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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Availability of NH3 measurements in 
urban environments is scarce in Europe. 

• A ten-year dataset on multi-site NH3 
concentrations in NE Spain was 
evaluated. 

• NH3 concentrations ranged between 0.9 
and 5.3 μgm− 3, with the highest at the 
traffic site. 

• Concentrations increased over time at 
the urban and the mountain sites, espe
cially during summers. 

• Increases in NH3 may be responsible for 
the lack of a decreasing trend of NO3

− , 
despite NO2 reductions.  
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A B S T R A C T   

It is well established that in environments where NH3 abundance is limiting in secondary PM2.5 generation, a 
reduction of NH3 emissions can result in an important contribution to air quality control. However, as deduced 
from open data published by the European Environmental Agency, the availability of measurements of NH3 
concentrations is very scarce, with very few countries in Europe reporting data consistently for extensive periods, 
this being especially true for urban background sites. In this framework, simultaneous multi-site measurements 
were carried out in NE (Northeast) Spain from 2011 to 2020, using diffusion tubes. The highest NH3 concen
trations were recorded at the traffic site (5.3 μgm− 3 on average), followed by those measured at the urban 
background site (2.1 μgm− 3). Mean concentrations at the mountain site were 1.6 μgm− 3, while the lowest 
concentrations were recorded at the regional site (0.9 μgm− 3). This comparison highlights traffic emissions as an 
important source of NH3. A statistically significant time trend of this pollutant was observed at the urban 
background site, increasing by 9.4% per year. A season-separated analysis also revealed a significant increasing 
trend at the mountain site during summer periods, probably related with increasing emissions from agricultural/ 
livestock activities. These increases in NH3 concentrations were hypothesized to be responsible for the lack of a 
decreasing trend of NO3

− concentrations at the monitoring sites, in spite of a markedly reduction of NO2 during 
the period, especially at the urban background. Thus, this would in turn affect the effectiveness of current action 
plans to abate fine aerosols, largely made up of secondary compounds. Actions to reduce NH3 concentrations at 
urban backgrounds are challenging though, as predicting NH3 is subjected to a high uncertainty and complexity 
due to its dependence on a variety of factors. This complexity was clearly indicated by the application of a 
decision tree algorithm to find the parameters better predicting NH3 at the urban background under study. O3, 
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NO, NO2, CO, SO2 and OM + EC concentrations, together with meteorological indicators, were used as inde
pendent variables, obtaining no combination of parameters evidently able to predict significant differences in 
NH3 concentrations, with a coefficient of determination between real and predicted measurements lower than 
0.50. This emphasizes the need for highly temporally and spatially resolved NH3 measurements for an accurate 
design of abatement actions.   

1. Introduction 

NH3 is the only primary basic gas species in the atmosphere, being 
crucial in atmospheric chemical and geochemical processes. Ammonia 
reacts quickly with sulfuric (H2SO4) and nitric (HNO3) acids to 
contribute to ambient levels of fine particles. Ammonia preferentially 
neutralize H2SO4 to form ammonium sulfate ((NH4)2SO4) and ammo
nium bisulphate (NH4HSO4). Excess NH3 is then available to form 
ammonium nitrate (NH4NO3) from HNO3 or ammonium chloride 
(NH4Cl) from hydrochloric acid (HCl). 

Ammoniated aerosols worsen urban air quality, influence the global 
radiation budget, and affect human health. Globally, the main emission 
source of NH3 is farming and agriculture (93% of EU-28 emissions; EEA, 
2020), and, indeed, the European Environment Agency (EEA, 2019) 
indicates that NH3 emissions from farming and agriculture are respon
sible for episodes of high PM concentrations across certain regions of 
Europe, causing exceedances of PM limit values. Lelieveld et al. (2015) 
estimated a large impact of this source on PM2.5, being the leading 
source class in Europe, Russia, Turkey, Korea, Japan and the Eastern 
USA. They even concluded that this contribution makes agriculture the 
outdoor source behind the largest impact on mortality in these regions. 

It can be then inferred that when NH3 abundance is the driving factor 
in secondary PM2.5 formation, a reduction of NH3 emissions can lead to 
an important air quality improvement. This could be especially true in 
urban environments, with typically higher NOx and SO2 concentrations. 
In this line, Backes et al. (2016) found that a reduction of NH3 emissions 
by 50% lead to a 24% decrease of the total PM2.5 concentrations in 
northwest Europe, using the SMOKE for Europe and CMAQ model sys
tems. The observed reduction was mainly determined by reduced for
mation of NH4NO3. In a study carried out in Munich, authors highlighted 
that high NH3 emissions from surrounding agricultural areas, together 
with large amounts of NOx from road traffic, play a key role for sec
ondary particle formation within the city (Ehrnsperger et al., 2021). 
Considering that the secondary inorganic aerosol fraction can contribute 
to the total observed particle mass at similar or even higher levels than 
the primary fraction (Amato et al., 2016; Veld MI’ et al., 2021), assessing 
secondary particles precursors seem critical to develop effective action 
plans against PM2.5. 

Several potential non-agricultural NH3 sources are present in urban 
environments, including road traffic, industrial production, human and 
pets’ excretions, sewage, landfill, coal combustion and biomass burning 
(Sutton et al., 2000). In fact, a number of studies have concluded on high 
NH3 concentrations in densely populated areas (e.g. Perrino and 
Catrambone, 2004; Anatolaki and Tsitouridou, 2007; Alebic-Juretic, 
2008; Behera and Sharma, 2010; Reche et al., 2012, 2015; Pandolfi 
et al., 2012). These sources form a minor part of the emissions globally, 
but they might be very relevant locally. The assessment of the contri
bution of these sources is complicated and required further efforts. 

Regarding trends on traffic emissions, the introduction of three-way 
catalytic converters in gasoline vehicles, together with the adoption of 
selective catalytic reduction (SCR) by the use of urea or NH3 to diesel 
exhaust controls, are thought to be the source of NH3 in vehicular 
plumes (Huai et al., 2003; Heeb et al., 2011; Suarez-Bertoa et al., 2014). 
Isotopic evidence for elevated fossil fuel sources of aerosol ammonium 
in the urban atmosphere has been identified in recent studies (Pan et al., 
2018, 2020; Gu et al., 2022). Elser et al. (2018) described that traffic 
emissions clearly dominated the city enhancements of NH3 in three 
European cities (up to 61% of ammonia in cities is related to traffic), 

while Amanatidis et al. (2014) concluded that the introduction of SCR 
also leads to particle formation in the exhaust, affecting total exhaust 
particle number and size distribution. These consequences highlight that 
it is essential to jointly evaluate plans for abating different air pollutants, 
in order to avoid unwanted effects. 

It can be stated that there are many pending challenges in NH3 un
derstanding and control. According to the European commission, NH3 
emissions have decreased less than other National Emission Ceilings 
Directive (NECD) pollutants. Between 1990 and 2017, NH3 emissions 
decreased by approximately 23% in the EU-28 and 18% in the EEA-33. 
However, emissions have increased each year since 2014 (EEA, 2019). 
Recent studies have even concluded on a worldwide increase of 12.8 ±
1.3% over the last 11 years (Van Damme et al., 2021), determined by 
large increases in east Asia (5.80 ± 0.61% increase per year), western 
and central Africa (2.58 ± 0.23 %yr− 1), North America (2.40 ± 0.45 % 
yr− 1) and western and southern Europe (1.90 ± 0.43 %yr− 1). In addi
tion, the impact of urban emissions is not being adequately addressed so 
far, with very few European countries having established a systematic 
measurement network, partly due to a lack of a standard quantification 
method. All of this creates uncertainty in NH3 emission inventories, 
which could lead to inaccuracies in predicting future PM2.5 concentra
tion trends. 

Accordingly, the objective of this work is to quantify and compare 
the changes in NH3 concentrations from 2011 to 2020 in different 
backgrounds located in the northeast of Spain, considered a major Eu
ropean NH3 hotspot (Van Damme et al., 2018). The possible conse
quences in the evolution of secondary inorganic fine aerosols is 
discussed. An evaluation of the state of NH3 measurements in Europe, 
based on data reported by the European Environmental Agency (EEA, 
2021), is also presented. 

2. Methodology 

2.1. Monitoring sites 

Four air quality and climate research monitoring sites in NE Spain 
were selected to collect data, representing the traffic (Traffic) and the 
urban background of Barcelona (Urban, 70 m a.s.l.), the regional/rural 
background (Regional), approximately 40 km to the NE of the city (El 
Brull, Montseny, MSY, 720 m a.s.l., ACTRIS-GAW), and the mountain 
background (Mountain), at the high-altitude Montsec station, located 
approximately 175 km from Barcelona in the Pre-Pyrenean Range (MSA, 
1592 m a.s.l., ACTRIS-GAW). The meteorology and main air pollution 
sources of this region are described in detail elsewhere (Millán et al., 
1997; Pérez et al., 2010; Ripoll et al., 2014, 2015; Minguillón et al., 
2015; Amato et al., 2016; Querol et al., 2016; Veld MI’ et al., 2021). 

In brief, the meteorology of this region during the winter is influ
enced by the presence of the Azores high pressure system, which pro
motes westerly trade winds, causing existing air masses to be replaced 
with clean Atlantic air masses. During the warm seasons, the typical 
Mediterranean climate prevails, with dry conditions. The weak pressure 
gradients in summer ensue local circulations with the subsequent 
accumulation of pollutants (Millán et al., 1997). 

The mountain site is under free tropospheric influence, although it 
may receive regional pollutants during the summer time and/or under 
the influence of mountain breezes. The rural station is in a densely 
forested area, relatively far from urban and industrial areas, but it can be 
impacted by anthropogenic emissions under anticyclonic atmospheric 
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conditions. Transboundary intrusions of natural and anthropogenic 
aerosols from Europe and N Africa can affect both stations. 

The traffic and urban background sites are located in Barcelona, a 
densely populated city, affected by emissions from traffic, industry and 
with one of the major harbors in the Mediterranean. Dispersion of pol
lutants in the city is governed by sea breezes. 

2.2. NH3 measurement method 

A high sensitivity badge-type passive sampler (ALPHA; Tang et al., 
2001) was employed for measurements of atmospheric NH3. Details of 
the ALPHA samplers have been widely described elsewhere (Sutton 
et al., 2004; Schmidt et al., 2010; Vogt et al., 2013; Reche et al., 2012, 
2015). Main characteristics of the sampling devices are reported in 
Table 1. Atmospheric NH3 concentrations were calculated using an 
uptake rate provided by the manufacturer (3.24 × 10− 3 m3 h− 1). In
formation on samples treatment and analysis, as well as on quality 
control procedures are reported in Reche et al. (2015). 105 blank sam
ples were analyzed during the sampling period, with concentrations 
ranging between 0.02 and 0.25 ppm. 

Ammonia measurements span between years 2011 and 2020 
(including COVID-19 scenario), except at the traffic site, where mea
surements were performed from 2014 to 2018. Samplers were located at 
a sampling height of approx. 3.5 m above ground and exposed during 
2–4 weeks each. 

2.3. Ancillary measurements 

Real time gaseous pollutants measurements, NO, NO2 (SIR S-5012), 
CO (Ecotech EC 9830), O3 (SIR S-5014) and SO2 (Thermo Scientific 
Model 43C), were available at a 30-min resolution, operated by 
Department of Environment of the Autonomous Government of Cata
lonia. Meteorological parameters were provided by the Department of 
Meteorology of University of Barcelona with a 10-min resolution. 

24-h PM2.5 samples were collected on quartz microfiber filters every 
four days throughout the whole sampling period, using high volume 
samplers (MCV, 30 m3h-1). A fraction of filter of about 75 cm2 was water 
leached with de-ionized water (30 g of Milli-Q grade water) to extract 
the soluble fraction. The resulting solution was analyzed by ion chro
matography for determination of SO4

2− and NO3
− , and by specific elec

trode for NH4
+. An area of each sample of 1.5 cm2 was punched to 

measure the levels of organic carbon (OC) and elemental carbon (EC) by 
thermal-optical carbon analyzer (SUNSET), using the EUSAAR 2 pro
tocol (Cavalli et al., 2010). Concentrations were used to calculate the 
concentrations of organic matter (OM)+EC. 

For further information, NH3 air concentrations for all available 
European monitoring sites (annual statistics: mean, median, maximum 
and minimum), as reported by EEA (2021), were downloaded and 
analyzed, as well as data from Spanish air quality monitoring (AQM) 
stations, operated by local and regional monitoring networks and 
compiled by the Spanish Ministry of Environment (daily concentra
tions). Measurement methods are summarized in Table 2. 

2.4. Statistical methods 

The acquired data were prepared and exported to the R environment. 
The Rpart package for classification and regression trees (CART) and the 
air pollution analysis package for R, openair (Carslaw and Ropkins, 
2012), were used. Openair includes the function for the Mann–Kendall 
(MK) test with the Theil-Sen estimator. 

CART are used in data mining in order to develop a model that 
predicts the value of a dependent variable based on the values of mul
tiple inputs. The Rpart method (Brieman et al. 1984) was used in this 
study to plot classification trees. It has been previously applied in studies 
in different areas (Zhao et al., 2018; Cheng et al., 2018; Barlin et al., 
2013) and proved to be an efficient technique to fit a connection be
tween numerical variables, partitioning the target variable by a range of 
values of the explanatory variables. 

The object of the Mann–Kendall (MK) test (Mann, 1945; Kendall, 
1975; Gilbert, 1987) is to statistically assess whether there is a mono
tonic upward or downward trend of the variable of interest with time. A 
monotonic upward (downward) trend means that the variable consis
tently increases (decreases) through time. The Mann–Kendall test tests 
the null hypothesis, H0, of no trend, i.e., the observations are arbitrarily 
ordered in time, against the alternative hypothesis, H1, where there is an 
increasing or decreasing monotonic trend. Data do not need to conform 
any particular distribution and missing data are allowed. To estimate the 
slope of the trend, Sen’s method was used (Salmi et al., 2002). 

3. Results 

3.1. Status of NH3 data availability and concentrations in Europe 

Fig. 1 summarizes NH3 concentrations reported for different coun
tries in Europe by type of background and by year, as specified in 
Table 2. Data recorded in this study has also been included for 
comparison. 

As observed, the availability of data on NH3 concentrations is very 
scarce, with very few countries reporting data consistently for extensive 
periods. It is especially remarkable the lack of long time series at urban 
background sites. Due to the absence of a well-defined standard mea
surement method, methods differ between sites (Table 2), thus pre
venting comparisons between sites in open access databases. 

When analyzing the data spatially, Germany and Netherlands are the 
countries accounting for the highest number of monitoring sites offi
cially reporting NH3 concentrations, with major efforts at rural 
environments. 

Median concentrations for all countries and type of background 

Table 1 
Main information of the passive sampling devices used within this study.  

Type Capture 
solution 

Usual 
exposure 
time 

Uptake 
rate 
(m3h− 1) 

Applicable studies 

CEH ALPHA 
passive 
sampler- 
Badge 
type 

Phosphorous 
acid 

14–30 
days 

3.24 ×
10− 3 

Tang et al. (2001);  
Cape et al. (2004);  
Puchalski et al. 
(2011); Reche et al. 
(2015)  

Table 2 
Main information of the NH3 measurement methods employed in different 
countries, as reported by EEA.  

Country Station 
type 

Number 
of 
stations 

Included 
years 

NH3 Measurement 
Method 

Bulgaria Urban 1 2013–2019 Chemiluminescence 
Suburban 1 2013–2019 Chemiluminescence 

Germany Rural 7 2013–2019 Active absorbent-Ion 
chromatography 

Rural 4 2013–2019 Chemiluminescence 
Traffic 1 2016–2017 Chemiluminescence 

Italy Suburban- 
Industrial 

1 2014 Chemiluminescence 

Netherlands Rural 9 2013–2015 Potentiometry 
Spain Suburban- 

Industrial 
1 2019 na 

aTraffic 2 2013–2020 Chemiluminescence 
Sweden Rural 4 2012–2019 Active absorbent- 

Spectrophotometry  

a Data compiled by the Spanish Ministry of Environment. 

C. Reche et al.                                                                                                                                                                                                                                   



Chemosphere 304 (2022) 135347

4

range between 0.8 and 10.3 μg m− 3. By type of station, the highest 
median concentrations are recorded at suburban-industrial sites (3.4 μg 
m− 3), followed by traffic sites (3.0 μg m− 3) and by urban background 
sites (1.9 μg m− 3). 

A common temporal trend is not observed for the different consid
ered sites. 

3.2. Seasonality components and time trends in NE Spain 

NH3 concentrations recorded in this study are shown in Fig. 2 ac
cording to the type of background, and by month and year. The highest 
concentrations were recorded at the traffic site, ranging between 1.8 and 
11.7 μg m− 3 (5.3 μg m− 3 on average). These concentrations are followed 
by those measured at the urban background site, with an average of 2.1 
μgm− 3 (0.1–5.0 μg m− 3). Mean concentrations at the mountain site are 
1.6 μg m− 3 (0.06–4.9 μg m− 3), while the lowest concentrations were 
recorded at the regional site (0.9 μg m− 3 on average; 0.02–4.0 μg m− 3). 
The higher concentrations at the mountain site with respect to the 
regional one may be due to the fact that the region where the mountain 
station is located is one of those with a greater surface dedicated to 
agricultural and livestock exploitation in NE Spain (Idescat, 2022); 
although it is a remote site, it frequently receives regional pollutants 
during the summer time and/or under the influence of mountain bree
zes. These comparisons highlight traffic emissions as an important 
source of NH3. The quantification of the traffic contribution is none
theless uncertain due to the complex urban mix of factors interfering in 
the evolution, together with the rapid reactivity of this gas and de
pendency of the abundance of other species. Further research on nitro
gen isotopic composition would be needed to delve into this question, as 
this method has been shown to be useful in quantifying the contribution 
of nonagricultural sources, especially vehicles and coal combustion (Pan 
et al., 2018, 2020; Gu et al., 2022). Concentrations at the traffic and 

urban background sites are in the range of those compiled by EEA, while 
concentrations reported at the regional site are generally lower (Fig. 1). 

A clear seasonal pattern is observed at the mountain background, 
where concentrations reach their maximum during summer (Fig. 2), 
under higher temperatures and solar radiation, which increases con
vection, enhancing the growth of the PBL and the transport of anthro
pogenic pollutants towards high altitude sites. This pattern is probably 
indicating a main impact of diffuse organic sources, such as agriculture 
and livestock production. Concentrations increase by 80% on average 
during summer periods compared with winter, when they are similar to 
those recorded at the regional site, and markedly lower than those at the 
urban background (Fig. 2). Conversely, NH3 concentrations at the traffic 
and urban background sites tend to be higher during winter, probably 
due to lower mixing layer heights, together with higher traffic emissions 
(Banks et al., 2014; Rivas et al., 2020). At the regional site, on the other 
hand, values do not vary markedly between seasons. 

The assessment of the temporal trends reveals statistically significant 
monotonic trends at the urban background and at the mountain sites 
during the study period (Fig. 3), while remaining relatively constant at 
the regional site. At the urban background site, an all-year significant 
increase can be observed, with a Sen’s slope of 9.4% (5.2%–14.4%) per 
year. Nevertheless, the season-separated analysis shows increases being 
especially important in summer (18.3% per year) and winter (11.9% per 
year). This trend could be related to a combination of regional farming/ 
agricultural and in-city NH3 emissions. Local NH3 sources may include 
traffic, industry, sewage and garbage collection systems (Reche et al., 
2012, 2015; Pandolfi et al., 2012). At the mountain site, a significant 
increase in concentrations over the years is evidenced during summer 
periods (16.0% per year), probably associated with an increase in 
emissions from agricultural/livestock production, mainly generated 
under warm conditions, giving rise to high volatilization losses. It should 
be noted that according to the local statistical institute (Idescat, 2022), 

Fig. 1. Boxplots of NH3 concentrations (μg m− 3) summarized by type of background and year of measurement for all countries with data availability, according to 
information in Table 2. Data recorded within this study is also included. Points with purple circles represent data points considered outliers. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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there has been an increase in agricultural production in the study areas 
during the corresponding period. 

In order to try to elucidate possible causes and implications of the 
detected NH3 increases, the time series of PM2.5 secondary compounds 
at both stations were simultaneously evaluated. A lack of a clear 
decreasing trend of NO3

− concentrations, not coinciding with NO2 
changes (decreasing by 1.7% and 3.6% per year at the mountain and at 
the urban background site, respectively; Table 3), is observed. This 
difference in patterns could be related to the behavior of NH3 concen
trations, preventing a marked decrease of NO3

− , which, in turn, would 
affect PM2.5 concentrations. Meanwhile, SO4

2− concentrations do seem to 
respond more directly to changes in SO2 at both sites, decreasing by 
4.03–5.27% per year (Table 3), leading to more NH3 available to react 
with HNO3. 

Less formation of acidic SO4 and NO3, due to reduced SO2 and NOx 
emissions, provide less substrate to interact with NH3 and form partic
ulate ammonium species. Thus, concentrations of NH3 can have partly 
increased due to this decrease in consumption, especially by H2SO4. 
Nonetheless, the MK algorithm was also applied to the sum of NH3+NH4

+

concentrations, obtaining results that are in line with those obtained for 
NH3 (Table 3), suggesting that a reduced consumption could not explain 
the whole NH3 increase observed in this study and that an increase in 
emissions is likely to have occurred. In addition, the season-separated 
trend analysis indicates that NH3 concentrations did not directly 

respond to changes in NH4
+ concentrations, with NH3 increasing the 

most in winter and summer, when NH4
+ decreased the least (Fig. 3 and 

Table 3). 
It could be therefore deduced that the assessment of NH3 concen

trations could be useful in developing strategies to reduce PM2.5 trends, 
especially in urban environments, if considering the general high 
contribution of secondary inorganic particles (Amato et al., 2016; Veld 
MI’ et al., 2021). However, the prediction of NH3 concentrations is 
subjected to a high uncertainty and complexity, as indicated by the 
application of a decision tree (Rpart) algorithm to find the parameters 
that best predict NH3 at the urban background under study. NO, NO2, 
CO, O3, SO2 and OM + EC concentrations, together with wind speed, 
wind direction, temperature and relative humidity, were used for the 
analysis. Figures S1 and S3 shows that no combination of parameters 
could clearly predict significant differences in NH3 concentrations, as 
values at the different nodes are not representative of the complete data 
distribution, which could be partly due to the low temporal resolution 
availability in this work, along with the complexity of the intrinsic 
properties of this pollutant. O3, OM + EC and temperature are the pa
rameters showing a slightly better prediction performance at the urban 
background. In brief, the first split of the tree was determined by O3 
concentrations and therefore defined as the O3 subject, with 88% of the 
dataset clustered with O3 concentrations≥34 μg m− 3. Higher O3 subjects 
were segregated based on OM + EC, while lower O3 were segregated 

Fig. 2. Boxplots of NH3 (μg m− 3) concentrations recorded in this study and summarized by type of monitoring station and (a) month, and (b) year. The line within 
the box plots shows the median concentrations, while the box bottom and top represent the 25th and 75th percentiles, respectively. The whiskers represent the lower 
(2.5th percentile) and the upper (97.5th percentile) bounds. Outliers have been removed. 
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according to temperature. Wind speed, SO2 and NOX were seen as sec
ondary predictor variables. The R-squared coefficient of the linear 
regression between real and predicted measurements is 0.41 (p-val
ue<0.001; Figure S1) when considering all nodes of the decision tree. If 
the tree is pruned according to the complexity parameter having the 
least cross-validated error (Figure S2), the R-squared coefficient is 
significantly lower (R2 = 0.24, p-value<0.001; Figure S3). It is worth 
mentioning that the decision tree algorithm is here intended to be used 
as a step to generate hypothesis about joint effects that could exist in the 
data in order to decide future analysis/measurement strategies. In this 
study, results indicate the need for highly temporally and spatially 
resolved NH3 concentrations for an accurate understanding of their 
sources and patterns. 

Another indication of the complexity of factors influencing NH3 at 
the urban background is deduced by the study of the effect of the Covid- 

19 scenario. NH3 concentrations show an average reduction during 
March–December 2020 compared with March–December 2019 of 15%, 
which is lower than that observed for primary pollutants in the same 
environment, especially traffic-related ones (Querol et al., 2021). NH3 
concentrations were, in fact, very similar during summer 2020 
compared with 2019, while traffic tracers, such as NO2, show differences 
of around 40% (Figure S4). The different behavior of NH3 could be due 
to the combination of: (a) less consumption by H2SO4 during summer, 
when the highest differences in NH4

+ and SO4
2− between 2019 and 2020 

were recorded (around 40% lower in 2020, Figure S5), (b) influence of 
regional agricultural/livestock emissions, and (c) lack of decrease of 
local non-traffic sources, such as sewage and landfill emissions. 
Conversely, it is also remarkable the significant decrease of NH3 con
centrations during spring (35% on average) and winter 2020 (30% on 
average) (Figure S4), periods with the greatest activity restrictions, 

Fig. 3. Mann-Kendall Trend Test applied to NH3 concentrations (μg m− 3) at the mountain (a) and urban background (b) sites for the complete period (top) and by 
season (bottom). Sen’s slope of 2011–2020 data are indicated in green, expressed as an average annual percent change. p < 0.001 = ***, p < 0.01 = **, p < 0.05 =
*and p < 0.1 = +. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Sen’s slope of 2011–2020 data at the mountain and at the urban background sites, expressed as an average annual percent change. All year (January–December) and 
season-separated data are presented. Slopes for variables with non-significant monotonic trends are not shown (indicated with a hyphen). p < 0.001 = ***, p < 0.01 =
**, p < 0.05 = * and p < 0.1 = +. DJF (December, January, February), MAM (March, April, May), JJA (June, July, August), SON (September, October, November).  

Site Variable All year (% year− 1) DJF (% year− 1) MAM (% year− 1) JJA (% year− 1) SON (% year− 1) 

MOUNTAIN NH3+NH4
+ – – – 10.01 (1.15–20.36)* – 

NH4
+ − 6.17 (− 8.2,-3.59)*** – − 8.03 (− 10.02,-3.64)*** − 4.63 (− 7.82,-0.73)* − 6.55 (− 9.99,-1.03)* 

SO4
2- − 4.03 (− 6.8,-0.55)* − 4.6 (− 7.34,0.36)+ – − 2.48 (− 4.7,-0.33)* − 6.86 (− 9.29,-2.67)* 

NO3
− – – – – – 

SO2 − 2.04 (− 3.17,-0.7)** – − 2.97 (− 6.56,-0.31)* − 2.84 (− 4.93,-0.25)* – 
NO2 − 1.74 (− 2.6,-0.55)* – − 2.34 (− 4.15,-0.12)* – − 2.42 (− 3.68,-0.04)+

URBAN NH3+NH4
+ 3.81 (1.13,6.05)*** 4.71 (0.66,12.77)* – 9.89 (3.08,19.47)*** – 

NH4
+ − 4.5 (− 6.01,-2.77)*** – − 6.79 (− 9.68,-3.35)*** − 3.21 (− 5.56,0.83)+ − 5.14 (− 8.31,-1.61)* 

SO4
2- − 5.27 (− 6.56,-3.2)*** − 2.83 (− 6,0.89)+ − 6.06 (− 8.17,-3.71)*** − 4.39 (− 5.67,-2.29)*** − 6.72 (− 9.26,-3.94)*** 

NO3
− – – – – – 

SO2 − 4.01 (− 5.21,-2.43)*** − 2.71 (− 4.82,0.42)+ – − 4.45 (− 5.98,-0.63)* − 6.71 (− 8.94,-2.41)*** 
NO2 − 3.66 (− 4.75,-2.53)*** − 3.27 (− 4.8,-0.71)** − 4.17 (− 6.91,-1.63)** – − 4.16 (− 5.36,-2.51)**  
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suggesting an important role of local sources on NH3 concentrations. 
These differences between years were especially noteworthy when 
considering that they occurred while very similar NH4

+ concentrations 
were maintained (Figure S5), indicating that NH3 concentrations in 
2020 were sufficient to preserve similar concentrations of secondary 
inorganic particles, even under a scenario of very reduced NO2 and SO2 
concentrations. 

4. Conclusions 

Ammonia-induced particle formation is an environmental problem 
that is not fully addressed by current regulations. Shortcomings include 
the lack of reduction strategies for NH3 in urban air pollution mitigation 
plans and of exhaust NH3 limits for light duty vehicles. These omissions 
can contribute to errors in assessing PM2.5 trends and effectiveness of 
action plans, considering that nitrate and sulfate aerosols are a key 
component of PM2.5. 

A review of open data of NH3 concentrations, as published by the 
European Environment Agency (EEA, 2021), highlights that few coun
tries have established systematic networks, especially at urban envi
ronments, where long time series are rarely available. In addition, a 
common standard measurement method is not established. All this 
contributes to uncertainties in NH3 emission inventories. 

With this context, the aim of this work was to evaluate a ten-years 
dataset on multi-site NH3 concentrations in NE Spain, using diffusion 
tubes, in order to describe patterns and discuss possible implications. 
Mean NH3 concentrations range between 0.9 and 5.3 μg m− 3, with the 
highest concentrations recorded at the traffic site, followed by the urban 
background site, the mountain site and, finally, the regional site. 
Although information is scarce, concentrations at the traffic and urban 
background could be considered similar to those reported in other sta
tions in Europe, while concentrations at the regional site are systemat
ically lower. A statistically significant temporal trend was detected at 
the urban background site after applying the MK algorithm, where NH3 
concentrations increased by 9.4% per year. Causes of this increase could 
include both regional and in-city sources, together with an expected 
lower consumption by HNO3 and, especially, H2SO4 due to the reduction 
of SO2 and NO2 concentrations over the years. A season-based MK 
analysis also showed an increase in NH3 concentrations at the mountain 
site during summer months (16.0% per year), maybe mainly linked to 
agricultural/livestock emissions. These NH3 increases could have been 
partly responsible for a lack of parallelism between the decrease of NO2 
concentrations and the evolution of NO3

− concentrations, which have 
remained relatively constant during the last years. This would mean that 
controlling NH3 emissions would be necessary to achieve the objectives 
of action plans for PM2.5. The major challenge is then dealing with the 
complexity of factors influencing NH3 behavior at urban backgrounds, 
which would need high quality temporally and spatially resolved 
measurements. 
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Pérez, N., Pey, J., Cusack, M., Reche, C., Querol, X., Alastuey, A., Viana, M., 2010. 
Variability of particle number, black carbon, and PM10, PM2.5, and PM1 levels and 
speciation: influence of road traffic emissions on urban air quality. Aerosol Sci. 
Technol. 44, 487–499. 

Puchalski, M.A., Sather, M.E., Walker, J.T., Lehnmann, C.M.B., Gay, D.A., Mathew, J., 
Robarge, W.P., 2011. Passive ammonia monitoring in the United States: comparing 
three different sampling devices. J. Environ. Monit. 13, 3156–3167. 

Querol, X., Alastuey, A., Reche, C., Orio, A., Pallares, M., Reina, F., Dieguez, J.J., 
Mantilla, E., Escudero, M., Alonso, L., Gangoiti, G., Millán, M., 2016. On the origin of 
the highest ozone episodes in Spain. Sci. Total Environ. 572, 379–389. https://doi. 
org/10.1016/j.scitotenv.2016.07.193. 
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