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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. 



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 



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 



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. 

 



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 



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.  



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. 

 



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 



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 



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 



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     

  



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.  

 



 
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 



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. 
 

  



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 



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 



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 



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. 

 


