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1. Introducción 9 

Atmospheric ammonia (NH3) is an alkaline gas that is present in the atmosphere where it plays a significant 10 

role as neutralizing agent of acidic species, forming particle-phase ammonium (NH4
+) salts. NH3 11 

preferentially reacts with sulfuric acid (H2SO4) to form stable ammonium sulfate ((NH4)2SO4) and/or 12 

ammonium bisulfate (NH4HSO4) (Harrison and Jones, 1995). When excess NH3 is available it combines with 13 

nitric acid or chloric acid to generate ammonium nitrate (NH4NO3) and ammonium chloride (NH4Cl), 14 

respectively. These species present a reversible equilibrium (Seinfeld and Pandis, 2016) depending on 15 

temperature and relative humidity conditions in the atmosphere. These chemical reactions are probably 16 

the most important for secondary aerosol formation, being highly dependent on NH3, NOx and SOx 17 

concentrations and thermodynamic variables. In addition to this dominant role in the formation of 18 

secondary atmospheric species influencing air quality, ammonia is an important source of soil nutrients 19 

but can pose an important threat for ecosystems and global nitrogen cycle due to its acidifying and 20 

eutrophying effects (Van Breemen et al., 1982; Bobbink et al., 2010). Finally, it can cause direct adverse 21 

effects on human health due to overexposure (Ryder–Powder, 1991). 22 

Although ammonia can be found naturally in the atmosphere, anthropogenic activities such as cattle and 23 

agriculture present the main sources of emissions. The most important sources are livestock waste and 24 

the use of nitrogen fertilizers, respectively, which additionally generate high nitrate concentration in 25 

surface waters. In the European inventories, agriculture is considered to be the main sector for ammonia 26 

emissions, accounting for 90% of the total emissions (EEA, 2013). The remaining 10% of the total emissions 27 

is allocated to other anthropogenic sources, such as some industrial activities (textile plastics, explosives, 28 

pulp and paper, food and drinking, domestic cleaning products, refrigerants, etc.), road transport, waste 29 

generation and treatment, and other diffuse sources (Sutton et al., 2000; Perrino et al., 2002; Reche et al., 30 

2015). 31 

Consequently, in global terms the highest ambient ammonia concentrations are recorded in rural 32 

continental areas, particularly if little SO4
2− is present, although this distribution can be modulated at the 33 

local scale by specific geographical features (Pay et al., 2012). Local emission sources and climatology 34 



 

 

condition the gas phase prevalence of NO3
− in some regions (Perrino et al., 2002), as low temperatures 35 

and high relative humidity shift the ammonia equilibrium to the aerosol phase (Trebs et al., 2004). In 36 

general terms, it is noteworthy that higher levels of ammonia are expected in summer, whereas other 37 

thermodynamic variables such as relative humidity can contribute to stabilizing NH4NO3 even during mild 38 

summer temperatures. The seasonal pattern is more evident in rural sites, where agricultural and 39 

husbandry practices (fertilizer application, storage and treatment of manure) and soil characteristics 40 

modulate the ambient ammonia variability. This seasonal variation has also been documented in some 41 

urban areas, despite the great spatial variability of ammonia concentrations that can be mostly attributed 42 

to the direct influence of local sources (Perrino et al., 2002; Phan et al., 2013; Reche et al., 2012, 2015). 43 

Additionally, air masses that have originated or passed over ammonia-rich zones, e.g. rural or industrial 44 

sites, in specific situations can contribute to increasing the observed NH3 concentrations inside the urban 45 

areas (Wang et al., 2015). 46 

Road traffic has been recognized as a source of urban NH3 (Sutton et al., 2000; Perrino et al., 2002; Battye 47 

et al., 2003; Heeb et al., 2008; Reche et al., 2012; Sun et al., 2016; Chang et al., 2016). Three-way catalytic 48 

converters in petrol engines and selective catalytic reduction by addition of urea in diesel vehicles have 49 

become important sources of reduced nitrogen compounds, contributing to the urban atmospheres with 50 

an additional input of NH3 emissions (Nowak et al., 2012). Catalyst temperatures and air-to-fuel ratios have 51 

been found to be the key parameters determining the extent of NH3 formation and enhancing the 52 

ammonia production in cities (Phan et al., 2013; Link et al., 2017). Nevertheless, in terms of ammonia 53 

emissions, it is difficult to estimate the road traffic source, which is usually omitted in most of these 54 

emissions inventories (EEA, 2013) that are largely focused on the main sources, such as agriculture and 55 

cattle and to a lesser extent to some industrial activities. Although the European legislation (National 56 

Emission Ceilings Directive, 2016/2284/EU) contemplates ammonia among the list of pollutants for 57 

national emissions reporting from member states, setting important reduction commitments, at present 58 

there are no quality objectives for ambient concentrations of this pollutant. Nevertheless, in 2011 the 59 

Spanish legislation (Royal Decree R.D. 102/2011) considered the necessity of measuring ambient air 60 

ammonia and imposed its monitoring, regarding background sources at both regional and rural levels, and 61 

at urban traffic stations in the main urban nuclei (> 500,000 inhabitants). 62 

It should be noted that action plans that are aimed to reduce secondary air pollutants are currently based 63 

on the control of precursor gaseous emissions from regulated anthropogenic sources. The decline in NH3 64 

emissions in recent decades in Europe has been very slow due to the high uncertainties associated with 65 

ammonia emissions and sources. This has been postulated to be the reason why strong reductions in SO2 66 

and NOx emissions have produced less than expected abatements in sulfate and nitrate concentrations 67 



 

 

(Salvador, 2018, and references therein). Moreover, reductions in SO2 can lead to increases in nitrate 68 

concentrations (Harrison et al., 2013), possibly due to the greater availability of ammonia to influence the 69 

ammonium nitrate dissociation equilibrium. Hence, the uncertainties associated with ammonia emissions, 70 

together with the huge nonlinearities in the relationship between precursor emissions and ambient 71 

concentrations of secondary particulate matter (PM), are causing difficulties in abating particulate 72 

ammonium sulfate and nitrate levels which have a large influence on PM2.5 concentrations. 73 

Ammonia concentrations in urban areas have been widely studied by mostly using passive sampling 74 

techniques (Perrino et al., 2002; Reche et al., 2012, 2015; Meng et al., 2011; Chang et al., 2016) although 75 

other off-line techniques such as annular denuders have also been used (Biswas et al., 2008; Ianniello et 76 

al., 2010; Upadhyay et al., 2013). The low time resolution of ammonia concentrations in these studies 77 

(averaging time scales between 7 and 30 days) is generally linked to the field campaign duration and 78 

conditioned by the sampling and the analysis techniques. However, short term variations of NH3 can 79 

become significant when taking into account the life-time of this gas in the atmosphere (less than 5 days) 80 

(Warneck, 2000) and the variability of ammonia sources (Perrino et al., 2002; Pandolfi et al., 2012; Phan 81 

et al., 2013; Reche et al., 2012; Revuelta et al., 2012). 82 

Although some off-line methods can be very valuable scientifically and cost-effective for mapping 83 

ammonia concentration based on high number of measurement points, they lack sufficient time resolution 84 

with which to interpret short-term variations. This feature is relevant in identifying specific local sources 85 

or deepening the knowledge of the atmospheric processes that lead to the formation of secondary 86 

particulates. 87 

There is a wide range of techniques for monitoring inorganic species including ammonia, such as 88 

Wavelength-Scanned Cavity Ring Down Spectroscopy (WS-CRDS), External-Cavity Quantum Cascade Laser 89 

(ECQCL), Inorganic Continuous Aerosol Measurement System (iCAMS), Chemical Ionization Mass 90 

Spectrometer (CIMS), Differential Optical Absorption Spectroscopy (DOAS), or Monitor for AeRosols and 91 

GAses (MARGA) multipollutant instrument (Wang et al., 2015, and references therein; You et al., 2014). 92 

Some of these techniques have recently been introduced in the field of atmospheric science and their 93 

ability to measure these species in real-time has proved that they are useful tools for these purposes. 94 

One such technique, Cavity-Enhanced Laser Absorption Spectroscopy (CELAS), has been used in the 95 

present study for undertaking continuous measurements of ambient ammonia during a field campaign 96 

that was carried out in Madrid (Spain) and which coincided with a winter pollution episode. 97 

In previous documented studies (Revuelta et al., 2014; Reche et al., 2015) that were based in Madrid, 98 

ambient ammonia concentrations were measured using passive sampling, whereas to our knowledge 99 



 

 

there are no previous studies that were based on other techniques. The objective of this study was to 100 

characterize the short-term variations of NH3 and their relationship with emissions from specific urban 101 

sources. The influence of a wastewater treatment plant affecting the observed concentrations has been 102 

assessed. Additionally, their impact on the aerosol composition and other physico-chemical properties at 103 

an urban background site has also been analyzed. Measurements of some aerosol properties such as size-104 

segregated distributions of particle number and chemical composition have provided some insights into 105 

the formation processes of secondary aerosol. 106 

2. Methodology 107 

2.1. Experimental site and measurement period 108 

Measurements were performed on the second floor (of height 4 m) of a building at the CIEMAT facilities 109 

in Madrid, Spain (40° 27′ 23.2″ N, 03° 43′ 32.3″ W). The CIEMAT facilities are located in a non-residential 110 

area at the edge of the main University Campus approximately 8 km north-west of the city center (Fig. 1), 111 

hence, the experimental site is representative of the urban background. The main atmospheric pollution 112 

sources in city of Madrid are road transport and residential, commercial and institutional sectors, mainly 113 

through heating devices in the cold season. There are no significant heavy industrial activities influencing 114 

the air quality of the city (Ayuntamiento de Madrid, 2016). The population living within the metropolitan 115 

area reaches approximately 6 million inhabitants, which implies a car fleet of almost 4.5 million vehicles 116 

(2465 car km−2, 53% being diesel vehicles) circulating by the main radial highways and ring roads 117 

surrounding the city (https:// sedeapl.dgt.gob.es/IEST2/). The main traffic routes that eventually influence 118 

the measurement site of this study are the A6 radial highway connecting the city of Madrid with the North-119 

Western sector of Spain, and several avenues and streets of the university, district with low to moderate 120 

traffic intensity, where the experimental site is located. 121 

From a climate perspective, Madrid has a continental Mediterranean climate with extreme temperatures 122 

in summer and winter. The warmest months are July and August that record the maximum monthly 123 

averages (24.5 °C, climatological average value). This means that daily maxima of 40 °C are not infrequent 124 

in the summer months, and this value was frequently surpassed in the last five years, which have 125 

experienced severe heat waves. The summer period is also the driest period, characterized by a mean 126 

relative humidity (RH) < 40% and mean rainfall values < 10–15 mm. The coldest months are January and 127 

December (6–8 °C monthly mean temperature) whereas RH (77–79%) reaches its annual maxima during 128 

these months. 129 

https://sedeapl.dgt.gob.es/IEST2/
https://sedeapl.dgt.gob.es/IEST2/
https://sedeapl.dgt.gob.es/IEST2/


 

 

In fall and winter seasons, the Madrid area frequently experiences episodes of strong atmospheric 130 

stability, mainly associated to the presence of subsidence anticyclones that favor the accumulation of 131 

pollutants, thereby increasing the ambient pollutant concentrations at the surface level. The ammonia 132 

measurements that were analyzed in the present study were carried out from 1December15, 2014 to 133 

January13, 2015, coinciding with one of these strong stability episodes. Ambient temperatures ranging 134 

from −2 °C to 14 °C (hourly values), typical of winter weather, were recorded during the experimental 135 

period. Additionally, some of the measurement days coincided with Christmas time and the end of the 136 

year, which are two special periods when traffic patterns and population habits are somewhat different 137 

from those that are typical of other winter days. 138 

2.2. Measurements and data analysis 139 

Ammonia measurements were performed using a portable instrument (LGR Model 914–1012 NH3/H2O) 140 

based on the CELAS technique (Romanini et al., 2014). The instrument used in the present study is an 141 

enhanced performance version with fast flow capability and including enhanced thermal stability to 142 

provide ultra-stable measurements of NH3. High conductance plumbing in this instrument allows 1–100 143 

Hz flow response and measurement of the continuous spectra avoids interferences with other species, 144 

hence the measurement has an autoselective focus. Time resolution during the measurement period was 145 

approximately 1 min. 146 

Simultaneous measurements of other atmospheric pollutants were performed at the same site during the 147 

experimental study. Gaseous species (SO2, NO, NO2, and O3) were obtained by using a DOAS spectrometer 148 

(OPSIS-AR-500) with a 10-min resolution and a measurement optical path of 228 m. Ambient aerosol mass 149 

concentrations (10-min resolution) were monitored by an optical particle counter instrument (GRIMM 150 

1107) that was calibrated against reference gravimetric measurements for the PM10, PM2.5 and PM1 size 151 

fractions at the same experimental site. Particle number size distributions (PNSDs) were obtained by using 152 

a Scanning Mobility Particle Sizer (SMPS) consisting of a Differential Mobility Analyzer (TSI-SMPS: DMA 153 

3081) connected to a Condensation Particle Counter (CPC; TSI Model 3775). This instrument provided 154 

measurements of duration 4.5 min into 107 channels (14.6–661.2 nm) of the submicron aerosol fraction. 155 

Aerosol chemical composition was provided by an Aerosol Chemical Speciation Monitor (ACSM, Aerodyne 156 

Research Inc., MA, USA) that measured the non-refractory submicron concentration components (i.e. 157 

organic matter, nitrate, sulfate, ammonium and chloride) of the ambient aerosol with a time resolution of 158 

around 30 min. The SMPS and ACSM instruments are included in the Aerosol Clouds and Trace Gases 159 

Research InfraStructure (ACTRIS) (http://www.actris.eu/) the European network aimed at improving and 160 

harmonizing observations of the in-situ aerosol properties. Measurement and quality control protocols of 161 

http://www.actris.eu/


 

 

ACTRIS including international intercomparison exercises (Crenn et al., 2015) were applied to these two 162 

instruments. The SMPS also participated in some national intercomparison exercises through the Spanish 163 

Network of Environmental DMAs (REDMAAS) (GómezMoreno et al., 2015). These data were used to 164 

interpret the formation of secondary inorganic aerosol, mainly ammonium nitrate in the present study. 165 

Meteorological variables of ambient temperature at 3 m a.g.l (lower temperature LT) and 54 m a.g.l. 166 

(upper temperature UT), precipitation and solar irradiance at 34 m a.g.l., relative humidity at 3 m a.g.l., 167 

and wind speed and direction at 54 m a.g.l. were recorded with a frequency of 10 minat the weather 168 

station operating at the CIEMAT site. This station is calibrated twice per year following the requirements 169 

and standards of the Spanish Regulatory Nuclear Safety Council (CSN). 170 

The OPENAIR package R (Carslaw and Ropkins, 2012), (R Development, http://www.openair-project.org/) 171 

was used for the analysis and interpretation of measurements. Polar plot diagrams were constructed for 172 

different pollutants using wind speed and direction data. A resolution of 10 min was used whenever 173 

possible. 174 

Ancillary hourly data on gaseous pollutants (NO, NO2 and CO) and particle matter (PM10 and PM2.5) from 175 

the monitoring stations of the municipality-based Madrid air quality monitoring network (AQMN) were 176 

eventually used to support data interpretation. 177 

3. Results and discussion 178 

3.1. Meteorological analysis 179 

Meteorological conditions were characterized at the synoptic scale by the presence of a persistent strong 180 

anticyclone (1030 hPa mean sea level pressure) located over the Azores Islands (situated in mid-Atlantic 181 

Ocean, 1564 km west of Portugal). This situation affected the whole Iberian Peninsula during most of the 182 

measurement period. Only three short ventilation events occurred during the periods of December 21–23 183 

and December 28–30, 2014 and January 11–12, 2015 when moderate (> 8 m s−1) to strong (> 12 m s−1) 184 

north-easterly and northern winds blew over the Madrid area due to northward displacements of the 185 

highpressure center. The rest of the days of the experimental period experienced conditions of calm winds 186 

(wind speed < 2 m s−1) and clear skies. On these days of strong atmospheric stability and high diurnal 187 

thermal amplitude, ambient temperature followed a marked diurnal cycle, ranging between −2.5 °C and 188 

15.6 °C, minimum and maximum daily values recorded, respectively (Table S1). Thus, the point of influence 189 

of the temperature on ammonium nitrate gas phase partitioning by volatilization (Seinfeld and Pandis, 190 

2016) was never reached, favoring the aerosol phase of this species. Relative humidity was rather variable, 191 

ranging from 10.5 to 95.8% during the measurement period. Calm wind conditions (2.1 m s−1 average 192 

http://www.openair-project.org/
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hourly value) enhanced the formation of surface thermal inversions during a great part of the period. 193 

These were, in summary, the most characteristic meteorological features during the experimental phase. 194 

During the first week of January 2015 the high-pressure system became deeper, increasing the surface 195 

layer stability that triggered an over-accumulation of air pollutants in the whole of the Madrid airshed. 196 

Except for the short windy periods, a general increase of ambient concentrations for all pollutants was 197 

observed in the Madrid AQMN stations (Fig. S1). In general, time series exhibited a progressive increase 198 

of pollutant concentrations that remained high until January 13, 2015 coinciding with the end of the 199 

episode. This was linked to the pass of a frontal system accompanied by precipitations on January 15, 2015 200 

that cleaned up the atmosphere. 201 

3.2. Ammonia concentrations and relationships with road traffic and meteorology 202 

Mean ammonia concentration recorded during the measurement period was 2.2 ± 1.7 μgm−3 with a 10-203 

min maximum of 9.3 μgm−3 recorded on January 13, 2015 at 17:00 h local time (LT). This mean value is 204 

similar to the value obtained at the same experimental site for Autumn–Winter in a previous study using 205 

passive sampling techniques (Revuelta et al., 2014). It is also in the range of values (1.5–3.9 μg m−3) 206 

obtained at urban background sites in Spain, although it exceeds the average value obtained in urban 207 

background sites in Madrid (1.5 ± 0.3–1.6 ± 0.3 μg m−3) (Revuelta et al., 2014; Reche et al., 2015). In the 208 

present work, it was assumed that meteorological conditions could have played an important role in the 209 

observed concentrations. Although high pollutant concentrations were recorded in the first part of the 210 

episode, the highest absolute concentrations were recorded during the second part, from December 30, 211 

2014 to January 13, 2015, once the frontal system swept over and cleaned up the area on December 28, 212 

2014 (Fig. S1). Since that day, a progressive increase of daily maxima and mainly nocturnal minima led to 213 

the critical part of the pollution episode. 214 

In this period, ammonia concentrations exhibited an increase during the afternoon with two marked 215 

maxima on some days (Fig. 2). Other pollutants such as gaseous species (NO, NO2, SO2) and particulate 216 

matter did not present a clear pattern of evolution. Particulate nitrate seemed to evolve in a similar way, 217 

although no statistical relationship has been found and their maxima precede those of NH3. This is due to 218 

the fact that while there is an availability of nitric acid, ammonium nitrate is formed and reaches the site, 219 

whereas when ammonium nitrate is reduced it is the ammonia that is transported. 220 

In general terms, no statistically significant linear relationships have been found between NH3 and other 221 

air pollutants or meteorological parameters such as temperature and relative humidity (Table S2). 222 

Nevertheless, as some of these pollutants such as SO2 or NO2 react with NH3 as part of the secondary 223 



 

 

aerosol formation processes, relationships between secondary inorganic compounds formed from these 224 

precursor gases have been investigated in terms of equivalents. 225 

It is noteworthy that the behavior of the pollutant series during the first day of 2015, which recorded 226 

relatively high nocturnal values of NOx and daily maxima of particles at the experimental site, also showed 227 

in the average for all the AQMN stations (Fig. S1). This fact, which can be attributed to the nocturnal traffic 228 

and anthropogenic activity of that day, did not appear to have any influence on the ambient levels of 229 

ammonia that were measured at the experimental site. Ammonia concentrations showed a well-defined 230 

pattern exhibiting two daily maxima centered approximately at 17:00 h (LT) during the last four days of 231 

the episode. An early morning relative increase was also observed on some specific days. 232 

These results provide evidence that despite the relationships of ambient ammonia concentrations with 233 

traffic-related pollutants, such as CO and NO2, found by other researchers at urban sites, the 234 

ammoniatraffic relation cannot be extrapolated for all sites and situations and it is not so clear in terms of 235 

short-term variations. This conclusion is in line with results obtained in previous studies for other urban 236 

areas such as Rome in Italy (Perrino et al., 2002), Seoul in South Korea (Phan et al., 2013) and Barcelona 237 

in Spain (Pandolfi et al., 2012) where the correlation with traffic-related pollutants is high at the traffic 238 

sites, medium at the residential sites, and low at the urban background sites such as the one in the present 239 

study. 240 

However, it can be seen in Fig. 2 that the ammonia daily maximum seems to match approximately the 241 

ambient temperature maximum. In fact, both series presented a similar time evolution, suggesting that 242 

ambient ammonia concentrations could be partially modulated by this meteorological variable. An 243 

ammonia-temperature relationship was suggested by Perrino et al. (2002) based on seasonal 244 

measurement campaigns carried out in Rome. Phan et al. (2013) found significant determination 245 

coefficients for linear correlations between NH3 and air temperature at two urban sites in Seoul, mainly 246 

for winter periods, whereas You et al. (2014) obtained an association between both parameters in the 247 

range of 17–22 °C through an exponential fitting in the Southeastern Aerosol Research and 248 

Characterization (SEARCH) Centreville, AL, USA. A similar dependence approaching an exponential curve 249 

has been obtained in the present work (Fig. 3), although the ambient temperature range was significantly 250 

lower than in the aforementioned SEARCH study. No linear or exponential relationship has been found 251 

with respect to relative humidity in the present study. 252 

3.3. Non-traffic urban ammonia sources 253 

As is mentioned in some works in the literature (Reche et al., 2015; Pandolfi et al., 2012), sources other 254 

than traffic can influence urban ammonia concentrations and they have been investigated in the present 255 



 

 

study. For this purpose, a wind direction analysis was performed by taking advantage of the high time 256 

resolution provided by the ammonia monitor. Fig. 4 shows a polar plot of 10-min ammonia concentrations 257 

and wind data during the measuring period. As can be seen in this figure, the maximum ammonia 258 

concentrations (8–10 μg m−3) were recorded when wind direction was blowing from an upwind sector 259 

between 220°-250° with moderate wind speeds (2–6 m s−1). Significantly lower ammonia concentrations 260 

were observed during low wind speed conditions from other sectors, suggesting a moderate contribution 261 

of the main local source of ammonia, i.e. road traffic, to the levels registered during the sampling period. 262 

These results point to a potential source of ammonia located in the SW sector whose emissions can reach 263 

the measurement point by a gentle advection of air masses (moderate wind speed and marked wind 264 

direction) at the local scale. The presence of a wastewater treatment plant in this direction with a distance 265 

of 1.4 km from the CIEMAT site (Fig. 1) could be responsible for the observed concentrations. Fig. 5 shows 266 

wind and NH3 evolution during a specific day of the episode. It can be seen that even for low to moderate 267 

wind speeds the ammonia concentrations experience the highest increase and maximum values coincide 268 

with a southwesterly wind direction. 269 

Wastewater treatment plants have been identified as having a significant influence on ammonia ambient 270 

concentrations in urban areas (Reche et al., 2012, 2015; Upadhyay et al., 2013; Revuelta et al., 2014). 271 

Although wastewater treatment plants can present technological differences, the location of these plants 272 

requires a river flow for treated water drainage. The metropolitan area of Madrid has eight wastewater 273 

treatment plants, six of them within the Madrid city and a half of them located along the Manzanares 274 

riverbed. This river flows northwestsoutheast in the most meridional part of the Madrid region and 275 

receives the effluents of three wastewater treatment plants that treat the waste water of different 276 

districts of the city with a total annual flow of 267 Mm−3 of treated water (http://www.madrid.es/portales/ 277 

munimadrid/es). VIVEROS (the wastewater treatment plant in Fig. 1) is the closest plant to the 278 

measurement site of the present study, and it is the third in ranking in terms of treated water flow (28 279 

Mm−3 y−1) of the Madrid region. 280 

In terms of atmospheric emissions, the most important species emitted by wastewater plants in general 281 

are greenhouse gases (CO2, CH4 and N2O). However, these are not considered in terms of national 282 

emissions inventories, as they are not significant. The same consideration occurs with other pollutants, 283 

such as non-methane volatile organic compounds (NMVOCs) and NH3, for which these plants are usually 284 

considered of minor and local importance, except for odor issues. For these reasons, worldwide emission 285 

estimates for these type of sources are not only scarce in but also the fact of obtaining emission factors is 286 

a difficult task, as collection, treatment, and storage systems are very facility-specific and treatment 287 

and/or storage operations vary widely among the different plants in size and treatment degree. The most 288 

http://www.madrid.es/portales/munimadrid/es
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common technology for treatment in public wastewater plants around the world is the aerobic treatment 289 

of activated sludge, where raw waste water is mixed with sludge of living aerobic microorganisms that is 290 

activated in a mechanically-aerated tank (US EPA, 1994). Gaseous emissions can occur by diffusive and/or 291 

convective mechanisms. These components diffuse or volatilize into the air in an attempt to reach 292 

equilibrium between the aqueous and vapor phases. Convection occurs when air flows over the water 293 

surface, sweeping volatile vapors from the water surface into the air. The rate of volatilization is directly 294 

related to the velocity of the airflow over the water surface. Other factors that can affect that rate are the 295 

wastewater surface area, ambient temperature and atmospheric turbulence. Classic handbooks on 296 

emission factor estimation and emission inventories (US EPA, 1994, 1995; EEA, 2013) only consider 297 

NMVOCs as emitted species in this type of treatment plant. Nevertheless, approximate estimates for NH3 298 

emissions from sewage treatment plants can be found in the literature. For example, Battye et al. (2003) 299 

provide an emission factor of 0.15 gNH3 m−3 treated water. This emission factor leads to an emission rate 300 

for the VIVEROS activated sludge treatment plant of roughly at least 28 KgNH3 day−1. This figure can be 301 

considered significant in terms of annual emissions as this specific plant, working on a 24/7 and 365-day 302 

basis, would probably exceed the annual limit for ammonia emissions established by the present Spanish 303 

normative (10,000 kg year−1) (Royal Decree RD 508/2007) for industrial facilities. However, at present, no 304 

official emission rates on air pollutants are provided by these installations in the official Spanish emission 305 

inventory (PRTR, 2015). 306 

3.4. Formation of secondary aerosols 307 

Secondary aerosols are the result of chemical transformations from gaseous precursors (usually SO2, NOx, 308 

NH3, and NMVOCs) that give rise to both secondary inorganic aerosols (SIA) and secondary organic 309 

aerosols (SOA). Focusing on SIA, SO2 is the main gaseous precursor in areas with industrial and maritime 310 

traffic influence (Pérez et al., 2016a,b), whereas in typical urban areas with low SO2 emission levels such 311 

as Madrid NOx emitted by road traffic is the main source of secondary inorganic aerosol. Ambient 312 

concentrations of SIA are very dependent on local source emissions, also being modulated by meteorology 313 

and ambient features. However, regional-to long-range transport processes of secondary aerosols are not 314 

unusual (Squizzato et al., 2012; Revuelta et al., 2012). This causes a great heterogeneity of ambient 315 

concentrations in different areas around the world including Europe (Putaud et al., 2010) and Spain 316 

(Querol et al., 2004). 317 

In Madrid, SIA accounts for the 20 and 24% of the PM10 and PM2.5 mass concentrations, respectively, which 318 

are mainly observed in the form of calcium and ammonium sulfate and nitrate (Artíñano et al., 2004). 319 

Source apportionment studies (Salvador et al., 2004; Querol et al., 2004) have identified road traffic as the 320 

main producer (> 70%) of NO3
− in the PM10 mass, also contributing to a quarter of the total NH4

+. However, 321 



 

 

there is a non-specific SIA source that includes a variety of local or regional sources and constitutes the 322 

SIA urban background, that contributes to most of the NH4
+ and a half of the SO4

2− mass (Salvador et al., 323 

2004). 324 

In the present study, non-refractory species were measured during the experimental period with an ACSM 325 

at the experimental site. On average, the contribution of the sum of the main three inorganic species 326 

(NO3
−, SO4

2−, NH4
+) to the total PM1 mass was 25% (Fig. 6), being mostly attributed to NO3

− with 17%. 327 

Occasionally, the SIA contribution reached almost 100% of the PM1 mass whereas the maximum 328 

contributions of NO3
−, SO4

2− and NH4
+ were 90, 28 and 26%, respectively (hourly values). 329 

The contribution of SIA and the other non-refractory species was highly variable. Like those of gaseous 330 

(NH3, SO2, NO, NO2) and particulate (PM1, PM2.5 and PM10) pollutants their concentrations during the 331 

measurement period experienced significant variations (Fig. 7) associated to changes in meteorological 332 

conditions and local emission influence. 333 

Meteorological parameters (two-height temperature, relative humidity, wind speed and direction) 334 

indicate ventilation (high wind speed) and accumulation (low wind speed and surface temperature 335 

inversion) periods that can be clearly identified. The first part of the experimental period (December 16–336 

20) shows the progressive increase of the aerosol components dominated by organic species (high relative 337 

contribution, % in Fig. 7) and a decrease during the weekend coinciding with the advection, i.e. light to 338 

moderate winds, that diminished the ambient concentrations of gaseous and particulate (PM1, PM2.5 and 339 

PM10) fractions. Nevertheless, the nitrate evolution that also shows an increase during this period exhibits 340 

a unique maximum during the afternoon that is associated to the NH4
+ evolution. This daily pattern was 341 

also observed during the second part of the episode where ambient PM concentrations, being organic 342 

enriched, increased again as did the ammonia concentrations. Nitrate and ammonium show high 343 

concentrations, presenting a similar time evolution, whereas the sulfate concentration appears to be of 344 

low significant in this case, pointing at ammonium nitrate as the main component of SIA in this period. 345 

Fig. 8 shows the cross-correlation of NH4+ with SO4
2− and NO3

− in terms of equivalents. It is well known that 346 

in the atmosphere NH4+ is preferentially associated with free (non sea salt) SO4
2−, such as (NH4)2SO4 347 

(Seinfeld and Pandis, 2016). For the period of the present study, most of the SO4
2− and NH4+ values 348 

appeared over the 1:1 line (Fig. 8a), revealing an excess of NH4+ with respect to SO4
2− most of the time, 349 

which presented very low concentrations. The free NH4
+ was thus associated with other anions. The low 350 

concentrations of Cl− during the period (Fig. 7) and the slope of the linear regression between NO3
− and 351 

NH4
+, being close to unity, strongly suggests that most of the acid nitrate was neutralized by excess NH4

+ 
352 

to form ammonium nitrate (NH4NO3) (Fig. 8b). The spatial distribution of both species (Fig. 9) confirms the 353 



 

 

exact location of the NH3 source in this study, close to the experimental site. The high volatility of 354 

ammonium nitrate particles at relatively high temperatures and low humidity levels prevents this type of 355 

SIA from reaching moderately high values in Madrid (Mirante et al., 2014) unless specific conditions are 356 

achieved. During this winter period, unusual stagnant atmospheric conditions prevailed for many days 357 

favoring the progressive accumulation of NO2 and NH3 emissions from local sources that subsequently 358 

reacted to form particulate NH4NO3 that remained stable due to the low temperatures. 359 

Fig. 10 shows the average daily pattern of the particle number size of distribution (PNSD) with the modal 360 

diameter, the relative contribution of the particulate components, gaseous pollutants and meteorology 361 

during the measurement period. Bimodal size distributions were observed almost all through the day, 362 

suggesting that aerosols of different origin are present in the atmosphere. During daylight hours, a high 363 

number of ultrafine particles were detected at the measurement site with a daily maximum between the 364 

hours of 9:00–10:00 h (LT) being dominated by Aitken-mode particles with a mainly organic composition 365 

(Fig. 10). This is a typical behavior of ultrafine particles at this site, due to the impacts of traffic related 366 

emissions in the morning (Gómez-Moreno et al., 2011). Only unimodal aerosol distributions were 367 

observed between 12:00–18:00 h (LT) when the concentrations of NO3
−, NH4

+ and NH3 were the highest 368 

registered daily, indicating the predominance of aerosols with the same secondary origin (Revuelta et al., 369 

2012). 370 

4. Conclusions 371 

Ambient concentrations of NH3 were measured online at an urban background site during one month in 372 

the winter of 2014–2015. The mean value was above the previous results that were obtained at urban 373 

background sites in Madrid according to other studies. Probably, the meteorological conditions (strong 374 

stability and episodic conditions) in this period played an important role in the observed concentrations 375 

of the present study. Significant variations of NH3 levels were observed throughout the day, being 376 

associated to different sources and processes. 377 

 The results of this study are in agreement with other studies and confirm that the location of the sampling 378 

point (traffic, suburban, rural) has a strong influence on ammonia concentration levels and on the relative 379 

strength of traffic and additional sources. 380 

Unlike other studies that were performed in different geographical and seasonal conditions, in the present 381 

study no linear correlation was found between temperature and ammonia concentrations in this winter 382 

period, although an exponential fit has been derived. On the other hand, a significant correlation over a 383 

short time span between traffic gaseous pollutants and the measured ammonia was not found. The rapid 384 



 

 

measurement technique used in this study has also contributed to interpreting increases and variations of 385 

ammonia and related particulate species, specifically ammonium nitrate emissions that seem to be the 386 

dominant secondary inorganic species in Madrid. Despite the fact that ammonium sulfate is the first 387 

documented way to form secondary inorganic aerosol (Seinfeld and Pandis, 2016), it seems that in this 388 

case the spatial and temporal coincidence of sources of precursors of NO3
− and NH4

+ favors the formation 389 

of this species. In this sense, the traffic source has not been the driving variable of ammonia variations 390 

over a short time span at this urban background site in Madrid. However, other urban sources have been 391 

considered. 392 

Taking advantage of the high time resolution obtained for ammonia data, provided by the CELAS 393 

technique, an interesting relation of the NH3 short-range variations and wind direction has been observed, 394 

which provides evidence of the influence of a specific ammonia source consisting of a wastewater 395 

treatment plant located at a distance of 1.4 km from the measurement site of the present study. Maximum 396 

hourly values measured for ammonia (8.92 μg m−3) were recorded, coinciding with the transport of the air 397 

mass from this plant. These emissions have contributed to the formation of secondary inorganic aerosols 398 

that were measured at the site that can eventually represent >90% of the total PM1 mass. These results 399 

highlight the importance of considering the wastewater treatment plants as ammonia sources in the 400 

emission inventories for particulate matter. Improvements of these inventories will contribute to support 401 

air quality modeling for accurate secondary particulate formation processes.  402 
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FIGURES 562 

 563 

 564 

Fig. 1. Map showing the Madrid location and the CIEMAT experimental site. The position of the nearby Wastewater (WW) 565 

treatment plant (upper left square) has been marked. 566 

 567 

 568 

Fig. 2. Time series of hourly concentrations of some specific aerosol components (NO3 = nitrate), mass concentration 569 

of particles at different fractions (PM10, PM2.5, PM1), gaseous pollutants (NH3, NO2, NO, SO2) and meteorological  570 

parameters (LT = lower temperature, UT = upper tem- perature, HR = relative humidity, WS = wind speed, WD = wind 571 

direction, P = precipitation, SI = solar irradiance and AP = atmospheric pressure) measured at CIEMAT in the period of 572 

December 31, 2014 to January 4, 2015. 573 

 574 



 

 

 575 

 576 

 577 

Fig. 3. Ammonia and temperature correlation curve with fitting parameters. 578 

 579 

Fig. 4. Polar plot of 10-min averages of NH3 concentrations (μg m−3) and wind speed and direction during the measuring 580 

period. 581 

 582 

Fig. 5. Ammonia concentrations and wind (WS = wind speed, WD = wind di- rection) series on December 26, 2014. 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 



 

 

 591 

 592 

Fig. 6. Average contribution (%) of non-refractory species and other species to the total PM1 mass during the study period. 593 

 594 

Fig. 7. Time series of 10-min concentrations of: Size distribution (Dp = particle diameter) of total number of particles  595 

(N), relative contribution of different species (Org = organic, NO3 = nitrate, SO4 = sulfate, NH4 = ammonium, 596 

Cl=Chloride) to the non-refractory PM1 mass, gaseous pollutants (SO2, NO, NO2, O3 and NH3), particulate matter 597 

(PM10, PM2.5 and PM1) concentrations and meteorological vari-ables (LT = lower temperature and UT = upper 598 

temperature, HR = relative humidity, WS = wind speed, WD = wind direction, P = precipitation, SI = solar ir radiance 599 

and AP = atmospheric pressure), recorded at CIEMAT during the measurement period. 600 

 601 



 

 

+ 

Fig. 8. Linear correlation fit (neq) of: A) ammonium with SO4 and B) ammonium with NO3.  602 

Fig. 9. Polar plots of NH4, (left), NO3−(center) concentrations (μg m−3). Note the different scales used for each figure 603 

 604 

 605 

Fig. 10. Average daily pattern of the sizesegregated particle number (Ntot total number of particles, Nnuc nucleation-mode 606 

particles, NAit Aitken-mode particles, Nacc accumulation-mode particles), Dmode modal diameter, NR-PM1=percentage of each 607 

particulate species (Org=organic, NO3=nitrate, SO4=sulfate,NH4=ammonium, Cl=Chloride) to the sum of non-refractory species 608 

measured in PM1, gaseous pollutants (SO2=sulfur dioxide,NH3= ammonia, NO2=nitrogen dioxide, NO= nitrogen oxide, O3 ozone), 609 

particulate matter (PM10, PM2.5 and PM1) and meteorological parameters (LT=Lower, UT= upper temperature, RH=relative 610 

humidity, WS=wind speed, WD=wind direction, AP=atmospheric pressure, SI= Solar Irradiance) during the measurement period. 611 

 612 

Appendix A. Supporting material 613 

 614 



 

 

 615 

Figure S1. Time series of the hourly concentrations of atmospheric pollutants (PM10, PM2.5, NO2, O3, SO2, and CO) measured at 616 

the Madrid AQMN network (average of 24 stations). Meteorological variables (LT=lower temperature, UT=upper temperature, 617 

RH=relative humidity, WS=wind speed, WD=wind direction, P=precipitation, SI=solar irradiance and AP=atmospheric pressure), 618 

measured at the CIEMAT experimental site 619 

 620 

 621 

Table S1. Statistics of hourly values of NH3, SO2, NO, NO2, O3, PM1, PM2.5, PM10, temperature (T), relative humidity (RH) and wind 622 

speed (WS) during the measurement period. Pollutant concentrations are expressed in µg m-3, T in oC, RH in % and WS in m s-1. 623 

 624 

Variable NH3 SO2 NO NO2 O3 PM1 PM2.5 PM10 T RH WS 

Minimum 0.0 0.1 3.0 4.7 2.9 1.5 2.8 3.8 -2.5 10.5 0.1 

Maximum 8.9 25.1 412.5 198.7 93.2 52.2 61.1 94.9 15.6 95.8 13.9 

Average 2.2 5.2 83.2 76.5 27.6 14.4 18.0 26.2 6.3 65.9 2.1 

Standard Dev. 1.7 3.9 70.8 33.3 18.2 9.3 10.6 14.6 4.1 18.9 1.8 

Percentile 90 4.7 10.3 179.2 117.7 56.5 26.2 31.4 46.3 11.9 89.3 4.3 

 625 

 626 

Table S2 Coefficients of determination (R2) of the linear correlation between NH3 and SO2, NO, NO2, O3, PM1, PM2.5, PM10, 627 

temperature (T) and relative humidity (RH). 628 

 629 

R2 SO2 NO NO2 O3 PM1 PM2.5 PM10 T RH 

NH3 0.129 0.020 0.180 0.016 0.183 0.172 0.318 0.212 0.043 
 630 

 631 


