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Abstract 14 

Air quality affects both ecosystems and human health. To assess the effects of air 15 

pollution, spatially explicit information of pollutants is needed. Atmospheric chemistry 16 

transport models are the best option to estimate concentrations and deposition of 17 

pollutants from local to regional scales. However, concentration and deposition maps 18 

derived from available regional and global models are typically given at spatial 19 

resolutions of 10 to 50 km and do not contain information at sufficiently high spatial 20 

resolution (i.e. ≤ 5 km ×5 km) to identify risks and to develop solutions to protect 21 

ecosystems and human health. Here we provide deposition and concentrations of 22 

nitrogen (N) and sulfur (S) at a 5 km ×5 km resolution for the western Iberian 23 

Peninsula. The new maps are a major improvement over existing information due to the 24 

higher spatial resolution. Comparisons with measurements indicate that all maps for N 25 

compounds are fit for purpose. 26 

Nitrogen deposition in W Iberia ranged from 3 to 38.6 kg N·ha
-1

·year
-1

, averaging ~8.2 27 

kg N·ha
-1

·year
-1

 with a higher contribution from reduced N forms (62%). Deposition of 28 

oxidized forms mainly prevailed in urban and industrial areas and in coastal locations. 29 

The contribution of wet deposition was slightly higher (55%) than dry deposition and 30 

more important in the North, following the pattern of precipitation. Dry deposition is 31 

higher closer to emission sources.  32 

Due to their high spatial resolution, these maps can be used for policy development to 33 

support ecosystem protection, through the identification of areas at greater risk due to 34 

high N deposition. National policy efforts to reduce N pollution must, foremost, target 35 

ammonia (NH3) emissions in rural areas and oxidized nitrogen (NOx) emissions in 36 

urban and industrialized areas.
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1. Introduction 40 

Once released from sources into the atmosphere as gases or particulates, air pollutants 41 

impact human health and biota. Once deposited to ecosystems, pollutants also impact 42 

ecosystem biodiversity (Nowak et al., 2015). Some nitrogen (N) pollutants and sulfur 43 

(S) are respiratory tract irritants causing detrimental health effects (Chen et al., 2007). 44 

Moreover, they contribute to the generation of acid rain which is also known to damage 45 

historical buildings (Yates et al., 1988). Regarding impacts on ecosystems, excess 46 

atmospheric N and S cause eutrophication, acidification, nutritional imbalances and a 47 

decrease in species richness (e.g. Bobbink & Hettelingh, 2011; Greaver et al., 2012). 48 

Under a “business as usual” future scenario, these effects will be further increased with 49 

rising temperatures due to climate change, and with the intensification and extension of 50 

agricultural land due to a large increase in population, which will in turn generate an 51 

increase in ammonia emissions and cascading effects related with the N cycle (Erisman 52 

et al., 2011; Skjøth and Geels, 2013). 53 

Due to the observed effects of acid rain to ecosystems and cultural heritage, the 54 

Convention on Long-Range Transboundary Air Pollution (CLRTAP) was established in 55 

1979 (Reis et al., 2012). Since then, the CLRTAP has been extended by several 56 

protocols, such as the Gothenburg Protocol, which has promoted a close collaboration 57 

between science and policy-makers in the development of air pollution abatement 58 

strategies based on a multi-pollutant and multi-effect approach (Reis et al., 2012), 59 

including effects on human health. The recent revision of the Gothenburg Protocol 60 

resulted in legislation (Directive EU 2016/2284 known as the NEC Directive), which set 61 

national emission ceilings and aims for a reduction of atmospheric emissions of 62 

pollutants, including N and S, with targets for 2020 to 2029. 63 

High resolution deposition and concentration maps are important datasets to support air 64 

quality policy development, especially to meet the Habitats Directive (Council Directive 65 

92/43/EEC) and the NEC Directive, to protect biodiversity and ecosystems by urging 66 

Member States to monitor the impacts of concentration and deposition of acidifying, 67 

eutrophying and ozone air pollution on ecosystems and to target emission reductions in 68 

locations where critical thresholds are exceeded. Concentrations of sulfur dioxide (SO2), 69 

nitrogen oxides (NOx) and ammonia (NH3) rapidly change with increasing distance 70 

from emission sources (cf. Sutton et al., 1998; Cape et al., 2004; Dragosits et al., 2002; 71 

2006; Pinho et al., 2011; Vogt et al., 2013; Barros et al., 2015; Moran et al., 2016). For 72 

this reason, high resolution maps of deposition are important for assessing the threat to 73 

sensitive species and ecosystems with high pollution loads (through quantification of 74 

critical levels exceedance) (cf. Pinho et al., 2018). This approach is currently being 75 

applied in other countries in Europe (e.g. Ellermann et al., 2018), and, to be successful, 76 

does require high-resolution concentration data. Nationwide in Portugal, air pollution 77 

monitoring is based on limited numbers of strategically placed measurement stations 78 

with limited spatial resolution. In this context, models are critical, complementing the 79 

information provided by measurement stations and offering high resolution maps of 80 

pollutant concentration and deposition patterns. 81 



The spatial resolution of regional/global models is typically rather coarse 82 

(~10 km×10 km to 50 km×50 km) and is insufficient to for identifying areas at risk, in 83 

which total deposition surpasses critical loads, as pollutant concentrations vary 84 

significantly at scales under 10 km. The EMEP/MSC-W (European Monitoring and 85 

Evaluation Programme/Meteorological Synthesizing Center-West) transport model 86 

simulates atmospheric chemistry on a European scale. This is a policy-driven 87 

programme under the CLRTAP for international co-operation to solve transboundary air 88 

pollution problems (Simpson et al., 2012). In addition, and within Europe, regional 89 

models have also been widely used in the past 20 years, such as in the United Kingdom 90 

(UK) (Singles et al., 1998; ApSimon et al., 1994; Smith et al., 2000; Fournier et al., 91 

2004; Dore et al., 2007; 2012; 2015), which has led to high resolution (1 km×1 km and 92 

5 km×5 km) maps of N deposition (e.g. Dore et al., 2009; 2012). More recently, 93 

regional air pollution models have also been applied in Spain with a 10 km×10 km grid 94 

resolution (García-Gómez et al., 2014) and Poland with a 5 km×5 km grid resolution 95 

(Kryza et al., 2009; 2013). These models have shown promising results, with higher 96 

spatial resolution, when compared to the complex large-scale (and lower resolution) 97 

EMEP transport model. With respect to mainland Portugal, modelling of the spatial 98 

distribution of air concentrations of the main atmospheric pollutants has been 99 

undertaken with a 5 km×5 km and 9 km×9 km resolution (e.g. Monteiro et al., 2015; 100 

Moran et al., 2016). However, high-resolution maps of nitrogen deposition are yet to be 101 

produced and evaluated. 102 

Substantial knowledge exists in modelling concentration and deposition of pollutants in 103 

Atlantic and continental biogeographical regions (i.e. northern and central Europe), 104 

where most pollutants are deposited as wet deposition. However, there is comparatively 105 

less knowledge in modelling and critically evaluating model outputs for drylands. In 106 

these areas, such as Portugal and Spain with a Mediterranean climate, the dry season 107 

extends for several months, and thus dry deposition is regarded as dominant 108 

(Bytnerowicz & Fenn, 1996; García-Gómez et al., 2018). The need to increase 109 

knowledge regarding N and S deposition is particularly important for Portugal, given 110 

that it ranks amongst the top countries on the European Union with high landscape 111 

diversity, characterized by the significant presence of mountainous or hilly areas, and 112 

the high complexity of its landscape structure, characterized by diverse types of 113 

landcover (Palmieri et al., 2011). This is relevant in what concerns air pollution 114 

modelling, as wet deposition is strongly related with precipitation, which is strongly 115 

related with changes in topography; and dry deposition depends, in part, of the 116 

capability of the surface to capture or absorb the species (Hertel at al., 2011), 117 

differentiated by landcover. 118 

With the aim to provide the tools to fulfil the requirements of the NEC and Habitat 119 

Directives, the specific objective of this paper was to map the concentration and 120 

deposition of N and S-based pollutants in W Iberia. Taking into consideration that the 121 

directive focuses on targeted emission reductions based on threshold exceedances and 122 

their impacts on ecosystems, which improve by increasing model resolution, mapping 123 

was carried out at a high spatial resolution (5 km×5 km), compared with existing 124 

available information (i.e. EMEP with a 10 km×10 km resolution). The increase in 125 

model resolution will contribute to the identification of pollution hotspots and of 126 

ecosystems at risk of eutrophication/acidification. The model used in this study was 127 



FRAME (Fine Resolution Atmospheric Multi-pollutant Exchange, version number 9-128 

15-0), which has been successfully applied in the UK and Poland (Dore et al., 2009; 129 

2012; Kryza et al., 2009; 2013) as well as for the North China Plain (Zhang et al., 130 

2011). Model results were evaluated using concentration and wet deposition data 131 

measured in monitoring stations in W Iberia and compared with EMEP model results. 132 

The output of this work, namely N deposition maps, is critical in the identification of 133 

areas where critical thresholds (critical loads and levels) are being exceeded, which is 134 

crucial information for policymakers to develop measure aiming to protect sensitive 135 

ecosystems and human health. Moreover, it represents a steppingstone to further 136 

increase the resolution of nation-wide N and S deposition maps in future. 137 

2. Methods 138 

2.1. Study Area 139 

The modelling domain covers a 660 km×850 km area in SW Europe, centred on 140 

Portugal (Figure 1A) and at a 5 km×5 km grid resolution. The domain extends towards 141 

the west of Portugal to include emissions from major international shipping routes. It 142 

also extends towards the east to include measurement stations used in model evaluation 143 

(further described in Section 2.2.2). Due to large variations in latitude (36°-44°), 144 

continentality (from maritime to continental) and elevation (0 to > 2000 m) within the 145 

study area, there is a wide variety of climatic conditions, which can be classified into 146 

several morphogenetic regions: humid mid-latitude, semi-arid and dry-continental 147 

(Benito-Calvo et al., 2009; Andrade and Corte-Real, 2015). Precipitation reaches 148 

maximum values in the northern part of the study area (> 2100 mm·year
-1

), gradually 149 

decreasing towards the south until reaching minimum values of ~250 mm·year
-1

 (Figure 150 

1B). 151 

Wind conditions in the study area are mostly controlled by the larger river valleys, 152 

plateaus and coastline irregularities of the Iberian Peninsula, which promote diversity in 153 

the wind behaviour, but showing an overall strong influence of the Atlantic Ocean 154 

(Lorente‐ Plazas et al., 2015). Average annual temperatures range from -3°C in the 155 

mountainous regions in the northern part of the study area to 12°C in the coastal plains 156 

further south (cf. Ninyerola et al., 2005). 157 

 158 

Figure 1: Location of the study area. (A) Location of the domain used in the 159 

simulations for SW Europe; (B) Total precipitation within the domain in 2015 160 

(from the EMEP MSC-W); (C) Wind rose considered as representative for the 161 

domain calculated by the Weather Research Forecast (WRF) model at the 162 

sampling locations identified in (B) 163 

 164 

2.2. Model Description 165 

FRAME is a Lagrangian atmospheric transport model employing annually averaged 166 

statistical meteorology to predict annual mean deposition of reduced nitrogen (NHx), 167 

oxidised sulfur (SOx) and oxidised nitrogen (NOy) across a gridded domain (Vieno, 168 

2006). FRAME uses a multi-layer scheme to describe vertical diffusion explicitly, based 169 



on anthropogenic emissions (Singles et al., 1998), with the main atmospheric processes 170 

occurring in a column of air extending from ground level to 2500 m, in 33 vertical 171 

layers (with steps at 2, 4, 6, 10, 25, 50, 75, 100, 150, 200 m, and thereafter in 100 m 172 

steps) (Singles et al., 1998; Dore et al., 2009). There are four main processes that occur 173 

within the air column: emission, diffusion, chemistry and deposition (Vieno, 2006). 174 

Furthermore, the atmospheric transport and chemistry of pollutants at a European scale 175 

are also calculated (50 km resolution) to establish boundary conditions at the domain 176 

edges. Boundary concentrations are determined with a FRAME-Europe simulation at a 177 

50 km resolution over the whole of Europe. A total of 8 simulations with a 45-degree 178 

directional resolution are run to generate air concentrations at the domain boundary to 179 

initialize concentrations for the 5 km simulation (using a 1° directional resolution). 180 

Straight-line wind trajectories are advected from the edge of the model domain, in 181 

relation to twenty-four wind direction sectors and the results are combined statistically, 182 

suitably weighted by the frequency of winds from each direction (Singles et al., 1998; 183 

Dore et al., 2009; Kryza et al., 2013). The FRAME model operates on annual average 184 

results, providing information on total annual deposition and average concentrations of 185 

S and N compounds (Kryza et al., 2013). It includes aqueous phase and gas phase 186 

oxidation reactions for sulfur and oxides of nitrogen. The FRAME model does not 187 

include photochemistry and only includes secondary inorganic aerosols. Ammonium 188 

sulfate aerosol is formed by a one-way reaction between ammonia and sulfuric acid. 189 

The equilibrium between gas phase ammonia and nitric acid and particulate ammonium 190 

nitrate is included. A large nitrate aerosol is included which represents the process of 191 

deposition of nitric acid onto sea salt and dust particles. Dry deposition is based on 192 

vegetation dependent velocities for each chemical species derived from the dry 193 

deposition model, whereas wet deposition is calculated using scavenging coefficients 194 

and a constant drizzle approach, based on precipitation rates (Kryza et al., 2013). The 195 

wet deposition flux to the surface is the sum of wet removal of pollutants from the air, 196 

assuming the scavenged material comes down as precipitation (Kryza et al., 2013). No 197 

differentiation is made between in-cloud and below-cloud processes, with an average 198 

value of the scavenging ratio used to represent both processes (Fournier, 2002). 199 

Different scavenging ratios (listed in Table S I of the supplementary materials), 200 

depending on the characteristics of the pollutant, are combined with the rainfall rates to 201 

produce scavenging coefficients (cf. Fournier, 2002). A detailed description of the 202 

FRAME model, including the chemical scheme, can be found in Singles et al. (1998), 203 

Fournier (2002), Fournier et al. (2004) and Vieno (2006). 204 

The EMEP/MSC-W transport model is an Eulerian model which has been extensively 205 

used to simulate atmospheric chemistry in Europe, used for air pollution policy 206 

assessments, in support of the CLRTAP. The model domain covers all of Europe, and 207 

the model was built for describing long range transport of pollution on a horizontal 208 

50km×50km grid (Simpson et al., 2012), but recently has been running at 0.1°0.1° 209 

(approx. 10 km x 10 km; Fagerli et al., 2017). The EMEP model uses 20 vertical levels 210 

with a surface layer of approximately 90 m (van Pul et al., 2009a; Simpson et al., 2012). 211 

The meteorological data to drive the EMEP MSC-E air quality model have been 212 

generated by the ECMWF-IFS weather forecast (most recent version Cycle 40r1) and 213 

are given at 3-hourly intervals (Simpson et al., 2012; Tsyro et al., 2018). 214 

Parameterization of wet deposition includes both in-cloud and sub-cloud scavenging of 215 



gases and particles (Simpson et al., 2012). Dry deposition is applied to 16 land use 216 

classes derived from the CORINE system in Europe (van Pul et al., 2009b; Simpson et 217 

al., 2012). The model requires gridded annual national emissions of SO2, NOx, NH3, 218 

non-methane volatile organic compounds, carbon monoxide and particles subdivided 219 

into defined source sectors (Simpson et al., 2012). These emissions are then distributed 220 

vertically according to a default distribution based on source sectors (for further detail 221 

consult Simpson et al., 2012). Emissions are temporally distributed according to 222 

monthly and daily factors, which are specific for each pollutant, emission sector and 223 

country, reflecting, for example, different energy-use patterns in different parts of 224 

Europe (Simpson et al., 2012). More information regarding the technical description of 225 

the EMEP MSC-W model can be found in Simpson et al. (2012) and recent changes in 226 

model code are further described in Simpson et al. (2017; 2018). In this work, 227 

deposition and concentration of N and S compounds were based on EMEP MSC-W 228 

model version rv4.17a, available from The Norwegian Meteorological Institute website 229 

(The Norwegian Meteorological Institute, 2018). 230 

The FRAME model and the EMEP model are fundamentally different models. The 231 

FRAME model is based on statistically derived annually averaged meteorology. The 232 

EMEP model is a full 3D+time Eulerian photochemistry model (Simpson et. al. 2012) 233 

driven by hourly 3D meteorological data. FRAME advects an air column according to 234 

the annual mean wind speed and wind directions along straight-line trajectories with a 235 

one-degree angular resolution. Wet removal is calculated by a constant drizzle using 236 

scavenging coefficients with no differentiation between in-cloud and below cloud 237 

scavenging and it includes an orographic enhancement of washout (Fournier, 2002; van 238 

Pul et al., 2009b; Kryza et al., 2013). By contrast, EMEP calculations are performed at 239 

an hourly time scale and driven by real-time meteorology (Vieno et al., 2014). For dry 240 

deposition, FRAME calculates deposition velocities individually for five different land 241 

cover categories, whereas EMEP uses 16 (van Pul et al., 2009b). FRAME has a higher 242 

vertical resolution than EMEP, the first vertical layer reaching 1m, while for EMEP it 243 

approximately 90 m. For further details refer to van Pul et al. (2009a; b) and Dore et al., 244 

(2015), where a comprehensive comparison between several air quality models, 245 

including FRAME and EMEP, can be found. Horizontal resolution used in this work 246 

also differs between models. The FRAME run was based on a 5km5km grid and 247 

EMEP’s on a ~10km10km grid. 248 

2.2.1. Inputs and conditions 249 

FRAME requires the following input data: (1) in-domain NOx, NH3 and SOx emissions, 250 

which can be provided separately as diffuse area-based emissions (DE) and large point 251 

source emissions (LPS); (2) wind-rose data containing wind frequency and speed; (3) 252 

precipitation; (4) land cover, and (5) boundary conditions containing N and S 253 

components from the surrounding European-scale domain. 254 

Emissions were compiled from nationally estimated and reported values of 255 

anthropogenic emissions for 2015, provided by Agência Portuguesa do Ambiente 256 

(APA) to EMEP, supplied at 0.1° gridded resolution (longitude and latitude). Emissions 257 

were disaggregated into smaller cells, the emission value per cell being divided by the 258 

number of new cells in the overlapping region, and reformatted to a 5 km×5 km 259 

resolution grid for the regional FRAME model domain. This included NOx, SOx and 260 



NH3 emissions from Portugal, an area of Spain and international shipping made 261 

available by the Centre on Emission Inventories and Projections (EMEP/CEIP, 2018) 262 

and large point source (LPS) emissions from the E-PRTR (The European Pollutant 263 

Release and Transfer Register, 2018) database. Gridded emissions (GE) correspond to 264 

total emissions per grid cell, including both diffuse and large point emissions. 265 

NOx, SOx and NH3 GE, expressed as Gg per grid cell, from Spain, Portugal and 266 

international shipping, within the domain, are presented in Figure 2A-C (and are also 267 

provided separately for each relevant activity in the supplementary material, Figure S 1 268 

to Figure S 3). The highest NOx and SOx emissions correspond to large point sources, as 269 

can be seen in the strong contrast between confined maximum emissions and lower 270 

surrounding values (Figure 2A and C). This is especially true for SOx, where the largest 271 

source of emissions (~45%) is combustion by power plants and industry (Figure 2D and 272 

more information available in Figure S 3 of the supplementary materials). 273 

 274 

Figure 2: Gridded emissions (expressed as Gg by grid cell) from EMEP within the 275 

domain used in the simulations: (A) NOx emissions; (B) NH3 emissions; (C) SO2 276 

emissions; (D) Emission totals per activity within the domain represented by D and 277 

in the Portuguese part of the domain by PT 278 

 279 

International shipping routes are visible in both the NOx and SOx emission maps, 280 

indicating an important contribution to N and S compounds in the western part of the 281 

domain (corresponding to 30% of total NOx emissions and 43% of total SOx emission 282 

within the domain). 283 

In contrast, the spatial distribution of NH3 emissions indicates mostly diffuse sources 284 

related to agricultural crop and livestock production with minor contributions from 285 

industrial activities and relatively low-emission from LPS with livestock and industrial 286 

activities (Figure 2B and more information available in Figure S 2 of the supplementary 287 

materials). 288 

Emission sectors are introduced into the model separately for increased vertical 289 

resolution. LPS data are allocated to a specific height (e.g. stack height from industries 290 

and power plants), and FRAME computes the plume rise after Hanna et al. (1982, in 291 

Vieno, 2006) using additional parameters, such as stack diameter, emissions’ exit 292 

velocity and temperature (Vieno et al., 2010). Where stack parameters are not available, 293 

a set of default data are used by FRAME to determine the plume rise of large point 294 

sources. Furthermore, DE are evenly distributed within a range of vertical layers, 295 

according to the activity, using emission heights and values for plume rise from the 296 

literature (Frick & Hoppel, 2000; IPCC 2006, 2006; Li et al., 2017) (more information 297 

available in Table S I of the supplementary materials). 298 

However, a few issues arise when separating this information. E-PRTR emissions are 299 

determined using a bottom-up approach based on detailed information for individual 300 

emission sources (Winiwarter & Schimak, 2005). GE are determined using a top-down 301 

approach by multiplying an emission factor with a parameter for each type of activity 302 

(e.g. energy consumption, production figures, distance driven etc.) at a larger 303 



(administrative) level, where statistical data are available (Winiwarter & Schimak, 304 

2005). Given these differences in their determination, emissions in both databases might 305 

not perfectly overlap. In most cases, LPS emissions are lower than the value in the 306 

underlying cell, which is to be expected given that GE incorporate both LPS and DE 307 

from every activity. However, due to differences in the methodology used in the 308 

determination of emissions, in some cases, emissions from LPS in the E-PRTR database 309 

are larger than the underlying cell in the GE dataset. In these cases, negative values 310 

result when subtracting LPS emissions from GE. To resolve this, the excess emission 311 

data from the LPS were taken from the individual surrounding eight grid cells in GE, as 312 

a proportion of each cell to the total of all eight. 313 

The resulting DE were regridded to 5 km and re-projected to a Portuguese national 314 

datum (Datum Lisboa Hayford-Gauss) using R 3.4.3 (R Core Team, 2017) and proj4, 315 

raster and rgdal R packages (Urbanek, 2012; Hijmans, 2017; Bivand et al., 2018).  316 

Precipitation data used in the simulations were based on the EMEP MSC-W model from 317 

2015. These data were chosen for comparability purposes, to better evaluate differences 318 

in N and S concentration and deposition obtained from both models (EMEP and 319 

FRAME). Precipitation data in raster format were extracted from the EMEP model data 320 

from 2015 with a 0.1° resolution for Europe (Figure 1B) (Data from The Norwegian 321 

Meteorological Institute, 2018). EMEP precipitation was evaluated using official total 322 

annual precipitation data in Portugal (Instituto Português do Mar e da Atmosfera, 2017), 323 

showing a good overall correlation (normalized mean bias of 0.13 and a normalized root 324 

mean square error of 0.27, corresponding to 152 mm), with data being slightly over-325 

estimated especially for higher precipitation values. 326 

The precipitation raster data were re-projected to the Portuguese national grid, re-327 

gridded by bilinear interpolation and cropped to cover the same domain and resolution 328 

as the emissions, using the raster package (Hijmans, 2017) in R 3.4.3 (R Core Team, 329 

2017). 330 

Wind data were calculated by the Weather Research Forecast model (WRF, version 331 

3.7.1) (www.wrf-model.org) (Skamarock et al., 2008). The WRF model setup used here 332 

included data assimilation (Newtonian nudging) of the numerical weather prediction 333 

(NWP) model, meteorological reanalysis from the US National Center for 334 

Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) 335 

and Global Forecast System final reanalysis (GFS-FNL) at a 1 degree resolution, every 336 

6 hours (National Centers for Environmental Prediction/National Weather 337 

Service/NOAA/U.S. Department of Commerce, 2000). 338 

WRF model evaluation has been performed for wind velocity and direction using eight 339 

World Meteorological Organization (WMO) observation sites included in the MIDAS 340 

dataset (Met Office, 2012), and within the model domain (Figures S 4 to S 12 and 341 

Tables S II and S III in the supplementary materials). In general, the WRF model 342 

adequately represents the range of wind speed and wind direction. The observation at 343 

specific sites is clearly influenced by local orography, such as the presence of river 344 

valleys which partly channel the wind, and which is not well represented at the 345 

resolution used in this work. The observations also include biases which affects model 346 

evaluation due to accuracy requirements of 1 knot or 10% for speed are within, and 347 

within 5° for direction. 348 

http://www.wrf-model.org/


The WRF simulation was run with a horizontal resolution of 50 km. Output hourly data 349 

were extracted for five locations in Portugal (Figure 1B) at an altitude of 400 m above 350 

the friction layer and therefore representative of geostrophic flow and were taken as 351 

representative of the domain. Wind input data resulted from hourly wind velocity and 352 

direction in 2015 from 5 sampling points within the domain (Figure 1B). Hourly data 353 

were grouped into 15° classes and wind direction frequency and mean harmonic wind 354 

speed were determined for each directional class. The resulting wind data used as input 355 

for the FRAME are represented in Figure 1C. The WRF data used here were originally 356 

generated for the EMEP4UK model (Vieno et al., 2016). 357 

Habitat-specific deposition data are provided as 5 km grid average values for the 358 

following landcover types (Bealey & Dore, 2017): arable, grassland, urban, forest and 359 

low-growing semi-natural vegetation. Mapping of land cover types required as model 360 

input was based on the Corine 2012 landcover data (European Union, 2017) using a 361 

correspondence table (available in the supplementary materials, Table S IV). Mapping 362 

and fractions of different land cover types within the domain are also represented in the 363 

supplementary materials (Figure S 13). 364 

2.2.2. Evaluation 365 

Model results were evaluated using mean concentrations from observations in 366 

background stations of: (1) the Portuguese Environmental Agency (Agência Portuguesa 367 

do Ambiente, 2017); (2) the airbase stations covering the Spanish part of the domain 368 

(European Environmental Agency, 2018); (3) EMEP monitoring stations (Norwegian 369 

Institute for Air Research, 2017). Medium, pollutants and units are listed in Table I and 370 

station locations are represented in Figure 3A and B. As FRAME does not include 371 

photochemistry and only includes secondary inorganic aerosols, it is not possible to 372 

evaluate model performance for O3 (ozone) or PM2.5 (particulate matter with a 373 

diameter of less than 2.5 micrometers) concentrations. 374 

 375 

Table I: Components used in the evaluation of model results 376 

Database Medium Pollutant Units 

APA + Airbase Air NOx; SO2 µg·m
-3

 

EMEP 

Air and aerosol NH3 + NH4
+
; NO3

-
 + HNO3 µg·m

-3
 

Precipitation 
NO3

-
; NH4

+
 mg N·L

-1 

xSO4
-2

 (sea salt corrected) mg S·L
-1 

 377 

Only EMEP airbase and APA background stations in Portugal and Spain (within the 378 

domain), showing a data capture of 75% on an annual basis in 2015, were used. Box-379 

plot diagrams of the values for the different measured pollutants within the domain are 380 

represented in Figure 3C. 381 

 382 

Figure 3: (A) Location of APA and airbase measurement stations (see text for 383 

explanation); (B) Location of EMEP measurement stations (see text for 384 

explanation); (C) Box-plot diagrams for average N and S compounds in 2015 385 



measured in the air and aerosol; (D) ) Box-plot diagrams average N and S 386 

compounds in 2015 measured in the precipitations 387 

 388 

Following recommendations by Chang & Hanna (2004, 2005), several statistical 389 

measures were used to evaluate model performance, comprising: fraction of predictions 390 

within a factor of two of observations (FAC2); relative mean bias or fractional bias as a 391 

ratio of M/O (FBM/O) and the normalized mean square error (NMSE) (described in 392 

section 6 of the supplementary materials). 393 

According to Chang & Hanna (2004, 2005), a model performs adequately when 394 

FAC2 ≥ 50%, FB ≤ 30% (corresponding to a FBM/O between 0.7 and 1.3) and 395 

NMSE ≤ 1.5 (representing a random scatter of about a factor of 2 or 3 of the mean). 396 

Furthermore, a model is considered as fit for purpose based on a comprehensive 397 

acceptance criterion of 50%, meaning that at least 50% of performance criteria are met 398 

(cf. Hanna & Chang, 2010). Statistical measures for the evaluation of model 399 

performance were determined for both FRAME and EMEP modelling results, within 400 

the domain. 401 

3. Results 402 

Scatter plots showing predictions against observations, separated by country, are shown 403 

in Figures 4 and 5. Performance criteria were determined using Portuguese stations only 404 

and all stations in the domain (Table II). 405 

 406 

Figure 4: Scatter plots of the annual average modelled concentration with 407 

measurements from the monitoring network, PT represents stations in Portugal 408 

and SP in the rest of the domain (in Spain): (A) NOx in the air; (B) SO2 in the air; 409 

(C) NH3 in the air and NH4
+
 in aerosols; (D) HNO3 in the air and NO3

-
 in aerosols. 410 

Full line represents M=O and dashed line represents a factor of 2 used in the 411 

evaluation 412 

 413 

Figure 5: Scatter plots of the annual average modelled concentrations in the 414 

precipitations with measurements from the monitoring network, PT represents 415 

stations in Portugal and SP in the rest of the domain (in Spain): (A) NH4
+
; (B) NO3

-
416 

; (C) xSO4
-2

. Full line represents M=O and dashed line represents a factor of 2 used 417 

in the evaluation 418 

 419 

Table II: Performance criteria (fraction of predictions within a factor of two of 420 

observations - FAC2, fractional bias in the ratio of   to   -FBM/O and normalized mean 421 

square error - NMSE).  422 

Medium Pollutant N* 
FRAME EMEP 

FAC2 FBM/O NMSE FAC2 FBM/O NMSE 

Air NOx 

PT 31 0.81 0.65 0.40 0.39 0.49 0.84 

SP 35 0.63 0.79 0.39 0.31 0.41 1.68 



PT+SP 66 0.71 0.71 0.40 0.35 0.45 1.18 

SO2 

PT 12 0.50 1.63 2.51 0.50 1.12 2.24 

SP 36 0.25 0.41 2.75 0.11 0.23 4.76 

PT+SP 48 0.31 0.49 2.82 0.21 0.29 4.55 

Air and 

aerosol 

NH3+ 

NH4
+
 

SP 5 0.80 1.16 0.19 1.00 1.05 0.14 

NO3
-

+HNO3 
SP 5 1.00 1.40 0.19 0.80 1.25 0.11 

Precipitation 

NH4
+
 

PT 2 0.50 1.83 0.42 1.00 0.95 0.10 

SP 4 0.50 2.03 0.85 0.50 1.22 0.25 

PT+SP 6 0.50 1.98 0.83 0.67 1.16 0.25 

NO3
-
 

PT 2 1.00 0.58 0.32 0.00 0.41 0.91 

SP 4 0.50 2.04 0.69 0.75 1.20 0.28 

PT+SP 6 0.67 1.18 0.46 0.50 0.73 0.64 

xSO4
-2

 

PT 2 0.50 0.50 0.49 0.00 0.37 1.06 

SP 4 1.00 1.06 0.11 0.50 0.71 0.25 

PT+SP 6 0.83 0.76 0.34 0.33 0.53 0.78 

PT represents stations in Portugal, SP represents stations in Spain. The same information is 423 

provided for EMEP modelling results for comparison purposes. *N –number of observation 424 

points. Blue cells - fit for purpose; green cells - two out of three criteria were observed; yellow 425 

cells – one criterion was observed; red cells – no performance criteria were achieved 426 

 427 

Across the whole domain, modelled NOx concentrations comply with the FAC2 criteria 428 

(71%), the NMSE of 0.40 is below the recommended value of 1.5, while the FBM/O is 429 

0.71, representing a systematic underestimation of predicted values. This can be clearly 430 

seen for both Portuguese and Spanish datasets in Figure 4A. Modelled SO2 431 

concentrations in the domain do not fulfil any of the criteria, showing an overestimation 432 

in Portugal (FBM/O of 1.63) resulting from weighting overestimation in some places and 433 

underestimation in others and a general underestimation in Spain (Figure 4B), which is 434 

reflected in a FBM/O of 0.49 within the domain. 435 

80% to 100% of modelled values of NH3+NH4
+
 and of NO3

-
+HNO3 in the air and 436 

aerosols are within FAC2 of observations, while FBM/O is under 30% and NMSE under 437 

0.19, indicating a good model fit for these species. 438 

Regarding wet deposition, or concentration in the precipitation (Figure 5), the reduced 439 

nitrogen form (NH4
+
) fulfils two out of three performance criteria, with modelled values 440 

being overestimated, with a bias of 1.98. Model evaluation of concentration in the 441 

precipitation of the oxidized nitrogen form (NO3
-
) and reduced sulfur (xSO4

-2
) agrees 442 

with all performance criteria proposed by Chang & Hanna (2004, 2005). Wet deposition 443 

of oxidized nitrogen is overestimated, with a bias of 1.18, and wet deposition of 444 

oxidized sulfur in underestimated, with a bias of 0.76 (24%). 445 

Comparison between FRAME’s and EMEP’s results represented by performance 446 

criteria (Table II) show that, although EMEP performs better for some of the 447 



components, results using the FRAME model are fit for purpose for a higher number of 448 

components.  449 

The spatial distribution of modelled concentrations of NOx, NH3 and SO2 in the air, 450 

depicted in Figure 7, appear to follow the spatial pattern of emissions. These results 451 

show, together with scatter plots, contrasting concentrations of NOx, SO2 and NH3 452 

between Portugal and western Spain. Portugal shows higher concentrations of NOx and 453 

SO2, especially along the western coastline. Regarding NH3 concentrations, the opposite 454 

occurs: western Spain shows higher concentrations, and the abrupt change at the border 455 

between both countries reflect a similar contrast of NH3 emissions (Figure 2B). 456 

Correspondingly, in activities related to livestock and agriculture, the Portuguese total 457 

of NH3 emissions within the domain is only 16% (Figure 2). Moreover, scattered grid 458 

cells containing higher NH3 concentrations correspond to NH3 LPS emission facilities, 459 

mostly comprising livestock sector activities (e.g. intensive rearing of poultry or pigs) 460 

(more information available in Figure S 2 of the supplementary materials). 461 

 462 

Figure 6: Spatial distribution of (A) NOx, (B) NH3 and (C) SO2 concentration in 463 

2015 obtained using FRAME 464 

 465 

Wet and dry deposition maps for oxidized and reduced N and oxidized S are represented 466 

in Figure 7 (the same parameters from the EMEP model are presented in Figure S 14 of 467 

the supplementary materials). Wet deposition occurs in the northern part of the domain, 468 

in locations with higher precipitation, while dry deposition appears to follow the spatial 469 

pattern observed in emissions: oxidized N follows NOx emissions; reduced N shows a 470 

relationship with NH3 emissions; and S deposition follows SOx emissions, as expected. 471 

Similarly to what was observed in the concentration maps, dry deposition shows a trend 472 

within the domain, with higher deposition of oxidized N and S along the coastline. 473 

Furthermore, reduced N deposition maps (wet and dry) (Figure 7B and E) also show 474 

higher background values in eastern parts of the domain. 475 

 476 

Figure 7: Spatial distribution N and S deposition in 2015 obtained using FRAME. 477 

(A) wet deposition of oxidized N; (B) wet deposition of reduced N; (C) wet 478 

deposition of oxidized S; (D) dry deposition of oxidized N; (E) dry deposition of 479 

reduced N; (D) dry deposition of oxidized S 480 

 481 

Total deposition values (wet and dry) of oxidized N and S and reduced N, obtained with 482 

the FRAME and EMEP are presented in Table III (differentiated by landcover type in 483 

Table S V of the supplementary materials). 484 

 485 

Table III: Total wet and dry deposited oxidized N, reduced N, and oxidized S 486 

contributions from Portugal and from the whole domain, obtained with FRAME and 487 

EMEP models 488 



Components 
Oxidized N 

(Gg N) 

Reduced N 

(Gg N) 

Total N 

(Gg N) 

Sulfur 

(Gg S) 

Models 
FRAM

E 

EME

P 

FRA

ME 

EME

P 

FRA

ME 

EME

P 

FRA

ME 

EME

P 

Portugal 
Wet dep. 15 9 18 11 33 20 11 7 

Dry dep. 13 12 18 12 31 25 8 6 

Spain 
Wet dep. 41 22 63 39 104 60 29 19 

Dry dep. 27 23 55 36 82 58 14 9 

Domain 

Wet dep. 56 31 81 50 137 80 40 26 

Dry dep. 40 35 73 48 113 83 22 15 

Total dep. 96 65 155 98 250 163 62 41 

 489 

N and S deposition rates are similar between landcover types, being slightly higher for 490 

forests and urban areas, respectively. For all land cover types, reduced N deposition is 491 

higher than oxidized N deposition (averaging 61% against 39%). There is more wet 492 

deposition than dry deposition across all landcover types (averaging 56% for N and 493 

66% for S, respectively), except for urban areas (48% for N and 47% for S, 494 

respectively). 495 

Total deposition values of N and S throughout the domain obtained with the FRAME 496 

model are higher than the values obtained with the EMEP model. Contrasts between 497 

models are higher for wet deposition and for N, showing a consistent ratio of ~1.7 498 

within the domain. Dry deposition obtained with FRAME is also higher, by a ratio of 499 

~1.3. For S, differences are also higher for wet deposition (increase in a factor of 1.5) 500 

than for dry deposition (decrease in a factor of 1.4). 501 

Differences between models have significant implications in both N and S deposition 502 

within the domain. N and S deposition determined by FRAME is significantly higher, 503 

which can be observed in both the spatial distribution (see Figure 7 and Figure 8 for 504 

deposition obtained with FRAME and Figure S 14 and S 15 in the supplementary 505 

materials for deposition obtained with EMEP) and in national totals (Table III). In 506 

general, regions with higher N and S deposition are the same, however the magnitude of 507 

deposition is different. For example, results obtained with FRAME estimate N 508 

deposition below 5 kg N·ha
-1

·year
-1

 in only 5% of the territory (against 53% obtained 509 

with EMEP), between 5-10 kg N·ha
-1

·year
-1

 in 78% (against 44% with EMEP) and 510 

between 10-20 kg N·ha
-1

·year
-1

 in 17% (against 1.7% with EMEP). Moreover, FRAME 511 

dry deposition maps allow to identify a larger number of deposition hotspots, which are 512 

diluted in the EMEP maps due to the averaging over larger areas 513 

Spatial patterns in total deposition (Figure 8) show higher N deposition in the northern 514 

and eastern part of the domain, reflecting a larger contribution from reduced N. 515 

Accordingly, and similarly to NH3 concentration maps, scattered grid cells containing 516 

higher N deposition are related to NH3 LPS livestock husbandry facilities. N deposition 517 

throughout the domain ranges from 3 to 38.6 kg N·ha
-1

·year
-1

, averaging ~8 kg N·ha
-

518 
1
·year

-1
 across the domain and ~7 kg N·ha

-1
·year

-1
 in mainland Portugal. 519 

S deposition is higher along the coastline (Figure 8 B). Maximum values occur around 520 

LPS of SOx emissions, related to the production of energy and industrial activities (for 521 

more information consult the supplementary materials, Figure S 3 A and B), while 522 

background values follow the spatial pattern of precipitation and of SOx emissions 523 



related with shipping, represented by higher deposition (more information available in 524 

Figure S 3 of the supplementary materials). S deposition throughout the domain ranges 525 

from 0.9 to 60 kg S·ha
-1

·year
-1

, averaging ~2 kg S·ha
-1

·year
-1

 in both the domain and in 526 

mainland Portugal. 527 

 528 

Figure 8: (A) Total N deposition and (B) total S deposition in 2015 within the SW 529 

Europe domain (Western Iberia: Portugal and W Spain) obtained using FRAME; 530 

(C) Delimitation of functional urban areas (OECD, 2016; 2019) and location of 531 

LPS related with industries and respective NOx, NH3 and SOx emissions (The 532 

European Pollutant Release and Transfer Register, 2018) 533 

 534 

4. Discussion 535 

Model results for western Iberia were evaluated using independent measurement data 536 

from air quality monitoring stations in mainland Portugal and western Spain. This 537 

evaluation revealed that all maps for N pollutants were fit for purpose (following the 538 

criteria set by Hanna & Chang, 2010). Therefore, this work represents a significant 539 

improvement over existing maps (such as the EMEP model), both in terms of spatial 540 

resolution and evaluation results. The FRAME model performs better than the EMEP 541 

model within the domain as follows: (1) The EMEP model uses a lower vertical (20 542 

layers instead of 33) and horizontal resolution (~10 km×10 km instead of 5 km×5 km); 543 

(2) EMEP is intended to evaluate pollution concentration and deposition at the 544 

European scale and is more focused on detecting the amount of transboundary 545 

pollutants rather than identifying local hotspots within countries. 546 

Similar differences in reduced N concentrations and deposition obtained with both 547 

models have been attributed to the both the low resolution of EMEP and the large height 548 

of the lowest layer (90 m), which makes it difficult to simulate the large vertical 549 

gradient of ammonia above sources (van Pul et al., 2009b; Kryza et al., 2010). 550 

Differences in deposition have significant implications on the identification and 551 

magnitude of deposition hotspots, which are diluted in the EMEP maps due to 552 

averaging over larger areas. This is particularly relevant for the determination of critical 553 

loads exceedances and for the protection of ecosystems. In Europe, the protection of 554 

ecosystems focuses foremost on the Natura 2000 network, which includes regions of 555 

core breeding and resting sites for rare and threatened species. Empirical N critical loads 556 

(CLs) summarized in Bobbink and Hettelingh (2011) are available for only 36% of the 557 

region contained within the Iberian Peninsula’s Natura 2000 reserves. Regardless, and 558 

for the ecosystems with available CLs, the comparison of N deposition obtained with 559 

FRAME with minimum CLs indicates that 38% Natura 2000 sites are at risk of 560 

eutrophication (Figure S 16A and Table S VII in the supplementary materials). This 561 

value more than triples the 12% obtained with N deposition maps from EMEP (Figure S 562 

16B and Table S VII in the supplementary materials). Considering that there is still no 563 

information regarding ecosystem specific CLs for 64% of the territory within the 564 

reserves, the areas with ecosystems at risk of eutrophication are likely to be much larger 565 

than reported. 566 



Model results presented here meet all performance criteria suggested by Chang & 567 

Hanna (2004, 2005) for air concentration of NOx, air and aerosol concentration of 568 

NH3+NH4
+
 and for wet deposition of S and oxidized N. For air and aerosol 569 

concentration of NO3
-
+HNO3 and for wet deposition of reduced nitrogen (concentration 570 

of NH4
+ 

in the precipitation), two out of three performance criteria (FAC2≥50% and 571 

NMSE≤1.5) were met. Finally, and only for air concentration of SO2, no performance 572 

criteria were met. Under and over-predictions obtained by FRAME in different 573 

components shows an overall similar trend to EMEP modelling bias within the domain. 574 

In particular, the overestimation of N wet deposition may be partially attributed to an 575 

overestimation of higher precipitation values, which has been detected as a frequent 576 

source of uncertainty in air pollution modelling (cf. Im et al., 2013, Dore et al., 2015). 577 

Furthermore, it could also be a result of an overestimation of N concentration in the air, 578 

deriving from the reduced form, ammonia, given that FRAME underestimated NOx. 579 

Unfortunately, there are no observations of atmospheric NH3 concentrations available 580 

within the domain to either support or contradict this possibility. 581 

There are large contrasts of oxidized N and S concentrations and deposition between the 582 

Portuguese and Spanish regions of the domain. This is particularly evident along the 583 

coast, downwind of the international shipping routes, and can be attributed to shipping 584 

emissions reaching the coastal grid cells. The large influence of international shipping 585 

emissions on the deposition in coastal regions has been addressed by Dore et al. (2007). 586 

This interpretation is also supported by the work of Gauss et al. (2016a, b), which 587 

indicated that the contribution to S and oxidized N deposition in Portugal and Spain due 588 

to international shipping in 2014 reached 25% and 19%, respectively, and that N and S 589 

deposition due to transboundary air pollution in coastal grid cells represents, in general, 590 

over 60%, reaching 100% in some locations. 591 

However, emissions from international shipping are not the only reason for the existing 592 

contrast between the two countries. Performance criteria for modelling results revealed 593 

a different spatial pattern in the Portuguese and Spanish regions of the domain for SO2 594 

concentrations in the air: Portuguese predictions are generally overestimated, showing 595 

both high magnitude under and over predictions (reaching 3-4 g·m
-3

), while Spanish 596 

predictions are mostly highly underestimated. This is also visible in the EMEP 597 

modelling results. The presence of both over and under predictions has been described 598 

by other authors (cf. Fournier et al., 2004) and attributed to the aggregated character of 599 

the LPS information available. A better LPS emission inventory, separating 600 

contributions from low-level sources (below ~10 m) from higher emissions related to 601 

combustion products from the smokestacks (above ~30 m), could allow better vertical 602 

discrimination of emissions being fed into the model. Instead, emissions from these LPS 603 

are exclusively allocated to smoke-stack elevations, which generates lower SO2 near the 604 

emission sources and higher concentrations further away. For the Spanish region of the 605 

domain the situation is different as large under-estimations frequently occur (results in 606 

this paper and in Gauss et al., 2017). This could be related to one or a combination of 607 

several possibilities: (1) under-estimation of SOx emissions; (2) exclusion of relevant 608 

wind components carrying pollutants from regions located in the eastern of the domain; 609 

(3) overestimated NH3 emissions which interact with SO2 forming sulphate aerosol; (4) 610 

or another systematic bias as yet unknown. 611 



The influence of site-specific wind regimes in the Mediterranean has been identified by 612 

other authors as the main reason for poor model performance. Fagerli et al. (2017) 613 

attributed lower modelled aerosols at high temporal resolution observed in Spain to 614 

west-directed wind components originated in the Mediterranean during the summer. In 615 

fact, Spain is characterized by regions with strong seasonal variations in the main wind 616 

direction, which contrast with a generalized west-ward tendency observed in Portugal 617 

(cf. Lorente-Plazas et al., 2015). If this were the case, one would expect that N 618 

concentration would show the same pattern. However, there is no under-estimation of N 619 

concentration in the air in the Spanish part of the domain and there is even a slight 620 

overestimation in aerosols. Given this scenario, it is highly unlikely that winds crossing 621 

regions such as Madrid and the south-facing Spanish Mediterranean coastline, which 622 

are relevant sources of SO2 and NOx emissions (from industry/domestic fuel 623 

combustion and international shipping, respectively), exclusively contribute with a 624 

significant amount of SO2 that is then transported within our domain. 625 

Furthermore, the presence of high NH3 concentrations contributes to the formation of 626 

sulphate aerosol, by reaction with SO2 (Fournier et al., 2004; Vieno et al., 2010). In fact, 627 

NH3 emissions derived from the Spanish region of the domain are much higher than 628 

those derived from Portugal, mostly related to livestock production and agricultural 629 

activities, which can be seen by comparing both sides of the border (more information 630 

available in Figure S 2 of the supplementary materials). An overestimation of NH3 631 

emissions in the Spanish region of the domain could be responsible for the removal of a 632 

higher proportion of the SO2 and cause its under-estimation. Unfortunately, NH3 633 

observations are too few and far between, and can only give us a general idea of model 634 

performance and there are no observations of sulphate aerosol within the domain to 635 

cross-check with modelling results. However, there is no clear indication of 636 

overestimation in the air and aerosol concentration of NH3+NH4
+
 nor of xSO4

-2
 in 637 

precipitation. Although there is a significant over-estimation of wet deposition of 638 

reduced N (~98%), the spatial distribution of this component reflects the precipitation, 639 

most likely representing an overestimation in precipitation, rather than of NH3 640 

emissions. Furthermore, the large contrast between Portuguese and Spanish NH3 641 

emissions also appears in independent NH3 emission inventories based on mixed 642 

bottom-up and top-down methodologies for livestock and agriculture activities, 643 

respectively (cf. Moran et al., 2016). This further weakens the hypothesis of the 644 

overestimation of NH3 emissions as the reason for low SO2 concentrations in Spain. To 645 

further test this hypothesis, we ran an additional simulation with the FRAME model, 646 

and reduced the NH3 emissions by 50% within the domain. Results show that, in this 647 

new scenario, performance criteria for SO2 concentrations within the domain are even 648 

worse than before and continue to show an underestimation of this pollutant in Spain 649 

(more information available in Table S VIII of the supplementary materials). All this 650 

information combined indicates that the underprediction of SO2 is not the result of 651 

excess NH3. 652 

Summarizing, the most logical conclusion is that the source of low modelled SO2 653 

concentration in the Spanish region of the domain is related to an under-estimation of 654 

SOx emissions. Taking this into consideration, and assuming that the spatial pattern in S 655 

deposition in Portugal is close to reality, the use of the resulting S deposition map as an 656 

absolute tool is, at this time, premature. Regarding N concentration and deposition, 657 



model results are fit for purpose and the maps presented in this work correspond to the 658 

best available knowledge for Portugal. Moreover, differences between nitrogen 659 

deposition in Portugal and in the Spanish region of the domain are most probably real 660 

and represent differences in production volumes associated with livestock and 661 

agriculture (Henrard & Forti, 2016). 662 

Within the domain, N deposition is mostly dominated by reduced N (62%), with the 663 

oxidized form prevailing in urban and industrial areas and in coastal locations. This 664 

trend is commonly observed across central-western Europe, where oxidized N 665 

deposition has been shown to be more prevalent in urban and industrial areas (Hertel et 666 

al., 2011). Estimated and measured N deposition at 4 measurement stations in 667 

Mediterranean forests in Spain showed a dominance of oxidized forms (~69%) over 668 

reduced forms of N (cf. García-Gómez, et al., 2018). These values contrast with lower 669 

contributions of oxidized forms obtained using FRAME (minimum of 38% across 670 

arable, grass and forests and maximum of 41% across urban areas) and differences 671 

could be related to a proximity between NOx emissions and the measurement stations 672 

used in the Spanish study, which are mostly peri-urban. Taking this into consideration, 673 

and given the similar pattern of emissions and deposition, actions to reduce total 674 

nitrogen deposition should focus on target areas, e.g. in urban areas on reducing NOx 675 

emissions from transport and from industrial activities. This will have the added benefit 676 

of reducing pollution affecting human health (Sustainable Development Goal 3.9 in 677 

United Nations, 2015). In rural areas, the focus should be on reducing NH3 emissions, 678 

which are mostly related to agriculture/livestock activities. This is critical for protecting 679 

biodiversity because, as in many Mediterranean countries, biodiversity-rich areas occur 680 

close to or even dependent on some agricultural activity (cf. Pinho et al., 2018). 681 

The relative contributions of dry and wet N deposition seem balanced across the domain 682 

(55% wet deposition, 53% over forests), contrasting with ~77% contribution of dry 683 

deposition measured in Spanish forests (García-Gómez, et al., 2018). This suggests that 684 

dry deposition could be underestimated by FRAME when applied to Mediterranean 685 

countries, possibly due to model parameterizations being focused on UK conditions 686 

(Smith et al., 2000). Model results suggest that, in general, dry deposition occurs mainly 687 

in coastal areas, which comprise higher urban density and consequently, higher 688 

emissions. Taking into consideration climate change scenarios which suggest a 689 

generalized increase of aridity (due to increased evapotranspiration) and agricultural 690 

intensification (Lickley & Solomon, 2018), an increase of dry deposition is to be 691 

expected. Nitrogen dry deposition creates higher concentrations at the vegetation 692 

surface, when compared to wet deposition (Levy et al., 2018), implying that the impact 693 

of nitrogen on biodiversity may increase in the future, due to an expected increase in dry 694 

deposition under climate change. 695 

The average contribution to S deposition across western Iberia, of ~2 kg S·ha
-1

·year
-1

, is 696 

lower than the 2015 European average of 5.8 kg S·ha
-1

·year
-1

 (Engart et al., 2017) and 697 

significantly lower than average measurements made in Northern China up to 2010, of 698 

64.8 kg S·ha
-1

·yr
−1

 (Pan et al., 2013). In what concerns average N deposition around 699 

2015, the value obtained for the domain, of of 8.2 kg N·ha
-1

·yr
−1

, is higher than global 700 

averages (<2 kg N·ha
-1

·yr
−1

), but similar to European averages of 7-8 kg N·ha
-1

·yr
−1

 701 

(Engart et al., 2017; Ackerman et al., 2019). However, it is substantially lower than the 702 

largest worldwide deposition rate above 50 kg N·ha
-1

·yr
−1

 estimated for Central China 703 

(Jia et al., 2016; Engart et al., 2017; Ackerman et al., 2019). 704 



One major difficulty associated with air pollution modelling for the study area is the 705 

lack of observations to evaluate model performance. This is especially true for 706 

systematic NH3 concentration monitoring, which is absent throughout the entire 707 

domain. The available measurements correspond to a small number of stations, all 708 

located in Spain, measuring combined gaseous and particle phases. The same situation 709 

occurs with stations measuring wet deposition, for which there are only 6 stations 710 

available throughout the domain (2 in Portugal and 4 in Spain). Ultimately, the higher 711 

the number and denser the spatial coverage of observations used in model evaluation, 712 

the higher the confidence in modelling results. The lack of spatial coverage of 713 

measurement stations, especially for ammonia, has been identified has a limiting factor 714 

in model evaluation (Benedictow et al., 2010; Gauss et al., 2017). To improve 715 

concentration/deposition modelling, and no matter how accurate the input data are, an 716 

adequate number of spatially dispersed and regionally representative observations are 717 

required. This greatly reinforces the need to establish a systematic monitoring network 718 

measuring atmospheric ammonia concentrations in Portugal and also the need to add 719 

more measurements of wet deposition. 720 

5. Conclusions 721 

Here we provide 5 km×5 km resolution maps for atmospheric N and S pollution in the 722 

western Iberian Peninsula, using the FRAME model. These maps represent a significant 723 

improvement from the existing available information from the EMEP model with a 724 

~10 km×10 km resolution. The FRAME model proved fit for purpose for N and these 725 

results comprise a stepping stone for future refinement of horizontal model resolution. 726 

N deposition presents a larger contribution from reduced N, reflecting NH3 emissions 727 

which are mostly associated with livestock farming and other agricultural activities. 728 

Tackling farming emissions in addition to combustion sources is essential when 729 

applying abatement strategies to meet the NEC Directive, for meeting national targets. 730 

Results also show that efforts to reduce N pollution in western Iberia should be mostly 731 

focused on reducing NH3 emissions in rural areas and, to a lesser extent, NOx emission 732 

in urban and industrial areas. 733 

Climate change may contribute to an increased importance of dry deposition of N and 734 

increase the negative impacts of excess atmospheric N on biodiversity. We also identify 735 

that key improvements for the existing Portuguese air quality monitoring network 736 

should focus on establishing a national network for measuring concentrations of 737 

reduced nitrogen (NH3, NH4
+
) and on improving the density of stations measuring wet 738 

N deposition. 739 
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