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Abstract: Ammonia (NH3) is an unregulated atmospheric gaseous pollutant in ambient air, involved
in the formation of fine particles. Ammonia is therefore a major precursor of particulate matter (PM),
the health effects of which have been widely demonstrated. NH3 emissions are clearly dominated
by the agricultural sector (livestock and fertilizers), but other sources may also be important and
less studied, such as road traffic with the increased use of catalytic converters in vehicles. This study
is based on a long-term real-time measurements campaign (December 2019–September 2021) on
two urban sites: a background site and a roadside site in the same agglomeration in France. The
study of historical measurements at the background site clearly demonstrated the dominance of
agriculture on the ammonia concentrations. This influence was also observed at both sites during the
measurement campaign. The annual and monthly averages obtained in the study were similar to
previous ones, with concentrations between 1–10 µg/m3 at both sites, indicating lower levels than
previous studies for the roadside site. The ammonia levels measured during the campaign at the
traffic site were significantly higher than those measured at the background site, highlighting the
road traffic influence on ammonia in urban area. The biomass burning influence also seemed to be
observed during this long measurement campaign at the agglomeration scale. The influences of road
traffic and biomass burning on ammonia concentration remain small compared to agriculture.

Keywords: ammonia; traffic influence; urban concentrations; agriculture; particulate matter

1. Introduction

Atmospheric ammonia (NH3) is a major environmental concern. It is the main gaseous
basic compound in the atmosphere that drives the acidity of precipitation, clouds, and
particles [1]. In gaseous form, ammonia is highly reactive and therefore its lifetime in the
atmosphere is short (a few hours to a few days) [2,3]. This reactivity includes dissociation
by solar radiation or deposition by dry and/or wet deposition, but its primary issue is
related to the formation of secondary inorganic particles by reaction with atmospheric
acids as sulfuric and nitric acid [4,5]. Indeed, these secondary particles can contribute
significantly to particulate concentrations in urban areas throughout the year or during
pollution episodes2. However, this problem and the health impact of fine particles are
clearly identified at present with more than 40,000 deaths in 2018 associated with particulate
pollution in France [6]. In the 27 EU Member States, 307,000 premature deaths were
attributed to chronic exposure to fine particulate matter in 2019 [7]. Ammonia itself does
not have a direct health effect on the concentrations measured in the atmosphere, but it
contributes to particulate pollution, which is a major public health concern. In addition
to its indirect health impact, ammonia also has a strong environmental consequence. The
primary one is the modification of the nitrogen cycle (input of reactive nitrogen into the
environment). Indeed, ammonia impacts ecosystems and biodiversity, particularly through
the eutrophication of environments, which is the most important impact. Ammonia is also
involved in the acidification of natural ecosystems and its acute toxicity can impact aquatic
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species [8]. It also participates in radiative forcing and influences climate change through
the addition of reactive nitrogen that can alter the carbon cycle [1–3].

Ammonia is presently unregulated in ambient air and there are no limit values or
thresholds to be respected in Europe. However, the European regulations (directives
2008/50/EC of 21 May 2008 and 2004/107/EC of 15 December 2004) concern the PM10
mass concentration. Therefore, monitoring and reducing ammonia concentrations in
ambient air would limit the formation of secondary ammonium particles. Ammonia is
often the limiting reagent in the ammonium particle formation reactions in urban areas.
With respect to emissions, ammonia is one of the atmospheric pollutants targeted in the
French National Plan for the Reduction of Atmospheric Pollutants Emissions (PREPA)
resulting from the European directives on the reduction of emissions (directive n◦2016/2284
of 14 December 2016). The French objective is to reduce national ammonia emissions by
13% in 2030 compared to the 2005 reference year, with two intermediate stages: −4% in
the 2020–2024 period and −8% in the 2025–2029 period compared to the same reference
year. Compliance with this plan and its objectives highlights the importance of a good
knowledge of the ammonia sources in ambient air.

Ammonia can be emitted by both natural and anthropogenic sources, but anthro-
pogenic sources are dominant in urban areas. Ammonia is primarily emitted by the agricul-
tural sector. The emissions are dominated by livestock farming (with higher emissions from
slurry than from manure) then by using nitrogen fertilizers. Overall, the volatilization of
ammonia into the air depends on different factors, such as the type of waste or fertilizer, the
spreading practices, the weather conditions, or the soil characteristics. For example, a soil
with a high pH in a hot and dry climate favors ammonia emissions. Understanding these
factors and their influence on ammonia volatilization allows experts to advise farmers on
the best practices to limit agricultural ammonia emissions. Although agricultural emissions
remain dominant, other less-studied sources may become important in urban areas. These
sources include road traffic, biomass burning, industry, and waste management [9]. Impact
of road traffic emissions is less known, but the accurate knowledge of this ammonia source
is fundamental for a better understanding of the formation of secondary particles in urban
areas, particularly for this source, whose emissions could increase in the upcoming years.
Ammonia emissions have been slightly impacted by the development of vehicles equipped
with three-way catalytic converters (TWC) in the 2000s. The recent integration and the fu-
ture increase of the selective catalytic reduction (SCR) system may contribute to the increase
of traffic-related ammonia emissions. These last years, diesel vehicles have been equipped
with these systems to meet the Euro standards for NOx emissions. The SCR system is based
on the reduction of NOx in the presence of a continuous reductant, the most used being
urea. Its thermolysis forms ammonia that can be emitted in the exhaust [9–11]. Real-world
measurements have confirmed ammonia emissions from diesel vehicles, but ammonia is
also emitted by gasoline vehicles with potentially higher emissions than diesel vehicles [12].
The study of ammonia in urban areas therefore needs to consider the influence of road
traffic, which is likely to increase with the evolution of the vehicle fleet and the different
engine types.

This work presents the first results of the comparison of two years of ammonia
measurements between two sites in the agglomeration of Reims (North-East of France).
The study sites are in the same agglomeration, but one is in the background and the other is
close to a road axis in order to identify the traffic influence. Real-time measurements were
used to understand better the spatial and temporal variations of ammonia concentrations.

2. Materials and Methods
2.1. Measurement Sites and Period

The data used in this study was collected at two sites in Reims: Reims-Jean d’Aulan,
an urban background site, and Reims-Doumer, an urban roadside site. Both sites are part
of the regional monitoring network of Atmo Grand-Est (www.atmo-grandest.eu, accessed
on 30 April 2022). Reims is in the Grand Est region in the northeast of France. It is the 2nd
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Grand Est Region biggest city and the 12th largest French city in terms of population. The
city of Reims is subject to a national Atmosphere Protection Plan (PPA) due to exceedances
of regulatory values for nitrogen dioxide. The climate is semi-oceanic with air masses
coming from the Atlantic Ocean and influenced by the Paris region. The prevailing winds
come from the southwest or the west, based on the history over the last 5 years (data from
ATMO Grand Est). Locally, this territory is highly urbanized, involving a large influence
of local anthropogenic pollutant emissions such as district heating, but it also presents
heterogeneous sectors of activity. Agriculture is dominant in the west and south, while
the industry is predominantly found in the North [13]. The city is surrounded by two
motorways to the west and to the east (A344 and A34) and the A344 motorway also runs
east–west through the city. A study of the car fleet indicates that there will be more than
470,000 vehicles in 2021 at the department scale, with 56% diesel, 43% petrol, and 1%
alternative fuels (hybrid, electric, gas) vehicles [14]. The department of Marne, in which the
city of Reims is located, represents 15% of regional ammonia emissions (70,188 tons in 2019).
The region, department, and city ammonia emissions are dominated by agriculture which
represents between 80 and 96% of emissions according to the spatial scale in the region,
as indicated in Figure 1. The influence of traffic-related ammonia emissions is mainly
observed at the urban scale with 2% of total emissions. The residential and tertiary sectors
mainly include emissions linked to district heating, which represent the second largest
source after agriculture (with 9% of total emissions at the urban scale as an example).

Figure 1. Ammonia emissions contributions by sector of activity at the regional scale (Grand
Est), departmental scale (Marne) and urban scale (Reims) in 2019 (Source: ATMO Grand Est,
Invent’Air V2021).

The Reims-Jean d’Aulan site (background, 49◦13′27.8′′ N; 4◦1′13.9′′ E) is located on
Jean d’Aulan street in the south of the city, as portrayed in Figure 2. This site was established
in 2008 to provide a representation of the background levels in the South of the Reims
agglomeration. Reims-Doumer (roadside, 49◦15′02.5′′ N; 4◦1′23.09′′ E) is located less than
10 m from Boulevard Paul Doumer, with a daily average traffic volume between 26,000
and 27,000 vehicles, and it is located 50 m from the highway A344 with a daily average
traffic volume between 50,000 and 60,000 vehicles [15]. This station in operation since 2013
is representative of urban levels under the influence of traffic.
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Figure 2. Location of the two measurement sites at the agglomeration scale (a) and location of Reims
at the western European scale (b).

The influence of road traffic on the roadside site is clearly observed over the last six
years of measurements. Annual nitrogen dioxide (NO2) averages—a road traffic tracer—at
the roadside site are 2.4 to 2.5 times higher than at the background site, with annual
averages between 32 to 44 µg/m3 and between 13 to 18 µg/m3 respectively. The difference
between the annual averages of particulate matter mass concentrations is more contrasted
between the two sites, depending on the particle size. Annual PM10 averages are 10
to 50% higher at the roadside site compared to the background site (21–25 µg/m3 and
16–19 µg/m3 respectively), while annual PM2.5 averages are more homogeneous at the
city scale (10–15 µg/m3 at the roadside site and 10–14 µg/m3 at the background site).
These data indicate a rather homogeneous distribution of fine particles compared to coarse
fraction on the scale of the city and a larger share of the coarse fraction at the roadside site,
which may be associated with the resuspension of road dust.

This study is based on data measured from December 2019 to September 2021 by
automatic analyzers. This campaign is characterized by an expected high seasonal vari-
ability of meteorological conditions, as portrayed in Figure 3. The seasons are defined as
following: winter corresponds to the months between December and February, spring from
March to May, summer from June to August and autumn from September to November.
Seasonal average daily temperatures were varying between of 5.0 ◦C (winter 2020) and
19.0 ◦C (summer 2020) and precipitations between 32.5 mm (summer 2020) and 69.8 mm
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(winter 2020). Overall, the warm season (summer) was associated with higher temperatures
and lower precipitations than the cold season (winter) and conversely, except for the 2021
summer which was very rainy compared to all other seasons of the measurement campaign.
The intermediate seasons (spring/autumn) are less contrasted. Seasonal variations of wind
speeds were not very pronounced. Light winds were observed over the period with a
maximum daily speed of 6 m/s and 98% of wind speeds were below 4 m/s.

Figure 3. Seasonal meteorological data over the measurement period: precipitation, temperature and
wind speed with daily minimum and maximum (Source of data: Météo France—Radome).

2.2. Instrumental

Both study sites were equipped with ammonia analyzers. Other instruments were
available depending on each site (gas and particles analyzers, meteorological instruments),
as displayed in Table 1. The instruments were placed in a temperature-controlled measure-
ment station at around 20 ◦C.

Table 1. Gas and particle analyzers for each measurement site.

Compounds Reims-Jean d’Aulan (Background) Reims-Doumer (Roadside)

Ammonia Yes Yes
Nitrogen dioxide Yes Yes

Particles (PM10, PM2.5) Yes Yes
Black-Carbon Yes Yes

Ozone Yes No

Ammonia concentrations were measured by real-time measurements with the G2103
analyzer (Picarro, Inc., Santa Clara, CA, USA) on both sites. The measurement principle is
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based on cavity ring-down spectroscopy (CRDS) which allows a lower detection limit and
a better accuracy of the measured concentrations in comparison with other methods [4].
Ammonia measurements were also corrected using parallel measurements of water (H2O)
and carbon dioxide (CO2) [4,16]. The air was sampled at 1.5 L/min, allowing a residence
time in the analyzer smaller than the reactivity of ammonia.

Nitrogen dioxide concentrations were measured by chemiluminescence (Model APNA-
370, Horiba Inc., Kyoto, Japan) according to the reference method EN 14211 [17]. As sulphur
dioxide is no longer a problem in urban areas in the region, this pollutant was not measured
during the campaign. Indeed, levels were less than or equal to 1 µg/m3 over the last
10 years at the background site, i.e., 20 times lower than the annual guidelines of the World
Health Organization (WHO) [18,19]. Particle concentrations were measured continuously
by a microbalance analyzer (Model TEOM-FDMS, Rupprecht & Patashnik Inc., Waltham,
MA, USA) at the background site and by a Beta attenuation monitor type analyzer (Model
BAM 1020, Met One Instrument Inc., Grants Pass, OR, USA) at the roadside site. These
methods were demonstrated to be equivalent to the reference method EN 12341 [20]. Black
Carbon (BC) concentrations were measured using a AE33 multi-wavelength aethalometer
in the PM2.5 fraction. For ease of reading, the term Black Carbon (BC) is used in this paper,
although the authors acknowledge that it is more appropriate to use the term “equivalent
Black Carbon” (eBC) for an optical method. The measuring principle and corrections of
Drinovec et al. [21] and the model from Sandradewi et al. [22] allowed the identification of
the part related to biomass burning (BCwb) and the one related to fossil fuel combustion
(BCff). Ozone concentrations were measured by UV absorption according to the standard
EN 14625 (Model APOA-370, Horiba Inc., Japan).

The quality control of the instruments includes an initial calibration at the time of
purchase, then on a regular basis in accordance with the frequency recommended by the
manufacturer. The proper functioning of the instruments was also monitored through-
out the measurement campaign by following the manufacturer’s recommendations and
the methodological reference guides established by the Central Air Quality Monitoring
Laboratory and based on available standards. The measurement errors for regulated pol-
lutants respect the criteria of the European directives (15% for nitrogen dioxide and 25%
for particulate matter). For non-regulated pollutants as ammonia, the measurement errors
correspond to those of the instruments whose accuracy is ensured on a national scale
through participation in both national and regional intercomparison exercises.

2.3. Data Quality and Statistics Analysis

The entire dataset was based on synchronized averaged hourly, daily, or monthly data.
Only hours containing at least 75% of valid quarter-hourly data were reported and the
same threshold applied to hourly data was used for daily average. A threshold of 85% was
used for monthly or annual averages. A comparison between the two ammonia analyzers
was performed after the campaign to confirm the reproducibility of the measurements.
Results are displayed in Appendix A.

The methodology was based on the investigation of the influence of road traffic on
ammonia concentrations from local data. To investigate this influence, this paper used
parallel measurements over the same time period, allowing for a comparison of the two
sites without external artefacts. Many additional measurements of gaseous and particulate
pollutants and meteorological parameters were added to the campaign to better interpret
the ammonia measurements and the influence of road traffic. The temporal variation
and potential point influences were smoothed by a long data series (more than 1.5 years).
This long dataset also allowed statistical studies to be performed that are acceptably
representative in view of the size of the data set. The R software (4.1.3 version) was used to
perform the statistical analysis.
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3. Results
3.1. History and Variation at the Background Site

The historical urban background site of Reims indicated a relatively stable evolution
of annual averages since 2016, as displayed in Figure 4. Annual ammonia concentrations
varied between 4.4 (2017 and 2020) and 5.1 (2018). The observation of the last 6 years of
concentrations did not allow us to discern a trend.

Figure 4. Evolution of annual ammonia concentrations at the background site with uncertainty
(±0.5 µg/m3, see Appendix A) (2016–2021).

Figure 5 illustrates the seasonal boxplots of ammonia concentrations at the historical
background site. The seasonal comparison indicated a marked variation, with the spring
period significantly higher than the other seasons. Spring was also associated with more
dispersed and asymmetric data compared to other seasons, highlighting an important
variation of the concentrations during this season.

Figure 5. Seasonal boxplots at the background site from the 2016–2021 daily averages.

3.2. Temporal Variations during the Measurement Campaign

The hourly ammonia concentrations during the measurement campaign varied be-
tween 0.8 to 52.3 µg/m3 (n = 15,919) and between 1.0 to 67.5 µg/m3 (n = 15,156) at the
background site and at the roadside site, respectively (descriptive statistics are presented in
Appendix B). Figure 6 presents the hourly variations of ammoniac concentrations at both
sites. The variations were similar between the two sites with concentrations in the same
order of magnitude. However, the roadside site had periods with higher levels than the
background site.
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Figure 6. Hourly ammonia concentrations at the background site (bright blue) and at the roadside
site (dark blue) during the measurement campaign.

Seasonal ammonia concentrations varied between 2.3 µg/m3 (Winter 2019) and
8.1 µg/m3 (Spring 2020) for the background site and between 3.6 µg/m3 (Winter 2019) and
9.1 µg/m3 (Spring 2020) for the roadside site, as presented in Figure 7. Both sites indicated
a marked seasonal variation, like previously observed in the historical background data,
with significantly higher levels during the spring. The seasonal averages for the roadside
site were always higher than for the background site, but not significantly for all seasons.
This difference in levels between the two sites is more precise in the following section.

Figure 7. Seasonal variations of ammonia concentrations at both sites with uncertainty bars
(±0.5 µg/m3, see Appendix A) and the seasonal relative deviation between the two sites defined as:
[(roadside-background)/background] × 100.

3.3. Traffic Influence: Background and Roadside Sites Comparison

Figure 8 presents the comparison of the hourly ammonia averages during the mea-
surement campaign. The roadside site was associated with a significantly higher average
compared to the background site, as observed in the seasonal data. The averages were
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equal to 4.5 and 5.8 µg/m3 at the background site and at the roadside site, respectively.
The difference between the two sites was less marked over the entire measurement period
compared to some of the seasonal concentrations previously studied. This was due to the
smoothing generated by averaging over a long period and the seasonal variabilities of
ammonia sources and meteorological conditions.

Figure 8. Comparison of the hourly ammonia averages with a 95% confidence interval of the two
sites over the measurement campaign (n = 14,998).

The correlation between the two sites is presented in Figure 9. Hourly ammonia
averages indicated a strong correlation between both sites, with a Pearson correlation
coefficient equal to 0.95. The slope value of 1.13 indicated 13% higher levels at the roadside
site compared to the background site over the measurement campaign, which is consistent
with the comparison of the measurement campaign averages. Seasonal variations of this
correlation, presented in Table 2, were also observed with better correlation in spring and
in the 2020 winter with a slope near 1.00 compared to other seasons which were weaker
correlated and indicated a higher difference between the two sites.

Figure 9. Correlation between the hourly ammonia concentrations of the two sites (n = 14,998).
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Table 2. Seasonal variation of correlation parameters (slope and correlation coefficient).

Season Slope Correlation Coefficient (R2)

Winter 2019 1.36 0.69
Spring 2020 1.04 0.93

Summer 2020 1.32 0.68
Autumn 2020 1.44 0.75
Winter 2020 1.11 0.92
Spring 2021 1.12 0.93

Summer 2021 1.44 0.68

The temporal variations of ammonia concentrations as a function of Black Carbon from
fossil fuel combustion (BCff) concentration are presented in Figure 10 for the background
site and in Figure 11 for the roadside site. Over the entire measurement campaign, the
increases in ammonia concentrations were not associated with increases in BCff at the
background site, whereas at the roadside site, the maximum ammonia concentrations were
associated with high BCff levels, except during the spring periods.

Figure 10. Temporal variation of hourly ammonia concentration as a function of Black Carbon from
fossil fuel combustion, mainly associated with road traffic (BCff in colored axis) concentration at the
background site.

Figure 11. Temporal variation of hourly ammonia concentration as a function of Black Carbon from
fossil fuel combustion, mainly associated with road traffic (BCff in colored axis) concentration at the
roadside site.
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4. Discussion
4.1. Variations of Ammonia Concentrations

The annual ammonia averages at the background site and the average concentrations
measured during the campaign at the two studied urban sites are like the levels usually
found in the literature for urban sites (1–10 µg/m3) [23–27], particularly levels found in
other French studies [28–30]. These levels are two to three times higher than the ubiquitous
concentrations (0.4–2.1 µg/m3) [31–33] or the “clean” sites defined as sites far from known
sources (below 1 µg/m3) [24,29], confirming the influence of ammonia sources in urban
areas. However, the measured levels are 10 to 100 times lower than the concentrations under
the direct influence of agriculture (livestock farming, land application) which can reach
100 to 1000 µg/m3. The different measurement methods used in the literature make the
comparison difficult and may be part of the explanation for the observed differences. Levels
measured by different technologies in parallel can vary up to twofold as highlighted by the
comparison results of Twigg et al. [4]. These comparison results indicate correlation slopes
between 0.74 and 1.47 for ammonia levels below 10 ppb and slopes between 0.64 and 1.37
for ammonia levels up to 100 ppb [4]. The observations of this paper are therefore consistent
with the usual concentration gradients according to the type of site: rural under agricultural
influence > urban > clean/remote [24,25]. The urban concentrations are more than four
times higher compared to the annual limit for the protection of sensitive vegetation defined
as 1 µg/m3 and higher compared to the annual limit for the protection of total vegetation
(3 µg/m3), illustrating another environmental issue [34]. The measured ammonia levels
confirm the influence of different ammonia sources, even in urban areas. The lack of
decrease in observed concentrations over the last 6 years at the urban site highlights the
importance of monitoring ammonia in ambient air.

On a regional scale, the agglomeration of Reims is associated with levels one and a
half to two times higher than the other urban background sites [35]. This trend can be
explained by the importance of agriculture on the scale of the Reims environment. The
hourly averages measured during the measurement campaign indicate marked temporal
variations with hourly peaks that can exceed 50 µg/m3 and 60 µg/m3 in spring at the back-
ground site and at the roadside site, respectively. The seasonal variability, with a maximum
during spring, is different from that observed in most sites in the literature with higher
levels during summer, in connection with the volatilization of ammonia favored by higher
temperatures [24,27,29]. However, in this study, the seasonal ammonia concentrations vary
differently compared to the temperature variations, confirming the important influence
of agricultural emissions during spring. These observations are consistent with the agri-
cultural sector variations because this activity is more important during spring (spreading
particularly [36,37]), for the major crops of the department: vines and cereals (wheat in
particular [38]), compared to the summer period. Furthermore, the similar seasonality
between the two urban sites in Reims no matter the local influence confirms the impact of a
larger source in terms of emissions, which is also observed in other studies [29,39].

4.2. Traffic Influence

The average ammonia concentrations measured at the roadside site range from about 3
to 10 µg/m3 and are therefore higher than at the “clean” or uninfluenced sites as previously
discussed. However, these levels remain low for a site under traffic influence compared
to available data in the literature, where the roadside site is associated with levels up to
five times higher than the background site [40]. This difference may be associated with the
distance to the road, as presented by Cape et al. [41] and Rose [42], ammonia concentrations
decrease rapidly with increasing distance from the road. A 90% decrease in ammonia
concentrations is observed at a 10 m distance from the road [41]. The type of vehicle fleet
also has a direct influence on the measured concentrations in urban areas, as presented by
Elser et al. [9]. As previously discussed, the multiple measurement methods used in the
literature make comparisons of ammonia levels difficult.
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Road traffic is responsible for ammonia emissions in urban areas, particularly near a
road axis. Emission inventories highlight this source of ammonia, although the inclusion of
current emissions is not always optimal, and an underestimation of vehicular ammonia
emissions has already been observed [9,10,43]. In this study, the levels measured at the
roadside site remain low compared to other similar sites but are significantly higher than
those measured at background sites. The influence of road traffic is highlighted by the
increase of ammonia concentrations in parallel with the BCff concentrations—mainly a
tracer of road traffic—only at the traffic site and not at the background site as presented
in Figures 10 and 11. This trend does not appear in the spring period, which confirms
the dominance of the agricultural influence over the road traffic one at the agglomeration
scale. The influence of lockdown periods during the campaign including the spring period
could also explain this observation, as discussed further. These similar variations between
ammonia and road traffic tracers (NOx, CO) have already been highlighted in the litera-
ture [10,40,41,44]. The lack of seasonal variability between summer, autumn, and winter
may also indicate the influence of road traffic on ammonia levels since other major sources
of ammonia emissions (agriculture, biomass burning) are associated with seasonal varia-
tions but not road traffic [11]. The study of correlations indicates correlation coefficients
between 0.6 and 0.7 with road traffic tracers (BCff and NOx) mainly in autumn and winter,
as displayed in Table 3. These correlations are more important at the roadside site compared
to the background site. These periods are associated with more stable atmospheric condi-
tions compared to spring and summer [3,40], which may explain the more visible impact of
local road traffic emissions. The seasonality of the correlations between the two sites also
highlights the impact of road traffic. The Spring 2020, Winter 2020, and Spring 2021 periods
were associated with the strongest correlations and the closest ammonia concentrations
between the two sites compared to the other seasons. These seasons were impacted by
periods of lockdown and massive teleworking in connection with the COVID-19 pandemic,
leading to a decrease in road traffic with the highest impact during Spring 2020 (up to−70%
decrease in road traffic over this season at the regional scale [45]). A decrease in pollutants
emitted by road traffic as NOx has been observed on a regional and European scale [46,47],
which could highlight that the road traffic influence on ammonia concentrations explain
the more homogeneous levels for ammonia between the two sites during these periods.

The influence of agriculture on the agglomeration scale is clearly demonstrated in
this measurement campaign and the local influence of road traffic is also presented. These
observations appear on these sites and study period and highlight the road traffic influence
on ammonia concentrations, but to a lesser extent compared to agriculture. Some studies
also indicate a negligible impact of road traffic on ammonia levels in urban areas compared
to other ammonia sources [48,49]. The influence of road traffic on ammonia concentrations
continues to be highlighted in recent studies as observed in this paper [50,51], but the
levels and associated emission factors may be low and remain dependent on numerous
parameters such as the vehicle type, age, motorization, the type of road . . . [52–56]. To
better understand the road traffic influence, the biomass combustion influence on ammonia
concentrations has also been studied. These observations are discussed further in the
next paragraph.
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Table 3. Pearson correlation coefficients between ammonia and other air pollutants and temperature
at the background site (top) and roadside site (bottom) according to the season. The winter and
autumn seasons are presented below; the other seasons of the measurement campaign are available
in Appendix C.

Background Site Ammonia

Compounds Winter 2019 Autumn 2020 Winter 2020

BCff 0.6 0.3 0.1
BCwb 0.5 0.4 0.1

PM10_Roadside 0.5 0.4 0.6
PM10_Background 0.6 0.5 0.8

PM2.5 both sites 0.6 0.6 0.4
NOx 0.4 0.3 0.0

Ozone −0.5 −0.4 0.1
Temperature −0.4 −0.2 0.4

Roadside Site Ammonia

Compounds Winter 2019 Autumn 2020 Winter 2020

BCff 0.6 0.6 0.2
BCwb 0.7 0.5 0.1

PM10_Roadside 0.7 0.7 0.6
PM10_Background 0.7 0.7 0.8

PM2.5 both sites 0.7 0.8 0.4
NOx 0.6 0.6 0.1

Ozone −0.7 −0.6 0.0
Temperature −0.3 −0.4 0.4

4.3. Other Ammonia Sources Influencing Urban Areas

The dominance of agriculture in terms of ammonia emissions has already been dis-
cussed and was confirmed by this measurement campaign. The correlations clearly il-
lustrate the importance of agriculture as better correlations and closer levels between the
two sites appear in spring compared to other seasons, indicating a larger scale source
related to agricultural activity. The temporal variability of agricultural emissions and the
dominance of this sector during spring or summer compared to other seasons have already
been observed in the literature [57]. The study of the daily mean profile on the two sites,
indicated in Figures 12 and 13, also highlights the influence of agriculture as the profiles
and levels are similar between the two sites during spring, which is less marked for the
other seasons. This profile tends to confirm once again the absence of a strong dependence
on temperature on these sites, but it is important to note that the daily profiles remain flat.
The morning peak can be attributed to evaporation of the ammonium-containing morning
dew [58,59]. Meteorology and atmospheric conditions in more contrasted seasons such as
spring favor the accumulation of ammonia in the dew during the night and its volatilization
in the morning. This morning peak was also observed in other seasons but to a lesser
extent, due to conditions that are less favorable to this phenomenon. However, recent
campaigns may suggest a potential technical artefact, including the impact of the sampling
system [4], which can also be influenced by weather and atmospheric conditions. This
point needs to be further studied for future studies. The influence of agricultural ammonia
on particulate levels is highlighted by the correlation study, which indicates correlation
coefficients between ammonia and PM2.5 measured at both sites and PM10 measured in the
urban background higher in spring (Appendix C). Meteorological conditions favorable to
the formation of secondary ammonia nitrate particles may explain this trend in relation to
the ammonia emissions. In this region, secondary particle pollution episodes are observed
during spring when agricultural emissions are high, thus allowing a situation of NH3-rich
coupled with adequate meteorological conditions [60,61].
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Figure 12. Diurnal profile of ammonia concentrations according to the season at the background site.

Figure 13. Diurnal profile of ammonia concentrations according to the season at the roadside site.

As previously mentioned, biomass combustion appears to influence ammonia con-
centrations in the agglomeration. This emission source is consistent with the emission
inventory, which includes it in the second major source with the residential and tertiary
sector (see Figure 1). The study of correlations indicates significant correlation coeffi-
cients between BCwb—tracer of biomass combustion—and ammonia in winter particularly
(Table 3). These correlations can therefore indicate the impact of this source at the scale
of the agglomeration, in connection with the use of district heating by individuals and
the presence of biomass heating plants. The potential influence of biomass combustion on
ammonia levels is also highlighted at both sites because ammonia concentrations indicate
increases in parallel with the increase in BCwb in winter as presented in the Appendix D.

Additional measurements would have allowed a better understanding of the origin of
ammonia or its influence on the formation of particles. The monitoring of other pollutants
such as carbon monoxide—tracer of road traffic—or access to traffic data could have
provided additional information. The chemical composition of PM and the NH4

+/NH3
ratio would have also provided a better understanding of the formation of particles. A
nitrogen isotope study is also a major point of interest for future studies [62,63].



Atmosphere 2022, 13, 1032 15 of 20

5. Conclusions

This study is based on nearly 2 years of parallel real-time ammonia measurements at a
background site and a roadside site in Reims (France). The main objective of the study is to
identify the impact of road traffic on ammonia in urban areas in relation to emissions from
catalytic converters (road traffic), which is less documented compared to other sources of
ammonia, such as agriculture. The main observations highlighted were as follows:

- Levels between 1 and 10 µg/m3 at the two sites: at the background site over the last
6 years and at both sites during the measurement campaign. These levels are in the
order of magnitude of the urban background sites but remain lower for this roadside
site compared to other sites of the same influence.

- The importance of agricultural emissions is observed on an annual scale with levels
significantly higher during spring than during the other seasons in relation with the
spreading periods in the region.

- The influence of road traffic is highlighted with significantly higher levels at the
roadside site compared to the background site. Similar variations of the BCff—tracer
of road traffic—are observed according to the seasons.

As previously discussed, complementary measurements or an isotopic study are major
assets for a better understanding of the origin of ammonia and its involvement in the
particle’s formation. Although the levels measured were lower than in previous studies,
the increased use of catalytic converters and the potential modification of the road fleet in
the upcoming years, in addition to the lack of knowledge about ammonia emissions related
to the catalytic converters aging confirm the need to continue these studies. In addition, a
better knowledge of the methods for ammonia measurement in ambient air is also a major
challenge for the upcoming years.

Author Contributions: Conceptualization, M.C. and E.J.; methodology, M.C., E.C., E.J. and S.C.;
software, M.C.; validation, M.C.; investigation, M.C., E.C., E.J. and S.C.; writing—original draft
preparation, M.C.; writing—review and editing, S.C., E.C., E.J. and M.C.; project administration, E.C.,
M.C. and E.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The entire technical team of ATMO Grand Est is acknowledged for the technical
support on analyzers.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Both ammonia analyzers were compared for 2 weeks at the end of the campaign on
another regional background site to check for drift and to quantify the potential difference
between both. As indicated in Figure A1, the analyzers indicate a significant correlation
with a correlation coefficient equal to 1.00, confirming the variations measured by both
instruments. Furthermore, the linear relationship is determined for a slope equal to 1.00,
which validates the comparison of the two analyzers using the uncertainty defined as
the precision provided by the manufacturer (0.5 µg/m3). The difference between the two
analyzers on the same measurement site is indeed lower than this uncertainty.
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Figure A1. Hourly data comparison between the two analyzers at the end of the measurement
campaign—December 2021 (n = 266).

Appendix B

The descriptive statistics of ammonia hourly concentrations are presented in Table A1
for each measurement site.

Table A1. Descriptive statistics of ammonia hourly concentrations at both sites.

Compounds Background Site Roadside Site

Mean 4.5 5.8
Median 3.3 4.9

Minimum 0.8 1.0
Maximum 52.5 67.5
1st quartile 2.2 3.2
3rd quartile 5.3 7.0

Number of hourly data 15,919 15,156

Appendix C

The correlation coefficients obtained for spring and summer, presented in Tables A2
and A3, indicated lower correlations between ammonia and combustion particles (BCff and
BCwb) or nitrogen oxides than in winter and autumn. Conversely, the strongest observed
correlations at both sites appeared between ammonia and PM2.5 and PM10 particles, mainly
at the background site with correlation coefficient between 0.7 and 0.8. A weaker correlation
appeared between ammonia and PM10 at the roadside site, likely related to the coarse
particles linked to the resuspension and to the road dust in the vicinity of the road traffic,
associated with different dynamics compared to the other PM10 sources as exhaust or
formation of secondary PM.
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Table A2. Pearson correlation coefficients between ammonia and other air pollutants and temperature
at the background site.

Background Site Ammonia

Compounds Spring 2020 Summer 2020 Spring 2021 Summer 2021

BCff 0.3 0.4 0.5 0.1
BCwb 0.4 0.3 0.6 0.1

PM10_Roadside 0.4 0.4 0.7 0.3
PM10_Background 0.6 0.6 0.8 0.3

PM2.5 both sites 0.6 0.7 0.7 0.4
NOx 0.0 0.2 0.5 0.1

Ozone −0.2 0.2 −0.4 0.5
Temperature 0.0 0.0 −0.1 0.5

Table A3. Pearson correlation coefficients between ammonia and other air pollutants and temperature
at the roadside site.

Roadside Site Ammonia

Compounds Spring 2020 Summer 2020 Spring 2021 Summer 2021

BCff 0.3 0.5 0.5 0.2
BCwb 0.4 0.2 0.6 0.2

PM10_Roadside 0.4 0.4 0.7 0.3
PM10_Background 0.6 0.6 0.7 0.3

PM2.5 both sites 0.6 0.7 0.7 0.4
NOx 0.1 0.3 0.4 0.1

Ozone −0.2 0.1 −0.4 0.2
Temperature 0.1 0.0 −0.1 0.2

Appendix D

The ammonia time series as a function of Black-Carbon from biomass combustion
(BCwb) are presented in Figures A2 and A3 for the background site and the roadside site,
respectively. Both sites were associated with an increase of ammonia concentrations in
parallel with BCwb concentration, except during spring and summer periods.

Figure A2. Temporal variation of hourly ammonia concentration as a function of Black Carbon from
biomass combustion (BCwb in colored axis) concentration at the background site.
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Figure A3. Temporal variation of hourly ammonia concentration as a function of Black Carbon from
biomass combustion (BCwb in colored axis) concentration at the roadside site.
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