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Abstract 

Forest fires are a major emission source of pollutants to the atmosphere with 
several adverse impacts on human health and ecosystems either at local, regional 
or global scales. Entire populations can be exposed to hazardous concentrations 
of toxins, especially when fire occurs in the vicinity of cities, as recently drawn 
by large wildfires in Southeast Asia, Australia, South America or Russia, but 
also Southern Europe, namely in Portugal. Nowadays there is a growing concern 
about the increase in both the frequency and the severity of forest fires spreading 
in the urban wildland interface (WUI) as a consequence of the escalation of 
urban development among or adjacent to wildlands. The main purpose of this 
paper is to estimate the impact of wildland forest fires on the air quality of a city 
in Portugal. Aiming to take into account the effect of a larger atmospheric scale 
in the very local urban one, a multi-scale approach was adopted, which implied 
the link between a chemistry-transport mesoscale model (LOTOS-EUROS) and 
a microscale computational fluid dynamics (CFD) model. Forest fire emissions 
were estimated based on specific southern European emission factors, type of 
vegetation, area burned and fire behaviour, and were incorporated in the 
emission input data of the numerical modelling system. Results confirm the 
strong impact of forest fires on the urban air pollution levels. Statistical 
indicators were used to validate the modelling application through the 
comparison of results to measured air quality data. This modelling approach has 
got very good performance skills showing the possibility of applying this kind of 
system to analyse the relation between forest fires and urban air pollution. 
Keywords: smoke, forest fires, wildland urban interface, numerical modelling, 
multi-scale, urban air quality. 
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1 Introduction 

Smoke has to be considered as one of the several disturbing effects of forest 
fires. Its impacts on air quality and human health can be important since large 
amounts of pollutants, like particulate matter (PM), carbon monoxide (CO), 
volatile organic compounds (VOC) and nitrogen oxides (NOx), are emitted to the 
atmosphere [1–5]. The acute air pollution episodes caused by fires in Amazonia, 
Indonesia and Philippines in 1997, drawn worldwide attention to the problem. 
The effects of these emissions are felt at different levels: from the contribution to 
global climate change to the occurrence of local atmospheric pollution episodes 
[6–8]. Currently, there is a growing awareness that smoke from wildland fires 
can expose individuals and populations to hazardous air pollutants. The World 
Health Organization (WHO) has even provided guidelines for forest fire episodic 
events to protect the public from adverse health effects [9], particularly in the 
wildland urban interface (WUI) due to the highest risk of human exposure. 
     The study of smoke dispersion and chemistry in the analysis of WUI fires is a 
vital task in order to prevent the exposure of population to hazardous 
concentrations of air pollutants. The “Black Christmas” bushfires in 2001 – 2002 
in New South Wales, Sydney, is an example of a WUI which impact was largely 
known due to its dimension. This disaster “surrounded Sydney in a ring of 
flames” and clouded the city in a haze of smoke [10]. In southern Europe several 
cities have been affected by air pollution episodes resulting from forest fires 
occurrences. In the summer of 1997 the city of Marseille, France, experienced an 
important air quality problem mainly related to the forest fires spreading at the 
Étoile Mountain [7]. Athens is another city that has been facing several air 
quality problems related to forest fires emissions. In Portugal, the summer of 
2003 was considered the most devastating of the last decade in terms of forest 
fires, and this is clearly reflected in the values measured by the air quality-
monitoring networks [11]. Several air quality stations registered extremely high 
pollutant concentrations due to fire emissions and transport from surrounding 
areas. Also more than one thousand people (mainly civilian) needing medical 
assistance due to smoke intoxications, burns and wounds from forest fires in 
Portugal were reported [12].  
     Smoke dispersion numerical modelling allows the understanding of how 
pollutants emitted by a forest fire will be transported, dispersed, and will suffer 
chemical transformations in the atmosphere, estimating the resulting air 
pollutants concentration fields. Several studies have been addressing the 
problematic of smoke transport along wide regions in the globe and its impacts 
in hemispheric emissions [13, 14]. On the other hand, there are some modelling 
systems aiming to simulate forest fires effects on air quality [15–17] in order to 
better understand and predict potential consequences namely on human 
exposure, air quality management strategies and international policy 
commitments.  
     This paper aims to estimate the effects of WUI forest fires on the air quality 
of a Portuguese city through the application of a multi-scale modelling system, 
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and also to evaluate its performance comparing results with air pollutants 
concentration measured values.  

2 The modelling approach 

Aiming to capture the effects of larger atmospheric scale on the smaller one a 
multi-scale approach was adopted for the evaluation of the impact on air quality 
of forest fires spreading in a WUI. Thus a mesoscale air quality model, LOTOS-
EUROS, was applied to a larger area with a coarser spatial resolution. Thereafter 
its air quality estimates were used as boundary conditions to a CFD model, 
FLUENT, which was applied to an area in the centre of the city with a much 
higher spatial resolution.  

2.1 LOTOS-EUROS 

The LOTOS-EUROS model [18] is a mesoscale chemistry transport model 
(CTM). It includes the ozone (O3) chemistry using a modified CBM4 mechanism 
and incorporates primary particles (elemental carbon and organic carbon), sea 
salt and secondary inorganic aerosols. Crustal matter and secondary organic 
aerosols are not incorporated. In the vertical the model has four layers up to 
3,500 m following the dynamic mixing layer approach. It was applied first at a 
continental scale (with 35 × 25 km2 resolution) and then to mainland Portugal 
domain, using the same physics and a one-way nesting technique, with 17.5 x 
12.5 km2 horizontal resolution. Hence, the option to zoom in a factor of 2 over 
Portugal using a one-way nest with boundary conditions obtained from 
simulation over the full domain was used. Anthropogenic emissions were 
obtained from a Europe wide emission inventory made at TNO [18]. For a 
detailed discussion on the model performance for PM, O3, and its components 
(see Schaap et al. [18]). 

2.2 FLUENT 

The commercial CFD (Computational Fluid Dynamics) model FLUENT (v. 
6.1.18 for UNIX platforms) was used as the local scale model. The application of 
this tool with complex urban environments was validated by the authors in 
previous works [19, 20]. The flow and dispersion fields were modelled with an 
Eulerian approach, using the k-ε turbulence model. 

3 Case study 

Like the 2003 fire season, the 2005 season also was a critical one, with a huge 
number of wild fires burning forested areas in Portugal. In August 2005 several 
forest fires have been spreading in the vicinity of Coimbra. Coimbra is one of the 
most important urban centers of Portugal after the much larger Lisbon 
Metropolitan Area and Porto Metropolitan Area conurbations, and plays a role as 
the chief urban centre of the central part of the country. Over 430,000 inhabitants 
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live in the Greater Metropolitan Area of Coimbra (GMAC) made of 16 
municipalities comprising a 3,372 km² territory.  
     At the end of August, particularly in 21 and 22, Coimbra suffered the effects 
of smoke from WUI forest fires. The urban air quality monitoring network 
registered the impact of this smoke on the concentration values. Figure 1 shows 
the extensive area burned near the city limits of Coimbra.  

 

 

Figure 1: Satellite image from the 24th of August 2005 showing the 
extensive area burned near the city limits of Coimbra [21]. 

     Because of its urban/wildland characteristics, high population density, and 
hence higher risk of human exposure to smoke, and the high levels of pollutants 
registered, Coimbra forest fires are a very interesting case for the study of the 
influence of forest fires emissions on air quality. 

3.1 Forest fire emissions 

Along 21 and 22 of August 2005 three major forest fires were spreading in 
GMAC, burning a total area of 6,000 ha. Table 1 presents the main 
characteristics of these fires.  

Table 1:  Data concerning the WUI forest fires in Coimbra. 

Ignition point Alert Extinction 
District Location 

Lat (º) Lon (º) Date Time Date Time 

Area 
burnt 
(ha) 

Coimbra 40.183 -8.353 21-08-2005 17:10 27-08-2005 12:00 3,773 

Poiares 40.230 -8.305 21-08-2005 13:45 24-08-2005 13:00 1,835 Coimbra 

Penacova 40.296 -8.210 22-08-2005 13:02 22-08-2005 13:59 494 
 
     Emissions from these forest fires have been estimated using a simple 
methodology, which includes emission factors, burning efficiency, fuel loads and 
area burned:  

ii FEBAE ×××= β                    
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in which: A – available fuel area (m2); B – fuel load (kg m-2); β – burning 
efficiency; FEi – emission factor for pollutant i (g kg-1); and Ei – emissions for 
pollutant i (g).  
     Specific values for Portugal were selected based on data from the 
National Forest Inventory, on the characteristics of the consumed forest type 
and shrubs, and fire data like ignition point and time and area burned. 
Emission factors for CO, methane (CH4), non-methane hydrocarbons 
(NMHC), PM2.5, PM10, and NOx came from a bibliographic review that 
allowed to select the most suitable for south European ecosystems, namely 
for the Portuguese land use types [16].  Table 2 shows the estimated emission 
values for each fire and each pollutant. 

Table 2:  Averaged hourly emission rates for the WUI forest fires (ton h-1). 

Emission rate (ton h-1) Location 
PM10 CO NOx NMHC CH4 PM2.5 

Coimbra 8.266 75.198 3.198 4.951 3.763 7.224 

Poiares 5.666 51.982 2.097 3.244 2.606 4.938 

Penacova 1.203 11.321 0.335 0.595 0.571 1.041 
 
     These emission rate values were given as input data to LOTOS-EUROS. A 
typical profile of hourly spreading of forest fires along a day was used to 
estimate the hourly variability of burned area for the period under analysis. 

3.2 Air quality simulations 

Both air quality models were applied on a hourly basis for the estimation of the 
following air pollutants concentrations: PM10, NO2 and O3, in the period from 1 
p.m. on the 21st to 1 p.m. on the 22nd of August 2005. For each of the considered 
pollutants, concentration values resulting from LOTOS-EUROS application 
were defined at the inflow boundaries of the local scale domain. 
     The selected local scale simulation domain (see Figure 2), comprises an area 
of 1 km2, and it is centred at the main “Fernão de Magalhães” Avenue, in the 
downtown of Coimbra. Beyond the highly geometrical complexity of the 
buildings, the domain is also characterised by a small hill located at NE. The 
mesh was generated using an unstructured scheme, resulting on a total of more 
than 1.2 million computational cells. 
     The model considers also the local contribution of road traffic emissions to 
the overall air quality. Therefore, the hourly mean values of traffic emissions for 
PM10, NO and NO2 were estimated through the application of the Transport 
Emission Model for Line Sources (TREM) [19]. 
     Meteorological parameters were measured in a nearby mast. Very low wind 
velocities and significant variation of wind direction, as expected in nearly calm 
wind conditions, contributed to the high concentrations registered.   
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Figure 2: Aerial image of the simulation domain [22] and 3D geometry 
generated by the model. 

4 Results 

In Figure 3, an example of a PM10 concentration field for the most critical period 
in terms of air quality is shown. For this particular hour wind was blowing from 
the fire area towards the city. 
     The spatial distribution of PM10 shows high values of concentration, 
surpassing the 400 µg m-3 within the entire local scale domain, which is a result 
of forest fire effects on the local scale air quality. Due to this, the hot-spots 
resulting from road traffic emissions typically found along the Avenue are 
“diluted” by the much higher concentration levels contained in the smoke from 
biomass burning.     
     Figure 4 presents a similar result, but for the 1st day of simulation (21 August) 
at 11 p.m. The wind wasn’t coming from the fire area and hence concentration 
values are not so high as before and it is possible to identify the typical urban 
hot-spot in the city centre.   
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Figure 3: Simulated PM10 concentration (µg m-3) horizontal field (7 m high) 
at 11 a.m., 22 August 2005. The location of the air quality station 
is represented by the white circle. Arrows indicate the wind flow. 

 

Figure 4: Simulated PM10 concentration (µg m-3) horizontal field (7 m high) 
at 11 p.m., 21 August 2005. Arrows indicate the wind flow. 

     The availability of air quality data from a monitoring station classified as 
traffic type, located inside the local scale domain, allowed evaluating the 
performance of the used modelling approach. The temporal variation of the 
hourly averaged values (µg m-3) of simulated and measured concentrations of 
PM10, NO2 and O3 is presented in Figure 4. 
     When comparing to measurements the model has a generally good 
performance, accompanying the evolution of the concentrations during all the 
period under study. A difficulty in dealing with the O3 concentration peak at 
16:00 and with the critical PM10 peak (584 µg m-3) at 9:00 is noticed.   
     Moreover some statistical parameters were used to evaluate the simulation 
results: root mean square error (RMSE), systematic error (BIAS) and correlation 
coefficient (r). Table 3 presents the statistical analysis for hourly averaged PM10, 
NO2 and O3.  
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Figure 5: Time evolution of the hourly averaged values of simulated and 
measured PM10, NO2 and O3 concentrations (µg m-3). 

Table 3:  Statistical analysis of the modelling results. 

Parameters O3 NO2 PM10 
RMSE (µg m-3) 3.69 3.38 11.10 
BIAS (µg m-3) -12.02 -1.36 -16.09 
r (%) 92 88 94 

 
     The estimated statistical parameters show the good performance of the 
system. RMSE is very low and the correlation coefficient high. BIAS indicates 
an underestimation of the model for the three pollutants.   

5 Conclusions 

Only using the multi-scale approach was possible to simulate the effects of the 
WUI forest fires at the Coimbra downtown with such a detailed estimation. In 
fact, the simulation with the mesoscale model LOTOS-EUROS is too coarse to 
capture the local features of air pollution within the city centre. On the other side, 
the WUI fires were spreading outside the city and with a local scale model, as the 
used CFD, is currently impossible to simulate such a large domain that includes 
the burned area and the city centre. Thus, the link between the two models seems 
a good way to take into account fire emissions on the local urban air quality, 
through the use of the mesoscale CTM results as boundary conditions to the local 
CFD model. 
     Notwithstanding all the uncertainties associated to this kind of work, namely 
those concerning forest fire emissions, the comparison between simulated values 
and measured ones highlights this multi-scale approach added value, with a good 
performance of the system.  
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     Finally taking into consideration that our main goal is to prevent human 
health effects associated to forest fire emissions, the possibility to go deeper in 
the estimation of urban areas hotspots affected by WUI forest fires could be a 
clear advance towards a more efficient air quality management.  
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