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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. 



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 



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).  



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 



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. 

 



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 



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. 



 
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.  

 



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 



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 



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 



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.  

 


