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Abstract. This work investigates the spatial and temporal variability of atmospheric ammonia 7 
concentrations in the Lombardy region in Northern Italy, where its continuous measurement at 8 
hourly resolution began in 2007 at monitoring sites representative of three different land use 9 
areas (urban, rural, and mountain locations). Ammonia concentration data have been jointly 10 

elaborated with wind direction and speed to highlight the association between the origin of the 11 
air masses and the concentration levels observed at the monitoring sites far from the primary 12 
sources, essentially consisting of farming activities and cattle and pigs breeding located in the 13 

South-Eastern part of the Lombardy region. The annual average concentrations of ammonia 14 
observed at urban (4.4-13.4 µg m-3 range) and rural (17-35 µg m-3 range) monitoring sites are 15 
in substantial agreement with literature data, which are however limited and strongly influenced 16 
by the measurement techniques used. The lowest concentration levels (1.1-5.8 µg m-3 range) 17 

are observed at the monitoring sites in the mountain areas. Both the seasonal and daily time 18 
patterns of the concentrations appear strongly related to some features of the measurement sites, 19 
namely with regard to their exposition to agricultural activities, whose seasonal practices arise 20 
in emissions responsible for strong variations in the ammonia atmospheric levels. Conversely, 21 

in the mountain areas in the North of region, weather conditions effects on atmospheric 22 
circulation seem to play a more important role than local sources, with the highest 23 

concentrations occurring when the breezes transport NH3-rich air masses from the Southern 24 

part of the region.  25 
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1. Introduction 27 

The interest for atmospheric ammonia (NH3) is essentially related to its fundamental role in the 28 
processes of acidification of the ecosystems and of water eutrophication, both originated by its 29 

deposition on sensitive environments (Zhang et al., 2012; Bobbink et al., 1998). Furthermore, 30 
NH3 is the main basic compound capable of neutralizing atmospheric acid gases and thus is a 31 

precursor of secondary inorganic particulate material, whose harmful human health and 32 
environmental effects are well known (Schlesinger and Cassee, 2003; Erisman and Schaap, 33 

2004; Sutton et al., 2009). NH3 can react with sulphur dioxide (SO2) and nitrogen oxides (NOx) 34 
to form ammonium sulphate ((NH4)2SO4), ammonium bisulphate (NH4HSO4), and ammonium 35 
nitrate (NH4NO3), significantly contributing to the presence of fine particle mass (PM2.5) in 36 

ambient air and with relevant implications for human health (Brunekreef and Holgate, 2002), 37 
for atmospheric visibility and for global radiation budgets (Clarisse et al., 2009; Horvath, 1992; 38 

Sutton et al., 1994). Modeling simulations (Heald et al., 2012; Schiferl et al., 2014) and air 39 
quality monitoring data (Gong et al., 2013) confirmed the specific role of NH3 in the formation 40 
of secondary inorganic aerosol, with negative effects on both climate and air quality (Erisman 41 

et al., 2013; Paulot and Jacob, 2014). In spite of its environmental significance, atmospheric 42 
NH3 still receives little attention and is not subject to air quality standards. In the European 43 
Union, despite atmospheric emission limits are fixed only for very few sources, such as waste 44 
incinerators and combustion processes where NH3 is used in both catalytic and non-catalytic 45 

processes for NOx emission control,  national NH3 emission reduction commitments for 46 



  

 

Member States are set by the National Emission Ceilings Directive for 2020 and 2030 (EU 47 
Directive 2016/2284/EU). 48 

At the global scale NH3 emissions have more than doubled since pre-industrial times because 49 
of both agricultural intensification and widespread use of fertilizer (Galloway et al., 2003). 50 
Actually, agricultural and livestock activities represent the largest and almost exclusive NH3 51 

source (Warner et al., 2016); people and traffic emissions may have an impact only in the non-52 
agricultural regions, as suggested by the higher NH3 ambient levels found in densely populated 53 
areas (Suh et al., 1995). In the United States more than 82% of NH3 emissions are attributable 54 
to the agricultural sector (US EPA National Emission Inventory, 2014) with a growing trend 55 
due to the combined effect of the increase of farming and animal husbandry and the use of 56 

nitrogen fertilizers. In the European Union, the agricultural sector is responsible for more than 57 
94% of NH3 emissions (EEA, 2017), with the limitations on the use of synthetic nitrogen 58 
fertilizers and the improvement of practices in the management of livestock waste leading to a 59 
slight emission reduction in recent past years. However, increasing ambient concentration 60 

trends for NH3 have been estimated around 2.6% yr−1 over the US, 1.8% yr−1 over the European 61 
Union and 2.3% yr−1 over China (Warner et al., 2017), also following to the progressive 62 
decrease of acid gases in the atmosphere, in particular SO2, whose neutralization is an important 63 

pathway for the removal of ammonia. 64 
Because of the combination of unfavourable morphology and climatology of the area and of 65 
high density of emission sources, the river Po valley in Northern Italy is one of the most critical 66 
areas in Europe for air quality issues, including ammonia concentration levels, making it one 67 

of the main NH3 hot-spots worldwide (Figure 1, left panel). In particular, since also in the 68 
Lombardy region NH3 emissions derive almost exclusively from agriculture, the major concern 69 

for atmospheric NH3 is in the southernmost portion of the regional area, due to the high 70 
emission levels determined by the local agricultural and animal breeding activities (Figure 1, 71 
right panel). 72 
According to the emission inventory of the Lombardy region (BIBLIO), 97.7% of the NH3 73 

annual emissions (about 101800 tons per year) derive from agricultural activities, mostly from 74 

liquid and solid manure management (about 90%), followed by fertilizer use (10%). The other 75 
sectors responsible for appreciable NH3 emissions are road transport (1%), waste treatment and 76 

disposal (0.5%), combustion in manufacturing industry (0.4%), and non-industrial combustion 77 
plants (0.2%). 78 
Focusing on the Lombardy region, where for almost 15 years the air quality monitoring network 79 
has been continuously collecting ambient NH3 data, this work analyses the spatial variability 80 

and temporal evolution of its concentration levels, as well as the relationship between monitored 81 
values and local winds regime (speed and direction), in order to investigate the origin of 82 
emission sources that determine the most relevant impacts on air quality. 83 
  84 

2. Materials and methods 85 

2.1. NH3 monitoring network in Lombardy 86 
The air quality monitoring network operated by the Environmental Agency (ARPA) of the 87 

Lombardy region has begun to continuously collect data for atmospheric NH3 at four sites in 88 
2007. Progressively, the monitoring network has been expanded and atmospheric NH3 is 89 
currently measured at 11 stations, distributed over almost all the region at representative sites 90 
for air quality assessment, with very good annual data availability (generally more than 80% 91 
on annual basis).  92 

NH3 concentrations are measured at hourly resolution with instruments based on the 93 
chemiluminescence technique that enables NH3 measurement indirectly. The technique 94 
involves a sequential process with the catalytic transformation to NO of all the nitrogen 95 
compounds (NO, NO2, and NH3) present in the air sample and the subsequent evaluation of 96 
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total nitrogen Nt (expressed as NO); the concurrent separate measurements of both NO and NO2 97 
(still expressed as NO) let NH3 to be obtained by difference. Such analytical determination is 98 

however complex and the final NH3 ammonia may be inaccurate just because of the critical 99 
issues of the chemiluminescence technique (Villena et al., 2012; Dunlea et al., 2007) as related 100 
to the catalytic conversion efficiencies of the various compounds, in particular for NH3 101 

oxidation to NO (Capiaghi et al., 2014). 102 

2.2. NH3 datasets 103 
In this work NH3 data from 12 monitoring sites collected between 2007 and 2019 have been 104 
analyzed (Figure 2). Sites have been grouped together in three areas (urban, rural and 105 
mountain), according to the classification criteria adopted by ARPA for air quality monitoring 106 

sites. In particular, the urban group (sites S1-S5) includes the two sites in the city of Cremona 107 
(360000 inhab.), those in the metropolitan area of Milan (3200000 inhab.), and the site in the 108 
city of Pavia (70000 inhab.). In Cremona the monitoring sites are located North-Eastern of the 109 
city centre (S1-CR Fatebenefratelli), and on the outskirts of the city (S2-CR Gerre Borghi), 110 

close to the banks of the Po river and potentially more exposed to the emissions generated in 111 
the surrounding countryside. In the metropolitan area of Milan sites are located in the heart of 112 
the city park of Monza (S3-Monza Parco), not directly exposed to emission sources, and at an 113 

urban background site in the university area of Milan (S4-MI Pascal). In Pavia the monitoring 114 
site is located at the entrance of the city park North of the city centre (S5-Pavia-Folperti). The 115 
monitoring sites of the rural group (S6-S10) are all located in the Southern part of the region. 116 
In particular, S6-Corte de’ Cortesi and S8-Bertonico sites are positioned in an area directly 117 

interested by emissions of agricultural and livestock activities. Actually, S6 site is in a fairly 118 
isolated location, far from roads and industrial activities, but immediately near to a pig farm; 119 

S7 and S8 sites are in areas devoted to agricultural (cereals and fodder production) and livestock 120 
activities (beef and dairy cattle and pigs). The mountain group includes the sites of Colico (S11) 121 
and Moggio (S12). S11-Colico site is located in the last town on the Eastern shore of the Lake 122 
of Como, at about 250 m a.s.l., in a position where it is not exposed to ammonia sources but 123 
may be somewhat affected by transport phenomena of pollutants emitted in the plain area of 124 

the region, arising from the cyclic circulation of air masses that go up the Lake Como daily. 125 
Conversely, S12-Moggio site is really in a mountain area at about 1200 m a.s.l. in Valsassina 126 

valley, a pre-alpine area where there are no significant emission sources of ammonia. 127 
Nevertheless, as for S11 site, air masses coming from the plain, located to the South, can be 128 
channeled in the valley and reach the site, potentially affecting local air quality.  129 
Wind speed and wind direction data used for bivariate analyses for investigating the relationship 130 

between NH3 concentrations and local anemological regime, when not concurrently available 131 
at the air quality monitoring sites, have been taken from the nearest meteorological stations, as 132 
shown in Figure 2. 133 
 134 

3. Results 135 

3.1. NH3 concentration levels  136 
The mean and min-max range of NH3 annual average concentrations monitored and available 137 

for the study are summarized in Table 1. The sites of the urban group show rather similar 138 
concentration levels: mean values are mostly in the 7-10 µg m-3 range, whilst the minimum and 139 
maximum values are in the 4-8 µg m-3 range and in the 10-13.5 µg m-3 range, respectively. 140 
Slightly higher levels are observed at S2-CR Gerre Borghi (mean 14.4 µg m-3; range 8.2-21.3 141 
µg m-3), attributable to the outskirt location of the station that makes the site more exposed to 142 

the emissions from agricultural activities in the surrounding areas. The urban sites, mostly 143 
located in urban background environments and not directly exposed to primary emissions, show 144 
significantly lower concentrations than those observed at the rural sites, particularly for those 145 

located in areas with strong agricultural and animal husbandry activities (S6-Corte de' Cortesi 146 



  

 

and S8-Bertonico). At these sites the annual average concentrations vary from a minimum of 147 
21.9 µg m-3 to a maximum of 81.7 µg m-3, with mean values of 30.1 µg m-3 at S8-Bertonico 148 

and 53.1 µg m-3 at S6-Corte de' Cortesi. At the other three rural sites (S7, S9, and S10) NH3 149 
levels are between those detected at urban and rural sites. Actually, at site S7-Piadena, where 150 
monitoring took place in 2013-2014 only, and at site S9-Schivenoglia concentrations are more 151 

similar to those of the suburban S2-CR Gerre Borghi site, ranging between 11.3 µg m-3 and 152 
23.5 µg m-3 and with mean values of 20.6 µg m-3 and 16.2 µg m-3, respectively. Conversely, 153 
NH3 values at S10-Sannazzaro site have essentially the same levels of the urban sites, both in 154 
terms of the concentration range (7.4-9.9 µg m-3) of mean values (8.4 µg m-3). 155 
The annual values observed at S6 site (38.3-81.7 µg m-3), practically twice as high as those of 156 

sites S2, S7, S9, and even S8 (21.9-35.8 µg m-3), point out the impact of the pig farm located at 157 
less than 100 m from the site itself: thus, data from this site cannot be considered representative 158 
of an area with a generic rural vocation but of the local impact on NH3 of a very specific 159 
emission source. On the other hand, the lower values observed at S9 and especially at S10 site 160 

suggest that, despite their location in rural portions of the Lombardy plain, they are positioned 161 
in areas with less intensive agricultural utilization and far from direct emission sources. 162 
Nevertheless, data from S2 site show that even at suburban sites the influence of agricultural 163 

activities nearby can increase NH3 levels compared with downtown urban sites.  164 
The two sites of the mountain group display the lowest annual average concentrations, between 165 
1.1 µg m-3 and 5.8 µg m-3, with maximum values substantially similar to the minimum values 166 
of the concentration range at the urban sites. Annual average concentrations are in the orders of 167 

a few µg m-3, namely 4.4 µg m-3 at S11-Colico and 3.4 µg m-3 at S12-Moggio. Due  to their 168 
geographical position, especially for the S12 site, located in an area not densely populated at 169 

relatively high altitude, the measured values can therefore be considered representative of the 170 
background level of ammonia in Lombardy. 171 
The annual average levels measured at the sites are essentially in agreement with literature data, 172 
although the comparison is purely indicative as the methods of measurement, the temporal 173 

resolution and frequency of measurements may differ also noticeably (Wang et al., 2015). 174 

Nevertheless, especially for the urban sites of Lombardy, NH3 levels are comparable with those 175 
of other urban sites, such as 5.4 µg m-3 reported for Seoul in South Korea (Phan et al., 2013) 176 

and 15.9 µg m-3 for Beijing in China (Meng et al., 2011). A substantial agreement is also 177 
observed for the rural sites, except for the S6-Corte de’ Cortesi site, whose specificity has 178 
already been discussed. As for the sites in this study, both relatively low values, in the orders 179 
of 4-6 µg m-3 (Wang et al., 2015; Zbieranowski and Aherne 2013; Meng et al., 2011) as at S10 180 

site, and higher values, in the orders of 14-22 µg m-3 (Erisman et al., 2001, Shen et al., 2011) 181 
as at sites S7, S8, and S9, are reported in the literature for rural sites worldwide. 182 

3.2. NH3 concentration time patterns  183 
The time patterns of the annual average concentrations at the monitoring sites over the study 184 

period are presented in Figure 3 (rural sites and the suburban S2 site) and in Figure 4 (urban 185 
sites, site S10, and mountain sites). At the rural sites the time patterns show irregular trends. At 186 
site S6 after an initial increasing trend that has led to the maximum annual average of 81.7 µg 187 

m-3 in 2012, the annual values display a strongly decrease in 2013 and 2014, down to about 45 188 
µg m-3, and then rather stable values, with some fluctuations in the 38-47 µg m-3 range. 189 
Conversely, at the other three sites in Figure 3 an upward trend for annual NH3 concentration 190 
is generally observed. At site S8 a fairly constant and regular increase is observed from 2012 191 
on, with the annual average concentration rising from about 20 µg m-3 up to 30 µg m-3). At sites 192 

S2 and S9 the time pattern, although less regular, still displays increasing annual average values 193 
from about 10 µg m-3 in 2013 up to about 16 µg m-3 in 2019, but with some values in the orders 194 
of 21-22 µg m-3 in 2017 and 2018. At the urban sites and at the rural site S10 the trends remain 195 
irregular and sometimes opposite, but with much smaller fluctuations than at the rural sites; in 196 

spite of the spread of the single annual values, overall the annual average concentrations at the 197 



  

 

urban sites are around 10 µg m-3 without an appreciable trend. Interestingly, even though with 198 
lower concentration levels, at site S10 the same time pattern as at the S2 and S9 sites is 199 

observed, with a progressive increase of the annual average from 4.8 µg m-3 in 2013 to 11.5 µg 200 
m-3 in 2018. At the mountain sites annual average concentrations are at their lowest levels. At 201 
site S12-Moggio, during 2007-2016 values are usually within the 2.4-4.0 µg m-3, but even down 202 

to about 1.2 µg m-3 in 2012 and 2016; however, concentration levels in the last three years 203 
increase to about 5 µg m-3. On the opposite, at site S11, after rather stable values around 5 µg 204 
m-3 in 2014-2017, lower values in the order of 3.5 µg m-3 are observed for 2018 and 2019. 205 
Seasonal concentrations averaged over the entire study period are presented in Table 2 and 206 
summarized for different sites’ groups in Figure 5. At the urban sites (S1, S3, S4, S5, and also 207 

S10) concentration levels are rather constant throughout the year, basically around 8.5 µg m-3 208 
and slightly higher (9.4 µg m-3) in spring when a larger inter-site variability is also observed 209 
(6.6-12.7 µg m-3). At the rural sites (S7, S8, S9, and also the suburban site S2) seasonal 210 
concentrations: i) are always higher than at the urban sites; ii) display a larger inter-site 211 

variability (in the orders of 10-15 µg m-3); iii) are basically higher during the warmest seasons, 212 
especially at site S8 and S2, even though this patterns cannot be generalized and appears 213 
strongly influenced by the local features of the site and to its exposure to the primary sources 214 

of agricultural activities. Site S6, where seasonal levels are at their highest values during the 215 
whole year because of the particular features of this site, has the same seasonal pattern of the 216 
other rural sites, with the concentration values in the 60-75 µg m-3 range in summer and autumn 217 
and down to a 40-50 µg m-3 range in winter and spring. The two mountain sites show quite 218 

different seasonal patterns: site S11 is characterized by seasonal values around 5 µg m-3, with 219 
the only exception for the summer, when the concentration falls down to about 3 µg m-3. 220 

Conversely, at site S12 the concentration levels show a strong seasonal pattern, with spring and 221 
summer levels (2.7-3.5 µg m-3) about 2-3 times higher in autumn and winter (1.2-1.4 µg m-3): 222 
Actually, in the cold season, and in winter especially, hourly concentrations below the detection 223 
limit of 0.1 µg m-3 are frequently recorded. This peculiar behavior will be discussed in the 224 

following section through the joint analysis of concentration levels and wind conditions. 225 

 226 

3.3. Bivariate analyses  227 

The association between NH3 concentration levels and local anemological regimes has been 228 
investigated by means of graphic representations obtained by the joint analysis of hourly NH3 229 
concentration and wind speed and direction data. In the resulting polar plot representations, the 230 
angle with respect to the y axis represents the direction of origin of the wind with respect to the 231 

North, the distance from the center the speed of the wind, and the color the average value of 232 
NH3 concentration detected under every wind condition recorded (Carslaw and Ropkins, 2012). 233 
Practically, the color maps let the concentration levels observed to be associated with certain 234 
wind conditions, thus providing indications on the location and distance of the emission sources 235 

that influence air quality at the monitoring site. These type of graphical representations can thus 236 
help in accounting for the presence of point sources (i.e.: large industrial complexes), pointing 237 
out those situations when they are located upwind of the monitoring site, as well as for the 238 

presence of diffuse sources homogeneously distributed around the monitoring site (i.e.: 239 
domestic heating in urban areas) when, on the other hand, there is generally no clear association 240 
between high levels of concentration and wind direction. 241 
This last situation applies to the polar plots of this study that in general do not result in a clear 242 
effect of the wind but rather confirm the widespread nature of NH3 emissions. However, the 243 

plots highlight some specific characteristics of the different measurement sites. For the rural 244 
site S6, for example, in addition to a significant seasonal variability of NH3 levels, the highest 245 
concentration associated to weak winds confirm the role of the nearby pig farm as a relevant 246 
local emission source. Furthermore, the clear circular symmetry of the color plots reflects the 247 

location of the site at a point surrounded by agricultural land (Figure 6). Similar considerations 248 



  

 

apply to the S8 rural site, where the effect of the local source responsible for the maximum 249 
values observed at site S6 is however missing. The plots for the urban site S4 in Milan also 250 

result in a circular symmetry in correspondence of weak winds (Figure 7) but they show, 251 
regardless of the season, the lowest NH3 concentration values for North-North Westerly strong 252 
winds (> 4 m s-1): these conditions occur during foehn episodes, actually quite unusual on an 253 

annual basis (7-10 events), which bring clean air masses from the Alps down to the plain of 254 
Lombardy, lowering the concentration levels of all the atmospheric pollutants (Mira-Salama et 255 
al., 2008). Conversely, the association of high NH3 concentration values with medium-intensity 256 
winds blowing from East to East South East in autumn suggests the transport phenomena from 257 
the Southern part of the region, where concentration levels are particularly high, towards the 258 

foothills area of the Alps. The presence of these transport phenomena is also shown in the 259 
summer plot of the mountain site S12, where the highest concentrations are observed 260 
concurrently with winds blowing from South West (Figure 8). As already reported for other 261 
pollutants (Dosio et al., 2002), the masses of air moving towards the North are channeled along 262 

the Eastern branch of Lake Como, and from there up to the Valsassina valley, bringing there 263 
the ammonia emitted from agricultural activities in the plain area of Lombardy (Supplementary 264 
Material Figure 1). In winter, this phenomenon is not so clear: on the other way, a separation is 265 

apparently observed between air masses that insist on the plain and those of the mountain area, 266 
favored also by the shallow boundary layer over the plain area (mostly with a depth of a few 267 
hundred meters only) and by the frequent phenomena of thermal inversion typical of the Po 268 
valley during the cold season. From these local conditions, site S12 displays the highest NH3 269 

concentration in summertime and the lowest in wintertime, as shown in Figure 5.  270 
The association between high NH3 concentrations and some wind conditions illustrated by the 271 

polar plots is further confirmed by the inspection of the conditional wind roses for hourly 272 
concentration values higher than the 90th percentile of the entire NH3 data series (Figure 9). This 273 
analysis confirms the presence of transport phenomena of NH3-rich air masses from the 274 
Southern part of the region to the northernmost areas. In particular, for the two sites in Milan 275 

metropolitan area the highest concentrations are observed more frequently in correspondence 276 

of South-easterly winds, while in the case of S12 mountain site of Moggio for winds blowing 277 
from West-South West. 278 

 279 

4. Conclusions 280 

In Lombardy region, atmospheric NH3 levels show a marked spatial and temporal variability, 281 
with highest concentrations recorded in rural areas (annual averages in the orders of 20-80 µg 282 

m-3) and lowest ranges monitored at mountain sites (annual average less than 6 µg m-3). At 283 
urban sites, yearly average values are normally around 10 µg m-3, with a substantially stable 284 
time trend from 2007. NH3 average levels observed in Lombardy agree with literature data for 285 
similar sites, even though data are still limited and strongly influenced by the measurement 286 

techniques used. 287 
The temporal pattern of concentrations is strongly dependent on the characteristics of the 288 
measurement sites, namely for the rural sites more directly exposed to the emissions of 289 

agricultural activities. Seasonal practices of agricultural activities determine local emissions 290 
responsible for strong variations in atmospheric NH3 concentration levels, especially in early 291 
spring and autumn. This variability, although mitigated, is also observed at the urban sites, 292 
confirming the dominant role of the emissions from agricultural and zootechnical sectors, 293 
already pointed out by emission inventories. Furthermore, the joint analysis of NH3 294 

concentration data with local wind conditions brings out the relationships between 295 
concentration levels and the origin of air masses, showing highest concentration values 296 
occurrence in urban areas when wind breezes transport NH3-rich air masses from high emission 297 
intensity areas of the Po Valley. 298 
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FIGURES 392 
 393 

 394 

Figure 1 - Left: annual change of NH3 emission in 2002-2016 estimated from AIRS 

(Atmospheric Infrared Sounder, NASA) satellite measurements (Warner et al., 2017); right: 

average NH3 concentration over Northern Italy in 2008 from IASI (Infrared Atmospheric 

Sounding Interferometer, MetOp satellite) satellite measurements (Clarisse et al., 2009). 

 395 

 396 
 397 

Figure 2 - NH3 monitoring sites (red circles) and meteorological stations for wind data (blue 398 
squares). 399 
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 402 
 403 

Figure 3 - Time patterns of NH3 annual average concentrations at the rural sites and the 404 

suburban S2 site. 405 
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 408 
 409 

Figure 4 - Time patterns of NH3 annual average concentrations at the urban sites, site S10, 410 

and the mountain sites. 411 
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 417 

Figure 5 - Seasonally averaged NH3 concentrations at urban sites, rural site and at sites S6, 418 
S11, S12. 419 

 420 

 421 
Figure 6 - Seasonal polar plots for NH3 hourly concentrations at rural site S6. 422 
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 423 
Figure 7 - Seasonal polar plots for NH3 hourly concentrations at urban site S4. 424 

 425 
Figure 8 - Seasonal polar plots for NH3 hourly concentrations at mountain site S12. 426 
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 430 
Figure 9 - Conditional wind roses for NH3 hourly concentration values higher than the 90th 431 

percentile of the entire NH3 dataset at the urban sites (S3 and S4) and at the mountain site S12 432 
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TABLES 434 
 435 

Table 1 - Mean and range (in brackets) for NH3 annual average concentration (µg m-3, at 20 °C 436 
and 101.3 kPa) in Lombardy.  437 

Area Monitoring site 
Altitude  

(m a.s.l.) 
Dataset NH3 annual average 

Urban 

S1-CR Fatebenefratelli 43 2011-2019 7.1 (4.4 - 10.7) 

S2-CR Gerre Borghi 36 2012-2019 14.2 (8.2 - 21.3) 

S3-Monza Parco 181 2013-2017 9.5 (6.0 - 13.4) 

S4-MI Pascal 122 
2007-2011  

2013-2019 
9.6 (6.5 - 12.6) 

S5-PV Folperti 77 2013-2019 10.3 (8.1 - 13.3) 

Rural 

S6-Corte de’ Cortesi 57 2007-2019 53.1 (38.3 - 81.7) 

S7-Piadena 30 2013-2014 20.6 (17.7 - 23.5) 

S8-Bertonico 65 2009-2019 30.1 (21.9 - 35.8) 

S9-Schivenoglia 12 2013-2019 16.2 (11.3 - 22.3) 

S10-Sannazzaro 87 2014-2019 8.4 (7.4 - 9.9) 

Mountain 
S11-Colico 229 2013-2019 4.4 (3.2 - 5.8) 

S12-Moggio 1194 2007-2019 3.4 (1.1 - 5.1) 

 438 
 439 

Table 2 - Mean values for NH3 seasonal average concentration (µg m-3, at 20 °C and 101.3 kPa) 440 

in Lombardy.  441 

Season 
Urban Rural Mountain 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

Spring 7.5 12.7 12.7 11.4 8.7 45.3 20.9 27.5 16.3 7.5 4.2 3.8 

Summer 8.8 17.1 8.4 8.8 8.7 70.1 20.1 32.4 16.4 7.7 2.7 4.0 

Autumn 7.1 16.4 9.5 9.7 6.5 55.4 26.1 32.5 14.8 9.4 4.5 2.7 

Winter 6.4 11.9 9.3 8.2 8.4 39.3 16.6 28.1 15.6 9.4 5.5 2.1 

 442 
  443 



  

 

SUPPLEMENTARY MATERIALS 444 
 445 

 446 
Figure 1 - Location of mountain site S12-Moggio and channelled path of air masses generated 447 

by summer breezes  448 


