates the mean DOF of each the CrIS coincident data. The 
trend line shows the results of the regression analysis.  

 
The total columns are averaged as explained in Section 4.2.4 to show a direct comparison of 
FTIR measurements with CrIS observations in Figure 4.2. A three sigma outlier filter was 
applied to calculate the regression statistics. The filtered outliers are displayed in grey, and 
may be caused by low information content (DOFS) and terrain characteristics. For the 
regression we used the reduced major axis regression (Bevington and Robinson, 1992), 
accounting for possible errors both in the x and y values. There is an overall agreement with a 
correlation of r = 0.77 (P < 0.01, N = 218) and a slope of 1.02 (+- 0.05). At the lower range of 
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values the CrIS column totals are higher than the observed FTIR values. Possibly the CrIS 
retrieval overestimates due to the low sensitivity to low concentrations. Without the sensitivity 
the retrieval will find a value more closely to the a-priori, which may be too high. Figure 4.3 
shows the comparisons at each station. When the comparisons are broken down by station 
(Figure 4.3), the correlation varies from site to site, from a minimum of 0.28 in Mexico City 
(possibly due to retrieval errors associated with the highly irregular terrain) to a maximum of 
0.84 in Bremen. Similarly to Mexico City the comparison also shows an increase in scatter for 
Pasadena, where the FTIR site is also located on a hill. In Toronto and Bremen there is good 
agreement when NH3 is elevated (> 20 x 1015  molecules cm-2), and low bias in the CrIS total 
columns for intermediate values (between 10 and 20 x 1015  molecules cm-2) except for the 
outlying observation in Bremen, which is marked as an outlier by our three sigma filter used 
for Figure 4.2. In Wollongong, there is less agreement between the instruments. There are two 
comparisons with large CrIS to FTIR ratios while most of the other comparisons also show a 
bias for CrIS. For both cases the bias can be explained by the heterogeneity of the ammonia 
concentrations in the surrounding regions. The two outlying observations were made during 
the end of November, 2012, which coincides with wild fires in the surrounding region. 
Furthermore the Wollongong site is located coastally, which will increase the occurrences 
where one instrument observes clean air from the ocean while the other observes inland air 
masses. 

 
Figure 4.3. FTIR vs CrIS comparison scatter plots showing the correlations for each of the individual 
stations, with estimates error plotted for each value. The trend lines show the individual regression results. 
Note the different ranges on the x and y axis. The results for the Boulder (green line) and Lauder (pink 
line) sites are shown in the same panel. 
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Figure 4.4. Plots of the mean absolute and relative differences between CrIS and IASI, as a function of 
NH3 total column. Observations are separated into bins of total columns. The upper panel shows the mean 
absolute difference (MD). The middle panel shows the mean relative difference. The bars in these top two 
panels show the 95 % confidence interval for each value. The bottom panel shows the mean of the 
observations in each bin. The number of observations in each set is shown in the bottom panel. 

 
The mean absolute (MD) and relative difference (MRD) are calculated following equation 4.4 
and equation 4.5; 
 

𝑀𝑅𝐷 = ∑
(   –  )  

 . ∗  . ∗  
   (4.4) 

𝑀𝐷 = ∑ (𝐶𝑟𝐼𝑆 𝑐𝑜𝑙𝑢𝑚𝑛  –  𝐹𝑇𝐼𝑅 𝑐𝑜𝑙𝑢𝑚𝑛 )  (4.5) 

with N being the number of observations. 
 
Table 4.3. Results of the total column comparisons of the FTIR to CrIS, FTIR to IASI-LUT and FTIR to 
IASI-NN. N is the number of averaged total columns, MD is the mean difference [1015 molecules cm-2], 
MRD is the mean relative difference [frac, in %]. Take note that the combined value N does not add up 
with all the separate sites as observations have been included for FTIR total columns > 5 x 1015 molecules 
cm-2. 

Retrieval Column total range 
in molecules cm-2 

N MD in 1015  
(1σ) 

MRD in % 
(1σ) 

FTIR mean in 1015 
(1σ) 

CrIS-NH3 < 10.0 x 1015 93 3.3 (4.1) 30.2 (38.0) 7.5 (1.5) 

CrIS-NH3 >= 10.0 x 1015 109 0.4 (5.3) -1.39 (34.4) 16.7 (8.5) 
IASI-LUT < 10.0 x 1015 229 -2.7 (3.0) -63.6 (62.6) 7.1 (1.4) 
IASI-LUT >= 10.0 x 1015 156 -5.1 (4.2) -50.2 (43.6) 14.8 (6.7) 

IASI-NN < 10.0 x 1015 212 -2.2 (3.6) -57.0 (68.7) 7.1 (1.4) 
IASI-NN >= 10.0 x 1015 156 -5.0 (5.1) -52.5 (49.7) 14.8 (6.7) 

 
We evaluate the data by subdividing the comparisons over a set of total column bins as a 
function of the FTIR total column value of each individual observation. The bins (with a range 
of 5 x 1015 to 25 x 1015 molecules cm-2 with iterations steps of 5 x 1015 molecules cm-2) give a 
better representation of the performance of the retrieval as it shows the influence of the retrieval 
as a function of magnitude of the total column densities. The results of these total column 
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comparisons are presented in Figure 4.4. Table 4.3 summarizes the results for each of the FTIR 
to satellite column comparisons into two total column bins, which splits the comparisons 
between smaller and larger than 10 x 1015 molecules cm-2. A few combinations of the IASI-
NN and FTIR retrievals have a small denominator value that causes problems in the calculation 
of the MRD. A three sigma outlier filter based on the relative difference is applied to remove 
these outliers (<10 x 1015 molecules cm-2, only the IASI-NN set). The statistical values are not 
given separately by site because of the low number of matching observations for a number of 
the sites.  
 
The CrIS/FTIR comparison results show a large positive difference in both the absolute (MD) 
and relative (MRD) for the smallest bin, (5.0-10.0 x 1015 molecules cm-2).  The rest of the 
CrIS/FTIR comparison bins with NH3 values > 10.0 x 1015 agree very well with a nearly 
constant bias (MD) around zero, and a standard deviation of the order of 5.0 x 1015 that slightly 
dips below zero in the middle bin. The standard deviation over these bins is also more or less 
constant, and the weak dependence on the number of observations in each bin indicates that 
most of the effect is coming from the random error on the observations. The relative difference 
becomes systematically smaller with increasing column total amounts, and tend towards zero 
with a standard deviation ~25-50%, which is on the order of the reported estimated errors of 
the FTIR retrieval (Dammers et al, 2015).  
 
For a comparison against previous reported satellite results, we included both the IASI-LUT 
(Van Damme et al., 2014a) and the IASI-NN (Whitburn et al., 2016) comparisons against the 
FTIR observations. To put the results of this study into perspective of the IASI-LUT and IASI-
NN products we added Figure B1 to the Appendix, which shows the total column comparison 
for both products. Both IASI products show similar differences as a function of NH3 column 
bins, which is somewhat different from the CrIS/FTIR comparison results. The absolute 
difference (MD) is mostly negative with the smallest factor for the smallest total column bin, 
with a difference around -2.5 x 1015 (std = ±3.0 x 1015, N = 229) molecules cm-2 that slowly 
increases as a function of the total column. However, the relative difference (MRD) is at its 
maximum for the smaller bin with a difference of the order -50% (std = ±~50%, N=229) which 
decreases to ~ -10-25% (std = ±25%) with increasing bin value. For both the IASI-NN and 
IASI-LUT retrievals we find an underestimation of the total columns, which originates mostly 
from a large systematic error in combination with more randomly distributed error sources 
such as the instrument noise and interfering species, which is similar to results reported earlier 
for IASI-LUT (Dammers et al., 2016b). 
 
A number of factors, besides the earlier reported FTIR uncertainties, can explain the 
differences between the FTIR and CrIS measurements. The small positive bias found for CrIS 
points to a small systematic error. The higher SNR, from both the low radiometric noise and 
high spectral resolution, enables it to resolve smaller gradients in the retrieved spectra, which 
potentially can provide greater vertical information and detect smaller column amounts (lower 
detection limit). This could explain the larger MRD and MD CrIS differences at the lower end 
of the total column range. However, a number of standalone tests with the FTIR retrieval 
showed only a minor increase in the total column following a decrease in spectral resolution, 
which indicates that the spectral resolution itself is not enough to explain the difference. 



Chapter 4   -   Validation of the CrIS Fast Physical NH3 Retrieval with ground-based FTIR 

72 
 

 

4.3.2 Profile Comparison 
The CrIS satellite and FTIR retrieved profiles are matched using the criteria specified above in 
Table 4.2 and compared. It is possible for a CrIS observation to be included multiple times in 
the comparison as there can be more than one FTIR observation per day, and /or, the possibility 
of multiple satellite overpasses that match a single FTIR observation.  

A representative profile example 
An example of the profile information contained in a representative CrIS and FTIR profile is 
shown in Fig. 4.5. Although the vertical sensitivity and distribution of NH3 differs per station 
this is a fairly representative. The FTIR usually has a somewhat larger DOFS in the order of 
1.0-2.0, mostly depending on the concentration of NH3, compared to the CrIS total of ~1 
DOFS. Figure 4.5a shows an unsmoothed FTIR averaging kernel [vmr vmr-1] of a typical FTIR 
observation. The averaging kernel (AVK) peaks between the surface and ~850 hPa, which is 
typical for most observations. In specific cases with plumes overpassing the site, the averaging 
kernel peak is at a higher altitude matching the location of the NH3 plume. The CrIS averaging 
kernel (Fig. 4.5b) usually has a maximum somewhere in between 680-850 hPa depending on 
the local conditions. This particular observation has a maximum near the surface, an indication 
of a day with high thermal contrast. Both the FTIR and CrIS concentration profiles have a 
maximum at the surface with a continuous decrease that mostly matches the a-priori profile in 
shape following the low DOFS. This is visible for layers at the lower pressures (higher 
altitudes) where the FTIR and CrIS a-priori and retrieved volume mixing ratios become similar 
and near zero. The absolute difference between the FTIR and CrIS profiles can be calculated 
by applying the FTIR observational operator to the CrIS profile, as we described in section 
4.2.5. The largest absolute difference (Fig. 4.5d) is found at the surface, which is also generally 
where the largest absolute NH3 values occur. The FTIR smoothed relative difference (red, 
striped line) peaks at the pressure where the sensitivity of the CrIS retrieval is highest (~55%), 
which goes down to ~20-30% for the higher altitude and surface pressure layers. Overall the 
retrievals agree with most of the difference explained by the estimated errors of the individual 
retrievals. For an illustration of the systematic and random errors on the FTIR and CrIS profiles 
shown in Fig 4.5, see the figures in the appendix: for the FTIR error profile see Fig. B2 
(absolute error) and B3 (relative error) and for the CrIS measurement error profile see Fig. B4. 
Please note that we only show the diagonal error covariance values for each of the errors, which 
is common practice. The total column of our example profile is ~20 x 1015 molecules cm-2 
which is a slightly larger value than average. The total random error is < 10% for each of the 
layers, mostly dominated by the measurement error, which is somewhat smaller than average 
(Dammers et al., 2015) following the larger NH3 VMR. A similar value is found for the CrIS 
measurement error with most layers showing an error < 10%. The FTIR systematic error is 
around ~10% near the surface and grows to a larger 40% for the layers between 900 – 750 hPa. 
The error is mostly due to the errors in the NH3 spectroscopy (Dammers et al., 2015). The 
shape of the relative difference between the FTIR and CrIS closely follows the shape 
systematic error on the FTIR profile pointing to that error as the main cause of difference.  
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Figure 4.5. Example of the NH3 profile comparison for an FTIR profile matched with a CrIS profile 
measured around the Pasadena site. With (a) the FTIR averaging kernel, (b) the CrIS averaging kernel. For 
both averaging kernels the black dots show the matrices diagonal values. Panel (c) shows the retrieved 
profiles of both FTIR (blue) and CrIS (cyan) with the FTIR values mapped to the CrIS pressure layers. 
Also shown are the FTIR a-priori (green), the CrIS a-priori (purple), the CrIS retrieved profile smoothed 
with the FTIR averaging kernel [CrIS (FTIR AVK)] (yellow) and the FTIR profile smoothed with the CrIS 
averaging kernel [FTIR (CrIS AVK)](red). In panel (d), the blue line is the absolute difference between 
the FTIR profile (blue, panel (c)) and the CrIS profile smoothed with the FTIR averaging kernel (Yellow, 
panel (c)) with the red line the corresponding relative difference. 
 

All paired data 
In Fig. 4.6 all the individual site comparisons were merged. The Mexico City site was left out 
of this figure because of the large number of observations in combination with a difference in 
pressure grid due to the high altitude of the city obscured the overall analysis and biased the 
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results towards the results of one station. Similar to the single profile example, the FTIR profile 
peaks near the surface for most observations, slowly going towards zero with decreasing 
pressure. Compared to the representative profile example a number of differences emerge. A 
number of FTIR observations peak further above the surface and are shown as outliers, which 
drag the mean further away from the median values. The combined CrIS profile in Fig. 4.6 
shows a similar behaviour, although for the lowest pressure layer it has a lower median and 
mean compared to the layer above. The difference between Fig. 4.5 and Fig. 4.6e derives 
mostly from the number of observations used in the boxplot, many with weak sensitivity at the 
surface. Similar to the single profile example in Fig. 4.5, the FTIR averaging kernels in Fig. 6c 
on average peak near or just above the surface (with the diagonal elements of the AVK’s shown 
in the figure). The sensitivity varies a great deal between the observations as shown by the 
large spread of the individual layers. The CrIS averaging kernels (Fig. 4.6g) usually peak in 
the boundary layer around the 779 hPa layer with the 2 surrounding layers having somewhat 
similar values. The instrument is less sensitive to the surface layer as is demonstrated by the 
large decrease in the AVK near the surface, but this varies depending on the local conditions. 
We find the largest absolute differences in the lower three layers, as was seen in the example 
in Fig. 4.5, although the differences decrease downwards rather than increase. The relative 
difference shows a similar shape to Fig 4.5. Overall both retrievals show agreement. The 
relative differences in the single level retrieved profile values in Fig. 4.6h show an average 
difference in the range of ~20 to 40% with the 25th and 75th percentiles at around 60-80%, 
which partially follows from our large range of concentrations. The absolute difference shows 
an average difference in the range of -0.66 to 0.87 ppb around the peak sensitivity levels of the 
CrIS observations (681 to 849 hPa). The lower number of surface observations follow from 
the fact that only the Bremen site is located at an altitude low enough for the CrIS retrieval to 
provide a result at this pressure level. Due to this difference in retrieval layering, the remaining 
227 observations mostly follow from matching observations in Bremen, which is located in a 
region of significant NH3 emissions.



Chapter 4   -   Validation of the CrIS Fast Physical NH3 Retrieval with ground-based FTIR 

75 
 

  

 
F

ig
ur

e 
4.

6.
 P

ro
fi

le
 c

om
pa

ri
so

n 
fo

r a
ll

 s
ta

tio
ns

 c
om

bi
ne

d.
 O

bs
er

va
ti

on
s 

ar
e 

co
m

bi
ne

d 
fo

llo
w

in
g 

pr
es

su
re

 “
bi

ns
”,

 i.
e.

 th
e 

m
id

po
in

ts
 o

f t
he

 C
rI

S 
pr

es
su

re
 g

ri
d.

 S
ub

pl
ot

 
(a

) 
sh

ow
s 

th
e 

m
ea

n 
pr

of
il

es
 o

f 
th

e 
FT

IR
 (

bl
ue

),
 (

b)
 th

e 
pr

of
ile

s 
of

 F
T

IR
 w

it
h 

th
e 

C
rI

S 
av

er
ag

in
g 

ke
rn

el
 a

pp
li

ed
 to

 i
t (

re
d)

, (
c)

 th
e 

FT
IR

 a
ve

ra
gi

ng
 k

er
ne

l d
ia

go
na

l 
va

lu
es

, a
nd

 (
d)

 s
ho

w
s 

th
e 

ab
so

lu
te

 d
if

fe
re

nc
e 

[V
M

R
] 

be
tw

ee
n 

pr
of

il
es

 (
f)

 a
nd

 (
a)

. T
he

 s
ec

on
d 

ro
w

 s
ho

w
s 

th
e 

C
rI

S
 m

ea
n 

pr
of

ile
 in

 (
e)

, (
f)

 th
e 

pr
of

il
es

 o
f 

C
rI

S 
w

ith
 

th
e 

FT
IR

 a
ve

ra
gi

ng
 k

er
ne

l a
pp

li
ed

, (
g)

 th
e 

C
rI

S 
av

er
ag

in
g 

ke
rn

el
 d

ia
go

na
l v

al
ue

s,
 (

h)
 th

e 
re

la
ti

ve
 d

if
fe

re
nc

e 
[F

ra
ct

io
n]

 b
et

w
ee

n 
th

e 
pr

of
ile

s 
in

 (
f)

 a
nd

 (
a)

. E
ac

h 
of

 
th

e 
bo

xe
s 

ed
ge

s 
ar

e 
th

e 
25

th
 a

nd
 7

5t
h 

pe
rc

en
til

es
, t

he
 b

la
ck

 li
ne

s 
in

 e
ac

h 
bo

x 
is

 th
e 

m
ed

ia
n,

 th
e 

re
d 

sq
ua

re
 is

 th
e 

m
ea

n,
 th

e 
w

hi
sk

er
s 

ar
e 

th
e 

10
th

 a
nd

 9
0t

h 
pe

rc
en

ti
le

s,
 

an
d 

th
e 

gr
ey

 c
ir

cl
es

 a
re

 th
e 

ou
tl

ie
r 

va
lu

es
 o

ut
si

de
 th

e 
w

hi
sk

er
s.

 



Chapter 4   -   Validation of the CrIS Fast Physical NH3 Retrieval with ground-based FTIR 

76 
 

 

 
Figure 4.7. Summary of the absolute and relative actual error as a function of the VMR of NH3 in the 
individual FTIR layers. The box edges are the 25th and 75th percentiles, the black line in the box is the 
median, the red square is the mean, the whiskers are the 10th and 90th percentiles, and the grey circles are 
the outlier values outside the whiskers. Only observations with a pressure greater than 650 hPa are used. 
The top panel shows the absolute difference for each VMR bin, the bottom panel shows the relative 
difference for each VMR bin. 

 
The switch between negative and positive values in the absolute difference (see Fig. 4.6d), 
occurs in the two lowest layers dominated by the Bremen observations and provides insight 
into the relation between absolute differences as function of retrieved concentration. Fig. 4.7 
shows a summary of the differences as a function of the individual NH3 VMR layer amounts. 
As seen before in the column comparison, e.g. Fig 4.2 and 4.4, the CrIS retrieval gives larger 
total columns than the FTIR retrieval for the small values of VMR. For increasing VMRs, this 
slowly tends to a negative absolute difference with a relative difference in the range of 20-
30%. However, note that the number of compared values in these high VMR bins are by far 
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lower than in the first three bins leading to relatively less effect in the total column and merged 
VMR figures (Figs. 4.2 and 4.6) from these high VMR bins. We now combine the results of 
Figs. 4.6 and 4.7 into Figure 4.8 to create a set of subplots showing the difference between both 
retrieved profiles as a function of the maximum VMR of each retrieved FTIR profile. For the 
layers with pressure less than 681 hPa we generally find agreement, which is expected but not 
very meaningful, since there is not much NH3 (and thus sensitivity) in these layers and any 
differences are smoothed out by the application of the observational operator. The relative 
differences for these layers all lie around ~0-20%. For the lowest two VMR bins we find again 
that CrIS gives larger results than the FTIR, around the CrIS sensitivity peak in the layer 
centred around 849 hPa, and to a lesser extent in the layer below. At these VMR levels (< 2 
ppb) the NH3 signal approaches the spectral noise of the CrIS measurement, making the 
retrievals more uncertain. The switch lies around 2-3 ppb where the difference in the SNR 
between the instruments becomes less of an issue. Also easily observed is the relation between 
the concentration and the absolute and relative differences. This can be explained by the 
difference in sensitivity of the instruments, and the measurement noise of both instruments. 
For the largest VMR bin [> 4.0 ppb] we find that CrIS is biased for the four lowest layers. 
Differences are largest in the surface layer where only a few observations are available, almost 
all from the Bremen site. Most of these CrIS observations have a peak satellite sensitivity at a 
higher altitude than the FTIR. Assuming that most of the NH3 can be found directly near the 
surface, with the concentration dropping off with a sharp gradient as a function of altitude, it 
is likely that these concentrations are not directly observed by the satellite but are observed by 
the FTIR instruments. This difference in sensitivity should be at least partially removed by the 
application of the observational operator but not completely, due to the intrinsic differences 
between both retrievals. The CrIS retrieval uses one of three available a-priori profiles, which 
is chosen following a selection based on the strength of NH3 signature in the spectra. The three 
a-priori profiles (unpolluted, moderately polluted and polluted) are different in both shape and 
concentrations. Out of the entire set of 2047 combinations used in Fig. 4.8, only six are of the 
not polluted a priori category. About 1/3 of the remaining observations use the polluted a-
priori, which has a sharper peak near the surface (see Fig. 4.5c), compared to the moderately 
polluted profile, which is used by 2/3s of the CrIS retrievals shown in this work. Based on the 
results as a function of retrieved VMR (as measured with the FTIR so not a perfect restriction), 
it is possible that the sharper peak at the surface as well as the low a-priori concentrations are 
restricting the retrieval. The dependence of the differences on VMR can also possibly follow 
from uncertainties in the line spectroscopy. In the lower troposphere there is a large gradient 
in pressure and temperature and the impact of any uncertainty in the line spectroscopy is greatly 
enhanced. Even for a day with large thermal contrast and NH3 concentrations (e.g. Fig 4.5), 
the difference between both the CrIS and FTIR retrievals was dominated by the line 
spectroscopy. This effect is further enhanced by the higher spectral resolution and reduced 
instrument noise of the FTIR instrument, which potentially makes it more able to resolve the 
line shapes.   
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To summarise, the overall differences between both retrievals are quite small, except for the 
lowest layers in the NH3 profile where CrIS has less sensitivity. The differences mostly follow 
the errors as estimated by the FTIR retrieval and further effort should focus on the estimated 
errors and uncertainties. A way to improve the validation would be to add a third set of 
measurements with a better capability to vertically resolve NH3 concentrations from the surface 
up to ~750 hPa (i.e. the first 2500 m). One way to do this properly is probably by using airplane 
observations that could measure a spiral around the FTIR path coinciding with a CrIS overpass. 
The addition of the third set of observations would improve our capabilities to validate the 
satellite and FTIR retrievals and point out which retrieval specifically is causing the absolute 
and relative differences at each of the altitudes. 
 

4.4 Conclusions 
Here we presented the first validation of the CrIS-NH3 product using ground-based FTIR-NH3 
observations. The total column comparison shows that both retrievals have a correlation of R 
= 0.77 (P < 0.01, N = 218) and almost no bias with an overall slope of 1.02 (std = ±0.05). For 
the individual stations we find varying levels of agreement mostly limited by the small range 
of NH3 total columns. For FTIR total columns > 10 x 1015 molecules cm-2 the CrIS and FTIR 
observations are in agreement with only a small bias of 0.4 (std = ± 5.3) x 1015 molecules cm-

2, and a relative difference 4.57 (std = ± 35.8) %. In the smaller total column range the CrIS 
retrieval shows a positive bias with larger relative differences 49.0 (std = ± 62.6) % that mostly 
seems to follow from observations near the CrIS detection limit. The results of the comparison 
between the FTIR and the IASI-NN and IASI-LUT retrievals, are comparable to those found 
in earlier studies. Both IASI products showed smaller total column values compared to the 
FTIR, with a MRD ~-35- -40%. On average, the CrIS retrieval has one piece of information, 
while the FTIR retrieval shows a bit more vertical information with DOFS in the range of 1-2. 
The NH3 profile comparison shows similar results, with a small mean negative difference 
between the CrIS and FTIR profiles for the surface layer and a positive difference for the layers 
above the surface layer. The relative and absolute differences in the retrieved profiles can be 
explained by the estimated errors of the individual retrievals. Two causes of uncertainty stand 
out with the NH3 line spectroscopy being the biggest factor, showing errors of up to 40% in 
the profile example. The second factor is the signal-to-noise ratio of both instruments which 
depends on the VMR: under large NH3 concentrations, the FTIR uncertainty in the signal is in 
the range of 10%; for measurements with small NH3 concentrations this greatly increases. 
Future work should focus on improvements to the NH3 line spectroscopy to reduce the 
uncertainty coming from this error source.  Furthermore an increased effort is needed to acquire 
coincident measurements with the FTIR instruments during satellite overpasses as a dedicated 
validation effort will greatly enhance the number of available observations.  Furthermore, a 
third type of observations measuring the vertical distribution of NH3 could be used to compare 
with both the FTIR and CrIS retrievals and further constrain the differences. These 
observations could be provided by an airborne instrument flying spirals around an FTIR site 
during a satellite overpass.  
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5. Measuring atmospheric ammonia with remote 
sensing campaign: Part 1 – Characterisation of 

vertical ammonia concentration profile in the centre 
of the Netherlands 

 

Abstract. NH3 is complex to measure at atmospheric concentrations due to the high solvability 
and reactivity of the molecule and due to the strong spatial and temporal variations. 
Measurements are either performed with passive samplers and filter packs that sample the 
atmosphere with at best daily coverage, or with more expensive wet chemical or spectroscopic 
measurement techniques of which relatively few are used in monitoring networks. Instruments 
using an open path show the most potential as these avoid the use of inlets and thus the 
interactions of ammonia with tubing, filters, and inlets. Measurements on the vertical 
distribution of ammonia are even scarcer, with only a few available airborne and tower 
measurements. Satellite observations of NH3 show potential to be used for real-time monitoring 
as these have global coverage with often daily overpasses. Validation of satellite NH3 products 
representing the total atmospheric column with ground based instruments measuring in situ 
NH3 has been troublesome due to a lack of knowledge about the vertical distribution. 
Validation with FTIR instruments has shown potential but has been performed for only a 
limited number of stations. In this study we report on measurements performed during the 
Measuring atmospheric Ammonia with Remote Sensing (MARS) field campaign at Cabauw, 
the Netherlands. The aim of the campaign was to improve the general understanding of the 
vertical distribution of ammonia. An integrated approach was taken using four mini-DOAS 
instruments installed in the meteorological tower at Cabauw, supplemented by measurements 
with a MARGA and a mobile FTIR instrument. The measurements between May and October 
2014 showed large variations in the concentrations, with maximum concentrations reaching 
240 µg m-3. The lower three mini-DOAS and MARGA measurements showed large differences 
on an hourly basis, which were shown to originate from multiple measurement artefacts of the 
MARGA. The mini-DOAS concentrations varied sharply between the different levels with the 
lower three instruments showing maxima at night while the mini-DOAS at 160m in the tower 
showed maxima during the day. The study shows that the daytime boundary layer is well-
mixed with only small gradients found between DOAS 20 and DOAS 160. Differences were 
found in the origin of the ammonia with the instrument at 20m showing higher concentrations 
with transport from the north, where locally the largest sources are located, while the 
instrument at 160m showed the highest concentrations coming from the east which shows a 
more regional influence. The measurement campaign data is freely available for model and 
satellite validation studies. 

Published as: Dammers, E., Schaap, M., Haaima, M., Palm, M., Wichink Kruit, R.J., Volten, 
H., Hensen, A., Swart, D., and Erisman, J.W. : Measuring atmospheric ammonia with remote 
sensing campaign: Part 1 – Characterisation of vertical ammonia concentration profile in the 
centre of the Netherlands, Atmospheric Environment (in review), 2017. 
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5.1 Introduction 
The unprecedented levels of reactive nitrogen in the earth system is one of the biggest threats 
to our society and environment (Rockström et al., 2009). Current reactive nitrogen emissions 
to the atmosphere are estimated to be up to four times higher than pre-industrial levels (Fowler 
et al., 2013) and result in a cascade of environmental effects (Galloway et al., 2003). The most 
common form of reactive nitrogen in the environment is ammonia (Sutton et al., 2013). The 
availability of mineral fertilizer originating from industrial production of ammonia is essential 
to feed the world population (Erisman et al., 2008). Besides agriculture, ammonia is emitted 
by a large variety of secondary sources including biomass burning, industry, and cars equipped 
with a three-way catalyser (Galloway et al., 2003; Erisman et al., 2008). Ammonia is removed 
from the atmosphere through dry and wet deposition and has a limited atmospheric lifetime of 
hours up to a few days. Ammonia also reacts easily with nitric and sulphuric acids, forming 
ammonium salts in the process (Fowler et al., 2009). Both the deposition and chemistry 
pathways cause a number of environmental and health hazards. Deposition of ammonia causes 
soil acidification and enhances eutrophication causing species loss and ecosystem stress 
(Bobbink et al., 2010, Erisman et al., 2013). The ammonium salts are a major contributor to 
atmospheric particulate matter levels which are suspected to cause of various health issues 
(Pope et al., 2002; Pope et al., 2009). Furthermore aerosols in the atmosphere are an important 
factor in climate change through the direct impact on the global radiance budget and indirectly 
in through the formation of clouds (Adams et al., 2001; Myhre et al., 2013). 

Although ammonia is a major player in various environmental and health issues our knowledge 
of the global budget and distribution is still relatively poor (Sutton et al., 2013). This is caused 
by the complexity of the N-cascade combined with a lack of representative atmospheric 
measurements. Even though agriculture is by far the largest emission source, there are big 
uncertainties in both the global and regional emission estimates (Galloway et al., 2008; Reis et 
al., 2009; Sutton et al., 2013). Ammonia emissions depend strongly on the agricultural practice 
in a given region. In addition, meteorological conditions have a strong impact on the emission 
variability as ammonia volatilization is strongly affected by temperature and in addition 
agricultural activities such as manure application depend on growing season parameters and 
soil conditions. Furthermore, although dry deposition is a major sink for ammonia near sources, 
ecosystems that are highly saturated with ammonia may become daytime sources when the 
partial pressure of ammonia becomes higher than the atmospheric concentration (Fowler et al., 
2009). Removal of the ammonia from the atmosphere depends on land use, surface state and 
precipitation levels. The chemical loss of ammonia depends largely on pollution regime and 
links the fate of ammonia to the sulfur and oxidized nitrogen cycle. Realizing that the spatial 
and temporal variability of ammonia concentrations is large due to the primary nature of 
ammonia and its short atmospheric lifetime, amplifies the need for a high resolution monitoring 
system with global coverage.  

To monitor global distributions of air pollutants satellite remote sensing has shown great 
potential for other pollutants such as aerosols and nitrogen dioxide as they provide (sub-daily) 
coverage (Boersma et al., 2007, Remer et al., 2005). Recent developments have enabled to 
retrieve ammonia column densities from satellite instruments like the Tropospheric Emission 
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Spectrometer (TES, Beer et al., 2008; Shephard et al., 2011), the Atmospheric Infrared Sounder 
(AIRS, Warner et al., 2016)., the Cross-track Infrared Sounder (CrIS, Shephard and Cady-
Pereira, 2015), and the Infrared Atmospheric Sounding Interferometers (IASI, Clarisse et al., 
2009). Unfortunately, the validation of the emerging ammonia products has been very limited 
so far. Promising results have been obtained using Fourier Transform InfraRed spectroscopy 
(FTIR) observations (Dammers et al., 2016), but only for a limited number of stations mostly 
located far away from source areas. Validation of the satellite data with ground based data is 
complicated. Firstly, no global coverage is provided as almost all measurement locations of 
ammonia are situated in Europe, North America and China. Secondly, measuring ammonia 
reliably at ambient concentration levels is complicated due the reactive and sticky nature of the 
molecule which may lead to measurement artefacts and associated large uncertainties (von 
Bobrutzki et al., 2010). Hence, current monitoring networks either exploit (passive) low cost 
systems with long sampling times or expensive annular wet denuder systems with hourly or 
daily coverage (Fowler et al., 2009). Scientific developments to provide high temporal 
resolution data include spectroscopic measurements using techniques such as Quantum 
Cascade Laser absorption systems (QCL), Differential Optical Absorption spectroscopy 
(DOAS) and Cavity-ring down spectroscopy (CRDS) (Ellis et al., 2011, Berden et al., 2000, 
Harren et al., 2000; Pogany et al., 2009). Currently, the open path techniques show most 
promising results to determine ammonia as they avoid all interactions of ammonia with inlet, 
tubing as well as volatilization of ammonium nitrate for example stuck on filters. Reliable high 
resolution data on ammonia is only now becoming available for Switzerland and in the 
Netherlands, in which mini-DOAS instruments are employed in the monitoring networks. The 
mismatch in representativity of the ground based and satellite measurements further hampers 
the evaluation of satellite products as illustrated by Van Damme et al. (2015a). They concluded 
that information on vertical profiles is highly needed to be able to estimate surface 
concentrations from column totals. Only a few studies report on the vertical profile of ammonia 
from towers (Erisman et al., 1988; Li et al., 2016). In addition, data from a limited number of 
short term airborne campaigns are available (Nowak et al., 2007, 2010; Leen et al., 2013). In 
short, new experimental datasets with vertical profile information on ammonia are required to 
improve the validation of remote sensing products, especially in agricultural source areas.       

The study presented here aims to improve the general understanding on the vertical distribution 
of ammonia, the processes driving the concentrations in the surrounding region and provide 
high temporally resolved measurements to help in the validation of the IASI-NH3 satellite 
product. We report the results of the Measuring atmospheric Ammonia with Remote Sensing 
(MARS) field campaign at Cabauw, the Netherlands, and explore the use of the observations 
to characterize the vertical distribution of ammonia. This paper aims to describe the 
measurements and its uncertainties, characterize the site and the bias in the measurements and 
the inter-comparison between the measurements. For the campaign, which took place between 
April and October, 2014, four mini-DOAS instruments, a MARGA instrument and a mobile 
FTIR instrument were installed near- and at various levels of- the meteorological tower at the 
CESAR supersite in the Netherlands. The Cabauw Experimental Site for Atmospheric 
Research (CESAR) site is well situated to explore the high variability of ammonia for a high 
ammonia emission region as it provides a wide range of complementary meteorological and 
air pollutant data. In section 5.2, the measurement site and the instrumental set-up for the field 
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campaign is described. Section 5.3 reports on the results. Finally, section 5.4 covers a final 
discussion and conclusions. 

5.2 Instruments and data sets 

5.2.1 MARS campaign and site description 
The MARS campaign took place from April to October in 2014 at the CESAR site in the 
Netherlands (Russchenberg et al., 2005; http://www.cesar-observatory.nl)). The CESAR super 
site (51.9718N, 4.9278E) is located in a rural area in the central part of the Netherlands near 
the village of Cabauw. The rural area is located in between 3 urbanizations, with the city of 
Utrecht located to the north-east (15 km), Rotterdam to the west (30 km) and Amsterdam to 
the north (45 km). The site hosts a comprehensive set of instruments for meteorology, radiation 
as well as atmospheric chemistry, providing an excellent basis to perform additional detailed 
measurements. Measurements data from the tower and the remote sensing site are readily 
available at the CESAR website (http://www.cesar-database.nl/). The direct surrounding of the 
site is shown in Figure 5.1. The agricultural land surrounding the site consists mainly of 
pastures, with a provincial road to the south and the villages of Cabauw to the north and Lopik 
to the east. Ammonia sources near the site include a pig farm to the south east, dairy cow 
housing and chicken sheds to the north/north-west, the application of manure/fertilizer on the 
surrounding fields, and sheep ranging on the site itself.  

 
Figure 5.1. Left: The 1 km x 1 km ammonia emission distribution for 2014 with the location of the CESAR 
super site shown as a black dot (source: http://www.emissieregistratie.nl/). Top-right: The measurement 
tower (blue star) and remote sensing site (on which the FTIR system is placed, yellow star) are located 
near the villages of Lopik (east) and Cabauw (north). Bottom right: Emission sources nearby the site (area 
within the red square of the left panel), include the surrounding fields, poultry & livestock sheds to the 
north (cows, chicken), a pig farm to the south just above the river, and a busy road (N210) to the south. 
See Peltola et al., 2015 for an overview of all the livestock housings in the surrounding area. 
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5.2.2 Mini-DOAS instruments 

Introduction 

Four mini Differential Optical Absorption Spectroscopy (mini-DOAS) instruments (Volten et 
al., 2012) were provided by the Netherlands National Institute for Public Health and the 
Environment (RIVM) and installed at four levels in and near the tower (Figure 5.1, blue star). 
The instrument uses an open-path UV-DOAS technique to measure the NH3 concentrations 
with a temporal resolution of one minute. The development of mini-DOAS has been well 
documented by Volten et al (2012), Berkhout et al. (2016) and Sintermann et al. (2016). Two 
of the instruments were installed in the tower at 20 m and 160 m height (from here onward 
called DOAS 20 and DOAS 160) above the surface. The other two instruments were installed 
at 1.05 and 4.44 meters height (from here onward called DOAS 1 and DOAS 4) in a container, 
which was positioned at the base of the tower. The two instruments at the base of the tower are 
both installed on two optical benches to reduce disturbances from traffic and personnel. Both 
instrument use a path length of 2x22 meters. The two instruments in the tower were fitted in 
an air-conditioned box which were affixed to the tower platforms. The temperature in the air 
conditioned box is regulated to 20 degrees. The retroreflectors were installed on the ends of 
the northern arms of the tower, which provided a total path length of 2x9 meters. This path 
length is shorter than the normal 2x22 meters and leads to a reduction of the signal-to-noise 
ratio. The two instruments in the tower were operated from the start of May 2014 to mid-
October 2014, the two instruments in the container were operated from mid-May 2014 to end 
of September 2014. 

Mini-DOAS calibration and concentration retrieval 

The measurement principle, retrieval and schematics of the instrument are documented in 
Volten et al. (2012) and Berkhout et al. (2016) so only a short summary will be given here. An 
UV lamp is used as a light source and aimed at a retroreflector at the end of the measurement 
path. The intensity of the reflected light is measured with a charge-coupled device (CCD) over 
the spectral window of 200-325 nm with a resolution of ~0.06 nm (2048 pixels). Atmospheric 
concentrations can be calculated by using the Lambert-Beer law (Platt and Stutz, 2008), 

ln
( )

( )
= 𝐿 ∙ ∑ (−𝜎 (𝜆)𝑐 ) + 𝑃(𝜆),     (5.1) 

In which 𝐼 is the measured intensity, 𝐼  is the lamp intensity, 𝐿  the path length, 𝜎  

the absorption cross section of each molecule, with i the index of each molecule (e.g., NH3, 
NO, and SO2), 𝑐  the concentration to be determined and 𝑃 the broadband absorption. A high 
pass filter based on a running mean is used to remove the spectral footprint of the broadband 
features 𝑃. After the removal of the broadband features the concentrations of the species can 
be determined using a simple least square fit. The cross sections 𝜎 (𝜆), needed for this fit are 
determined during the calibration of the instrument (see Volten et al., 2012; Berkhout et al., 
2016). During the calibration the relation between the sensor dark current and sensor 
temperature is also characterized. The dark current is the residual current flowing through the 
sensor in absence of light. The temperature of the CCD sensor is measured with a temperature 
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sensor and logged together with the measured intensities. This temperature is then used to 
correct for the dark current. 

Errors and uncertainty 

The recent publication by Berkhout et al. (2016) reports a precision of 0.25 µg m-3 due to 
uncertainties in the retrieval and a detection limit of 0.25 µg m-3 following the uncertainty in 
the calibration. The precision follows from the retrieval characteristics, i.e. the fitting 
algorithms and signal to noise ratios. This precision did not include the effect of the dark 
current on the retrieved concentrations. Even though the mini-DOAS systems are air-
conditioned, small fluctuations in temperature cause variations in the dark current of the CCD 
sensor. Dark current is a function of temperature following a rather simple exponential relation 
for the normal atmospheric temperature range (263 – 313 K). Recent field tests with a mini-
DOAS capable of measuring the dark current in real time showed a concentration difference 
of up to 0.2 µg m-3 as compared to calculating the dark current. The systems used during this 
campaign did not yet have this enhanced capability and the difference between both types of 
systems has to be added to the total uncertainty to get a representative final error estimate. Two 
systems capable of measuring the dark current in real time, were compared side by side, finding 
a standard deviation of 0.3 and 0.1 µg m-3 for 5 and 30 minutes averaged measurements. 
Combining the error from calculating the dark current instead of measuring it and the 
difference between two systems, the random error is 0.4 µg m-3 for 5 minutes averaged 
measurements. The two instruments in the tower can be expected to have a reduced 
performance due to the shorter path length. The shorter path length reduces the NH3 signal in 
the spectra following the lower NH3 absorption. However, the shorter path length also means 
an increase in the lamp intensity. The optimal path length was found to be around 2x20 meters 
with a reduction in performance for shorter path lengths. 

Due to a bug in the software responsible for reading of the sensor temperature no CCD 
temperature was logged for the two instruments at the base of the tower. Shortly before the end 
of the campaign this problem was noticed and solved. For the two instruments in the tower the 
temperature was logged correctly. The measurements from the end of the campaign (16 
September – 25 September) were used to determine the difference between a fixed dark current 
and calculated dark current. The error depends on the temperature and is thus not randomly 
distributed, which means it does not reduce through averaging of multiple measurements. The 
size of the error depends on the instruments as each mini-DOAS sensor is unique and the dark 
current used for the question was determined before the campaign under different lab 
conditions. For mini-DOAS 1 the mean difference is -0.25 µg m-3 (i.e. the retrieval with a 
calculated dark current gives larger concentrations) with a standard deviation of 0.69 µg m-3. 
For mini-DOAS 4 we find a mean difference of -0.76 µg m-3 (i.e. the retrieval with a calculated 
dark current gives larger concentrations) with a standard deviation of 0.33 µg m-3. Including 
these errors, the total random and systematic error, for 5 minute averaged measurements, 
become 0.8 and 0.5 for DOAS 1 and 0.5 and 1.0 for DOAS 4. The short measurement interval 
used to calculate these corrections did not cover the full range of atmospheric conditions during 
the campaign, and the deviations are expected to be larger in reality.  
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To summarise our random and systematic uncertainties will be a combination of the calculated 
and/or fixed dark current, and the measurement errors. Table 5.1 shows a summary of the 
uncertainties for each mini-DOAS instrument. The final figures exclude the potential loss of 
accuracy due to the fitting algorithm, lamp artefacts, and the shorter path lengths used by the 
two instruments in the tower.  

Table 5.1. Summary of uncertainties in the 5 minute average mini-DOAS retrieved NH3 concentrations 

Retrieval type Retrieval type Mini-DOAS 
height [m] 

Random  
(µg m-3) 

Systematic  
(µg m-3) 

Mini-DOAS 20, 160 Calculated dark current 20, 160 0.4 0.25 
Mini DOAS 1 Fixed dark current 2 0.8 0.50 
Mini DOAS 4 Fixed dark current 5 0.5 1.00 

 

5.2.3 MARGA 
The Monitor for AeRosol and Gases (MARGA, Metrohm Applikon) instrument was operated 
by ECN from the start of June to the end of September. The MARGA has been well described 
in literature (Makkonen et al., 2012, Thomas et al., 2009) and we will only give a short 
summary. The MARGA is an analyser that measures a range of gases (NH3, HNO3, HCl, SO2, 
HNO2) and PM2.5 (NO3

-, SO4
2-, Na+, NH4

+, K+, Mg2+ and Ca2+) components with an hourly 
resolution. The MARGA consist of a wet rotating annular denuder (WRD) that is coated with 
an absorption solution for the collection of the gases (Keuken et al., 1988, Wyers et al., 1993). 
The water soluble trace gases such as ammonia are extracted from a laminar air flow into an 
absorption solution. This solution is analysed using ion chromatography.  It also features a 
steam Jet Aerosol Collector (SJAC; Khlystov et al., 1995) that injects steam to create an 
environment in which the particles grow by absorbing the moisture. Subsequently these are 
collected by the use of inertial separation. The MARGA is located indoors, in the observatory 
base that surrounds the base of the tower, with an outlet at the roof of the observatory base 
(4m). The reported NH3 detection limit of the instrument is around 0.05 µg m-3 with an overall 
uncertainty of ~4% (Makkonen et al., 2012). The MARGA instrument performance suffers 
from several artefacts. A peak is often visible in the early morning measurements (ten Brink et 
al., 2009; Makkonen et al., 2012). This may be caused by the formation of morning dew around 
the inlets of the instrument which lead to the absorption of ammonia into the dew, which a few 
hours later evaporates and volatizes following the increase of temperature due to the rising sun. 
This causes a peak in the measured NH3 concentrations which is less visible when averaging 
to longer measurements intervals. A second problem is the low response time to variations in 
NH3 concentrations. Pumping the liquids through the instrument results in an e-folding 
response time of roughly an hour (Thomas et al., 2009). Thus, compared to the mini-DOAS 
that reacts immediately, the measured ammonia concentrations are delayed and smeared out 
over a longer period. 
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5.2.4 FTIR IFS-66 
A Bruker FTIR instrument was provided by the Institut für Umweltphysik, Universität of 
Bremen (IUP) and in combination with a solar tracker provided by the University Liberte 
Bruxelles (ULB) was installed in a trailer positioned on the remote sensing site (Figure 5.1, 
yellow star), circa 500 m to the south of the tower (51.967° N, 4.929° E). The instrument was 
operated between the start of May to mid-August. FTIR instruments are used to measure solar 
absorption with the use of a Fourier transform spectrometer (Notholt et al., 1994; Lutsch et al., 
2016). These solar spectra can be used to analyse the absorption of molecular species in the 
atmosphere. With the use of a line-by-line model the absorption lines can be modelled using 
pre-determined absorption parameters (HITRAN, Rothman et al., 2013). Dammers et al (2015) 
developed a retrieval algorithm to determine the atmospheric concentrations of NH3. The 
retrieval strategy is based on a combination of two spectral micro windows covering two strong 
ammonia absorption lines at [930.32 – 931.32 cm-1, MW1] and [966.97 – 967.68 cm-1, MW2]. 
Besides NH3 there are a number of interfering species with absorption lines which are taken 
into account (e.g. H2O, O3, CO2, N2O, HNO3, SF6, CFC-12 and solar lines). Similar to the 
instruments described by Dammers et al. (2015) the instrument uses a potassium bromide 
(KBr) beam splitter  in combination with a mercury-cadmium-telluride (MCT) liquid nitrogen 
cooled detector to focus on the spectral region in which the NH3 molecule has absorption lines 
(700-1350 cm-1). Furthermore an optical band-pass filter (NDACC network standard) was used 
to improve the signal-to-noise ratio. The obtained spectra have a resolution of 0.111 cm-1 which 
is 2-3 orders coarser than the resolution of the HR125 commonly used by the FTIR community 
in the TCCON and NDACC networks (Kurylo et al., 1991, http://www.ndsc.ncep.noaa.gov/; 
Wunch et al., 2011, http://www.tccon.caltech.edu/). The retrieval was adjusted to correct for a 
number of static interfering signals which were found after analysing the observed spectra. 
Possible causes of the interference are vibrations of the vacuum pump and electronics. After 
extensive testing it was found that the coarser resolution only has a limited effect on the 
retrieved concentrations for which is accounted for by an increase in the estimated errors. 
Overall including the reduction in resolution we find a mean systematic error ~5% and mean 
random error ~ 20%. The errors are slightly lower than the values reported by Dammers et al., 
(2015) due to the on average higher concentration levels observed during the campaign 
compared to the mean of the set used by Dammers et al. (2015). 

5.2.5 Meteorological measurements 
Meteorological data (e.g. temperature, pressure, wind speed, direction, etc) was obtained from 
measurements collected in the tower and listed in the CESAR database (http://www.cesar-
database.nl/). The data is freely available after subscription to the website. Most common 
meteorological parameters are available for the surface as well as multiple levels in the tower. 
The Mixing layer height is determined using the LD-40 cloud ceilometer (LD40) present at the 
site. The MLH is estimated from the backscatter measurements using a wavelet detection 
algorithm (de Haij, 2007; 2010). The algorithm returns 2 MLH heights and a score/index 
estimating the quality. The base measurements also provide cloud base heights, precipitation 
and vertical visibility. The data for each of the variables are retrieved from the CESAR-
database. To fill in the gaps in the MLH data we will use the MLH calculated with the 
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METPRO meteorological processor of the OPS 4.5 (Operational Priority Substances, Sauter et 
al., http://www.rivm.nl/media/ops/v4.5.0/OPS-model-v4.5.0.pdf, updated 2016-05-12) model.  

5.2.6 Data criteria and quality 
The instruments data quality is ensured by each of the individual retrieval algorithms or 
measurement protocols. However a further set of quality filters have been applied to ensure the 
comparability of the instruments. All of the mini-DOAS data have been scrutinized for possible 
problems. In particular, data points with low light intensities on the detector were filtered out, 
since these result in a low signal-to-noise ratio. As described in section 5.2.2, observations 
from mini-DOAS 1 and 4 observations are only corrected by a fixed dark current value, and 
therefore have larger uncertainties. We only use the observations of DOAS 1 and 4 for specific 
results in the manuscript. The 27th of August measurements of DOAS 20 were removed from 
the results, due to start-up problems after a system restart following an earlier error probably 
due to intense rain showers.  

5.3 Results 

5.3.1 Concentrations averaged throughout the campaign  
Between the 1st of May and the 1st of October a large number of almost continuous 
measurements were acquired using the DOAS and MARGA instruments. The measured NH3 
concentrations are shown in Fig. 5.2, with the measurements averaged to daily averages for 
easy viewing and comparison. The bars indicate the error estimate of the DOAS observations. 
The bottom panel of the figure shows the measured surface temperature and daily averaged 
wind vectors to give an indication of the seasonal cycle in temperature and the wind direction 
and speed. A general increase in the concentrations of ammonia, following an increase of 
volatilization (Sommer et al., 1991), is observed for each of the major temperature increases 
and low wind speeds, during the end of May, early June, mid-July and mid of September. 
Concentration peaks are visible for each of the lower three DOAS instruments (up to 20m) 
with the MARGA also observing peaks in the concentrations for a large number of days. The 
highest mean concentrations are observed for the end of August to mid-September (Fig 5.2.), 
which coincides with the final spreading of manure on the fields before the season end (manure 
application after the 15th of September is forbidden). Large gaps in the observations are visible 
for the lower two DOAS instruments (May and parts of June, since instruments were installed 
in June) as well as the MARGA (measurements started in June) and the DOAS at 20m 
(technical problems in August). Smaller gaps are observed for individual days, usually due to 
heavy rain showers. The summer of 2014 was a typical Dutch summer although with a higher 
frequency of rain showers than usual. Table C1 in the appendix gives a summary of the monthly 
number of hourly averaged observations available for each of the instruments. As can be seen 
the monthly number of observations vary for each of the instruments, following technical 
problems (e.g. mini-DOAS lamp issues), maintenance and rain showers.  

Table 5.2 shows the statistical summary of the observed ammonia concentrations at Cabauw. 
Besides the mean concentrations also the median, the standard deviation, the 5th and the 95th 
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percentiles of the data is presented. Unless stated otherwise, for each figure and table in the 
text the data is first averaged to hourly means. For Table 5.2 the data was subsequently 
compared for the times that all instruments had available data. This selection criteria was 
applied to ensure the comparison of coinciding measurements. The mean concentrations at 
20m is 9.55 µg m-3. The concentrations of NH3 are highly variable as indicated by the large 
standard deviation and the large range [2-22 µg m-3] of concentrations between the 5th and 95th 
percentiles of the data. The instrument at 160m shows smaller concentrations with a mean of 
4.5 µg m-3. The concentrations range from 0.5 to 10.5 µg m-3 for the 5th and 95th percentiles of 
the data. Unpaired data of the individual instruments show a large monthly variability (Table 
5.3). For example monthly mean DOAS 160 concentration vary around 3-7 µg m-3 depending 
on the month. Secondary inorganic aerosol (SIA) concentrations during the campaign totalled 
around 11 µg m-3 during the campaign with nitrate being the most abundant species. The 
aerosol partitioning shows that the sum of nitrate and sulphate correlates very well with the 
amount of ammonium present (R2= 0.98) and a slope of 0.9. Hence, virtually all ammonium 
is present as ammonium sulphate and ammonium nitrate.  

Table 5.2. Statistics on mini-DOAS and MARGA concentrations for measurements performed between 
May 1st and October 1st 2014. Observations were matched for times that all instruments had measurements 
and averaged to hourly mean concentrations (observations are used only for intervals where all instruments 
worked) before calculating the statistics. From left to right: Mean concentration, standard deviation, 
median, 5th and 95th percentiles of the set. 

NH3 Mean  
(µg m-3) 

St.Dev  
(µg m-3) 

Median  
(µg m-3) 

5%  
(µg m-3) 

95%  
(µg m-3) 

DOAS 1m 6.8 5.1 5.5 1.0 16.4 
MARGA (4m) 11.5 7.5 10.0 3.7 25.5 
DOAS 4 6.5 6.3 4.7 -0.3 20.3 
DOAS 20 9.6 6.2 8.3 2.2 22.0 
DOAS 160 4.5 3.1 4.1 0.4 10.3 
SIA Mean  

(µeq m-3) 
St.Dev  
(µeq m-3) 

Median 
 (µeq m-3) 

5%  
(µeq m-3) 

95%  
(µeq m-3) 

MARGA (SO4) 0.1 0.1 0.1 0.0 0.2 
MARGA (NO3) 0.1 0.1 0.1 0.0 0.2 
MARGA (NH4) 0.2 0.1 0.1 0.0 0.4 

 
The interpretation of the data for DOAS 1 and 4 poses a challenge. On one hand, both 
instruments observe similar variations in the concentrations as DOAS 20, this is shown in the 
day to day variability (Figure 5.2) and evidenced by high correlations between the observed 
concentrations of the lower 3 instruments (DOAS 1, 4 and 20) are high, with R~0.8-0.9. On 
the other hand there appears to be an offset between the concentrations measured by DOAS 20 
and those of DOAS 1 and 4, shown by the large intercept observed in the scatter plots between 
the data of the individual instruments (see Table 5.4). Although profile variations can be 
expected in the surface layer, the offsets are inconsistent, not fitting a single logarithmic profile. 
Hence, we feel that the offsets are caused by influence of the missing dark current correction 
and the calibration of the instruments at 2 and 5m. The difference following a fixed dark current 
can explain a large systematic difference of at least 1.00 µg m-3. This figure excludes any error 
due to the random uncertainty in the measurements. As mentioned in section 5.2.2, the random 
uncertainty component of the dark current is not completely independent of temperature and 
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can potentially be large for months with a different temperature range as to our 10-day test set 
from September. The high correlation is also illustrated in Figure 5.4 showing that the 
variations in the concentrations by DOAS 1, 4 and 20 are highly consistent but for the lower 
two instruments show a variable bias compared to DOAS 20. In short, the instruments show 
that NH3 in the lower 20m behaves very similar. In the remainder we focus our interpretation 
on DOAS 20 and 160. 

The concentrations measured by the MARGA are systematically larger than those measured 
by the DOAS at 20m. Inspection of the measured diurnal cycles reveals that the MARGA 
measures an early morning concentration peak. This peak illustrates the measurement artefact 
(earlier described in section 5.2.3), which occurs on days with high relative humidity during 
the early morning. Figure C1 was added to illustrate the performance of the MARGA 
instrument for days when there is no formation of dew during the early morning. Without the 
morning peak the MARGA concentrations follow a similar pattern as the DOAS 
concentrations, although with more smoothed and with a delay of around one hour. The correct 
functioning of the MARGA yields results in close correspondence with the DOAS 20 
concentrations which is also illustrated in the September daily mean concentrations (Fig. 5.1).  
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Table 5.3. Monthly Mini-DOAS and MARGA mean ammonia concentrations at each level. The data were 
not selected for times that all instruments had measurements. Meteorology values are from 10m 
observations. St.Dev is the standard deviation, Min the minimum, Max the maximum of each monthly set 
of measurements.  

 May June 
Instrument Mean St.Dev Min Max Mean St.Dev Min Max 
Mini DOAS 1 [µg m-3]     6.93 4.72 0.87 23.09 
MARGA (4m) [µg m-3]     9.21 5.50 2.73 40.88 
Mini DOAS 4 [µg m-3]     6.75 7.34 -0.84 39.61 
Mini DOAS 20 [µg m-3] 10.30 5.78 0.88 34.88 8.59 7.71 -0.83 53.56 
Mini DOAS 160 [µg m-3] 7.28 3.11 0.66 15.61 3.25 3.20 -1.14 20.03 
Temperature  [K] 286.6 3.9 276.7 298.0 289.2 3.3 282.1 300.3 
Wind Dir. [°] 223    314    
Wind Speed [m s-1] 3.8 3.1 0.3 13.1 2.9 1.6 0.0 10.1 
 July August 
Instrument Mean St.Dev Min Max Mean St.Dev Min Max 
Mini DOAS 1 [µg m-3] 6.11 4.29 -0.59 29.17 3.90 3.89 -0.67 23.19 
MARGA (4m) [µg m-3] 10.05 5.19 2.19 35.13 7.91 5.29 1.04 40.75 
Mini DOAS 4 [µg m-3] 6.08 6.14 -2.86 75.86 5.24 5.53 -1.86 28.11 
Mini DOAS 20 [µg m-3] 9.34 5.96 -1.63 38.05 7.53 5.08 1.02 27.75 
Mini DOAS 160 [µg m-3] 4.70 3.44 -1.77 14.22 4.27 2.97 0.51 20.45 
Temperature  [K] 292.9 3.9 282.6 306.0 289.4 3.3 282.2 299.5 
Wind Dir. [°] 305    218    
Wind Speed [m s-1] 3.2 1.7 0.1 8.9 3.7 2.0 0.2 9.2 
 September  

Instrument Mean St.Dev Min Max     
Mini DOAS 1 [µg m-3] 7.63 5.97 -3.35 30.90     
MARGA (4m) [µg m-3] 12.41 9.03 1.11 66.22     
Mini DOAS 4 [µg m-3] 7.65 6.88 -1.80 37.30     
Mini DOAS 20 [µg m-3] 12.53 7.98 1.12 55.53     
Mini DOAS 160 [µg m-3] 4.04 3.15 -0.76 20.11     
Temperature  [K] 289.5 2.9 282.7 297.9     
Wind Dir. [°] 1        
Wind Speed [m s-1] 2.5 1.4 0.1 8.3     
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Table 5.4. Statistical comparison of the hourly mean concentrations measured by the DOAS and MARGA 
instruments. From top right to lower left: Slope, Correlation R, intercept, Number of matching 
observations. Slope and intercept, x-axis uses the row variables, the y-axis the column variables. Bold font 
indicates correlations with a p-value < 0.05. 

R \\ Slope DOAS 1 MARGA DOAS 4 DOAS 20 DOAS 160 

DOAS 1   1.44 1.16 1.32 0.64 

MARGA 0.30   0.94 0.97 0.50 

DOAS 4 0.91 0.20   1.05 0.50 

DOAS 20 0.79 0.18 0.84   0.48 

DOAS 160 0.22 0.41 0.04 0.15   

N \\ Intercept DOAS 1 MARGA DOAS 4 DOAS 20 DOAS 160 

DOAS 1   1.62 -1.18 1.09 0.65 

MARGA 1584   -3.49 -0.71 -0.57 

DOAS 4 1326 1837   2.01 0.89 

DOAS 20 1029 1255 1466   -0.44 

DOAS 160 1657 2149 2106 2205   

 

5.3.2 Diurnal cycles 
Having multiple layers in the tower gives us the opportunity to investigate the diurnal 
behaviour of ammonia for different heights in the atmosphere. In Figure 5.3, we only plotted 
the data when all instruments had coinciding observations. We find that there are distinct 
differences in the diurnal cycle of ammonia at 20 and 160m (Fig. 5.3.). At 20m the 
concentrations are highest during the night. A decrease in concentration in the early morning 
is observed coinciding with the rise of the mixing layer height after sun-rise. At the same time 
the DOAS instrument at 160m shows the opposite with small concentrations during the night, 
which increase in the early morning. Throughout the day the mini-DOAS concentrations 
remain more or less similar between 9 and 16 UTC until the collapse of the boundary layer. 
The 160m concentrations are only slightly lower than those measured at 20m and the difference 
remains fairly constant throughout the day ~ 1 µg m-3 (illustrated in Fig. C2). The difference 
is larger than the measurement uncertainty and may be explained by the large scale up-mixing 
in a source area.  Immediately after the collapse of the boundary layer the surface 
concentrations rise with the nocturnal boundary layer working as a lid. With the reduction in 
mixing during the night, the nearby sources contribute to the build-up of the NH3 concentration 
within the boundary layer. The concentrations at 160m continuously decrease during the night. 
The decrease could be due to transport or, more likely, conversion to the aerosol phase caused 
by the continuous formation of nitric acid as well as a shift of the ammonium nitrate 
partitioning towards the aerosol phase. The decoupling during the night causes the low 
correlations between DOAS 20 and DOAS 160 on an hourly basis.  
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Figure 5.3. Mean diurnal cycles for each of the variables. The top left panel (A) shows the NH3

 

concentrations measured with the DOAS and MARGA instruments. The bars indicate the standard 
deviations for each of the ammonia concentrations. The top right panel (B) shows the equivalent 
concentrations of NH4

+, NO3
-, and SO4

2- measured with the MARGA. The bottom left panel (C), shows 
the average diurnal cycle of the Temperature (Blue, left axis) and the Relative Humidity (Red, right axis). 
The bars show the standard deviation on both of the variables. The mean diurnal cycle of the modelled 
mixing layer height (METPRO, Black) is shown in panel (D). The Bars show the standard deviation of 
each of the hourly mixing layer heights. Time is in UTC, the solar maximum at Cabauw in July is around 
UTC 12:00, local time is UTC+2. 

 
To add more detail we show the results of the measurements on the 22nd of July, shown in Fig. 
5.4. The 22nd of July features the largest number of consecutive FTIR observations in one day 
supporting further analysis. The top panel shows concentrations measured with the DOAS and 
MARGA instruments on the right axis, with the left axis showing the total columns of the FTIR 
instrument. During the night high concentrations are observed for the lower three instruments. 
The large concentrations follow from emissions from the nearby livestock housing, indicated 
by the high variability of the concentrations. The individual mini-DOAS concentrations at 
different heights become more similar after the mixing layer rises above the 160m mark at 
which DOAS 160 is located. Both DOAS 1 and 4 persistently show lower concentrations than 
the top 2 instruments although the results lie within each of the instruments uncertainty ranges. 
During the morning the wind shifted from north to northeast and the wind speed increased. At 
the same time the concentrations decrease which is also visible in the FTIR total column 
densities. The decrease follows from a combination of an increase in vertical mixing, possibly 
less emissions from the new wind direction, and the build-up of the mixing layer (Fig. 5.4c). 
After the initial decrease of the NH3 concentrations the pattern reverses at around 10:00 with 
an increase in the concentrations and total column densities. The increase either follows from 
the reduction in wind speed, which reduces the transport and mixing, the increase in ammonia 
emissions from the surface, and or longer range transported ammonia. The total column density 
keeps on growing throughout the day with the increase of the mixing layer height while the 
measured concentrations in the tower stay more or less constant after 12:00 which means there 
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is a balance between the increasing NH3 emissions (following the increase in surface 
temperature, and increased volatilization) and the mixing and growing of the boundary layer. 
Around 14:00 clouds moved in hampering further measurements of the FTIR. Comparing the 
modelled and measured mixing layer height, we see that the LD40 measured mixing layer 
heights and the METPRO simulated layers show more or less the same height from the morning 
up to noon (UTC). After that the simulated layer shows lower boundary layer heights than the 
measured layers. Towards the end of the day the algorithm of the LD40 measurements does 
not register the collapse of the boundary layer which is visible in the simulated data. The same 
is visible in the measured concentrations in which there is a visible decoupling of the 20m and 
160m mini-DOAS concentrations.  

 
Figure 5.4. Example of the diurnal cycle of the 22nd of July, 2014. The top panel, (a), shows the 
concentrations measured with the DOAS and MARGA instruments (right axis) and the observed total 
columns measured with the FTIR instrument (left axis). The middle panel, (b), shows the measured 
Temperature (Blue, left axis) and Relative Humidity (Red, right axis). The bottom panel, (c), shows the 
measured (red) and modelled (black) mixing layer heights. 
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5.3.3 Meteorological variability 
To further investigate the observed variability, we show a selection of polar plots for the DOAS 
instruments at 20 (top row, Fig 5.6) and 160 m (bottom row, Fig. 5.6). As seen in the previous 
sections, DOAS 20 shows the highest concentrations with hourly peaks reaching to above 40 
µg m-3. Independent of wind-direction the highest concentrations are observed during the night, 
as can be seen from the combination of lower temperatures (panel B1) and high relative 
humidity (>70%, panel C1). Some daytime peaks are observed towards the North-east and 
South-east (green circles, with a relative humidity ~60%), which is an indication of plumes 
coming from nearby livestock housing. At the same time the region surrounding the CESAR 
observatory is an intensive agricultural area, and high concentration can be expected to build 
up during the night below a low nocturnal boundary layer height. Similarly to what we saw in 
Fig. 5.4 concentrations decrease during daytime following an increase in wind speed. No strong 
relation is found otherwise pointing towards higher emissions during the day from the 
surrounding fields. During hours with high wind speeds concentrations decrease to a minimum, 
following an increase in mixing and transport. DOAS 160 (Fig. 5.6, bottom row), shows the 
opposite, with higher concentrations being observed during the day with higher temperatures 
(panel (b)) and lower relative humidity (panel (c)). The increase in the concentrations follows 
from the build-up of the mixing layer which leads to almost similar concentrations for both 
DOAS 20 and 160.  

Panel (d) shows that the highest concentrations of DOAS 20 coincide with wind coming from 
the south-east, probably due to emissions from the local pig farm. Only a few observations are 
available through with wind coming from the south east so possibly the mean value is not 
entirely representative. The lowest concentrations are observed for the south west, which is the 
direction in which the fewest sources are available. To the north there is a general increase, 
following the livestock housing as well as the fertilized fields. Interestingly DOAS 160 shows 
an entirely different pattern, with higher concentrations originating from the north-east to 
south-west. The pattern is more representative of the greater regional average and consistent 
with the general regional distribution of emissions. Towards the north-west and west there are 
only a few sources. Looking at longer range transport there is relatively clean air coming from 
the North Sea and some transported ammonia coming from England to the west. Towards the 
south and east are the main high ammonia emission regions in the Netherlands and the longer 
range transport of ammonia from Belgium (Flanders) and Germany (North-Rhine Westphalia). 
Note that for both of the plots the temperature, relative humidity, wind speed, and wind 
direction were measured at the same level as the instrument. This explains the differences in 
wind direction and speed for each of the concentration points. Supporting scatter plots, showing 
the NH3 concentrations as a function of wind speed, temperature and relative humidity, 
independent of wind direction, are shown in appendix Figure C3.  
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5.4 Discussion and conclusions 
Here we presented an analysis of the measurements performed during the 2014 MARS field 
campaign at Cabauw, the Netherlands. Measurements from four mini-DOAS instruments, at 
various levels in a meteorological tower, were analysed and inter-compared with 
measurements from a MARGA and a FTIR instrument. The mini-DOAS measurements made 
between May and November 2014 showed very large variations in the concentrations with 
observations reaching a maximum concentration of up to 240 µg m-3. The four instruments 
positioned at 2, 5, 20 and 160m showed high variability of NH3 between the levels.  
 
Comparison to other studies  
The lower 3 instruments showed the highest concentrations with monthly means of 8-10 µg m-

3 where the instrument at 160m showed an average in the range of 3-7 µg m-3. Unfortunately 
ammonia is not measured operationally at Cabauw within the national air quality network. The 
average concentration for the two DOAS near the surface are slightly lower than the 9.0 µg m-

3 measured during an annual campaign in 2007 and 2008 (Schaap et al., 2011). The difference 
is within the expected variability from year to year and explainable by the fact that the 
campaign did not cover the spring manure application period which normally has the highest 
measured concentrations during the year. Erisman et al. (1988) measured vertical profiles 
during 30 daytime and nighttime periods between 1984 and 1986 and found an average of 8.3 
µg m-3 for measurements at 2 m down to 2.1 µg m-3 at a height of 200 m. If we compare results 
of this study to values observed in a previous study by Erisman et al. (1988) we find that the 
average concentrations increased by ~4 µg m-3 although one should take into account the 
difference in level, measurement period (30 day and 30 night measurement intervals of 12 hour 
between 1984-1986) and instruments. Possible explanations for the difference are an increase 
in emissions and the difference in sampling periods. The total NH3 emissions in the 
Netherlands reduced since the 1980s (Van Zanten et al., 2016) but locally there can be an 
increase in emissions due to expansion of for example livestock. However, with only 30 
daytime and night-time samples spread over 2 years, the concentrations might not be 
representative of the site and the period that the MARS campaign took place. The concentration 
values measured at Cabauw are typical for locations inside intensive agricultural areas. Such 
sites are normally influenced by local sources. In table 5.5 we provide an overview of measured 
concentration ranges in the Netherlands. The closest station of the national air quality network 
(Zegveld) provides annual concentrations of 8.5 µg m-3. However, concentration variability is 
expected to be large and we compare to concentration ranges by station surrounding. 
Concentration ranges in intensive agricultural areas in the Netherlands generally range from 6-
13 µg m-3 depending on the distance to livestock housing and intensively managed agricultural 
land (Lolkema et al., 2015). Hence, Cabauw could be considered as a representative site for an 
agricultural ammonia source area where sources are located nearby.    
     
Ammonia variability 
Concentrations varied sharply as a function of wind direction with the instrument at 20m 
showing higher concentrations for wind from the north, where the largest sources are located, 
compared to transport air masses from the south. The instrument at 160m showed a different 
relation with the highest concentrations coming from the east. The differences are explained 



Chapter 5   -   Measuring atmospheric ammonia with remote sensing campaign: Part 1 – 
Characterisation of vertical ammonia concentration profile in the centre of the Netherlands 

99 
 

by the lack of mixing during the night when the lower three instruments are in a layer decouple 
from the instrument at 160m. Diurnal cycles of the measurements illustrated the effect with 
good mixing visible in daytime hours with an unstable atmosphere while at night the 
concentrations become decoupled and the DOAS values at 160m reduce to a minimum. On 
average, the DOAS 20 concentration pattern matched closely to the local emission pattern with 
high emissions from nearby fields and plumes originating from the local livestock housings. 
DOAS 160 concentrations were more reflective of the regional distribution of ammonia 
emissions with high concentrations with wind originating from the south and east. A typical 
application of ammonia field measurements is the use in model and satellite validation studies. 
The differences found between both levels shows the importance of correctly choosing the 
measurement site and the limited representativity of sites near high emission sources. The 
vertical distribution of ammonia found here is only representative of the site itself and cannot 
be seen as the example for the greater region. The data can potentially be used for validation, 
but some thought has to be given to selecting wind directions with few to no large emission 
sources such as livestock housing. 

Table 5.5. Overview of measured ammonia concentration (µg m-3) at single stations and groups of stations 
in the Netherlands, Germany and Flanders. 

 Concentration 
[µg m-3] 

Year Height  

Netherlands     
Cabauw 9.0 2007-2008 4 Schaap et al., 2011 
Cabauw 8.3 1984-1986 2 Erisman et al., 1988 
Cabauw 6.2 1984-1986 25 Erisman et al., 1988 
Cabauw 3.6 1984-1986 100 Erisman et al., 1988 
Cabauw 2.1 1984-1986 200 Erisman et al., 1988 
Zegveld 8.5 2014  http://www.lml.rivm.nl/ 
Agricultural 6-13 2013  Lolkema et al., 2015 
Rural 4-6 2013  Lolkema et al., 2015 
Coastal 1-3 2013  Lolkema et al., 2015 
This study     
DOAS 1 6.8 2014 2  
MARGA 11.5 2014 4  
DOAS 4 6.5 2014 5  
DOAS 20 9.6 2014 20  
DOAS 160 4.5 2014 160  

 
Other studies with ammonia vertical profiles 
To our knowledge there are only two other studies reporting on ammonia tower measurements 
namely the study by Erisman et al., (1988) described above and the recent manuscript by Li et 
al., (2016). The study by Li et al. (2016) showed a similar vertical distribution as our profiles 
with the minimum at the top, slowly increasing towards the peak concentrations at ~10 meters 
before a large reduction in concentration at 1 m. The shape of the profile remained more or less 
the same throughout the seasons with the only variations in the concentration level. The 
summer showing the highest concentrations ~5 µg m-3 near the surface down to ~3 µg m-3 at 
300 meters. They attributed the overall shape to the site locally showing deposition with the 
higher concentrations originating from intensive feedlots to the north east. Both Erisman et al 
and Li et al used denuder/Filter Pack systems to measure the ammonia concentrations. The 
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temporal resolution of both datasets are thus limited which make it hard to compare the 
influences of local emissions and processes. For example, the influence of the mixing layer 
height is not reflected in 12 hourly and monthly averaged measurements and the reported 
gradients are only representative for the time scales of the measurements. As illustrated in this 
study, the daytime mixing layer is well-mixed with only small gradients found between DOAS 
20 and DOAS 160. Another example in the use of vertical profiles are the FTIR and satellite 
remote sensing products for NH3. The current a-priori profiles used in these products do not 
have a shape representing a well-mixed boundary layer. As the remote sensing products often 
do not have high sensitivity to the lowest section of the troposphere, this can introduces a 
(possibly large) bias. 
 
MARGA versus MINI-DOAS 
The measurements from the MARGA and the lower three mini-DOAS instruments showed a 
large discrepancy in the hourly mean concentrations while monthly means were more 
comparable. The cause of the discrepancy in the diurnal measurements lies in the long-
established measurement artefact of the MARGA instrument following the formation of dew 
on the inlet which evaporates during the course of the early morning. A second effect concerns 
the transport of the liquids through the instrument causes the measured MARGA 
concentrations to lag behind the mini-DOAS concentrations throughout the day. 

Artefact 
Previous studies at Cabauw have investigated the equilibrium between ammonium nitrate and 
its gaseous precursors, ammonia and nitric acid (Schaap et al., 2011; Aan de Brugh et al., 
2012). The authors concluded that the theoretical equilibrium modules provide an equilibrium 
which is too strongly biased to the gas phase. However, the authors did not account for the 
delay in ammonia signal. Our current results indicate that the daytime ammonia levels used in 
their studies were presumably too high, which would have led to an even larger discrepancy 
between practice and theory in these studies. New studies towards the equilibrium of 
ammonium nitrate and its precursors should ideally use spectroscopic ammonia measurements 
in conjunction with MARGA measurements. 
 
Outlook 
In principle, the mini-DOAS instruments are well suited to study mixing layer gradients. The 
outcome of this campaign was restricted by the reduced performance of the lower two mini-
DOAS instruments. A repeat of this campaign with instruments operating without problems 
would improve and strengthen the results and conclusions made in this study. Almost no 
vertical profile measurements exist and any new measurement will be valuable for validation 
of models and satellite products. Besides repeated measurements at the CESAR site, a 
comparable set of measurements should be performed in a more background region, which 
could possibly be one of the Natura 2000 areas (Natura 2000, 2015). Some differences can be 
expected to emerge for a region which is dominated by local deposition instead of emissions. 
Recently, a new design of the instrument has been tested for measuring deposition. The new 
design includes improvements such as a shutter enabling to measure the dark current itself and 
avoid dark current corrections as was required in this study. Using the dry deposition 
measurements it will be possible to analyse the local bi-directional flux and differentiate 
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between the influence of local emissions (or deposition) and transported ammonia on the 
measured concentrations. Similarly to vertical profiles there are almost no deposition 
measurements available and in the future increased efforts have to be made to increase the 
number of sites where dry deposition is measured. At this point in time only a few studies are 
available and most measurements of dry deposition are on a campaign basis. Furthermore an 
integrated effort is needed to improve our current understanding of the exchange of ammonia 
between atmosphere, soil and vegetation. The concentrations of ammonia and its constituents 
should be measured in both soil and air and using setups which do not just cover one 
measurement height. The effort should also cover year round measurements instead of an 
incidental month or short field campaign. Shorter field campaigns are more influenced by 
weather conditions and might only represent a part of the yearly concentration variations. The 
CESAR site could be an excellent place to start with the infrastructure available. Furthermore 
the mini-DOAS gradient setup should be compared to setups using the eddy covariance method 
such as the setup used by Schrader et al., 2016 and Zöll et al., 2016. In a companion paper, we 
evaluate remotely sensed ammonia columns and give a more detailed discussion on the vertical 
profile (Dammers et al., 2017c, in prep). Furthermore the detailed ammonia concentration 
dataset presented here will be used for detailed validation of the air quality models LOTOS-
EUROS and OPS. 
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6. Measuring atmospheric Ammonia with Remote 
Sensing campaign (MARS): Part 2 – Assessment of 

ground-based and satellite observed profiles 
 

Abstract. Here we present an analysis of ammonia (NH3) remote sensing products with in-situ 
measurements performed during the Measuring atmospheric Ammonia with Remote Sensing 
(MARS) field campaign at Cabauw, The Netherlands, and with in-situ NH3 measurements 
from the Dutch LML network. The aim of the campaign was to improve the general 
understanding of the vertical distribution of NH3. Four mini-DOAS instruments installed in the 
meteorological tower at Cabauw were operated and supplemented by measurements of a 
mobile FTIR instrument. Four profile assumptions to up-scale in-situ observed concentrations 
were analysed by comparison with the ground-based FTIR, and with the IASI and CrIS satellite 
NH3 products. We show that vertical profiles that take into account a well-mixed boundary 
layer, scaled with tower measurements from the MARS campaign, improve the comparison 
with FTIR, IASI and CrIS observations in comparison with using fixed retrieval profiles. 
Comparison of FTIR to mini-DOAS total columns showed correlations of up to r~0.5, and 
mean relative difference (MRD) between -20 to +36 % (std =~0.6 to 0.7) while visibly 
influenced by local emissions. Comparison to CrIS total columns gave similar results with 
r~0.5 and slopes between 1.04 and 1.67 depending on the choice of profile. Similarly 
comparison to IASI columns showed correlations r~0.45 to 0.55 depending on the choice of 
profile. An independent comparison with the ground-based LML NH3 monitoring sites 
revealed a site-dependent influence on the regression results illustrating the effect of the local 
NH3 burden and variability and the importance of knowledge of the vertical gradients. The 
results indicate a stronger effect of these surface variations on the comparison with IASI than 
with the CrIS observations. 

 

  

 

 

 

Based on: Dammers, E., Palm, M., Haaima, M., Shephard, M.W., Cady-Pereira, K., Van 
Damme, M., Whitburn, S., Petri, C., Wichink Kruit, R.J.,  Siemons, J., Hensen, A., Volten, H., 
Clarisse, L., Swart, D., Notholt, J., Schaap, M., Coheur, P-.F., and Erisman, J.W., Measuring 
atmospheric Ammonia with Remote Sensing campaign (MARS): Part 2 – Assessment of 
ground-based and satellite observed profiles, Atmospheric Environment (in prep), 2017. 
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6.1 Introduction 
A key component in the Earth’s nitrogen cycle is ammonia (NH3, Sutton et al., 2013). NH3 is 
emitted to the atmosphere by a large variety of sources. The single largest source is agriculture 
(Sutton et al., 2013), from manure and chemical fertilizer, livestock hosuing, harvesting crops, 
agricultural waste burning and manure storage. Other (large) sources of NH3 are biomass 
burning, oceans, industrial processes and vehicles using three-way catalysers (Andreae et al., 
2001; Sutton et al., 2013; Johnson et al., 2008). Atmospheric NH3 has a short lifetime in the 
order of hours to a few days with deposition and chemistry as its main sinks (Fowler et al., 
2013). NH3 can have major environmental impacts (e.g. Erisman et al., 2007, for an overview). 
NH3 is highly reactive, and through reactions with sulphuric and nitric acids, forms into 
particulate ammonium- nitrate and sulphate (Seinfeld and Pandis., 1988), part of the total 
particulate matter load, which at increased levels are linked to a variety of health issues (Pope 
et al., 2002; 2009).  

Although the importance of NH3 is recognized (e.g. Erisman et al., 2008), there are large gaps 
in our knowledge of its global spatial distribution and temporal variability. While atmospheric 
NH3 is the focus of many scientific studies, not many field measurements exist. The 
observations that are available are mostly concentrated in Europe, North-America and eastern 
Asia, which means that the distribution and concentration levels of NH3 in large regions of the 
world is still relatively uncertain. As NH3 concentration levels are spatially and temporally 
highly variable, methods are needed that can measure it with enough accuracy to fill the 
observational gap. However, NH3 measurements are either expensive to buy or manpower 
intensive. In addition they are prone to measurement artefacts due to the high reactivity and 
stickiness of the molecule. Most methods have a low temporal resolution, measuring NH3 
concentrations at best with bi-weekly or daily temporal resolution. Finally measurements of 
the vertical distribution of NH3 are almost non-existing, Only a handful of aircraft 
measurements have been performed (Nowak et al., 2007, 2010; Leen et al., 2013, Shephard et 
al., 2015) and even less using measurement towers (Erisman et al., 1988; Li et al., 2016; 
Dammers et al., 2017b).  

Since the first reported satellite observations of enhanced NH3 concentrations by Beer et al. 
(2008), remote sensing of NH3 has rapidly developed over the last decade. Currently, satellite 
infrared instruments such as the Infrared Atmospheric Sounding Interferometer (IASI, Van 
Damme et al., 2014a; Whitburn et al., 2016), the Tropospheric Emission Spectrometer (TES, 
Beer et al., 2008; Shephard et al., 2011), the Atmospheric Infrared Sounder (AIRS, Warner et 
al., 2016) and the Cross-track Infrared Sounder (CrIS, Shephard and Cady-Pereira, 2015) 
measure the global distribution of NH3 with a twice-daily temporal resolution. The wealth of 
measurements generated daily has a high potential to improve our understanding of the NH3 
budget. Several studies already showed its use by illustrating the uncertainty of the current 
emission inventories (including biomass burning emissions) and the role satellite observations 
can play in model validation (Clarisse et al., 2009; Shephard et al, 2011; Heald et al., 2012; 
Van Damme et al., 2014b; 2015a; Schiferl et al., 2014, 2016; Whitburn et al., 2015).  

While there is potential for using the satellite products, an outstanding issue is the lack of 
validation. Only a few validation studies have been performed, usually with a limited spatial, 
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temporal and vertical coverage (Shephard et al., 2015; Sun et al., 2015, Van Damme et al., 
2015a). Dammers et al. (2015) developed a NH3 retrieval for FTIR solar spectra. The method 
makes it possible to retrieve NH3 profile with a limited vertical resolution (with 1-3 degrees of 
freedom). Recently, the FTIR-NH3 derived profiles have been used for validation of the IASI 
(LUT; Dammers et al., 2016a Paper, NN; Dammers et al., 2016b) and CrIS (Dammers et al., 
2017a) products. The studies on IASI-LUT (Look-Up-Table; Van Damme et al., 2014a) and 
IASI-NN (Neural Network; Whitburn et al., 2016) showed an overall good agreement of the 
products with correlations around r~0.8, but also indicated an underestimation of around 30-
40% of the satellite data, possibly due to assumptions in the vertical profile (Whitburn et al., 
2016), the quality of the retrievals meteorological input data and uncertainties in the spectral 
line parameters and distributions of interfering species. The CrIS-NH3 validation study showed 
comparably good correlations of r~0.8 between the FTIR and CrIS total columns. For total 
column levels below 10 x 1015 molecules cm-2 they found that CrIS-FPR overestimates total 
columns while for column totals larger than 10 x 1015 molecules cm-2 the authors found a small 
underestimation. The analysis of the retrieved profiles showed that the underestimation 
increased as a function of the FTIR retrieved surface concentration. The authors also concluded 
that the FTIR and CrIS products should be validated with the help of a third set of observations, 
possibly by airborne observations around the FTIR sites. While the FTIR validation studies are 
helpful, there are only a few sites in operation around the world with FTIR instruments. Most 
of these sites are also located in regions with small NH3 concentrations. Van Damme et al. 
(2015a) illustrated the problems in validating the satellite NH3 with measured surface 
concentrations. One of the problems is the assumption for the vertical distribution of NH3, 
which can greatly influence the final comparison (Whitburn et al., 2016). Furthermore, most 
observations available to Van Damme et al., (2015a) had a low temporal resolution, which 
means further assumptions had to be made on the temporal variation of NH3. Whitburn et al 
(2016) proposed the use of a three parameter Gaussian shaped profile with the mixing layer 
height as the major parameter controlling the shape. Whitburn et al. (2016) showed the use of 
the variable profile by comparing IASI retrievals using the fixed shape and retrievals using 
ECMWF mixing layer heights as input. The authors however, did not compare the satellite 
retrieved columns further with FTIR or surface measurements. 

During April-October 2014 the Measuring Ammonia with Remote Sensing (MARS) field 
campaign took place with the goal of improving the understanding of the vertical distribution 
of NH3 and of using more appropriate vertical profiles for satellite validation. During the 
campaign a variety of instruments, capable of measuring NH3 with high temporal resolution, 
were deployed in and around the meteorological tower at the CESAR supersite near Cabauw, 
the Netherlands. The measurements made during the campaign and the characterization of NH3 
around Cabauw have been described in detail in Part 1 (Dammers et al., 2017b). Here, we will 
analyse a variety of vertical profiles based on the profiles used by Van Damme et al. (2014a) 
& Whitburn et al. (2016). The vertical profiles are scaled to match the mini-DOAS (Volten et 
al., 2012) tower measurements, and are subsequently compared to FTIR, IASI and CrIS 
measurements on and near the measurement site. Measurements obtained by the Dutch 
National Air Quality Network (LML, Landelijk Meetnet Luchtkwaliteit, www.lml.rivm.nl) in 
2014 were used to extend the validation of the satellite products and their spatial 
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representativity. Next it is explored if the recipe for Cabauw can be used for other sites in the 
Netherlands. 

Chapter 6.2 describes the datasets and provides a short summary of the results of the MARS 
campaign. Chapter 6.3 describes the used methods, detailing the profile scaling and the 
application of the FTIR and CrIS retrievals observational operators. Chapter 6.4, covers the 
results and discussion, starting with an analysis using the MARS campaign measurements, 
followed by the analysis using the LML network NH3 measurements. Finally, chapter 6.5 
concludes the research results and provides an outlook for future studies. 

6.2 Instruments and data sets 
6.2.1 MARS campaign 
The Measuring of atmospheric Ammonia using Remote Sensing (MARS) campaign took place 
between May and October 2014 at the Cabauw Experimental Site for Atmospheric Research 
(CESAR) in the Netherlands (Russchenberg et al., 2005; http://www.cesar-observatory.nl)). 
The CESAR site is situated in a high NH3 emission area and offers a wide range of 
meteorological and air quality measurements performed in and around the measurement tower. 
The goal of the MARS campaign was to improve the general understanding of the vertical 
distribution of NH3 and its variability. The setup of the instruments and characterization of the 
site is described in detail in Dammers et al. (2017b) and is only briefly summarised here. 

6.2.1.1 Mini-DOAS instruments 
The mini Differential Optical Absorption Spectroscopy (DOAS) instrument measures NH3 
over an open-path with a high temporal resolution using the UV-DOAS technique which has 
been well described in Volten et al. (2012), Sintermann et al. (2016) and Berkhout et al. (2017). 
Four mini-DOAS instruments were deployed in and besides the CESAR meteorological tower. 
Two instruments were placed in the tower at 20m and 160m (DOAS 20 and DOAS 160) height, 
with a 2x9m path length by using a retroreflector placed at the end of the tower arms. The other 
two instruments were placed in a container at 1.05m and 4.44m (DOAS 2 and DOAS 5) and 
used a path length of 2x22m. The mini-DOAS instruments used in the campaign have a 
reported precision of 0.36 µg m-3 and a detection limit at ~0.25 µg m-3 (Dammers et al., 2017b). 
Due to a bug in the read-out software the sensor temperature was not logged during the 
operation of DOAS 2 and DOAS 5 and thus a correction for the influence of the dark current 
(the residual current measured in the absence of light) could not be made. The lack of a proper 
dark current correction increased overall uncertainty in the measured concentrations to an 
estimated random uncertainty 0.77 µg m-3 and a systematic uncertainty of 0.5 µg m-3 for DOAS 
2 and a respective 0.49 µg m-3 and 1.01 µg m-3 random and systematic uncertainty for DOAS 
5. Besides these initial set-backs the two instruments in the tower operated almost continuously 
with only a few days of downtime.  
The comparison of the four DOAS instruments revealed large differences in the measured 
concentrations. The lower three instruments showed similar diurnal cycles with (usually) large 
concentrations during the night and small concentrations during the day. The concentration has 
a minimum during the day as the site is located in an emission region where during the night 
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the nocturnal boundary layer acts like a lid, while during the day increase in mixing and 
transport reduces the NH3 concentration at the site. The concentrations were found to be mostly 
influenced by local sources such as the livestock housing to the north and the south. DOAS 
160 showed a different diurnal cycle with high concentrations when located inside mixing 
layer, and low concentrations while outside the boundary layer. The observed concentration 
levels were mostly influenced by the large scale transport of NH3 originating from continental 
sources and the daily up-mixing of nearby emission sources.  
 

6.2.1.2 FTIR IFS-66 
A Bruker IFS-66 Fourier Transform InfraRed (FTIR) spectrometer was installed in a trailer at 
the remote sensing site (51.967° N, 4.929° E) approximately 500m to the south of the tower 
base. The instrument was in operation between the start of May to mid-August. The FTIR 
instrument measures a solar spectrum with the use of a Fourier transform spectrometer (Notholt 
et al., 1994). NH3 profile concentrations were retrieved using a retrieval algorithm developed 
by Dammers et al. (2015). The retrieval is based on the combination of two spectral micro 
windows, which cover a selection of strong NH3 lines in the 930.32-931.32 cm-1 and 966.97 – 
967.68 cm-1 wave number ranges. The micro windows have a number of weak interfering 
species that have to be considered (i.e. H2O, O3, CO2, N2O, HNO3, SF6, CFC-12). The 
instrument and retrieval are described in more detail in Dammers et al. (2015 and 2017a). Post-
campaign testing showed that the coarser resolution has a limited effect on the retrieved 
concentrations. Total columns data was retrieved at various resolutions by downgrading the 
resolution of the Bruker HR125 measurement spectra to values between 0.005 cm-1 and 0.2 
cm-1. Comparison of the retrieved total columns revealed only a minor impact (~few %), and 
the effect was taken into account by increasing the estimated errors. Post-campaign analysis of 
the spectra revealed a number of static interfering signals, possibly due to the vibrations of the 
vacuum pump and electronics in the trailer. Small adjustments were made to the retrieval to 
correct for these interferences.  

6.2.1.3 Meteorology 
The CESAR database (http://www.cesar-database.nl/) is used for wind speed and direction 
data. The mixing layer height (MLH) is a key parameter in the vertical distribution of NH3. We 
explore the use of two datasets for the mixing layer height. The first is the MLH determined 
from measurements by the LD-40 cloud ceilometer (LD40), located at Cabauw (obtained 
through personal communication with KNMI, H. Klein Baltink). Using the backscatter 
measurements, the MLH is estimated by using a wavelet detection algorithm (de Haij, 2007; 
2010). The algorithm provides two estimates of the MLH together with an index representing 
the overall quality of the estimate. The second dataset contains the MLH modelled with the 
METPRO meteorological processor from the OPS model v4.5 (Operational Priority 
Substances, Sauter et al., 2015, http://www.rivm.nl/media/ops/v4.5.0/OPS-model-v4.5.0.pdf, 
updated 2016-05-12).  
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6.2.2 Satellite products 

 
Figure 6.1. The 2014 annual mean IASI-LUT (left) and CrIS-FPR (right) total column distribution [NH3 
molecules cm-2]. The labels represent the positions of the CESAR and LML measurement sites. Note the 
difference in range on the colour bars. The pixels above large water bodies have been removed after 
gridding the data. 

 
In this study we compare to the in-situ measured concentrations five NH3 satellite products. 
The first four products are based on observations from the two IASI instruments (from here 
onward: IASI-A & IASI-B), and consist of the IASI-LUT retrieval (Van Damme et al., 2014a), 
the more recent IASI-NN retrieval (Whitburn et al., 2016) and two adjusted IASI-NN 
retrievals, the IASI-LD40 retrieval and the IASI-METPRO retrieval. The fifth product is the 
CrIS Fast Physical Retrieval by Shephard and Cady-Pereira (2015). Table 6.1 gives a summary 
of the satellite products used in this study. The IASI instruments on board the MetOp-A and –
B satellite platforms follow a sun-synchronous orbit and have a daytime overpass at around 
9:30 local solar time and a night time overpass at around 21:30.  The instrument has a circular 
footprint of about 12 km diameter for nadir viewing angles with of nadir observations along a 
swath of 2100 km. The IASI instruments have a daily near global coverage. The IASI retrievals 
are based on the calculation of a dimensionless spectral index called the Hyperspectral Range 
Index (HRI) (Van Damme et al., 2014a). The HRI is representative of the amount of NH3 in 
the measured column. The IASI-LUT retrieval makes a direct conversion of the HRI to a total 
column density with the use of a look-up-table (LUT). The LUT is created using a large number 
of simulations for a large range of atmospheric conditions which links the HRI to the Thermal 
Contrast (TC, the difference between the air temperature at 1.5 km altitude and the temperature 
of the Earth surface). The retrieval uses fixed profiles (a land and sea profile) to describe the 
vertical distribution of NH3 in the atmosphere. The profile shapes were derived from GEOS-
Chem simulations. The retrieval includes a retrieval error based on the uncertainties in the 
initial HRI and TC parameters. Figure 6.1 (left panel) shows the 2014 mean total column 
concentrations for the IASI-LUT product. The right panel shows the column totals of the CrIS-
FPR product. In the diagonal from north-western Belgium to the north-east in the Netherlands 
there is an increase visible in the NH3 concentrations. The more recent IASI-NN retrieval 
(Whitburn et al., 2016) follows a similar number of steps but uses a neural network in the 
conversion of HRI to column. The neural network combines the complete temperature, 
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humidity and pressure profiles for a better representation of the state of the atmosphere. At the 
same time the retrieval error estimate is improved by including error terms for the uncertainty 
in the profile shape, and the full temperature and water vapour profiles. The IASI-NN version 
uses similar fixed profiles as used by Van Damme et al., (2014a) but it also has the option to 
use third party profiles to improve the representation of the NH3 atmospheric profile.  
 
Whitburn et al. (2016) used a profile based on the three parameter Gaussian equation (eq. 6.1), 
as a default approximation, with z the altitude in the profile, ρ the concentration, ρ  the 
surface concentration and sigma the boundary layer height. The equation was found to closely 
match 73% of the GEOS-chem simulated profiles explored in the study with σ mostly ranging 
between 0 and 2. NH3 concentrations usually peak in the mixing layer and concentrations are 
by definition generally well mixed there, with most sources located at the surface. Restricting 
the profile to the height of this layer improves the overall performance of the retrieval. The 
equation was fit to the LUT profile and the resulting parameters, with a σ value of 1.07, were 
used as a default value for all basic IASI-NN retrievals. In this study we only use the land 
profile. From this point forward the second profile will be named “NN”. 

𝜌 =  𝜌 𝑒       (6.1) 
 
The IASI-LD40 retrieval uses this option by incorporating the MLH, measured with the LD-
40 instrument, as an input for the height of the fixed profiles. Similarly the IASI-METPRO 
retrieval uses the modelled MLH as input for the profiles. The choice of profile shape will be 
explained in detail in section 6.3.1. The IASI-LUT and IASI-NN retrievals have both been 
compared with FTIR observations (Dammers et al., 2016a, Dammers et al., 2016b). Both 
compared reasonably well with correlations around r=0.8 for a set of FTIR stations, an 
underestimation of around 30% for the IASI-LUT product and around 10% for the IASI-NN 
product. 
 
The CrIS instrument aboard the Suomi-NPP satellite platform was launched in October 2011, 
and follows a sun-synchronous orbit with a daytime overpass at around 13:30 local time and a 
night time overpass at around 1:30. The instrument scans along a 2200 km swath and uses an 
array of 3x3 circular pixels with each pixel a surface footprint diameter of around 14 km at 
nadir viewing angle. The CrIS retrieval is based on an optimal estimation approach (Rodgers, 
2000) that minimizes the difference between CrIS measured spectrum and a simulated 
spectrum computed with the Optimal Spectral Sampling (OSS) OSS-CrIS (Moncet et al., 
2008), which is based on the Line-By-Line Radiative Transfer Model (LBLRTM, Clough et 
al., 2005; Shephard et al., 2009; Alvarado et al., 2011). The a-priori choice is based on the 
relative NH3 signature in the measurements spectra. For each spectrum, depending on the 
relative signature, the a-priori profile is selected from a set of three profiles which represent 
unpolluted, moderate, and polluted atmospheric conditions. The CrIS micro-windows are 
selected such as to minimize the influence of the errors and maximize the gain in information 
content. The total satellite error is defined as the sum of the measurement error, the systematic 
error (following uncertainties in the forward model parameters, and interfering species) and 
the smoothing error. Both the smoothing and measurement errors are included while the 
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systematic errors have not yet been calculated for the retrieval.  The available error can be seen 
as a lower limit for the final total estimated error. The CrIS-NH3 product has been compared 
with FTIR observations (Dammers et al., 2017a) and showed a correlation of r=0.77, a slope 
of 1.02. For total columns larger than 10.0 x 1015, the relative difference is in the range ~ 0 - 
5% with a standard deviation of 25-50%. The difference was found to be comparable to the 
estimated retrieval uncertainties in both CrIS and the FTIR. For the total columns smaller than 
10.0x1015 molecules cm-2, there are a large number of observations at or near the CrIS noise 
level (detection limit) and the absolute differences between CrIS and the FTIR total columns 
become larger. In such cases CrIS shows a positive column bias around +2.4 x 1015 (standard 
deviation (std) = 5.5 x 1015) molecules cm-2, which equals to a relative difference of ~+50% 
(std = 100 %). 
 
Table 6.1. Satellite products used in this study. From left to right, the satellite product name, satellite 
instrument, retrieval type, profile used for retrieval, reference of the product. ((a) Van Damme et al., 2014a; 
(b) Whitburn et al., 2016; (c) Shephard and Cady Pereira, 2015) 

Satellite Product Instrument Retrieval Profile Reference 

IASI-LUT IASI-A &-B LUT Fixed LUT (a) 

IASI-NN IASI-A &-B Neural Network (NN) Fixed NN (b) 
IASI-LD40 IASI-A &-B NN + LD40 BLH Gaussian + LD40 This study 
IASI-METPRO IASI-A &-B NN + METPRO BLH Gaussian + LD40 This study 
CrIS-FPR CrIS FPR Retrieved (c) 

 

6.2.3 LML network 
NH3 has been measured in the Dutch National Air Quality Network (LML, Landelijk Meetnet 
Luchtkwaliteit) since 1993. Up to 2014, measurements were performed at eight locations, and 
since 2014 at six locations. Measurements are performed with the AMOR instrument (Amanda 
for MOnitoring RIVM, Wyers et al., 1993).  The AMOR instrument measures NH3 by letting 
an airflow passing through a wetted rotating denuder tube, with the NH3 absorbing into the 
fluid. The NH3 concentration is then derived measuring the conductivity of the fluid. The 
AMOR instruments deployed in the LML network have inlets at 3.5 meter height. Their 
measurements have been described by Wyers et al. (1993), Blank (2001) and van Zanten et al. 
(2017) and have a reported uncertainty of at least 9.9% for hourly concentrations and 6.7 % for 
yearly averages (Blank, 2001). The instrument underestimates the concentration by ~7.3% for 
values larger than 30 µg m-3 and overestimates by 3.5% for values below 30 µg m-3. Do note 
that Blank (2001) mentions that these values should be seen as a lower limit due to the limited 
size of their dataset. A summary of the LML measurement sites used in this study is given in 
Table 6.2. The positions of the LML stations are also shown in Figure 6.1. 
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Table 6.2. A summary of the LML sites, mean, median and standard deviation of the concentration for 
2014, and the months of operation. 

Name Site ID Lat.  
[°] 

Lon.  
[°] 

Mean  
[µg m-3] 

Median 
[µg m-3] 

STD 
[µg m-3] 

Period 

Vredepeel 131 51.54 5.85 15.8 12.0 12.8 All months 
Huijbergen 235 51.44 4.36 1.2 0.9 0.9 Jan – Mar 
De Zilk 444 52.30 4.51 2.3 1.4 2.6 All months 
Wieringerwerf 538 52.80 5.05 5.9 3.5 7.6 All months 
Zegveld 633 52.14 4.84 8.5 6.3 8.8 All months 
Eibergen 722 52.09 6.61 12.5 10.3 9.2 Jan – Apr 
Wekerom 738 52.11 5.71 15.9 11.3 15.8 All months 
Valthermond 929 52.88 6.93 6.0 5.00 5.8 All months 

 

6.2.4 Data criteria and quality 
Besides the quality filters of the individual retrievals and measurement algorithms, a further 
set of quality filters has been applied to the measurement data for further matching and to 
ensure comparability of the individual measurements. The mini-DOAS instruments 
measurement data was checked for measurement artefacts and data with low light intensities 
were removed as these can result in very low signal-to-noise ratios. The 27th of August 
measurements of DOAS 20 showed start-up problems after an earlier system restart and were 
removed from the data. For the IASI and CrIS observations a set of quality filters was applied 
which are similar to the ones applied by Dammers et al. (2016a). The spatial sampling 
difference was set to 25 km from the measurement sites to the satellite pixel centre. Cloud 
cover was taken into account by allowing a maximum of 25 % of cloud cover fraction. For the 
CrIS observations the same set of filters was used except for the cloud filter. The current CrIS 
retrieval does not contain a separate algorithm to calculate cloud cover thus we cannot correct 
for cloud fraction. Implicitly cloud cover is accounted for by setting a minimum Degrees of 
Freedom (DOF)>0.1 which removes observations with thick cloud cover and/or which do not 
contain an NH3 signature in the spectra. To further ensure quality of the IASI retrieved columns 
a relative error filter of 75% was applied. Any further data selection criteria will be named 
when used in the results section. Furthermore in the result section a second restriction for the 
spatial sampling difference with a maximum of 15 km was applied. The data criteria are 
summarized in Table 6.3.  
 
Table 6.3. Data quality filters for the mini-DOAS, FTIR, IASI and CrIS observations. 

Instrument Quality filter Value 
Mini-DOAS Minimum lamp intensity 10000 
Mini-DOAS Exclusion of start-up artefacts DOAS 20: removal of 27th of august 
IASI Spatial sampling difference 25 km (15 km) 

IASI Cloud cover fraction < 25 % 
IASI Relative Error < 75 % * 
CrIS Spatial sampling difference 25 km (15 km) 

CrIS Degrees of freedom > 0.1 
* Observations with an absolute error smaller than 5 x 1015 are seen as valid and will not be removed. 
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6.3 Methods 
6.3.1 Upscaling of surface measurements to a vertical profile and 

total column 
Van Damme et al. (2015a) concluded that one of the major problems in validating satellite 
observed profiles and total columns is the assumption of a vertical profile to calculate an 
integrated total column, or scale a vertical profile shape from measured surface concentrations. 
However, measurements of NH3 with high vertical resolutions are rare. The effects on the 
integrated total column following various profiles was explored by Whitburn et al. (2016). 
They showed that for a fixed surface concentration the final total column could be up to 50% 
higher or lower depending on the selected/applied profile. They explored some options for the 
vertical profile, which we will examine in this manuscript. The first profile is the fixed profile 
used in the original LUT retrieval by Van Damme et al. (2014a). The profile was used in most 
of the current literature on IASI-NH3 comparisons (Van Damme et al., 2014b, 2015a) and for 
comparability to the IASI-LUT retrieval we will use it here. In the result section the profile is 
named “LUT”. The second profile is the fixed profile used in the new IASI-NN retrieval 
(Whitburn et al., 2016).  

As explained in section 6.2.2 the IASI-NN retrieval used the input of the boundary layer heights 
measured at Cabauw (e.g. with the LD-40) to create the IASI-LD40 and IASI-METPRO sets. 
We use the same LD-40 boundary layer heights to scale the mini-DOAS concentrations. The 
profile will be named name “LD40” from this point onward. The quality of the derived 
boundary layer heights depends on the local conditions, and an estimate is given by a quality 
flag. Following inspection of the LD40 time series we put the minimum quality flag to 3. 
Similarly, the LD40 MLH cannot be used as input for the IASI-LD40 retrieval near the LML 
sites, as most of the LML locations are located far from Cabauw site and the MLH is highly 
dependent on location. As a solution for these issues we use the METPRO simulated boundary 
layer heights to create a fourth set of profiles (named “METPRO” from here onward). 
 

6.3.2 Application of the observational operator 
When comparing satellite or FTIR retrieved profiles with measurements from a secondary 
instrument the impact of the a-priori profile has to be taken into account. In the case of two 
remote sensing retrievals, i.e. FTIR-NH3 vs CrIS/IASI-NH3, the common method to do this is 
to remove the influence of the difference between a-priori profiles of both remote sensing 
products by applying the observational operator. The method is described in detail in Rodgers 
and Connor (2003). In our case of the assumed profile shape, the same can be done. First, the 
vertical profiles shapes described in last section, are scaled to match the mini-DOAS or LML 
measured concentrations. For the second step, the LML/mini-DOAS profile is mapped to the 

CrIS or FTIR altitude grid, creating 𝒙𝒑𝒓𝒐𝒇
𝒎𝒂𝒑𝒑𝒆𝒅. Then in the last step, the CrIS or FTIR 

observational operator is applied to the mapped profile, by applying equation (6.2);  
 

𝒙𝒑𝒓𝒐𝒇 = 𝒙𝒓𝒆𝒎
𝒂𝒑𝒓𝒊𝒐𝒓𝒊

+ 𝑨𝒓𝒆𝒎(𝒙𝒑𝒓𝒐𝒇
𝒎𝒂𝒑𝒑𝒆𝒅

− 𝒙𝒓𝒆𝒎
𝒂𝒑𝒓𝒊𝒐𝒓𝒊

)   (6.2) 
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with 𝑨𝒓𝒆𝒎and 𝒙𝒓𝒆𝒎
𝒂𝒑𝒓𝒊𝒐𝒓𝒊being the averaging kernel and the a-priori of the CrIS or FTIR retrieval. 

As mentioned in Dammers et al. (2016a) this is not possible with the IASI-NH3 retrievals as 
the profiles are calculated following a look-up-table or NN approach and no averaging kernel 
is calculated. 

6.4 Results 
6.4.1 Comparison of Mini-DOAS to FTIR and Satellite observed 

profiles 
The four earlier described profiles are scaled to match the mini-DOAS measurements at 20m 
and 160m. First the individual mini-DOAS concentrations are resampled to 15 minute means. 
The 𝜌  value (eq. 6.1) for each profile is calculated by fitting the profile to the concentrations 
measured for a single time interval at both heights. The average value of the two 𝜌  is used 
as the final 𝜌 . As an input for the METPRO and LD40 profiles the hourly modelled and 
measured mixing layer heights are interpolated to the mini-DOAS time intervals.  
Take note that following these steps there is an unequal number of observations remaining for 
each of the profiles and that this is due to the lack of measurement data at some time intervals 
for the LD40 profile. This study will not include a separate comparison for the FTIR and 
satellite derived profiles due to the low number of coinciding observations.  
 

6.4.1.1 FTIR vs mini-DOAS 
Each type of vertical profile is matched to the set of individual FTIR observations within the 
profile (mini-DOAS) measurement interval. For each of the matching FTIR observations the 
profile is down-sampled to match the vertical resolution of the FTIR observation. Next the 
FTIR observational operator is applied to the down-sampled profile. The set of FTIR 
observations and the FTIR smoothed mini-DOAS profiles are then averaged to a mean FTIR 
and mini-DOAS profile. Figure 6.2 shows an example set of averaged FTIR and the smoothed 
mini-DOAS profiles. For this example there are 11 matching FTIR measurements with a mean 
DOFS of 1.06 and a total column of 17.48 x 1015 molecules cm-2

, which is typical for the set 
of observations made during the MARS campaign. The FTIR observations are mostly sensitive 
near the surface with the DOFS mainly driven by the information in the first 2000 meters. The 
FTIR profile shows a lower surface concentration compared to the mini-DOAS profiles, with 
the largest difference observed between the FTIR and LD40 profile. The difference between 
the FTIR and mini-DOAS profiles can be explained by a number of factors. The first is the 
difference in vertical sensitivity. The mini-DOAS observations will be more representative for 
the surface concentration whereas the FTIR measures the entire vertical profile, although at a 
low resolution. Hence the choice for four different profiles, giving the possibility to explore 
the best assumption. Furthermore as the vertical information retrieved from the FTIR 
observations is low it is impossible to conclude that the real vertical distribution is obtained. 
The second reason is the uncertainty in the measurements of the FTIR and mini-DOAS 
instruments. The largest uncertainty (absolute values) of the FTIR observation is located near 
the surface where most of the NH3 resides, it is in the order of 10-30% (Dammers et al., 2015) 
depending on the NH3 partial column density. As described earlier, the error of the individual 
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mini-DOAS measurements is of the order of ~1 µg m-3 which is around 15% for this example. 
A third possible factor for the difference is the separation of ~350m, between both instruments. 
As the instruments are relatively close to large emission sources there can be a significant 
difference in the total and vertical distribution of NH3.  
 

 
Figure 6.2. Example of a set of FTIR and mini-DOAS calculated profiles for the measurement interval 
2014-07-03, 14:00 – 14:15. The retrieved concentrations of the individual FTIR layers are shown as the 
green bars. The other four lines show the smoothed profiles calculated following the mini-DOAS 
measurements at 20m and 160m, with the METPRO profile in blue, the LD40 profile in purple, the NN 
profile in red, and the LUT profile in cyan. The striped lines show the original four profiles without the 
(averaging kernel) smoothing. The right panel of the figure shows the averaging kernel of one of the 
matching FTIR profiles. The dots show the diagonal values for each of the pressure layers.  

 
Using the FTIR air mass factors we integrate the profiles to total columns. The set of total 
columns are then compared to the FTIR total columns. Fig 6.3 shows the comparison for each 
of the four sets of calculated total columns. In each of the four subplots the arrows attached to 
the scatter and marker colours show the wind direction (in degrees, 360 north) at the time of 
measurement. Table 6.4 gives a summary of the statistics. The mean difference (MD) and mean 
relative difference (MRD) are defined as; 
 

𝑀𝑅𝐷 = ∑
(  – )  

 . ∗ . ∗
     (6.3) 

𝑀𝐷 = ∑ (𝐴  –  𝐵 )     (6.4) 

 
with N being the number of observations, A the first variable, which in this paragraph is the 
FTIR value, and B the second variable, in this paragraph the mini-DOAS integrated columns. 
Figure 6.3a shows the comparison of the FTIR total columns to the total column version of the 
LUT profile. The mini-DOAS total columns calculated with the LUT profile re systematically 
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higher and has a lot of scatter. The same results we find in the comparison of the NN to the 
FTIR total columns. The NN columns are generally higher following the profile approximation 
which shows a higher concentration near the surface.  
 
Table 6.4. Summary FTIR to mini-DOAS comparison for four profile shapes. From left to right; the 
number of observations N, the correlation R, the slope and the intercept of the regression, the Mean 
Difference and the Mean Relative Difference between the FTIR and mini-DOAS total columns. The unit 
of the Intercept and MD values is in molecules cm-2. The MRD is in fraction. The correlation R is in bold 
for P < 0.05. 

Profile N R Slope Intercept MD (SD) MRD (SD) 
LUT 130 0.37 1.36 -0.29 -5.2 (10.4) -0.20 (0.64) 

NN 130 0.38 1.77 -0.02 -11.82 (12.93) -0.45 (0.61) 

LD40 101 0.26 1.66 -6.91 -2.96 (11.64) -0.04 (0.69) 

METPRO 130 0.51 0.95 -2.85 3.67 (7.47) 0.36 (0.63) 

 
The main reason for the large scatter follows from the lack of variability in the MLH. Looking 
at the total column results for the LD40 and METPRO profile assumptions, Fig 3C and 3D, a 
better agreement is found. The LD40 columns compare better with a reduced scatter but with 
a high slope. Observations with a wind direction from the south and west show a somewhat 
better result than the observations with a north easterly wind direction, which possibly shows 
the local influence of sources. The observations used for Figure 6.3 are from a few single days 
with a large number of observations, which possibly biases the comparison. Furthermore the 
scatter is partially the result of the algorithm deriving the mixing layer heights from the LD40 
measurement which introduces its own variation and bias. See Appendix Fig. D1 for the 
comparison of the METPRO modelled and LD40 measured mixing layer heights. Overall, the 
model MLH shows lower mixing layer heights compared to the measured MLH, with a slope 
of 0.87 and an intercept of -146 m (Fig. D1). This can either point to the measurements 
algorithm overestimating or the model underestimating the MLH. When using the modelled 
MLH the scatter between FTIR and mini-DOAS is reduced. The two subsets visible in the 
scatter plot are more tightly distributed around 2 lines. The difference between both lines could 
be explained by the large number of livestock housings directly north east of the site. With 
NH3 plumes being emitted near the tower in combination with higher wind speeds makes it 
possible that the plume passes the tower while missing the FTIR line of sight. The good 
agreement of the METPRO set shows the value of using simulated mixing layer heights. 
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Figure 6.3. FTIR to mini-DOAS total columns for each of the four profile assumptions. The colour of the 
scatter points and direction of the arrows indicate the wind direction at the time of measurement. The red 
line shows the regression results. 

 

6.4.1.2 IASI-A and B vs mini-DOAS 
The IASI-NH3 columns retrieved with the four profile assumptions, are compared to the mini-
DOAS profiles using the same scaling profiles as used in the IASI retrievals. This means that 
the IASI-LUT retrieval is matched to the LUT profile, and IASI-NN –LD40 and –METPRO 
to the NN, LD40, and METPRO profiles. Following the method applied in the FTIR to mini-
DOAS comparison a similar set of profiles is calculated for comparison with the four IASI 
products. First the IASI observations (both IASI-A and IASI-B) of each retrieval are matched 
to 15 minute average mini-DOAS concentrations. The mini-DOAS concentrations are then 
transformed to a set of profiles which are then integrated to total columns. The IASI-NH3 
retrieved columns that we use do not produce averaging kernels so an application of the 
observational operator is not needed or possible. The comparisons of the four sets of IASI-A 
(and –B) and calculated mini-DOAS total columns are shown in Figure 6.4 and the results of 
the regression analysis is shown in Table 6.5. A second comparison was added, for a set with 
a maximum spatial sampling difference of 15 km from the tower to the centre of the pixel, to 
show the effects of the large variability in local emission sources to the comparison (red dots 
in Figure 6.4). The results of the two IASI satellites are split between a top row, consisting of 
IASI-A measurements and a bottom row with the results of IASI-B. For both the 15 and 25 km 
spatial criteria we find only a poor agreement between the satellite derived columns with the 
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LUT profile and the mini-DOAS integrated total columns, with most of the mini-DOAS 
integrated columns half an order larger than their satellite counterparts.  
 
Table 6.5. Summary of IASI to mini-DOAS comparison. The top and bottom parts of the table are for 
IASI-A and IASI-B respectively. The left side of the table shows the results for a spatial criteria of 25 km. 
The right side shows the results for a more strict 15 km criteria. Statistics from left to right, N the number 
of observations, r the correlation, slope and intercept (I) the results of the RMA regression. The correlation 
R is in bold for P < 0.05. 

 25 km  15 km 

IASI-A N r Slope I IASI-A N r Slope I 
LUT 58 0.04 2.58 13.3 LUT 23 0.26 3.23 3.2 

NN 58 -0.06 -1.51 30.4 NN 23 0.01 1.65 13.8 
LD40 35 0.41 1.32 14.4 LD40 14 0.73 1.40 13.6 
METPRO 51 0.25 0.71 9.2 METPRO 20 0.45 0.76 8.5 

IASI-B N r Slope I IASI-B N r Slope I 
LUT 69 0.31 3.23 14.8 LUT 26 0.40 3.97 13.2 

NN 78 0.44 1.18 17.7 NN 26 0.32 1.47 15.9 
LD40 52 0.54 1.06 15.0 LD40 18 0.62 1.39 15.6 
METPRO 70 0.48 0.74 10.8 METPRO 24 0.38 0.94 9.9 

 
The comparison for the NN products show a small improvement over the LUT product. The 
comparison still reveals a large scatter with somewhat smaller slopes in the regression for the 
larger spatial criterion. For the 15 km maximum the scatter somewhat improves but the slope 
and bias remains high. The LD40 results show an improvement over the NN and LUT products 
with higher correlation factors following from the incorporation of a variable mixing layer 
height. Similar to the FTIR comparison there are less observations available because of the 
limited number of retrieved MLH with high enough quality. The METPRO comparison results 
in the overall lowest regression slopes. Similar to the other three products, the scatter is quite 
large. Put in perspective, the IASI to mini-DOAS comparison should at best be comparable 
with the FTIR to mini-DOAS comparison. Differences emerge for example from the larger 
footprint of the IASI satellite and the difference in sampling location. The 15 km restriction 
ensures that the measurement site is located within or near the footprints of the IASI 
observations. This however does not ensure that the emissions around the site are 
homogeneously distributed at and near the site and the covered area by the IASI pixel. 
Secondly, as shown by Clarisse et al., (2010) the highest sensitivity of the satellite does not 
have to be at the surface. This means that the retrieved profiles are possibly to low following 
the IASI algorithm. Previous studies (i.e. in comparison with FTIR, Dammers et al., 2016a, 
Dammers et al., 2016b, Dammers et al., 2017a) showed an underestimation of the total column 
by the LUT and NN products. The bias was estimated to be around -30% (depending on the 
amount of atmospheric NH3). Following the results found here the bias for the surface 
concentration is estimated to be higher in the range of ~ -40 to -60 %. The larger bias is to be 
expected because of the high heterogeneity in NH3 emissions in the surrounding region. 
Furthermore, in the previous studies the observational operator of the FTIR instrument was 
applied to the IASI profiles, here there is no such operator and no correction can be made for 
the sensitivity of the instrument.
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6.4.1.3 CrIS vs mini-DOAS 
 
For the CrIS observations the same protocol is followed as with the FTIR observations. The 
15 minute mean mini-DOAS concentrations are matched to the CrIS measurements. The four 
types of profiles are scaled to the mini-DOAS concentrations and the CrIS observational 

operator is applied following equation (6.2) with 𝒙𝒓𝒆𝒎
𝒂𝒑𝒓𝒊𝒐𝒓𝒊 the CrIS apriori and 𝑨𝒓𝒆𝒎 the CrIS 

averaging kernel. Figure 6.5 shows an example set of matching CrIS and mini-DOAS profiles. 
The right panel of Figure 6.5 shows the averaging kernel of the CrIS observations. The CrIS 
measurement is most sensitive for the 700-900 hPa pressure layers, which is higher than the 
FTIR measurements which have a peak sensitivity at the surface. The left panel shows the four 
smoothed mini-DOAS profiles. The profiles all peak at the same altitude following the altitude 
of the peak sensitivity of the CrIS observation. Near the surface the retrieved CrIS profile and 
the mini-DOAS profiles tend towards a lower concentration which partially follows from the 
low sensitivity to surface concentrations in combination with a too low a-priori profile. The 
difference between the striped (original) and full (smoothed) lines again illustrate the 
importance of applying the observational operator. Furthermore it illustrates that while the CrIS 
retrieved profiles may show a high concentration near the surface the real concentration can be 
significantly higher following the low sensitivity of the satellite instrument to the surface layer. 
 

 
Figure 6.5. Example of a set of CrIS and mini-DOAS profiles for the measurement interval 2014-5-18 
12:15-12:30 and the CrIS observation at 2014-5-18 12:28:48. The left figure shows the CrIS retrieved 
(green) and a-priori (orange) profiles. The other four lines show the observational operator smoothed 
profiles calculated following the mini-DOAS measurements at 20m and 160m. The METPRO profile is 
shown in in blue, the LD40 profile in purple, the NN profile in red, and the LUT profile in cyan. The dotted 
and solid lines show the mini-DOAS profiles before and after smoothing (with the CrIS AVK). The right 
panel of the figure shows the averaging kernel of the matching CrIS profile. The dots show the diagonal 
values for each of the pressure layers.  
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The profiles are integrated to total column values, using the CrIS temperature, humidity, 
pressure profiles. The comparison of the CrIS and mini-DOAS total columns is shown in Fig. 
6.6. A summary of the statistics is given in Table 6.6. Correlations for all four comparisons are 
comparable with a r~0.5 for each profile choice. The main difference is found in the regression 
and width of the scatter. Similar to the earlier findings the LUT profile results in an 
overestimation of the total column. The results for the NN profile is more comparable with the 
LD40 and METPRO profiles. While the regression gives a better result the mean difference 
and mean relative difference is quite high. The METPRO profiles results show an 
underestimation of the total column. This is not the case for the LD40 results, pointing to an 
underestimation of the METPRO modelled mixing layer heights. The results are a slight 
improvement over the IASI to mini-DOAS comparison, especially the regression results, 
which possibly follows from the application of the observational operator, and the higher 
sensitivity of the CrIS instrument which has a lower spectral noise compared to the IASI 
instrument. Furthermore the overpass of the CrIS satellite at 13.30 PM instead of 9.30 AM will 
also have a positive effect, due to the increased height of the boundary layer and higher thermal 
contrast. Another thing one should keep in mind is that the results shown in Figure 6.6 used 
profiles to which the observational operator of CrIS was applied. The effect of this application 
depends on the shape of the profile, the averaging kernel and the column total level. Appendix 
Fig. D2 shows the effect on the total column when applying the observational operator. 
Especially in the lower column total range (0-2x1015 molecules cm-2) the effect can be large. 
For the larger total column range (>2x1015 molecules cm-2) the difference seems to turn into 
an overall offset. This result is not directly applicable to the IASI retrievals as the CrIS-FPR 
observational operator cannot be seen as representative for the IASI retrievals, but it does give 
an idea of the possible effects.  
 
Table 6.6. Summary of CrIS to mini-DOAS comparison integrating over the four profile shapes scaled by 
the mini-DOAS concentrations. N are the number of compared observations, r the correlation, and the 
slope and intercept [in molecules cm-2] the results from the regression analysis. The MD and MRD are the 
mean difference [in molecules cm-2] and the mean relative difference [%]. The number in between the 
brackets are the respective standard deviations. 

Profile N R Slope Intercept MD (SD) MRD 
(SD) 

LUT 126 0.51 1.67 -8.1 -2.1(9.8) -1 (61) % 
NN 126 0.51 1.05 -5.2 4.5(6.9) 43 (58) % 
LD40 64 0.45 1.04 -2.0 1.3(8.0) 11 (54) % 
METPRO 126 0.47 1.06 -6.8 5.8(7.1) 57 (60) % 
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Figure 6.6. Comparison of CrIS-NH3 columns to total columns calculated from mini-DOAS measurements 
(20m and 160m). The blue dots show the set of observations with CrIS footprint centres within 25 km of 
the measurement site. The red lines show the regression results of the comparisons. 

 
Adding more detail, Figure 6.7 shows the comparison of the mini-DOAS to CrIS retrieved 
profiles. Only retrieved layers with an averaging kernel diagonal of at least 0.05, were included 
in the comparison. This limit is quite small and intended to remove the layers with no 
sensitivity. The top panels of the figure show the absolute differences between the mini-DOAS 
and CrIS profiles. The bottom panels show the relative differences between the mini-DOAS 
profiles and CrIS profiles ((mini-DOAS – CrIS) / mean([mini-DOAS, CrIS]). Except for the 
LUT profiles we find a negative absolute difference for all layers in the NN, LD40 and 
METPRO profile types. The largest differences are found for the NN and METPRO profiles 
with median values of ~ 0.5 – 1.0 ppb for each of the middle layers which represents a median 
relative difference of -40 up to -80%. At the same time both the absolute and relative difference 
have a large standard deviation. The largest difference is observed around the sensitivity peak 
of the CrIS observations. The larger distribution of the relative difference is caused by the 
number of middle range concentration profiles (total columns ~10x1015 – 20x1015 molecules). 
The LUT profiles agree slightly better with the CrIS profiles with a positive relative difference 
in the range of 0 to 20% for the higher layers which is excellent when taking into account the 
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difference in sampling location, time, heterogeneity in the emissions for the surrounding region 
and the errors on both observations. The CrIS retrieved surface concentration however seems 
to be underestimated when compared to the LUT profiles. Similarly, while each of the upper 
layers in the NN and METPRO comparison gives a negative result the difference in 
concentration for the surface layer is almost zero. The LD40 profile results show the lowest 
absolute difference and the lowest relative difference with the relative difference in the range 
of -10 to 0%. In part this can be due to the smaller set of coincident measurements with only 
64 usable observations, half of the other sets. Similar to the METPRO and NN profiles the 
largest difference is found for the layers surrounding the peak sensitivity of the CrIS 
observations, while the difference almost vanishes near the surface. The standard deviation for 
each of the profiles is expected to be high following the large variability in the concentrations, 
the effects of errors in both the satellite and ground based instruments and the intrinsic 
difference between satellite and ground observations. The results found here are comparable 
to those found in the study by Dammers et al. (2017a), where CrIS also showed lower 
concentrations near the surface while being comparable at the peak sensitivity levels. However 
one should keep in mind that the results found here cannot be seen as fully comparable, due to 
the difference in instruments, the smaller sample size, and considering that measurements at a 
single location are compared here (in comparison to 7 sites in Dammers et al., 2017a).  
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6.4.2 Comparison to the LML network 
We use NH3 measurements from the LML field sites to compare the spatial variation using 
multiple sites instead of the site specific analysis, which are bound to the local characteristics 
of one site. As in section 6.4.1 the profile assumptions are scaled using the surface 
concentrations. In this analysis the measured boundary layer heights will not be considered as 
no observations are available. This means that only the LUT, NN and METPRO profiles will 
be used in further comparisons. The LML observations are matched to the satellite observations 
following the data criteria described in section 6.2.4.   

6.4.2.1 CrIS vs LML measurements 
Figure 6.8 shows a comparison of the LML (METPRO) and CrIS-NH3 total columns for 2014 
using all coinciding observations from each of the eight LML sites. The LML and CrIS time-
series look quite similar both in timing and magnitude of the total columns. Two prominent 
peaks in the total columns are seen during mid-March, and at the end of the summer in August. 
Both peaks follow from the application of manure which occurs over the course of a few days 
and is a major source of NH3. During the summer there is also a period with increased total 
columns following the increase in temperatures (Sommer et al., 1991), leading to higher 
volatilization rates, as well as application of manure to grasslands. Note that there is not an 
observation every day due to the cloud cover and the restrictions put to the data (only 
observations within 25 km of the LML site locations). 

 
Figure 6.8. LML and CrIS-NH3 total column time series for 1st Jan 2014 – 1st Jan 2015. The top panel 
shows the LML total columns. The METPRO profiles were used to scale and integrate the LML 
concentration measurements to total columns. The bottom panel shows the CrIS total columns. 
 

The top row panels in Fig. 6.9 show a direct comparison of the 2014 LML observations scaled 
with the remaining three profiles and the CrIS total columns. Although the columns seem to 
compare quite well we find a wide band of points around the main distribution. Fig. 6.9c 
illustrates this the best with two groups of points branching of the main group around the 1:1 
line (shown in grey). Before performing the regression analysis a three sigma outlier filter is 
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applied to the dataset to remove the outliers. Observations removed by the outlier filter are 
shown in grey. Correlations for each of three profile assumptions are of the order of r~0.7. The 
LUT assumption again shows the largest slope (S = 1.58) and the METPRO case the smallest 
(S = 0.92). When only the observations coinciding with the MARS campaign (May – October, 
2014) are used the correlation reduces to the 0.6 ~ 0.7 range (Bottom row figures, Fig 6.9.). 
The slope of each of the subsets increase following the removal of the manure spreading events. 

A large number of the bottom branch observations took place during the manure spreading 
events, which is illustrated in more detail in Appendix Figure D3. Fig D3 shows the same 
comparison as in Figure 6.9, but with the scatter points coloured to the month of observation. 
During the spreading of manure, the NH3 concentrations at the surface can increase by a few 
orders (von Bobrutzki et al., 2010; Sintermann et al., 2012). If the manure spreading takes 
place downwind of the measurement stations this will not be registered by the instruments. At 
the same time the CrIS satellite instruments does observe the increase because of its larger 
footprint. The top branch of scatter are the matched observations from the Vredepeel site which 
is one of the two sites classed as high emission region, the other being Wekerom (Berkhout et 
al., 2017; van Zanten et al., 2017). The instrument at Vredepeel is located near several livestock 
housings and at times will measure fresh emission plumes. The larger footprint of CrIS will 
make it impossible to resolve variations at the same spatial scale. 

To go further in the analysis we split the data into bins as a function of the in-situ 
concentrations. The bins (with step size of 5 ppb between 0 and 20 ppb and 10 ppb between 20 
and greater), ranged between 0 (first bin) and 40 (last bin) enable us to analyse the performance 
of the satellite as a function of concentration level. All observations shown in the top row of 
Figure 6.9 are used, and no filtering is applied. The result of the analysis is shown in Figure 
6.10. For the smallest in-situ concentration bins, 0 to 5 ppb, all three datasets show larger values 
for the CrIS observations, with a mean difference in the order of ~5x1015 molecules cm-2 and 
a mean relative difference in the range of -75 to -50% depending on the assumed profile. The 
difference can be expected to be relatively large as the concentration level nears the instruments 
sensitivity. For the intermediate bins, 5-20 ppb, the LUT assumption overestimates the total 
column with relative differences between 25-50%. The NN and METPRO comparison 
underestimate the columns by -25 to 0 % (for the NN assumption) and -50 to 25% (for 
METPRO). The shape of the METPRO and NN profiles compare well with the CrIS retrieved 
profiles, resulting in narrower distributions. For the largest range of concentrations 20 ppb and 
higher, the set LUT assumption shows less and less of a relation with the CrIS columns, 
showing an overestimation of around 100 % compared to the mean. The NN assumption fares 
slightly better still showing a relative difference of up to 50%. The METPRO set shows the 
best agreement for this range, with the difference nearing 0 % but having a larger standard 
deviation than the NN set. As discussed in previous paragraphs the METPRO MLH is 
potentially modelled to low, meaning the total columns would increase all-round. The median 
mixing layer height used in the METPRO profiles is ~800m (standard deviation ~200m) where 
the NN profiles use the basic 1.07 km assumption. The derived slope (Fig. D1) was found to 
be 0.87 with an intercept of -146m. Coarsely added this would mean a potential ~15% higher 
total columns bringing the METPRO mean closer to the NN estimate. 
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Figure 6.10. Plots of the mean absolute (top) and relative (bottom) differences between LML and CrIS, as 
a function of NH3 concentration measured with the LML network instruments and scaled with the three 
profile assumptions (LUT (blue), NN (red) and METPRO (green)). Observations are separated into bins 
of concentrations. The upper panel shows the mean absolute difference (MD). The middle panel shows the 
mean relative difference (MRD). Each of the boxes edges are the 25th and 75th percentiles, the black line 
is the median, the red diamond is the mean, the whiskers are the 10th and 90th percentiles, and the blue 
plus symbols are the outlier values outside the whiskers. 
 

6.4.2.2 IASI-A and B vs LML measurements 
Figure 6.11 shows the LML observations compared to the IASI products. The LML 
observations are scaled with the three profile assumptions (LUT, NN, and METPRO) and 
compared to the collocated IASI observation (IASI-LUT, -NN, -METPRO). The LUT profile 
results in a large overestimation of the total columns compared to the IASI retrieved columns 
(Figure 6.11, left). Using the NN profile slightly improves the correlation with a somewhat 
lower slope (Figure 6.11, middle). The METPRO profile results in the best slope but lowest 
correlation (Figure 6.11, right). Differences between IASI-A and IASI-B are small with similar 
retrieved columns for both satellite instruments. The correlations remain low for all three 
comparisons with an r~0.4 or lower. A site per site comparison is included in the appendix 
(Figure D5), which shows the METPRO comparison per LML site for IASI-B. It shows that 
especially for sites with high mean concentrations (e.g. Zegveld, Wekerom, Vredepeel) the 
slopes found between the LML and IASI columns are high (~2-4). The inability to adjust for 
the satellite instruments sensitivity clearly hampers the comparison. The results look worse 
than to those found in Figure 6.4 and some differences are observed. The Cabauw site is located 
in a high intensity region similar to Wekerom and Vredepeel. However, the regression results 
found here for those Vredepeel and Wekerom are not comparable to those found for Cabauw. 
The difference in the measurement principle could make a small difference but results from 
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Berkhout et al (2017) indicate that the concentrations measured with the AMOR are lower than 
those measured with the mini-DOAS. A more important factor could be the height of 
measurement. The mini-DOAS measurements used to fit the profiles were made at 20m and 
160m in or just outside the surface layer where an influence due to emissions and deposition 
is less than near the surface. Concentrations of those instruments were comparable during well-
mixed daytime conditions but in the transition period to this well-mixed state the 
concentrations can differ by ppbs. The AMOR instruments do measure in the surface layer and 
especially at sites with high emissions will be influenced by the local emissions. Clarisse et al., 
(2010) showed that for some IASI observations the sensitivity for the lowest part of the 
troposphere will be zero. Measurements higher up in the developing mixing-layer 
(troposphere) are thus more representative of the IASI observed NH3. When directly comparing 
the IASI observations with these higher emission sites it can thus be expected that we find an 
overestimation of the total column when directly scaling a profile with the measured 
concentration. This effect can be expected to be less near sites without large emissions as the 
gradient in the surface layer will be smaller. Looking back at the results found for the LML 
comparison to CrIS one can see a similar increase in slope for the stations with higher mean 
concentrations (Vredepeel, Zegveld, and Wekerom).  
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6.5 Discussion and conclusions 
Here we presented an analysis of the FTIR, IASI and CrIS-NH3 remote sensing products with 
in-situ measurements performed during the MARS field campaign and in the Dutch LML 
network. The in-situ observations were scaled-up to full vertical profiles and total columns 
using four profile approximations. Two of the four profiles were based on vertical profile 
distributions used in the IASI-LUT and IASI-NN products. The second pair of profiles were 
based on a three parameter Gaussian distribution with the mixing layer as the major controlling 
parameter, the overall shape reflecting the well-mixed mixing layer.  To represent the mixing 
layer height both modelled and measured (METPRO and LD40 respectively) mixing layer 
heights were used. For the first comparison the 20 and 160m mini-DOAS measurements were 
used to scale the profiles. Comparison with the FTIR observations showed that the METPRO 
and LD40 profiles represented the vertical distribution best, although the analysis was 
hampered by local emissions and noisy mixing layer heights derived from the LD40 
measurements. Comparison of the mini-DOAS scaled profiles with IASI-A and –B satellite 
observations gave slightly different results with lower correlations and higher intercepts, 
depending on the IASI product. The IASI-LUT products showed the highest slopes in the range 
of 3 compared to the other retrievals 1 to 2. The best correlations were found for the LD40 
retrievals which is partially due to the lower number of observations compared to the other 
three products. The difference in the results of the FTIR and IASI comparisons can possibly 
be explained by the larger footprint of the IASI satellite instruments and the unavailability of 
averaging kernels from IASI. Adjusting the collocation criteria to 15 km instead of 25 km 
improved the comparison but restricted the comparison to only a few observations, reducing 
the representativity.  

Comparison with the CrIS-FRP product revealed slightly better correlations but a difference in 
the regression results. The difference can be explained by three factors. The first is the higher 
sensitivity during the afternoon overpass of CrIS compared to the morning overpass of IASI-
A and -B. Second is the retrieval itself and the application of the observational operator. The 
third is the lower spectral noise of the CrIS instrument compared to the IASI instrument. 
Combining the results of all three remote sensing sets, the METPRO modelled mixing layer 
heights were found to potentially underestimate the mixing layer height, while the LD40 
measurements better represent reality. Comparison of the profiles again showed the best results 
when using the LD40 profile while overall the comparison revealed results similar to the 
validation study by Dammers et al. (2017a). Depending on the profile assumption the largest 
differences were found at the levels where CrIS on average has the most sensitivity (i.e. 825-
681 hPa). Similar to the FTIR to CrIS validation the two surface layers showed different results 
compared to the other layers, with CrIS overall showing lower surface concentrations than the 
mini-DOAS scaled profiles. Possible explanation for the difference is a combination of the 
high heterogeneity in surface concentrations around the Cabauw site, the difference in observed 
NH3 (full column vs surface measurement), the lack of sensitivity for the surface layer and the 
a-priori being too strict for the retrieval, not reflecting the real concentration profile. 

The measurements from the LML network (surface layer measurements, instruments at 2-3 
meter) were used for the second comparison, focussing on spatial representativity by using 
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more sites which together have a wider range of NH3 concentrations. The total column time 
series of the LML (scaled with the METPRO profile) and CrIS observations were found to be 
qualitatively similar, with the peaks following manure spreading and increased temperatures 
visible in both time series. The comparison of the CrIS to LML columns illustrated the problem 
in spatial variability when comparing satellite to surface observations. During days with wide-
spread manure application (March / End of the summer), CrIS clearly shows increased total 
column concentrations while the LML site at times completely miss the increase concentration 
levels, possibly being upwind of the fertilized fields. Similarly the AMOR instruments observe 
variations in the local concentrations, for example measuring inside plumes of NH3 originating 
from livestock housing. The CrIS footprint however is too large to observe such concentration 
variations. This is for instance seen at the high agricultural intensity sites such as Vredepeel 
and Wekerom. This effect is visible as well in the large MD and MRD, between the CrIS and 
LML observation, for LML measurements with concentrations > 20 ppb. Comparison of the 
IASI to LML total columns showed similar problems enhanced by the inability to adjust for 
the sensitivity of the satellite retrieval. Furthermore it was concluded that another source of 
error is the height of the measurements. The LML instruments at all times measure inside the 
surface layer where emission and deposition effects can have a large influence on gradients in 
the vertical profile. Above the surface layer this effect is less pronounced, making way for a 
well-mixed layer.  

To our knowledge only Van Damme et al. (2015a) compared the IASI data to five years of 
hourly observations. Van Damme et al. (2015a) found a correlation of 0.29 (N=644) when 
comparing IASI-A-LUT observations with a LML site inside its footprint. They report a slope 
of 0.07 and an intercept of 1.68 x 1015 molecules cm-2. Using the same axes for this study find 
us a slope of 0.13 and an intercept of -0.46 x 1015 molecules cm-2. The correlation is similar to 
the results found in this study while the slope reported in this study is lower. Possible reasons 
are the use of a least squares that only takes into account the y-axis instead of using a Reduced 
Major Axis (RMA) regression, the use of a less strict relative error filter (100% instead of 75% 
used here), using a full five years of data from eight stations instead of one year with 2 stations 
operating for only 4/6 months, increased quality of the IASI-NH3 data for more recent years 
(following improvements to the IASI temperature profiles data used in the retrieval), and the 
more strict spatial collocation used by Van Damme et al. (2015a). Using the same criteria and 
a y-axis least squares approach we find a correlation of 0.03, a slope of 3.5 and an intercept 
3.52 x 1015 molecules cm-2 for this study (N=61, instead of N=473). Restricting the spatial 
collocation to only observations inside the satellite pixel greatly reduces the number of usable 
observations. The strict filter makes the results incomparable to the analysis by Van Damme 
et al., (2015a) due to the large difference in number of observations. Only analysing one year 
of measurements data possibly influences the results. As we have seen in the concentration 
variations at site scale have an influence on the comparability. The comparison between the 
satellite and ground based observations will thus change following the year to year variations 
in surface concentrations. However, the general relation found between the CrIS to LML total 
column as a function of concentration should not vary much as it is based on the local 
concentration. Similarly, the comparison will also be influenced by several emission peaks 
taking place in the regions surrounding the measurement sites, while the wind direction is 
pointed in the opposite direction. For most applications however this does not matter. When 
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used for example for model validation or assimilation the satellite observations will be matched 
to the underlying cells instead of point measurements in nearby 25 km circles.  

Potentially it is possible to adjust for the surface layer gradient, however more measurements 
at several levels will be needed to find a good proxy for the adjustment. Furthermore, while 
the atmosphere above the Cabauw site was well mixed (Dammers et al., 2017b) this is not 
necessarily the case everywhere. Especially for sites with large point sources or subject to 
important deposition fluxes, one could imagine that the emission and deposition fluxes can 
have a larger influence on the vertical gradient. Besides measuring the gradients, models with 
a high vertical resolution (such as the OPS model, Sauter et al., 2015)) could be used to estimate 
the gradients. However, the modelled vertical gradients (will) lack validation with only a few 
flux measurements and only one set of tower measurements with high temporal resolution 
available. This shows the importance of further tower and flux measurements at various 
locations. 

Based on our analysis and comparison of satellite observations using different vertical profiles 
to estimate NH3 column concentrations we recommend to use a profile shape that varies with 
the boundary layer height, similar to our METPRO and LD40 sets. The best option would be 
to use measured mixing layer heights but for most regions such measurements will not be 
available. A modelled dataset, such as METPRO or PBL height derived from the ERA-interim 
reanalysis (Dee et al., 2011), can be used as a substitute. The applicability and quality of such 
datasets will have to be assessed from region to region.  
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7. Summary and Outlook 
 

In this chapter I will first give an overall summary of the results supported by answering the 
research questions listed in the introduction. This will be followed by a section on my 
observations working with NH3 measurements and research in general and I will couple that 
to a future outlook.  
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7.1 Summary 
7.1.1 Aim and approach 
Large uncertainties exist in the total atmospheric budget and distribution of NH3 in both space 
and time (Erisman et al., 2007; Sutton et al., 2013). Since the first reported satellite 
observations of NH3 with the Tropospheric Emission Spectrometer (TES, Beer et al., 2008), 
remote sensing of NH3 with satellite instruments has rapidly developed. Recently, several NH3 
retrievals were developed for satellite infrared instruments such as the Infrared Atmospheric 
Sounding Interferometer (IASI, Clarisse et al., 2009; Van Damme et al., 2014a) and Cross-
track Infrared Sounder (CrIS, Shephard and Cady-Pereira, 2015). The NH3 products have the 
potential to be (and are) used for various applications such as concentration monitoring, 
emission and deposition estimates (Zhu et al., 2013; Van Damme et al., 2015b; Whitburn et 
al., 2015; Luo et al., 2015), and model validation (Heald et al., 2012; Zhu et al., 2013; Schiferl 
et al., 2014, 2016; Van Damme et al., 2014b), but without validation the overall performance 
of the products and quantitative conclusions made in studies using the satellite-products can be 
questioned. NH3 measurements are scarce with most measurement networks and measurement 
campaigns based in the Northern Hemisphere and especially in the United States and North-
western Europe. Earlier research showed that validating the IASI product with only surface 
concentrations measurements was unfeasible, mostly related to the large variability of NH3 
concentrations and the lack of knowledge on its vertical distribution (Whitburn et al., 2016, for 
an overview of all observations). 

The goal of this PhD research was the validation of remote sensed NH3 distributions with 
specific attention to the vertical distribution of NH3. A crucial aspect was the assessment of the 
vertical distribution of NH3 in the atmosphere using FTIR instruments and tower measurements 
with open-path instruments. Furthermore, special attention was given to the uncertainties in 
the individual products.  

At the start of this PhD research a cooperation with the Insitut für Umweltphysik at the 
Universität of Bremen was started, to explore the feasibility of retrieving NH3 from FTIR solar 
spectra. The value of the measurements from these instruments has been recognized by the 
NDACC and TCCON networks, which operate FTIR sites around the world. The development 
of the FTIR-NH3 retrieval (Chapter 2, Dammers et al., 2015) was key to this thesis. The 
possibility to measure vertical profiles of NH3 for a range of concentration regimes, from high 
intensity farming regions (Bremen) to sites with almost no NH3 burden (Jungfraujoch), enabled 
the creation of a valuable FTIR-NH3 dataset. The FTIR observations have never been 
interpreted for NH3 on this scale and here we standardised the method to obtain NH3 profiles 
and quantified its uncertainty. 

The FTIR-NH3 dataset was extended with more sites becoming available for use during the 
course of time. The dataset was first used for the evaluation of the IASI-LUT dataset (Chapter 
3, Dammers et al., 2016a) resulting in an improved estimate of the uncertainty in the IASI-
LUT observations, showing the consistency of the observations as well as the limitations for 
sites with low NH3 concentrations to be represented by the satellite data. After this initial 
product evaluation the datasets were used for the validation of the CrIS-FRP (Chapter 4, 
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Dammers et al., 2017a) and the IASI-NN products (Dammers et al., 2016b, Dammers et al., 
2017a).  

This PhD was part of the ALW-GO/12-36 grant and one of the goals was to organize and 
perform a field campaign to validate atmospheric NH3 products obtained through remote 
sensing and improve the understanding of the vertical distribution of NH3. The Measuring 
atmospheric Ammonia with Remote Sensing (MARS) field campaign at Cabauw took place 
between April and October 2014, combining the FTIR-NH3 instrument with the MARGA 
instrument and a set-up of mini-DOAS instruments at various levels in the meteorological 
tower. The campaign was unique through the combination of instruments capable of measuring 
NH3 with high temporal resolution in the tower and a FTIR instrument capable of measuring 
NH3 at higher altitudes. The data from the field campaign were used to characterize the 
atmospheric behaviour of NH3 at Cabauw (Chapter 5, Dammers et al., 2017b) and to explore 
the use of various vertical profiles needed to scale surface measurements, so that these can be 
used for comparison with FTIR and satellite observations (Chapter 6, Dammers et al., 2017c). 

In the following paragraphs, my main findings are described and the research questions posed 
at the start of this thesis (Chapter 1) are answered. 

7.1.2 Research Questions and outcome 

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

At the start of this PhD, a new retrieval strategy was designed to retrieve NH3 vertical profiles 
from solar spectra measured with ground-based FTIR instruments. Various combinations of 
micro-windows were selected focusing on strong absorption lines of NH3 while reducing the 
influence of interfering species such as water vapour (H2O), Carbon Dioxide (CO2) and Ozone 
(O3) to a minimum. The combination of the two spectral micro-windows MW1 [930.32 – 
931.32 cm-1] and MW2 [966.97–967.68 cm-1] showed the best performance, optimizing the 
information gained while reducing the residual to a minimum. The retrieval was applied to 
observations from Bremen (53.10° N, 8.85° E), Lauder (45.04° S, 169.68° E), La Réunion 
(20.9° S, 55.50° E) and Jungfraujoch (46.55° N, 7.98° E) to illustrate the capability of 
retrieving concentrations for a range of the NH3 total columns spanning several orders of 
magnitude. The measurements at Bremen showed the highest total columns with a mean of 
13.47 × 1015 [molecules cm−2] while the smallest values with a mean of 0.18 × 1015 [molecules 
cm−2] were retrieved for Jungfraujoch. The retrieved total columns showed station-specific 
seasonal cycles which are consistent with known seasonal cycles of the dominant NH3 sources 
in the station surroundings. As for the vertical profiles this thesis shows that for conditions 
with high surface concentrations of NH3, in the order of 20 ppb and greater, it was possible to 
retrieve enough information on the vertical profile with up to 2 and in cases with extremely 
high concentrations up to 3 independent layers. Most of the retrievals sensitivity comes from 
the NH3 in the boundary layer, where the concentration is highest. For conditions with small 
concentrations, in the order of 3 ppb and smaller, only the total column could be retrieved. The 
systematic and random errors are dependent on the location and atmospheric NH3 
concentrations, with total errors in the range of 26 % of the total column for retrievals 



Chapter 7   -   Summary and Outlook 

135 
 

performed on spectra from Bremen to 34 % for spectra measured at Jungfraujoch. The 
systematic uncertainty is dominated by the spectroscopic parameters, while the random 
uncertainty is mostly related to the measurement error. The results are published in Dammers 
et al. (2015). 

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

To create a more representative dataset the FTIR-NH3 dataset was extended to twelve sites, 
using most of the sites operating FTIR instruments in the NDACC network. Nine sites with 
observations between 2008 and 2015 were eventually used for the first evaluation of the IASI-
LUT product. The remaining three sites either didn’t have measurements coinciding with IASI 
overpasses or are characterized by total columns far lower than the expected sensitivity of the 
IASI-LUT product. This thesis demonstrated the importance of strict spatial and temporal 
collocation criteria, ensuring the comparison of similar air masses and reducing effects from 
orography, and the short lifetime of atmospheric NH3. The results of the study (Chapter 3, 
published in Dammers et al., 2016a) revealed that both the FTIR and IASI-LUT retrieved 
columns show comparable seasonal cycles for most measurements sites. Medium to high 
correlations were found for locations with high NH3 concentrations while correlations are 
lower for sites with small concentrations. The relation of performance with total column level 
gives an indication of the detection limit of the IASI instrument.  

While the retrieved total columns of the two instruments compared well, IASI-LUT showed 
an overall mean relative difference (MRD) of −32.4 ± 56.3 % compared to the FTIR total 
columns. Because of the lack of an averaging kernel the influence of the sensitivity of the IASI 
instrument could not be explored further. There are several possible factors that might explain 
the difference. The first difference is the retrieval techniques, with IASI retrieval using the 
HRI-based approach using fixed profiles instead of retrieving the full shape, possibly 
restricting more optimal solutions. The lack of an averaging kernel limits the evaluation of the 
sensitivity of the instrument. Earlier products (Clarisse et al., 2009) showed potentially large 
variations in the averaging kernels as well as the retrieved profiles. Arguably it would be better 
to use a larger selection of profiles with the shape of the profiles depending on the vertical 
distribution of NH3. Finally, note that although we compare the IASI with the FTIR data, the 
FTIR retrieved profiles are not perfect. The FTIR instrument does not fully resolve the vertical 
distribution and uncertainties remains for each retrieved level.  Furthermore, the IASI 
instrument is possibly be more sensitive to NH3 at higher levels as we shown in the CrIS 
validation. 

The study on the performance of IASI-LUT was followed by the validation of the CrIS Fast 
Physical Retrieval (CrIS-FPR, Dammers et al., 2017a). Instead of an HRI based approach the 
CrIS-FRP product uses an optimal estimation approach. Data from seven FTIR sites were used 
for the validation, due to restrictions in computation time designated for NH3 retrievals from 
the CrIS spectra. At the end of this PhD the CrIS retrieval speed has been drastically improved 
enabling the retrieval of NH3 from more spectra, but we chose to keep focus on the original 
seven sites. Similar spatio-temporal restrictions were applied to the CrIS measurements as for 
the IASI-LUT comparison.  



Chapter 7   -   Summary and Outlook 

136 
 

The FTIR and CrIS total columns compared well with a correlation of r = 0.77 and a small bias 
(a slope of 1.02). For concentrations larger than 10.0 x 1015 [molecules cm-2] i.e. ranging from 
moderate to polluted conditions, the relative difference was found to average ~ 0 to 5% with a 
standard deviation in the range of 25 to 50%. This is comparable to retrieval uncertainties in 
both the CrIS and FTIR retrievals. For the smallest total column range, with FTIR total columns 
smaller than 10.0 x 1015 [molecules cm-2] there are a large number of observations at or near 
the CrIS noise level (detection limit), and the absolute differences between CrIS and the FTIR 
total columns become larger. In such cases CrIS shows a positive column bias around +2.4 x 
1015 [molecules cm-2] with a standard deviation of 5.5 x 1015 [molecules cm-2], which 
corresponds to a relative difference of ~+50% and a standard deviation of almost 100%. The 
retrievals were also compared at a profile level. The CrIS retrievals had a good vertical 
sensitivity down to ~850 hPa. At that level the retrieved profiles compared well with a median 
absolute difference of 0.87 (±0.08) ppb and a corresponding median relative difference of 39 
(±2) %. Similar to the column comparison, most of the absolute and relative differences are in 
the range of the retrieval uncertainties. The CrIS retrieval does however tend to overestimate 
the concentrations for levels near the surface for conditions with low surface concentrations. 
This is probably due to the detection limit of the instrument. At the same time the retrieval 
shows an underestimation at larger concentrations, possibly due to the a-priori restricting the 
final retrieval shape and the reduced sensitivity of CrIS in the lowest layers.  

To conclude both the IASI and CrIS-NH3 products show high consistency with the FTIR 
observations. Both systems are somewhat limited in the observation of NH3 in less to non-
polluted regions (roughly < 3 ppb ground-level concentrations) indicated by the overestimation 
by the CrIS product and increased underestimation by the IASI products (NN & LUT, Chapter 
4). For concentrations in more polluted regions (> 3 ppb) the CrIS product gives high quality 
observations with most of the uncertainty (~25%) related to the line spectroscopy and 
measurement noise. Similarly the IASI products (both IASI-NN and –LUT) show consistent 
results with high correlations although underestimating the concentrations (-30 to -50%), with 
IASI-NN showing improvements over the LUT product. Compared to the outcome of the FTIR 
to IASI/CrIS product validation the comparison with the in-situ measurements shows a worse 
outcome. The performance drop is mostly related to the difference in the location of the in-situ 
instrument compared to the large footprint of the satellite instrument. One should be careful 
however in such situations in directly comparing satellite retrieved “surface concentrations” 
with in-situ observed concentrations, considering the limited amount of information is 
available from the satellite on the vertical profile. For sites with more homogeneous 
concentration distribution the effect is less observable and results are highly correlative. I will 
come back to this point in the answer of the next research questions. 
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Can tower measurements be used to provide enough information of the ammonia vertical 
profiles? 

Measurements of the vertical distribution of NH3 are scarce. Only a few airborne and tower 
measurements are available which usually only cover time periods of a few days or involve 
measurements with coarse temporal resolutions. The MARS field campaign at Cabauw, the 
Netherlands was organised to improve the general understanding of the vertical distribution of 
NH3. A selection of instruments installed in and around the meteorological tower at Cabauw 
(CESAR) were operated between May and October 2014. Four mini-DOAS instruments were 
installed at levels in the tower (20m and 160m) and cabin beside the tower (1m and 4m), as 
well as a MARGA instrument with the inlet at the base of the tower(4m). The instruments at 
and in the tower were supplemented by an FTIR instrument, operated ~ 500 m to the South of 
the tower. The measurements between May and October 2014 showed large variations in the 
concentrations, with maximum concentrations reaching ~330 ppb. The lower three mini-
DOAS and MARGA measurements showed large differences on an hourly basis, which were 
shown to originate from multiple measurement artefacts of the MARGA and the lower two 
mini-DOAS instruments. While the artefacts have an influence on the concentrations measured 
by the MARGA and the lower two instruments, the concentrations measured with the top two 
instruments have a smaller uncertainty. The conclusions made in the next sentences are based 
on the measurements of the top two instruments (20m and 160m). The concentrations measured 
by the mini-DOAS instruments showed a lot of variability between the instruments. The lower 
three instruments measured maxima at night while the mini-DOAS at 160m in the tower 
observed daytime maxima. The analysis of the measurements showed the difference in sources 
driving the concentration levels. The instrument at 20m had higher concentrations for air 
masses transported from the north, which is also the direction of the largest local emission 
sources. The instrument at 160m however, showed the highest concentrations coming from the 
east pointing at a more regional influence. The measurements illustrated that the daytime 
boundary layer is well-mixed with only small gradients found between DOAS 20 and DOAS 
160. During night time conditions the DOAS at 160 meter was often above the nocturnal 
boundary layer, with most of the background concentration coming from national or 
continental long range transport. The well-mixed boundary layer during daytime is an 
assumption made in several chemistry transport models, which seems to be valid in the case of 
NH3. Interestingly, most a-priori profiles used in FTIR and satellite remote sensing retrievals 
do not assume a vertical distribution with a mixed layer. A lesson from the campaign would be 
to preferably use a well-mixed boundary layer assumption for the satellite retrievals of NH3. 
The measured concentrations were comparable with an earlier study at Cabauw in 2007 
(Schaap et al., 2011), the difference explained by the shorter measurement period. Comparison 
with measurements performed between 1984 and 1986 (Erisman et al., 1988) showed an 
increase of ~5.5 ppb for each of the levels. The difference in the concentrations can be 
explained by a possible increase in livestock and/or the difference in measurement period.  

The results of the campaign were restricted by the artefacts and problems of individual 
instruments. The lower two instruments in the tower had an uncertainty of up to four times the 
normal level, which makes it impossible to derive a gradient between the levels. However, 
their results contributed to the confidence on the data for the instruments at 20m and 160m. 
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The issues with the MARGA instrument illustrated the importance of taking into account all 
the possible artefacts. The delay in the measured NH3 concentrations compared to the mini-
DOAS concentrations, following the inlet problems and fluid transport inside the MARGA, 
further illustrated the value of open-path measurements.  

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? 

The analysis in Chapter 5 focused on the choice of a vertical profile distribution for NH3 to 
compare in-situ measurements with FTIR and satellite observations. The final profile choice 
was based on the results found in Chapter 4, being that the boundary layer is well mixed. The 
profile shape is approximated by the shape of a three parameter Gaussian with the mixing layer 
height one of the main parameters. Essential to this profile is the mixing layer height 
information, for which we tested two types of data. The first dataset was derived from LD-40 
measurements, whereas the second was produced through modelling with the METPRO 
model. The set was extended with the fixed profiles used in the IASI-LUT and IASI-NN 
retrievals. The IASI-NN allows using an alternative profile shape, which was used to also 
retrieve NH3 using the LD40 and METPRO profiles. The profiles were scaled to match the 
tower measurements for the height at which the instruments are positioned and compared to 
FTIR, IASI, and CrIS observations. 

Using vertical profiles that take into account a well-mixed boundary layer, scaled with tower 
measurements from the MARS campaign, shows a better performance in comparison with 
FTIR, IASI and CrIS observations than using fixed profiles. Comparison of FTIR to mini-
DOAS total columns showed correlations of up to r~0.5, and MRD between -20 to +36 % (std 
=~0.6 to 0.7). The comparison is analysed as a function of the local concentrations with a larger 
ratio between the FTIR and the mini-DOAS total columns for atmospheric transport from the 
north-east compared to the other wind directions. Comparison to CrIS total columns gave 
similar results with r~0.5 and slopes between 1.04 and 1.67 depending on the choice of profile. 
Similarly comparison to IASI columns showed correlations r~0.45 to 0.55 and slopes between 
~0.7 for the METPRO retrieval to ~2.6 for the LUT retrieval. Next the evaluation exercise was 
expanded to the Dutch LML (Landelijk Meetnet Luchtkwaliteit) monitoring network sites. The 
comparison of the IASI and CrIS products with the LML sites revealed a large influence on 
the regression results depending on the mean and variability of the NH3 concentrations. The 
effect was larger than seen for the mini-DOAS results which was explained by the height of 
measurement, stressing the importance of vertical gradients. The results indicate a stronger 
effect of these surface variations on the comparison with IASI than with the CrIS observations, 
possibly due to a lower sensitivity of the former instrument for surface concentrations due to 
general less favourable thermal contrast conditions.  

The tower measurements were most helpful for the interpretation of the satellite observations, 
showing the influence of mixing in the boundary layer and the potential large influence of the 
concentration gradients in the surface layer. Although there were several problems with the 
individual instruments, the dataset is unique. To our knowledge this is the first dataset of high 
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temporal resolution measurements of NH3 at several levels in a meteorological tower. The data 
is freely available for use in future model and satellite validation.  

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

To synthesise I will answer the first two parts of the central question of this thesis. The FTIR-
NH3 dataset developed during this project enables us to validate the satellite NH3 observations 
as it measures a similar vertical column as the satellite instruments. However there are still 
difference in the observed vertical distribution. The FTIR instrument is more sensitive for NH3 
located near the surface while the satellite is (usually) more sensitive to NH3 at higher altitudes. 
Furthermore while the FTIR instrument is more sensitive to the surface layer it does not fully 
resolve the vertical distribution thus uncertainty remains for each retrieved level. Also the FTIR 
observations are not without error and a third set of observations covering the same vertical 
axis will be needed to further constrain the uncertainties in both the FTIR and satellite 
retrievals. As shown in this thesis both products correlate well, with CrIS-FPR product overall 
having less uncertainty than IASI. The increased sensitivity of the CrIS instrument over IASI, 
due to the overpass time and lower spectral noise, is noticeable and might be the major 
difference. The overpass at 13:30 instead of 9:30 greatly enhances the thermal contrast of the 
atmosphere, which combined with the instruments ~4x lower spectral noise improves the 
capability to observe smaller NH3 concentrations. As a trade-off the CrIS instrument does have 
a lower spectral resolution (0.625 cm-1 vs 0.5 cm-1). This can potentially lead to a bias as was 
visible in the FTIR resolution tests, which showed difference of a few percent when reducing 
the resolution from 0.005 cm-1 to 0.11 cm-1. It also has a slightly lower spatial resolution (14 
km2 vs 12km2 at nadir) meaning it is slightly harder to resolve gradients in the concentration 
field. The IASI retrieval, although quick, limits the possible solutions which might be the 
reason for its underestimation. The mini-DOAS observations made during the MARS 
campaign were an excellent example of the well-mixed boundary layer and gave the basis to 
use the Gaussian shaped profiles for the IASI-LD40 and IASI-METPRO retrievals. The new 
profile shapes used in IASI-NN, IASI-LD40 and IASI-METPRO seems to work quite well. 
Obtaining a high quality mixing layer height estimate will be vital for future retrievals on a 
global scale.  

7.2 Impact and outlook for future research 
Most of the work in this thesis is related to uncertainties in measurements and retrievals. 
Understanding the strengths and weaknesses of instruments and retrievals is paramount to 
correctly using and applying the obtained information. Throughout this PhD research I have 
gained insight in many aspects of the “NH3 field” and would like to make some observations 
and recommendations for future research. 

FTIR and satellite retrievals, improvements and future validation 

This thesis illustrated the most important causes of uncertainty in FTIR and satellite NH3 
retrievals. Based on the analysis and conclusions in this thesis the following recommendations 
can be made. An excellent point to continue the research on NH3 includes future improvements 
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to- and validation of the FTIR and satellite retrievals. The first concerns the line spectroscopy. 
A large percentage of the uncertainty, especially for the FTIR retrieval, comes from the 
uncertainty in the line parameters. Both the pressure and temperature broadening parameters 
as well as the overall line strength are quite uncertain for NH3 with an estimated uncertainty of 
up to 20% in all three parameters (HITRAN, Rothman et al., 2013). The line spectroscopy is 
an essential input parameter in all remote sensing retrievals for NH3. Any future retrieval and 
application will be greatly helped by an improvement of the NH3 lines in the existing line 
spectroscopy database. The IASI-NH3 product has steadily improved over the course of the 
last years but if the use of fixed profiles continues in the future, better estimates of for example 
the mixing layer height will be needed as shown in this thesis. Another point of uncertainty is 
the unknown sensitivity of the IASI instrument. Applying for example the FPR optimal 
estimation retrieval to the IASI spectra would gain some further insight and a direct comparison 
of the current retrievals used by IASI and CrIS respectively. Another option would be to 
perform one iteration of optimal estimation retrieval on the IASI spectra using the current IASI-
NN retrieval as an input. This would gain the valuable insight of where the information content 
is located per observation and make the product more usable in for example modelling 
applications. As for the CrIS-FPR retrieval there is a hint that the two smallest a-priori profiles 
might be too restrictive. Often the profile peak far above the surface due to a lack of instrument 
sensitivity for the surface layer. A way to solve this would be to use a more restricted profile 
shape for the lowest parts of the atmosphere. In the case of analysis of plumes from biomass 
burning one could fall back to the old approach. In this research an effort was made to validate 
all recently developed satellite NH3 products. The AIRS-NH3 product however has not yet 
been validated and I recommend to validate the product with the FTIR-NH3 dataset. My 
recommendation is to validate the FTIR and satellite products with a third information source, 
for example observations with a plane flying in an upward or downward helix around FTIR 
sites during satellite overpasses.  

The mini-DOAS and MARGA instruments 

A respectable amount of time was spent on the development and improvement of the mini-
DOAS retrieval strategy, but this has not been published in this thesis. Analysis of measured 
concentration data showed discrepancies between the measured concentrations of two 
instruments measuring alongside each other. Further analysis showed that there were several 
issues with the mini-DOAS concentration retrievals and that uncertainties that were not well 
incorporated in the final error budget. Most of the issues have by now been resolved with the 
updated instruments measuring concentrations at high precision. While some adjustments can 
be made in hindsight, as done for the MARS dataset, this is not possible for all issues. My 
recommendation for the mini-DOAS instrument is to write a publication focussed on the recent 
changes and describing the uncertainties in detail. Furthermore, the mini-DOAS instruments 
have to be compared with their Swiss counterparts and other commonly used instruments. The 
MetNH3 campaign organized near Edinburgh in September 2016 and the Dronten campaign 
organized in June 2016 were an excellent start, with a large number of instruments measuring 
the NH3 concentrations before, during and after manure application to the surrounding fields. 
These kind of inter-comparison studies are rather unique as it is a lot of effort to bring together 
all commonly used instruments. This thesis illustrated the problems encountered when 



Chapter 7   -   Summary and Outlook 

141 
 

measuring NH3 with the MARGA instrument. Several studies report NH3 diurnal profiles 
measured with the MARGA, showing similar morning peaks, while never questioning the 
uncertainty that comes with it. The set-up of the MARGA however changes from instrument 
to instrument thus it is not certain that the same artefacts are involved. For example the first 
results of the MetNH3 campaign did not show any of the morning peaks. A re-assessment of 
the outcome of studies using the MARGA instrument might be needed. 

Monitoring, distributions & atmospheric chemistry 

Globally, high quality monitoring of atmospheric NH3 is performed at relatively few sites, 
which by far is not representative of the global variety in NH3 concentrations. In the 
Netherlands we have one of the most extended and in depth networks but even here one can 
say that the Dutch LML network is not representative of the mean “Netherlands” 
concentrations, due to the small number of sites. The Dutch MAN (Meetnet Ammoniak in 
Natuurgebieden) network does approach this level but is equipped with instruments that 
measure with a temporal resolution of one month, missing much of the variability. Satellite 
observations will play a key role in future monitoring as the observations are representative 
over large areas, measure globally and daily, and can complement the existing networks in 
many ways. The best would be to continue using all three sources of information 
complementing one another as none of the individual instruments gives all the information 
required to give a good estimate of the global budget and distribution of NH3. Hourly and better 
time scale measurements, such as those performed in the LML network, can be used to give 
more detail at process level, although in its current state these observations are limited as 
nothing is known about the flux, to which I will come back later. A more widespread 
measurement network such as the Dutch MAN network, can complement the first system by 
spatially adding depth for relatively low cost. While in the Netherlands such system is possible, 
in larger countries with more remote regions it is unfeasible. The satellite observations will 
complement the first two networks, being more representative at a region or country wide level 
for temporal analysis, and depending on the footprint size of future instruments, will give 
longer time-averaged information of concentrations at field level. Satellite products can 
especially play a role in more remote regions, for example monitoring atmospheric 
concentrations near biomass burning in the boreal forests.  

Satellite and FTIR instruments also add information on a vertical scale, something which is 
missed by in-situ measurements. For example it is possible to monitor biomass burning plumes, 
measuring the chemical composition of the plume, while it is transported to for example 
vulnerable ecosystems in the northern Arctic. For the FTIR instruments this was demonstrated 
by using measurements of the FTIR instruments in Toronto and Eureka, Canada, to 
simultaneously observe CO, NH3, HCN (Hydrogen Cyanide) and C2H6(Ethane), linking it to a 
plume originating from the Great Slave Lake fires (Lutsch et al., 2016). Using the ratios it is 
possible to estimate the emissions of the constituents.  

The tower measurements performed during the MARS campaign showed the influence of 
mixing in the boundary layer and the potential large influence of the concentration gradients 
in the surface layer on comparisons with satellite instruments. The five month dataset of the 
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MARS campaign gave an idea on the overall importance of knowing the vertical distribution 
but in the end it is a time limited dataset, with only a few coinciding observations with the IASI 
and CrIS satellite instruments. Hence, it is recommended to build a longer time series with the 
set-up used here. In addition, it could be beneficial to start tower measurements around the 
world to cover a wide range of NH3 concentrations, to develop models and proxy’s linking the 
satellite observed NH3 with in-situ surface concentrations. 

Trends analysis 

The recent discussions about trends in the Dutch NH3 concentrations compared to the trends 
in the emissions (Wichink Kruit et al., 2017; Van Zanten et al., 2017) to me shows that there 
should be a tool to validate and back up the in-situ measurements used for long term NH3 
concentrations trend-analysis. While at the start of this PhD there were eight measurement sites 
with long measurement records in operation in the Netherlands, this has been reduced to six in 
the past 4 years. With budgets for monitoring being cut and expensive stations being closed 
the trend analysis form the remaining stations becomes less representative of the Netherlands 
as a whole. Satellite instruments can be used to complement the trend analysis of 
concentrations. A potential problem in using satellite observations is the limited lifetime of 
individual satellite instruments. While satellite instruments used for Earth observation 
commonly have a long lifetime (5-15 years, depending on degradation, mission length, etc.), 
this is still limited compared to the ground based networks with records going back several 
decades. Successive satellite instruments will be needed for observing long term trends, which 
brings with it problems such as consistency in the performance of the retrievals and 
instruments. Another potential issue is the consistent input for the retrievals. For example, the 
quality of the IASI retrieved temperature and humidity profiles has slowly improved over the 
years, but no recalculation of the older observations has to date been performed. The new 
retrieval is more reliable, but one cannot say anything about long term trends when there are 
jumps in the retrieved NH3 column totals just from an update on the input side of the retrieval 
[2010 & 2014]. Luckily such issues can be resolved. In the IASI case this would mean back 
processing the meteorological data, which has been scheduled for 2018. The recent switch from 
AMOR to mini-DOAS instruments in the Dutch LML network is also a good example of a 
switch in instruments and change in the measured concentrations levels. The researchers did a 
good job operating both types of instruments side-by-side for a year to notice differences in 
the observed concentrations, ensuring the quality of the measurement series, but the change 
will be noticeable and makes one question the validity in using the new and old measurements 
together in future trend analysis. Continuity is key in long-term monitoring, which cannot be 
stressed enough. Similarly, a satellite instrument lifetime is limited and follow up missions 
should overlap to make continuous monitoring possible. Ensuring quality should be the basis 
for future analysis. In the case of the AMOR to mini-DOAS switch continued measurements 
in unison and putting an increased effort in understanding all the uncertainties before deploying 
a new instrument in a measurement network. 

Ammonia atmospheric budget (Emission and deposition estimates and measurements) 



Chapter 7   -   Summary and Outlook 

143 
 

The current emission inventories, such as the national Dutch emission registry (ER, 
http://www.emissieregistratie.nl/), at best have an uncertainty estimated in the range of 50 to 
100% (van Gijlswijk et al., 2004). Most of the uncertainty is related to a lack of emission 
measurements for example at field and per head of livestock scale. Furthermore, there is a lack 
of accuracy in the emission measurements itself, creating a large uncertainty in the emission 
factors of the various sources. The small number of emission measurements follows from the 
relatively high costs associated with operating a set of instruments capable of measuring NH3 
fluxes. Recent developments for the mini-DOAS instruments are focused on using the 
instruments in a setup capable of measuring deposition. In principle only one instrument is 
needed, which makes it a cost effective setup to measure dry deposition of NH3. One way to 
improve the overall emission total is to use satellite observations to constrain emissions and 
deposition of NH3. A direct conversion of retrieved surface concentration or total column to 
deposition using an inferential model might at this point in time not be viable due to the low 
sensitivity of the satellite instruments for the surface layer. Furthermore, satellite footprints are 
large and will miss a large part of the local variability. A proxy linking local variations with 
satellite observations will be needed. Such a proxy could be an extended deposition model or 
CTM, developed using satellite observations in conjunction with a large number of field sites 
measuring NH3 fluxes, covering the typical emission sources and atmospheric conditions. Most 
of the deposition work is based upon a handful of experiments and an increase in available 
datasets will in no doubt be a help in improving current deposition models. In the case of the 
Netherlands some effort should be made to monitor fluxes besides monitoring NH3 
concentrations. For the LML network one could think about an upgrade of the six mini-DOAS 
systems currently in operation at the remaining six monitoring stations. The upgrade is 
relatively inexpensive compared to setting up new measurement sites and instruments. A 
possible extension is the addition of a small meteorological tower ~30m. This will makes it 
possible to measure the NH3 concentrations just outside the surface layer and away from the 
strong surface sources thus providing  more representative measurements of the NH3 observed 
by satellite observation and enabling to better validate such measurements. Another option is 
the combination of observing the concentrations (fluxes) several atmospheric species at the 
same time. This will make it possible to better constraint the source responsible for the 
measured concentrations and better constrain the emissions. 

Model validation 

Now the uncertainties of the satellite products are better constrained, the satellite observations 
can be readily used for model applications, such as validation and potentially data assimilation. 
Several studies have already shown the value of the IASI and TES observations for validation 
of chemistry transport models such as LOTOS-EUROS (Schaap et al., 2008, Van Damme et 
al., 2014b) and GEOS-Chem (Bey et al., 2001). The studies illustrated that the emission 
inventories underlying the model simulations showed large deficiencies, both spatially and 
temporally, and in most cases the models underestimated retrieved concentrations and 
columns. Taking into account that the IASI products themselves show an underestimation in 
comparison to in-situ and FTIR measurements, this would mean the emissions should be 
significantly higher than currently included in the inventories. Through assimilation, the 
retrieved satellite profiles and columns can play a role in constraining the emission inventories 
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and at the same time improve our knowledge on the temporal variability of the emissions. The 
latter is important to better constrain particulate matter formation and long range transport of 
eutrophying components. First assimilation work used the TES-NH3 product but was hampered 
by the small number of available observations and spatial separation of each of the 
observations. Recent developments, include the use of the CrIS observations as it is more easily 
used with the availability of an averaging kernel indicating the sensitivity of the instrument. 
The current IASI-NH3 products are harder to use due to the larger uncertainty in the individual 
observations and the lack of an averaging kernel. Further research will reveal how much 
information can be gained from the integration of satellite observations into state of the art 
chemistry transport models. 

Future satellite missions 

To conclude some recommendations for future earth observatory missions can be made. The 
next generation of Earth observation satellites is already being planned and developed and a 
number of instruments will focus on the infrared spectral region in which we can observe NH3. 
While every new satellite instrument will be useful and improve our current understanding the 
properties of such instrument will determine how useful compared to the existing systems. The 
first point is the overpass time of the instrument. Currently the METOP satellites have an 
overpass at 9:30 and 21:30 local solar time and the Suomi-NPP and AQUA satellites at around 
13:30 and 1:30. Optimally this gives 4 points of information with gaps of ~8 hours between 
the observations. Looking back at the NH3 diurnal cycles presented in Chapter 5 it would be 
most useful to have several systems making twice daily overpasses together performing 
measurements at an (two) hourly time scale, such as to analyse a diurnal cycle of the emission 
sources. At a two hourly timescale it will also be viable to analyse biomass burning plumes 
and gain a better understanding of the chemistry involved under such conditions. It would thus 
be wise to consider one or two systems filling in the gaps, with morning overpasses for example 
at around 11:30 and 15:00. Another possibility would be to use a geostationary satellite capable 
of observing a large region at regular intervals, for example Europe or the US. A geostationary 
satellite however is located further away from the Earth, meaning that this might come at the 
cost of sensitivity of the instrument. Currently there is a European sounder planned to have a 
geostationary orbit, the MTG-S platform with the IRS instrument. The sounder is planned for 
~2022 and will focus on Europe and Africa. The IRS instrument has a ground pixel size ~4 km 
diameter at nadir and will make observations with an hourly or even 30 minutes resolution. 
Another possibility is the use of a satellite capable of using a staring mode, pointing at a specific 
point during several overpasses, such as TES. One of the reasons that there aren’t more satellite 
instruments in orbit is the high cost involved with such instruments. A potential idea for NH3 
is the use of multiple smaller platforms focussed on only observing the spectral region 
important to NH3, which can reduce the overall cost of the systems itself. On a spatial scale 
there is the trade-off between high-resolution observations and coverage. High-resolution 
measurements are most interesting as they would enable the detection of specific NH3 emission 
point sources and give estimates of the sources strength. One planned system that will focus 
on such high-spatial resolution is the Nitrosat satellite which will have a resolution of ~1 km2 
with a potential launch in 2024. As stressed before continuity of the measurement record is 
important for the detection of trends and luckily there is already an instrument planned that 



Chapter 7   -   Summary and Outlook 

145 
 

will follow the IASI satellite instruments, the IASI-NG instrument. IASI-NG will have a 
similar overpass and orbit as the IASI instruments with an improved instrumental performance. 

To conclude, most of this thesis was focused on the uncertainties in remote sensing 
measurements and retrievals. To me it is essential to first understand the uncertainties of a 
product before making claims on for example observed trends. At one point, however, one 
should decide that there is enough understanding about the pros and cons of an instrument and 
start using the data. Even though in its current state the uncertainties might seem large, I have 
no doubt that satellite observations of NH3 in the future will be used for model validation, 
constraining emissions and observing trends. NH3 satellite observations have already been used 
for several of such purposes and I hope that the results of this thesis will help future 
applications.  

7.3 Data availability 
FTIR-NH3 data (Dammers et al., 2015) can be made available on request (M. Palm, Institut für 
Umweltphysik, University of Bremen, Bremen, Germany). The CrIS-FRP-NH3 science grade 
(non-operational) data products used in this study can be made available on request (M.W. 
Shephard, Environment and Climate Change Canada, Toronto, Ontario, Canada). The IASI-
NH3 product is freely available at http://www.pole-ether.fr (Whitburn et al., 2016). The Mini-
DOAS data are available on request (D. Swart, National Institute for Public Health and the 
Environment (RIVM), Bilthoven, the Netherlands). The MARGA NH3 data are available on 
request (A. Hensen, Stichting Energieonderzoek Centrum Nederland (ECN), Petten, The 
Netherlands).
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Appendices 
 

Appendix A: The influence of spatial and temporal criteria on 

the IASI-NH3 evaluation 
This section further covers the other stations, in addition to the sites covered by section 3.3.1. 
The results for Mexico City show an overall constant correlation coefficient except for small 
criteria <20 km. The slope also decreases towards values seen at other stations. This effect 
could be due to a large number of sources inside the city, i.e. automobile and agricultural 
emissions in and near the city, increasing the heterogeneity of the found column totals. Reunion 
and Tsukuba have few coincident observations leading to only a few significant comparisons. 
This, combined with the low concentrations measured at Reunion leads to large differences in 
the mean and standard deviations of the subsequent xdiff sets. The Reunion and Wollongong 
observations are at the sensitivity limit of the IASI-NH3 retrieval which limits the usefulness 
of the sites for the validation. As there are only a few observations for Tsukuba it is hard to 
make meaningful conclusions for the variability around the site.  
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Appendix B: Validation of CrIS-NH3, supplementary figures 

 

Figure B1. Correlation between the FTIR and the IASI-LUT (left, blue) and IASI-NN (right, red) total 
columns using the coincident data from all measurement sites. The horizontal and vertical bars show the 
total estimated error on each FTIR and CrIS observation. A three sigma outlier filter was applied to the 
IASI-LUT dataset and the same observations were removed from the IASI-NN set. Contrary to the earlier 
study by Dammers et al., (2016a) no thermal contrast filter was applied to the dataset. 
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Figure B2. Error profiles for each of the error terms. The left panels show the Random errors, the right 
panels the Systematic errors. The top two panels show the error in VMR. The bottom panels show the 
errors in partial column layers [molecules cm-2]. (See Figure B3 for the same figure but with the errors 
relative to the final VMR and partial columns per layer). 
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Figure B3. Relative error profiles for each of the error terms. The left panels show the Random errors, 
right panels the Systematic errors. All four panels show the error in a fraction of the original unit used in 
Figure B2. (See Figure B2 for the same figure but with the absolute errors) 

 



Appendices 

170 
 

 

Figure B4. CrIS-NH3 relative and absolute error profile. The left plot shows the retrieved and a-priori 
profiles similar to the profiles shown in Figure 4.5c. The right panel shows the measurement error on the 
CrIS retrieved profile, with the blue line the absolute value and red line the value relative to the retrieved 
profile. 
 

 
Figure B5. Profile comparison for all stations combined. Observations are combined following pressure 
“bins”, i.e. the midpoints of the CrIS pressure grid. Panel (a) shows the absolute difference [VMR] between 
profiles (f) and (a). Panel (b) shows the relative difference [Fraction] between the profiles in (Fig 4.6e) and 
(Fig 4.6b). Each of the boxes edges are the 25th and 75th percentiles, the black lines in each box is the 
median, the red square is the mean, the whiskers are the 10th and 90th percentiles, and the grey circles are 
the outlier values outside the whiskers. 
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Figure B6. Summary of the absolute and relative actual error as a function of the VMR of NH3 in the 
individual FTIR layers. The box edges are the 25th and 75th percentiles, the black line in the box is the 
median, the red square is the mean, the whiskers are the 10th and 90th percentiles, and the grey circles are 
the outlier values outside the whiskers. Only observations with a pressure greater than 650 hPa are used. 
The top panel shows the absolute difference for each VMR bin, the bottom panel shows the relative 
difference for each VMR bin. 
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Appendix C: MARS campaign Part 1, supplementary tables and 

figures 
Table C1. Hourly observations available per month per instrument. Surface and tower instrument are 
shown in percentage hours measured to hours in total. FTIR observation number shows the total available 
observations. 

Hours with measurements [%] May June July August September Total 

Mini DOAS 1 0 % 38 % 56 % 76 % 69 % 48 % 

MARGA 0 % 53 % 84 % 96 % 74 % 61 % 
Mini DOAS 4 0 % 65 % 99 % 76 % 65 % 61 % 
Mini DOAS 20 92 % 90 % 61 % 11 % 93 % 69 % 

Mini DOAS 160 48 % 96 % 93 % 99 % 92 % 86 % 

Individual measurements [N] May June July August September Total 

FTIR 0 84 1197 178 0 1479 

 
Figure C1. Example of the diurnal cycle of the 23rd of July, 2014. The top panel, (a), shows the 
concentrations measured with the DOAS and MARGA instruments (right axis) and the observed total 
columns measured with the FTIR instrument (left axis). The middle panel shows the measured 
Temperature (Blue, left axis) and Relative Humidity (Red, right axis). The bottom panel, (c), shows the 
measured (red) and modelled (black) mixing layer heights. 
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Figure C2. Left: NH3 at various levels as a function of the Mixing Layer Height (MLH). Observations are 
grouped by mixing layer height and averaged. Right: Difference between DOAS 20 and DOAS 160 as a 
function of mixing layer height. Right axis shows the number of observations per bin. 

 

 
Figure C3. Scatter plots of DOAS 20 and 160 NH3 concentrations in relation to the Wind speed (A1 & 
A2), the Temperature (B1 & B2) and the Relative Humidity (C1 & C2).  
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Appendix D: MARS campaign Part 2, supplementary figures 

 
Figure D1. METPRO simulated mixing layer heights (OPS) vs LD40 measured mixing layer heights. The 
black striped line shows the 1:1 line. The red line the results of the regression analysis 
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Figure D2. Difference in applying (x-axis) and not applying (y-axis) the observational operator to the 
mini-DOAS profiles for each choice of profile (LUT, NN, LD40, and METPRO). The red line shows the 
result of the regression analysis. 
 

 
Figure D3. CrIS vs LML comparison scatter plots [in molecules cm-2] showing the correlations for each 
of the profile assumptions for the whole of 2014. The left panels show the comparison for the LUT profile 
assumptions, the middle for the NN profile assumption, and the right for the METPRO profile assumption. 
The colour scale indicates the month of observation.
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