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HIGHLIGHTS

* A thermal inversion pushed smoke
plume 70 km away from wildfire.

* The air quality in a city 70 km from the
forest fire was seriously affected.

* A significant loss of visibility and ashes
deposition were observed in the city.

* The radiative forcing estimated in the
city indicated strong aerosol absorption.

+ Over 40 ug m—> of PM reached the alve-
olar area of the population in the city.
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GRAPHICAL ABSTRACT

"
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ABSTRACT

This study shows the influence of two large wildfires (one of which was the largest wildfire ever recorded in the
region of Castilla y Le6n) in the north-west of the Iberian Peninsula upon the atmospheric air quality of the city of
Ledn, Spain, at approximately 70 km from the fires, on days with a strong subsidence inversion associated with
high pressures. The vertical dispersion of the smoke plume was inhibited and this caused an increase in the par-
ticulate matter (PM) in the atmosphere. During this event, average values of up to 1700 + 600 particles cm—>
were registered, most of which corresponding to the smallest fraction of the fine mode. On the other hand, the
count median diameter of the fine mode (CMDy) increased gradually from 0.09 to 0.14 um. The PM;, and
PM, 5 reached hourly values of 89 and 36 pg m ™2, respectively. This study also estimates the changes in the op-
tical properties of the particles as well as the associated radiative forcing. The presence of an important load of
absorbing aerosols was detected, with instantaneous radiative atmospheric forcing up to +134.6 W m 2. The es-
timations of the respirable fractions showed in healthy adults high levels of mass concentration of the aerosol
that reaches the bronchioles and alveoli (up to 43 pg m—3).

© 2017 Elsevier B.V. All rights reserved.

Abbreviations: bscat, babs, bext and bpscar, coefficients of scattering, absorption, extinction

1. Introduction

and backscattering, respectively; CMD, count median diameter; EC, elemental carbon;
MSE, MAE, MEE and MBSE, mass efficiencies of scattering, absorption, extinction and
backscattering, respectively; OC, organic carbon; PCASP, passive cavity aerosol
spectrometer probe; PM, particulate matter; RI, refractive index; SMD, surface mean
diameter; VMD, volume mean diameter.
* Corresponding author.
E-mail address: roberto.fraile@unileon.es (R. Fraile).

https://doi.org/10.1016/j.scitotenv.2017.11.142
0048-9697/© 2017 Elsevier B.V. All rights reserved.

Aerosols from biomass burning are by far the main type of aerosol
produced by combustion processes (IPCC, 2001, 2013). Many studies
have focused on this field, since biomass burning events do not only
alter the properties of atmospheric particulate matter (physical, chemi-
cal and optical properties) (Reid et al., 2004; Reid et al., 2005), but also
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trigger important changes in the concentrations of different atmospher-
ic gases (Adler et al., 2011).

Wildfires significantly increase the concentration of particles corre-
sponding mainly to the submicrometric fraction (Reid et al., 2005),
and, consequently, change the aerosol size and mass distribution. Like-
wise, the concentrations of gases such as CO,, CO, CH4, NO, (NO
+ NO,) and SO, also increase (Andreae and Merlet, 2001; Kasischke
and Bruhwiler, 2002). Factors such as the type of fuel, the availability
of oxygen and the temperature (Scholes et al., 1996), and also the com-
bustion phase of the wildfire (flaming or smoldering) determine the ef-
ficiency of the combustion process. During the flaming phase the
concentration of particles released is higher and the particles are small-
er (Levine, 1996; Yamasoe et al., 2000) than in the smoldering phase. In
addition, gases such as NO, and SO, are produced at high temperatures
which are only reached during the flaming phase and when the forest
fuel is totally burned (Sinha et al., 2003).

The aerosols released by these sources are mainly formed by organic
matter (Carrico et al., 2005), especially elemental carbon (EC) and pri-
mary organic carbon (OC) (Duan et al., 2004; IPCC, 2001). Smaller
amounts of other compounds are also found, including nitrate, ammo-
nia and sulphur. The latter, which form the inorganic fraction of the
aerosol, are determined by the characteristics of the fuel during the
burning process (Andreae and Merlet, 2001) and in the combustion
phase (Alves et al., 2010; Yamasoe et al., 2000). The amount of these
ionic compounds conditions the hygroscopic properties of this type of
aerosol (Carrico et al., 2005). An increase in the soot concentration im-
plies a decrease in the hygroscopicity of the particles released (Rissler
et al., 2006).

Besides, the generation of aerosols during wildfires entails signifi-
cant variations in the energetic balance (IPCC, 2013), which affects the
climate. The aerosols from biomass burning may have either a warming
or a cooling effect on climate as the optical properties of smoke depend
on the geographical source region, the season and the type of biomass
burning (Carslaw et al., 2010; Forster et al., 2007). Direct radiative forc-
ings of smoke aerosols have been widely documented to improve our
knowledge of the impact on atmospheric dynamics and thermodynam-
ics (semi direct effect). The significant decrease of solar energy at the
surface may strongly modify the surface energy budget (Toll et al.,
2015). Latent heat and sensible heat fluxes from the surface are conse-
quently disturbed, as shown in Pere et al. (2011). The reduction in sur-
face latent and sensible heat fluxes associated with biomass burning
impact could reduce cloudiness (Jiang and Feingold, 2006). In other cir-
cumstances, smoke aerosols overlaying bright clouds could increase
buoyancy in low layers, thus inhibiting the entrainment of dry air
through the cloud-top, thereby helping to preserve humidity and
cloud cover in the boundary layer (Wilcox, 2010).

Furthermore, during wildfire events the local meteorological condi-
tions, mainly thermal inversions, and the wind direction, determine the
land area affected by the pollution (Duan et al., 2004). The characteris-
tics of the aerosols from biomass burning and the gases released cause a
significant deterioration in air quality, with the subsequent impact on
human health (Pope, 2000) and visibility (Badarinath et al., 2004). The
size/surface relation of the particles, together with their composition
and aging, determine their capacity for entering the respiratory system
(Oberdadrster et al., 2005). In addition, the hygroscopic capacity influ-
ences the deposition pattern. Londahl et al. (2009) observed that the
growth of the particles from biomass burning increases the likelihood
of deposition in the respiratory tract.

In Spain, most wildfires occur in summer, especially in the north-
west. The aim of the present study is to analyze the influence of two
large wildfires (burnt area > 500 ha) upon the atmospheric air in the
city of Leén (Spain), 70 km away from the wildfires. Furthermore, one
of the wildfires was the largest one ever recorded in the region of Castil-
lay Le6n. The changes in the physical and optical properties of the aero-
sols have been analyzed considering specific properties of the burnt
vegetal species, as well as the associated shortwave direct radiative

forcing. In addition, the changes in the air quality registered in the city
of Le6n have been studied in detail, together with the immediate conse-
quences on human health, which have been assessed by estimating the
respirable and tracheobronchial mass fractions. The relevance of this
study lies in the particular meteorological situation during some of the
days in which the wildfires were registered. A strong subsidence inver-
sion inhibited the vertical dispersion of the smoke plumes, considerably
deteriorating the air quality.

2. Measurement site

The sampling was carried out in the city of Le6n, Spain, in the north-
west of the Iberian Peninsula: 42° 35’ 56” N 05° 34’ 01” W. The city cen-
ter is located at an altitude of 837 m ASL on the fluvial terrace formed by
the rivers Bernesga and Torio. The municipality of Le6n covers an area of
39.03 km? and the population density is 3401.08 inhabitans/km?.

The wildfire in Cubo de Benavente (42° 07’ 25" N, 06° 09’ 47" W)
and the wildfire in Castrocontrigo (42° 10’ 58" N, 6° 11’ 18” W) were
both detected in the city of Le6n by the end of August 2012.

According to the data from the Spanish Meteorogical Agency
(AEMET, in its Spanish acronym) and gathered at the airport of Ledn, lo-
cated in La Virgen del Camino (42° 35’ 18" N, 5° 39’ 4” W), at 5.1 km
from the city center, the climate of Ledn is a continentalized Mediterra-
nean climate mitigated by the closeness of the Cantabrian Mountain
Range.

3. Materials and methods
3.1. Data acquisition

3.1.1. Passive cavity aerosol spectrometer probe (PCASP-X)

A Passive Cavity Aerosol Spectrometer Probe, PMS Model PCASP-X was
installed close to the city of Ledn, at 42° 36’ 30” N, 5° 33’ 52” W. This de-
vice measures particle sizes between 0.1 and 10 um in 31 channels.
Measurements were programmed continuously at intervals of 15 min
every hour.

To compute the number of particles per unit of volume in each chan-
nel, a number of corrections had to be made, described in Calvo et al.
(2013). Among these corrections, the refractive index (RI) is especially
relevant because the PCASP-X is calibrated using latex particles, with a
refractive index of 1.58-0i, so the size spectrum obtained initially refers
to latex particles. Thus, in order to correct the raw size bins, two differ-
ent refractive indices were estimated, corresponding to measurements
carried out i) during biomass burning, and ii) before and after the
wildfires:

i. For the measurements carried out during the two wildfires studied, a
refractive index was estimated based on the results obtained by
Levin et al. (2010) in lab tests for different types of fuel. This estima-
tion takes into account the different types of trees burnt during the
wildfire in Castrocontrigo: Maritime pine, Scots pine, European black
pine, Quercus pyrenaica, Quercus rotundifolia and other riverside
trees, considering the characteristic refractive index of each plant
species, and the land area affected: 7835, 341, 719, 780, 416 and
5 ha, respectively. The refractive index obtained was 1.576 +
0.002-0.048 + 0.006i. Table 1 shows the refractive index for the dif-
ferent types of fuel.

ii. For the measurements carried out before and after the arrival of the
smoke plumes to the city, the refractive index was estimated from
aerosol composition of PM;( based on the methodology developed
by Levin et al. (2010). This methodology assumes that PM;, constit-
uents are present as particular chemical compounds with a typical
refractive index. Thus, the dry aerosol complex refractive index is
calculated using Eqs. 1 and 2 from Hasan and Dzubay (1983). The
PM;, filters for gravimetric mass analysis were collected during
the measurement campaign of atmospheric aerosol conducted in
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Table 1
Values of the refractive index and density for different fuel types (Levin et al.,, 2010) and
estimated values for this study.

Fuel types Percentage Refractive index Density
=3
of mass Real part Imaginary (kg m™)
part

Maritime pine  0.7760 1.577 0.05i 1265

Scots pine 0.0338 1.577 0.05i 1265

European 0.0712 1.577 0.05i 1265
black pine

Pyrenean oak  0.0773 1.570 0.03i 1360

Quercus 0.0412 1.570 0.03i 1360
rotundifolia

Other species  0.0005 1.570 0.03i 1360

Estimated values for this 1.576 £ 0.002  0.048i + 0.006i 1276.00 £ 0.03

study (mean + std)

July 2012 in the city of Le6n (Alves et al., 2014). The refractive index
obtained was 1.549-0.025i (Castro et al.,, 2015).

From the two refractive indices estimated, the raw size bins were
corrected by means of an algorithm based on Mie Theory (Bohren and
Huffman, 1983).

3.1.2. Meteorological data

AEMET provided all the data on temperature, relative humidity, pre-
cipitation, atmospheric pressure, wind speed and direction, and visibil-
ity, through the weather station located at the airport of Le6n. The
meteorological data were provided in 10-min intervals, except for
wind direction (every hour) and visibility (data corresponding to
0600, 0700, 0900, 1200, 1300, 1500 and 1800 UTC).

3.1.3. Wildfires: data

The Department for the Environment of the Regional Government
Junta de Castilla y Le6n provided all the information on the two wild-
fires analyzed in this paper (one registered in Cubo de Benavente and
the other one in Castrocontrigo): area and district where the fires
were registered, date of detection and extinction, total duration of the
wildfire, and land area affected (ha) according to the type of vegetation
burnt during the study period.

The wildfire in Cubo de Benavente was detected on 18 August 2012
at 1519 UTC and it was extinguished on 21 August at 1100 UTC. This
town lies in the province of Zamora, to the south-west (SW), at about
70 km in a straight line from the city of Leon. This fire burnt 824 ha, of
which 650 ha corresponded to forests (195 ha of trees and 456 ha of
bushes and pasture) and 173 ha to other types of vegetation.

The wildfire in Castrocontrigo was detected on the 19 August 2012
at 1206 UTC and was extinguished on the 6 September at 1630 UTC.
This town lies in the province of Ledn, also to the SW of the city of
Leén, at about 70 km from the city in a straight line. These two bordering
towns, Cubo de Benavente and Castrocontrigo, lie in different provinces,
but they are only 7 km apart. The fire in Castrocontrigo burnt a total of
11,768 ha, of which 11,592 ha corresponded to forests (10,096 ha
were trees and 1496 ha bushes and pasture) and 176 ha were other
types of vegetation. This was the largest wildfire ever recorded in the re-
gion of Castilla y Ledn.

3.1.4. Air Quality Control Network in the City of Leén

The Air Quality Control Network of the City of Le6n owns three mon-
itoring stations, following the European Norm 1999/30/CE, in accor-
dance with the number of inhabitants: a traffic station (LEO1), an
urban background station (LEO3) and a suburban station (LEO4). De-
tailed information on the atmospheric pollutants measured by these

stations and their spatial distribution in the city of Leén can be found
in the URL of the district of Ledn: http://www.aytoleon.es,.

The data on air quality used for this paper were obtained from the
urban background station LEO3 for the pollutants NO, NO,, SO,, PMj,
and Os, This station lies 50 m from the PCASP-X site. The data for the pol-
lutants CO and PM, 5 (which are not measured by the station LEO3)
were provided by the traffic station LEO1 and by the suburban station
LEO4, respectively. All the data were provided every hour.

3.2. Methodology

3.2.1. Optical parameters

The coefficients of scattering, absorption, extinction and backscatter-
ing (bscat» Dabs» bexe and bpseqr, respectively) and their mass efficiencies
MSE, MAE, MEE and MBSE, respectively, have been estimated following
the method described in Seinfeld and Pandis (2012) and also used by
other authors, such as Hansell Jr et al. (2011), Levin et al. (2010) and
Jung et al. (2009). The coefficients were computed from the efficiency
of the scattering (Qscq¢), absorption (Qgps), extinction (Qey), and back-
scattering (Qpscqe), according to Mie theory, for the visible light spectrum
(440, 670 and 870 nm), respectively.

To compute the mass efficiencies, the particulate matter has been es-
timated from the aerosol size distributions considering the density cor-
responding to each type of measured aerosol:

i. In the measurements influenced by the wildfires of Cubo de
Benavente and Castrocontrigo the aerosol density used was
1276 kg m~> (Table 1). This density was estimated following the
same method as for the refractive index (Levin et al., 2010), de-
scribed in Section 3.1.1. Our estimation is in agreement with the
study on aerosol from biomass burning by Reid et al. (2005).

ii. In the measurements that were not influenced by the two wildfires,
the density of the urban aerosol used was 1940 kg m~—> (Castro et al.,
2015). This density was derived from aerosol composition, following
Levin et al. (2010), as mentioned in Section 3.1.1. The composition
was obtained from the chemical analysis of filters collected during
the measurement campaign of atmospheric PM carried out in July
2012 in the city of Le6n (Alves et al., 2014; Castro et al., 2015). This
result is similar to other measurements of urban aerosol density
(Pitz et al., 2003).

RI for biomass burnings smokes used in this study has been calculat-
ed in reference to Levin et al. (2010), where refractive indices for differ-
ent types of fuels are the results of combustion chamber experiments
under a controlled atmosphere. The calculated refractive index of
1.576-0.048i is in the range of the real (1.55 to 1.80) and imaginary
(0.01 to 0.50) parts found by Levin et al. (2010) for visible wavelength.
Hungershoefer et al. (2008) also reported a possible range of 1.41 to
1.60 for real part and 0.0093 to 0.1 for the imaginary part of the refrac-
tive index for biomass burning emissions. Schkolnik et al. (2007) report-
ed refractive indices for main chemical components EC and OC in
biomass burning aerosols (pgc = 1.8 g cm™ 3 and Rlgc = 1.87-0.221,
and poc = 0.9 g cm ™2 and Rlgc = 1.4 — 0i). Moreover, Adler et al.
(2010) determined an effective refractive index for OC in fresh diesel
soot of 1.519 + 0.048i, conferring an absorbing property to the organic
carbon. Our dry refractive index is thus representative of fresh biomass
burning smoke without considering the possible evolution of the optical
properties, first in the fire area through the combustion efficiency, and
secondly, during transport from the fire area to the sampling area,
through water uptake and chemical aging.

3.2.2. Radiative forcing: global atmospheric model (GAME)
Aerosol-related optical parameters such as Atmospheric Optical

Depth (AOD), Single Scattering Albedo (SSA) and asymmetry parameter

(g) are necessary to perform radiative transfer calculations. As the last
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two parameters were not directly measured, we have estimated them
using Mie theory with aerosol size distribution and with the refractive
index, every 3 h between 0700 UTC and 1600 UTC for each sampling
day. Thus, SSA and g have been estimated at the seven wavelengths
used in the GAME radiative transfer model. Concerning the AOD param-
eter, every time AERONET data were available, we referred to and com-
puted spectral dependence following the extinction efficiency spectral
dependence given by Mie calculations. The closest AERONET site con-
sidered here is located in Palencia (around 150 km eastward from the
wildfires and highly influenced by smokes during wildfires episodes).
Necessary surface albedos are also extracted from these level 1.5
AERONET data. Atmospheric aerosol stratification is established thanks
to the closest radiosounding existing as described in Section 3.2.3, and
following these rules: i) in the Atmospheric Boundary Layer (ABL), the
AERONET AOD is vertically distributed, and spectral dependence for
AOD, g and SSA is given by Mie calculations; ii) upper layers data (be-
tween top of ABL and Top Of the Atmosphere (TOA)) are derived from
AOD, SSA and g data given by Hess et al. (1998); continental average
(between top of ABL and around 2 km), free troposphere (2-12 km)
and stratosphere (12-TOA) aerosol types are considered.

The instantaneous clear-sky direct radiative forcing has been esti-
mated from the GAME radiative transfer model, detailed in Dubuisson
et al. (2004). Scattering and absorption by aerosols, clouds and mole-
cules are taken into account. Upward and downward net radiative
fluxes are calculated over the spectral solar range, from 2500 to
50,000 cm™ !, with a 100 cm™ ! spectral resolution. Calculations of radi-
ative fluxes integrated over the entire shortwave region are performed
at the specific sampling time. We have computed the aerosol clear-sky
daytime direct radiative forcing at the bottom of atmosphere (Kim
and Boatman, 1990), AFBOA, at TOA (20 km in this case), AFTOA and
the atmospheric forcing, AFATM, which represents the possible absorp-
tion of solar radiations due to absorbing properties of fire particles with-
in the atmospheric layer where aerosols are located. More information
on GAME Model and past uses can be found in Stamnes et al. (1988),
Dubuisson et al. (1996), Calvo et al. (2010) or Alonso-Blanco et al.
(2014).

3.2.3. Thermal inversions and circulation weather type classification and air
mass

In order to identify the type of weather associated to a particular
synoptic situation a Circulation Weather Type classification (CWTs)
was carried out based on Jenkinson and Collison (1977) and Jones et
al. (1993). These procedures were developed to define objectively
Lamb Weather Types for the British Isles (Lamb and Britain, 1972). Nev-
ertheless the procedure can be easily applied to other areas (Goodess
and Jones, 2002). The daily circulation affecting the Iberian Peninsula
is described using a set of indices associated to the direction and vortic-
ity of the geostrophic flow (Fernandez-Gonzalez et al., 2012).

Tracks of the smoke plumes from the two wildfires have been iden-
tified by means of HYSPLIT (Hybrid Single Particle Lagrangian Integrat-
ed Trajectory Model) by the NOAA (Draxler and Rolph, 2013; Rolph,
2013).

The HYSPLIT Trajectory Model enabled us to identify the origin of the
air masses by means of back-trajectories of 72 h (3 days) computed at
750, 1500 and 2500 m AGL. The air masses were classified into sectors
according to their origin: Atlantic North (AN), Atlantic Northwest
(Mauzerall et al., 1998), Atlantic West (AW), Atlantic Southwest
(Forster et al., 2007), North Africa (AFR), Mediterranean (MED), Europe
(E.E.A. (E.E.A. (European Environment Agency), 1999) and Regional
(REG). This classification has already been employed in other studies,
including Coz et al. (2009), Dimitriou et al. (2016), Papadopoulos et al.
(2014) and Salvador (2004).

In addition, the HYSPLIT Dispersion Model was used to compute the
dispersion of the emissions released by the wildfires. This model was
implemented by the global aerosol model Navy Aerosol Analysis and
Prediction System (NAAPS) from the Naval Research Laboratory (NRL)

in Monterrey, California (EEUU) (Christensen, 1997). This later provid-
ed the smoke concentration at surface level.

The thermal inversions were computed using data from the closest
radiosounding, the one in Santander (43.48° N, 3.80° W, altitude 59 m
ASL), provided by the University of Wyoming (http://weather.uwyo.
edu/upperair/sounding.html).

3.2.4. Inhalable, thoracic, tracheobronchial and respirable fractions

The aerosol size fractions associated with health problems were
evaluated in accordance with the Spanish standard UNE 77213, which
is equivalent to ISO 7708 (1995). These standards define conventions
for atmospheric particle size fractions for use in assessing possible
health effects in the workplace and ambient environment. The conven-
tions specify the relationships between aerodynamic diameter and
aerosol fractions collected or measured by the sampling instrument.
These fractions represent approximately the part that reaches, under
average conditions established by ISO 7708 (1995), different regions
of the respiratory tract. Particle sampling conventions have been
established, expressed as curves describing penetration to the region
of interest in terms of the particle aerodynamic diameter. From the ex-
perimental size distributions, first, the inhalable and thoracic fractions,
and then the tracheobronchial and respirable fractions were assessed
for healthy adults and high-risk groups (children, elderly or infirm
people). This methodology has been used in previous studies (Castro
etal, 2015).

4. Results and discussions
4.1. Transport and dispersion of the smoke plumes

The analyses of the circulation weather types, air masses and ther-
mal inversions have revealed how the smoke plumes from the wildfires
arrived to the city of Ledn.

The weather type on 18 August 2012 was “hybrid Anticyclonic
Southwestern”. However, on 19 and 20 August the weather type was
“no directional Anticyclonic (A)”, turning into “pure Northeastern
(NE)” on 21 and 22 August 2012 (Table 2).

After the formation of the pyrocumulus, the smoke plume went di-
rectly to Ledn (Fig. S1). Backward trajectories (Fig. 1) and satellite im-
ages (Fig. S2) confirm this fact. Backward trajectories show how the
smoke plumes from the wildfires are carried directly towards the city
(Fig. 1). The change of air masses towards the Atlantic Western sector
(AW) was the reason why the smoke plume did not reach the city on
the 22 August, and the levels of pollutants decreased and the subsidence
inversion disappeared in the lower layers of the atmosphere.

Besides, the HYSPLIT dispersion model indicates that the smoke
plumes moved towards the north-east (NE), from the surface level to
an altitude of 750 m AGL, on the 19, 20 and 21 August 2012, reaching
the whole of the city of Ledn. The NAAPS model also shows the presence
of smoke at surface level on those days. Fig. 2 shows an example of both
models for the 20 August.

The radiosoundings launched in the city of Santander showed the
presence of intense subsidence inversions typical of an Anticyclonic sit-
uation from 1200 UTC on 19 August, at altitudes close to surface level
(235 m and 366 m) (see Fig. S3). In addition, on the 20 and 21 August
we find radiative inversions below 200 m at 0000 UTC. The joint action
of these inversions (Table 2) hinder the vertical dispersion of the smoke
plumes from the two wildfires from the last hours of the 19 and, more
particularly, on the 20 and 21 of August. The smoke plume spread
only horizontally, as shown in Fig. 2, leading to the severe air-pollution
event studied in the city. The information available states that the 18 of
August is the day prior to the event. The actual event began in the eve-
ning of the 19 and the situation continued developing until the 21 of Au-
gust. On the 22 an Atlantic air mass entered the city of Ledn, thus
stopping the air-pollution event abruptly and the smoke plumes could
not reach the city any longer.
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Table 2

Circulation weather type (CWT) classification and radiative and subsidence thermal inversions on 18, 19, 20, 21 and 22 August 2012. The days in which Le6n was affected by the forest fire

plumes have been highlighted in bold.

Day CWT Thermal inversions

Santander 0000 UTC Santander 1200 UTC

Radiative Subsidence Radiative Subsidence

(m AGL) (m AGL) (m AGL) (m AGL)
18/08/2012 ASW 612 and 1090 890
19/08/2012 A 673, 1107 and 5627 235, 541 and 1686
20/08/2012 A 129 366, 1777 and 5554 1188
21/08/2012 NE 129 1349, 4002 and 5241 1408
22/08/2012 NE 51 1659, 2172 and 4689 1815 and 4713

4.2. Meteorological study

According to the AEMET, the summer of 2012 was one of the driest
summers in the past 60 years. In the month of August, when the two
wildfires are registered, the precipitation was 3.05 mm in the AEMET
station located at the airport of Ledn, and the relative humidity was
15%. The normal values for that month are 24 mm and 56%, respectively,
so there was an average decrease of 70%. All this implies atmospheric
conditions favoring the occurrence of large wildfires.

Concerning the prevailing weather conditions of days 19, 20 and 21,
the synoptic chart at sea level (Fig. S4) shows a poorly defined situation.
One could speak of a flat low on the Iberian Peninsula. However, in the
850 and 700 hPa charts (Fig. S5) a more profiled layout is observed, with
the isohypses showing a SW flow at heights of about 1600 and 3200 m.
This wind direction coincides with the trajectories shown in Figs. 1, 2
and S2. In addition, the narrowness of the plume (Figs. 2 and S1) can
be explained by the closeness of the isohypses (i.e., the gradient of the
geopotential height) over the study area.

Fig. 3 shows the evolution of some meteorological variables on the
study days. On the 20 and 21 of August there was a significant loss of
visibility (Fig. S6) due to the high amounts of particulate matter (on av-
erage 1640 + 570 particles cm~> and 1720 4 630 particles cm >, re-
spectively) and gases released by the wildfires. On the 20 and 21 of
August the visibility was 20 and 29 km, respectively, whereas on the
day before it was of 63 km and on the day after it was of 78 km. In addi-
tion, on both days we find ash deposition processes on the ground and
on cars in the city of Ledn with cinders larger than 1 cm (Fig. S7 and
S8). Considerable reduction in visibility due to long-range transported
smokes emitted by biomass burning has also been described in
Saarikoski et al. (2007).

The mean temperature during the 5 study days was around 23 °C,
with maximum temperatures of 30 °C and minimum temperatures of
15 °C. There was no precipitation, and the average daily relative humid-
ity between the 19 and 21 of August was between 32 + 11 and 40 +
14%. The low standard deviations indicate that there were virtually no
changes in the relative humidity when the smoke plumes arrived to
the city, in contrast with the results found by Saarikoski et al. (2007).
On the 22 August, when the smoke plumes started to disperse, the aver-
age humidity increased to 46 + 21% (with a maximum of 87%). This is
the highest value registered during the study period and occurs as a re-
sult of the arrival of a different air mass from the Atlantic (AW sector).

The wind speed is similar on the 5 study days, with a daily average
value of 3 m s~ ! and a deviation of 1.3 m s~ . This situation implies
poor atmospheric ventilation, which makes the ambient situation over
the city even worse. The estimated time the plumes took to reach the
city was <7 h.

4.3. Implications of biomass burning in air quality

4.3.1. Particulate matter (PM)
The arrival of the smoke plumes to the city of Le6n caused important
changes in air quality indicators (Fig. 4). In the days with the highest

levels of pollution, 20 and 21 of August, the daily average concentration
of PM;o was 29 =+ 20 and 32 + 15 ug m 2, respectively. These values
imply an increase in PM;o of 30% and 122% when compared with the
day before and the day after the event, respectively. The analysis of
the evolution of aerosol concentrations during the study period re-
vealed three hourly maximum values: two on the 20 August and one
on the 21, with a high number of particles (Fig. 3), between 2150 and
3500 particles cm™>. In these intervals, the PM;o concentrations were
over 50 ug m~ 3, but the daily threshold value (24 h) established by
the Spanish law (Real Decreto 102/2011, de 28 de enero: 50 pg m~>)
was not exceeded during the study period. Authors such as Barnaba et
al. (2011) and Amiridis et al. (2012) have found an evident impact of
wildfires on PM;q values.

Something similar occurs with the concentration of PM, 5. Before the
smoke plume, the average concentration was below 4 pg m~—3, whereas
on the days with the highest levels of pollution, 20 and 21 August, the
daily concentration reached average values between 9 and 13 ug m—2,
with an hourly maximum of 36 ug m™>. Important increases of PM, 5 as-
sociated to biomass burning have also been found by Saarikoski et al.
(2007) and Alves et al. (2010).

4.3.2. Gases

The wildfires studied in this paper also triggered significant changes
in the atmospheric gases. On the 20, 21 and 22 of August, between 0700
and 1000 UTC, we found NO concentration peaks between 11 and 19
pg m~3 from the emissions of road traffic. However, the 18 and 19
were non-working days, so the emissions of NO were very low and no
such peaks were registered. The most important increase in NO regis-
tered in the whole study period occurred on 20 of August between
1800 and 2100 UTC. The average NO concentration was 15 + 11
pg m—3, with a maximum of 29 ug m~2 at 2000 UTC. These values do
not follow the normal daily pattern determined by road traffic, but
must rather be attributed to the wildfires as it coincides with the peak
in PMy registered at the same time.

With respect to the concentration of NO,, two peaks were registered
which may be due to road traffic emissions. The first peak was regis-
tered at dawn (between 0400 and 0900 UTC) and occurred at the
same time as the NO emissions. The second peak was registered in the
evening (between 1900 and 2300 UTC), possibly as a result of direct ox-
idation of NO into NO,. As a consequence, this second peak was not
found for the NO concentrations. The average concentrations found in
these two peaks lie between 8 + 2 ug m~> on 19 of August and 39 +
25 ug m~> on the day after. On 20 of August, at the time of the maxi-
mum concentration of NO, between 1800 and 2100 UTC, the maximum
NO, concentration in the whole study period was registered, exceeding
60 ug m~>, with an average value of 54 + 11 pg m™>.

The emissions of NO, during the wildfires are associated with com-
plete combustion during the flaming phase (Amaral et al., 2014). This
situation is described by Delmas et al. (1995) who found a good corre-
lation between CO, and NO, during biomass burning in the Tropical Af-
rican Savanna. The results obtained in relation with the content of NO,
demonstrated the existence of the flaming phase, but the data available
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Fig. 1. Backward trajectories for three different altitudes (750, 1500 and 3000 m) using the HYSPLIT model on (a) 18, (b) 19, (c) 20, (d) 21 and (e) 22 August 2012 carried out at 1200 UTC

for 72 h.

do not enable us to identify the periods in which this particular phase

was dominant.

Changes in the concentrations of tropospheric ozone (Liu et al.,
1999) were also found, though indirectly and in association with the
chemical reactions in the atmosphere involving the gases released

during the wildfires. On the days on which the wildfires did not affect
the urban particulate matter, the highest O; concentration was regis-
tered during the day, between 0700 and 1900 UTC, with an average
value of around 90 pg m 3. The maximum Oj concentration was
reached between 1300 UTC and 1400 UTC, with values between 115
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Fig. 2. Example of a) dispersion of the smoke plume from the wildfire in Castrocontrigo obtained by the HYSPLIT dispersion model, and b) NAAPS model results showing surface smoke
concentrations (in pg m~>) on 20 August 2012. The center of the black circle is the city of Leén.

and 126 pug m~ 3. This pattern is not found on the days when the
smoke plumes reach the city, as the O3 concentration during the
day (between 0700 and 1900 UTC) was under 90 ug m~> (Fig. 4).
As mentioned in Section 4.2, there was a noticeably reduced visibility
on those days because of the particulate matter and gases released by
the wildfires. The decrease in solar radiation due to the emissions
from the wildfires in these days may be inhibiting the formation of
tropospheric ozone by means of photocatalytic processes in the
lower layer of the troposphere. Authors such as Deng et al. (2008)
have found an average daily decrease in the concentration of tropo-
spheric ozone from 36 to 11 ppbv when comparing conditions with
no fire and conditions with a fire close by, respectively. This might
be a consequence of the reduced solar radiation caused by the emis-
sions from wildfires. Besides, the drop in the concentration of O3
points towards direct oxidation of NO into NO,. Similar situations
have also been described by other authors. Amiridis et al. (2012)

found in Athens that the arrival of a smoke plume from biomass
burning triggered an increase in NOy in the weather station closest
to the plume, rising from 10 to 94 ug m~ 3, while the O3 concentra-
tion dropped by 50 ug m™>. Rissler et al. (2004) have also found a de-
crease in O3 as a result of NO oxidation in recent biomass burning
events in the Amazon rain forest.

As far as the concentrations of CO and SO, are concerned, there was a
significant increase in the concentration of CO on the 20 August be-
tween 1800 and 2100 UTC, the highest amount registered in the study
period, with over 0.60 mg m~>. The values of SO, concentrations pro-
vided by the air-quality network did not suggest a clear influence of
the wildfires in the case of this particular gas (Fig. 4).

The maximum values found in the concentrations of NOy coincided
with the maximum concentration of PM;¢ and CO in the study period,
and with the minimum concentration of Os. This coincidence in four
major pollutants suggests the influence of the wildfires.
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Fig. 3. Meteorological study with data on visibility, temperature, relative humidity, wind speed and wind direction, precipitation and atmospheric pressure as well as the evolution of the
number of particles during the five study days. The shaded area corresponds to the days when the smoke plumes arrived in the city of Le6n.
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Fig. 4. Air quality data provided by the air Quality Control Network of the City of Leén for the 5 study days: concentration of NO, NO,, SO, PM;0, and O3 measured at station 3 (LEO3),
concentration of CO measured at station 1 (LEO1) and PM, s measured at station 4 (LEO4). The shaded area corresponds to the days when the smoke plumes arrived in the city of Ledn.

4.4. Influence of biomass burning on number, surface and volume
distributions

The changes in the physical properties of the aerosols in the three
days in which the smoke plumes affected the city have been studied
through aerosol size, surface and volume distributions (Fig. 5). The
number of particles (N;), surface area (S;) and volume (V) have been
analyzed, as well as their corresponding count, surface and volume me-
dian diameters (CMD, SMD; and VMD) and their geometric standard
deviations (0g) for the total aerosol size distribution and for the fine
(Ng, S¢and V¢) and coarse (N, Sc and V) modes (Table 3).

On the 19, 20 and 21 August there was an important increase in N;
with a daily average of 1050 + 280, 1640 + 570 and 1720 + 630
particles cm ™3, respectively, with maximum concentrations between
2150 and 3500 particles cm~>. Considerable increases in particles due
to biomass burning have also been found by Rissler et al. (2006).
These authors have found a direct relationship between the increase
in the number of particles in the submicrometric fraction (30-
850 nm) and the occurrence of wildfires.

As for the whole aerosol size distribution, the number of particles in
the fine mode changed dramatically (Fig. 5a) in the days with higher
levels of pollution: 20 and 21 August. However, on 20 August this in-
crease is particularly significant for particles smaller than 0.2 um,
whereas on 21 August the increase is more significant in particles larger
than 0.2 pm.

With respect to the fine mode, the study reveals that in these three
days the CMDy increased gradually (0.09, 0.11 and 0.14 um, respective-
ly), pointing towards an increase in particle size as the smoke plumes
arrived in the city (Table 3). These results are consistent with the esti-
mation of the mass fraction from the data provided by the PCASP with
average PM,; values of 2.5 + 0.7, 4.5 & 1.7 and 6.6 + 4.1 ugg m™ >, respec-
tively (considering a density of 1276 kg m~3). Other studies, such as
Deng et al. (2008), Janhdll et al. (2010) and Okoshi et al. (2014), have
also noted that biomass burning triggered an increase in the number
of particles in the fine mode.

Three maximum particle concentrations were identified in the three
study days: two on 20 August at 0800 and 1900 UTC, and one on 21 Au-
gust at 1200 UTC, with particle concentrations of 2145, 3029, and
3492 cm ™3, respectively. The CMDy in these measurements was 0.11,
0.12 and 0.19 um, respectively. These size distributions have the same
pattern: an increase in the number of particles smaller than 1 pum,
which is even more important in the largest fraction of the fine mode
as the CMDy increases. This is consistent with the daily average values
on 20 and 21 August.

The day after the pollution event (22 August) the daily average CMD¢
changed with respect to the previous day. The CMDy is reduced to 0.13
4+ 0.02 um probably as a consequence of the change in the air masses
observed this day, suggesting a halt in the arrival in the city of smoke
plumes from those particular wildfires.

The number of particles larger than one micron (coarse mode) may
seem irrelevant, but these particles contribute greatly to the total mass,
accounting for up to 96% of the total during the main pollution peaks
due to particulate matter.

The behavior of the chemical particulate content during this pollu-
tion event may be attributed to several factors: i) different types of
fuel, ii) predominance of the flaming phase over smoldering, or vice
versa, and iii) aerosol aging processes. The reduced vertical dispersion
in the study days, as shown by the weather data, causes a longer perma-
nence of aerosols in the atmosphere, and this in turn implies a higher
degree of oxidation.

The aerosol surface and volume distributions (Fig. 5b and c) also
changed during the fire event. These changes can be mainly attributed
to the fine mode. As the smoke plumes from the wildfires arrived in
the city of Leén, the area and volume distributions increased for parti-
cles <0.3 um. This increase was more remarkable during the days with
the highest concentrations of particles in the largest fraction of the
fine mode: between 0.2 and 0.3 pum. The following day we found a de-
crease in the area distribution and volume for sizes both smaller than
0.3 um and larger than 0.3 pm. This may be due to the change in the na-
ture of particles after the arrival of Atlantic air masses.
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Fig. 5. Aerosol (a) size, (b) surface and (c) volume distributions for the total aerosol distribution, and the one corresponding to the fine mode (particles size <1 um) registered on 18, 19, 20,

21 and 22 August 2012.

In the city of Leén, during the days affected by the wildfires (19 to 21
August), there was a gradual increase in aerosol volume and surface
area, from 87 + 26 to 179 & 89 um? cm ™3, and from 25 + 13 to 45
+ 23 um® cm ™3, respectively.

For further study of aerosol size distributions, it is necessary to take
into account two aspects: i) the processes involved (condensation, coag-
ulation and aging processes among others) together with the gases emit-
ted during the combustion and ii) the technique used to classify aerosols
(particle optical, aerodynamic, equivalent mobility or geometric size)
(Reid et al., 2005). Nevertheless, in any case, all authors agree that freshly
released aerosols are smaller than aged aerosols (Wardoyo et al., 2007;
Capes et al,, 2008; Janhdll et al., 2010; Hsiao et al., 2016).

4.5. Optical properties of aerosols from biomass burning and associated
radiative forcing

The aerosol optical properties and the associated radiative forcing
have been estimated for the visible light spectrum.

4.5.1. Optical properties of aerosols from biomass burning
It was found that the shorter the input wavelength, the higher the
Dscats Dabs, Dext and bpscar (Table 4) estimated. For example, for the total

particle distribution and a wavelength of 870 nm, in the four coefficients
analyzed in the study period, an average decrease of 37 + 15% was
found in relation with the wavelength of 440 nm. In the fine mode the
decrease was more pronounced than in the coarse mode. This is due
to the strong dependence of the four coefficients between the wave-
length and the particle size (Seinfeld and Pandis, 2012), which has
been observed in other studies, such as Reid and Hobbs (1998) or
O'Neill et al. (2002).

MSE, MAE, MEE and MBSE are conditioned by the values of bscag, baps,
Dbext and bpscar, and for the total particle distribution and a wavelength of
870 nm there was a decrease of 32 4 22% when compared with a wave-
length of 440 nm. However, the strong dependence on the mass distri-
bution (Seinfeld and Pandis, 2012) makes the estimated values of these
parameters for the same wavelength higher in the fine mode than in the
coarse mode (Table 5).

The influence of the smoke plumes arriving in Le6n on the opti-
cal properties of urban aerosol has been analyzed for a wavelength
of 670 nm (central wavelength of the three considered in this
paper).

Both bsc,¢ and b,ps increased gradually during the pollution event,
with a daily average of 28 4 22 Mm~ ! and 16 & 10 Mm ™}, respectively.
And so did bex¢ (bscat + baps). This situation was due to a considerable
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Table 3

Number of particles (N¢), surface area (S;) and volume (V) and their corresponding Median Diameter (CMDy, SMD, and VMD,) and Geometric Standard Deviation (o) for the total aerosol
size distribution on each day, and for the fine mode (N, Sy, V¢) and the coarse mode (N, S, V). In bold the days in which Leén city was affected by the forest fire plumes.

Day Total aerosol size distribution

N; (cm™?) CMD:; (um) Ogt Se (m* cm ™) SMD; (um) Ogt V; (um® cm™?) VMD: (hm) Ogt
18/08/2012 1321 4 347 0.14 4 0.01 1.31 £ 0.01 113 £ 24 0.32 £ 0.10 4.03 £+ 1.09 26 £ 12 518 £ 1.72 4.09 + 1.09
19/08/2012 1045 + 277 0.13 £ 0.00 1.36 + 0.02 87 + 26 0.38 + 0.08 4.79 £ 0.68 25+ 13 5.56 + 1.42 325+ 043
20/08/2012 1641 + 566 0.13 £+ 0.01 1.38 + 0.02 146 + 60 0.36 + 0.07 4.50 + 0.73 43 + 31 5.85+1.78 344+ 043
21/08/2012 1717 + 632 0.14 + 0.01 142 + 0.05 179 + 89 0.37 + 0.05 4.19 + 0.64 45 + 23 5.60 + 1.39 3.65 + 0.44
22/08/2012 1142 4 415 0.16 4 0.01 1.42 £+ 0.04 129 + 36 0.36 + 0.06 3.65 + 0.88 28 £ 13 4.65 £+ 1.99 4.12 4+ 0.81
Day Fine mode

N (cm™3) CMDy (pm) Oyt Sr(um®cm ™) SMDy (um) Oyt Vi(um®*ecm™3)  VMDy (um) Oy
18/08/2012 1320 + 347 0.14 4+ 0.01 1.33 £ 0.04 93 + 24 0.18 4+ 0.01 1.61 £+ 0.08 3+1 0.22 4+ 0.01 1.66 £+ 0.10
19/08/2012 1044 + 277 0.09 + 0.01 1.75 + 0.04 66 + 18 0.16 + 0.01 1.78 + 0.05 2+1 0.22 + 0.01 1.85 + 0.06
20/08/2012 1640 + 566 0.11 &+ 0.02 1.67 + 0.06 114+ 41 0.18 + 0.01 1.71 + 0.04 4+1 0.23 + 0.01 1.76 + 0.05
21/08/2012 1716 + 632 0.14 + 0.02 1.63 £+ 0.05 145+ 73 0.20 & 0.01 1.68 + 0.05 5+3 0.26 + 0.02 1.72 + 0.07
22/08/2012 1141 £+ 416 0.13 + 0.02 1.78 £ 0.09 108 £ 30 0.24 4+ 0.03 193 £0.15 4+1 0.26 4+ 0.02 1.67 + 0.09
Day Coarse mode

Ne (em™2) CMD. (pm) Oge Se (um?® cm ™) SMD, (um) Oge Ve(un*cm™)  VMDc (um) Oge
18/08/2012 1+0 1.71 + 0.08 1.84 4+ 0.08 20+ 10 551 + 2.03 2.52 £+ 045 23+ 12 745 £+ 1.10 217 £ 0.12
19/08/2012 0+0 2.82 £ 0.12 1.67 + 0.05 21+9 5.58 + 0.86 1.88 + 0.12 23+ 12 746 + 1.31 1.83 + 0.08
20/08/2012 1+0 2.78 + 0.19 1.63 + 0.11 32+ 20 5.54 + 0.84 192 + 0.13 39+ 30 7.08 + 1.42 1.84 + 0.10
21/08/2012 1+1 2.59 £ 0.15 1.62 & 0.08 35+ 18 5.20 & 1.02 1.94 + 0.16 40 + 21 727 £1.25 191 + 0.11
22/08/2012 1+0 2.82 £ 022 1.56 4 0.08 21+ 11 593 + 1.69 1.83 £ 0.21 24 +13 6.43 + 1.54 222 +£022

increase in the particle concentration as the smoke plumes arrived in
the city. Simultaneously, the number and size of the particles also in-
creased, as described above. Table 4 shows that the standard deviation
of bsca and bgps also increased gradually as the smoke plumes arrived.
This might be attributed not only to the changes of characteristics in
number distribution of aerosols during the pollution event, but also to
the increase of the real and imaginary part of the calculated refractive
index for this smoke episode.

Dscat is the main contributor to bey. This contribution is about 10%
lower on the days when the smoke plumes arrive in the city when com-
pared with other days. Aerosols became more absorbing in relation to
the incoming of smoke plumes containing carbonaceous aerosols as
imaginary parts of the calculated refractive index showed. bpsca¢ had
very low values during the study period, never exceeding 0.7 +
0.4 Mm™ . The same situation was found in the fine mode.

With smoke plumes in the city, the values of MSE and MAE of the
total distribution of aerosol were higher than the day before and the
day after the arrival of the smoke plumes. The days when the smoke
plumes arrived, MSE ranged between 0.34 and 0.38 m? g~ ' and MAE
between 0.23 and 0.26 m? g~ !, whereas the previous and following
days these parameters were 0.24 and 0.34,and 0.12and 0.13 m? g~ !, re-
spectively (Table 5). During the days influenced by the smoke plumes
there was no rising trend in MSE and MAE, contrary to what happened
with bscae and baps, mainly because of the strong dependence of the for-
mer on the aerosol mass distribution. MBSE also followed the same
trend found for MEE and MAE, with very low values never exceeding
01m?g™ .

In the fine mode, the values of MSE and MAE estimated were higher
than in the coarse mode because most of the mass fraction belongs to
the latter. In both modes, MSE and MAE, and total particle distribution,
were up to 33% higher when the smoke plumes arrived in the city. The
average values of MSE and MAE in the fine mode were 1.7 + 0.17 and
0.76 + 0.02 m? g~ !, respectively, and 0.21 + 0.03 and 0.18 +
0.02 m? g~ !, respectively, in the coarse mode. The values estimated in
this paper are consistent with the values found in the relevant literature
(Reid et al., 2004; Reid et al., 1998). A high particle number concentra-
tion in the largest fraction of the fine mode may lead to higher values
in the MSE, as shown by Reid et al. (2004). Reid et al. (1998) found an

increase in MSE in aged smoke plumes when compared with fresh
smoke in different wildfires in Brazil. Moreover, Cheng et al. (2014)
found that MSE values increased rapidly with increasing mass concen-
tration in low aerosol loading as in this case study.

The many variables that determine the optical properties of the
aerosols released by the wildfires, such as particle size, composition,
density or particle refractive index, imply many uncertainties in the
analysis. This causes discrepancies between the many authors who
have approached this research topic. The discrepancies are related not
only to the characteristics of the wildfire, but also to the measurement
techniques and models used to study all the properties.

4.5.2. Radiative forcing of aerosols from biomass burning

As mentioned above through the b, study, the absorption proper-
ties of the aerosols vary during the fire event as shown by the SSA values
(Table 6). On the first day (18 August) SSA values are the highest show-
ing the scattering property of the aerosols studied. In the following days
as fire smoke arrived, the SSA values decrease for a given wavelength,
meaning that aerosols are more absorbing in that wavelength. Conse-
quently, a warming of the atmosphere occurs, as shown in Table 7,
with positive direct radiative forcing.

The GAME simulations were performed with data from 18 to 21 Au-
gust to study the evolution of atmospheric, surface and top of the atmo-
sphere radiative forcing with the incoming of biomass burning plumes.

The instantaneous surface radiative forcing can reach up to
—137.4W m~2on 21 August at 1000 UTC. The corresponding daytime
average is —128.3 + 9.2 W m~2 for mean AOD of 0.38 and calculated
refractive index of 1.576-0.048i. The attenuation of the incoming solar
flux is high in response to the high loading of biomass burning aerosols
in the atmosphere with important extinction (high scattering and ab-
sorbing) properties.

Instantaneous AFTOA vary between —14 W m™2and —1.8 W m™?2
all along the studied days. The daytime average of radiative forcing at
TOA vary between —10.1 & 3.1 Wm ™2 and —4.4 & 3.1 W m™2 The
surface cooling does not balance the TOA aerosol radiative forcing,
meaning that aerosols exert a positive net atmospheric forcing due to
their ability to absorb solar radiation. Moreover, compared to values
found in the literature, our daytime average of the radiative forcing is



Table 4
Coefficients of scattering (bscq), absorption (bgps), extinction (bey,) and backscattering (bpscq) for the total aerosol size distribution, fine mode and coarse mode in three wavelengths (440, 670 and 870 nm) on 18, 19, 20, 21 and 22 August 2012. The
days in which Leén was affected by the forest fire plumes have been highlighted in bold.

Wavelength Daytime Total distribution of aerosols Fine mode Coarse mode
(07:00-19:00UTC) ) bus b b b bus b b b b b b
(Mm~") (Mm~") (Mm™1) (Mm~1) (Mm™") (Mm~") (Mm~") (Mm™") (Mm~") (Mm~") (Mm™1) (Mm~1)
440 nm 18/08/2012 21.7 + 4.7 84+ 24 30.1 + 6.6 05+ 0.1 14.0 + 44 25+07 16.6 +£ 5.2 0.4 +0.1 77 +32 59+24 135+ 56 0.1+0.0
19/08/2012 149+ 5.8 74+ 33 222+ 9.1 0.2 + 0.1 10.0 + 34 31+11 131+ 45 0.2 + 0.1 49 + 25 4.2 +22 9.1+47 0.0 + 0.0
20/08/2012 27.7 £ 11.5 135+ 6.3 41.2 +17.7 0.5+ 0.2 188+ 7.0 59+ 21 24.7 + 9.1 04 + 0.1 89+ 54 7.6+ 4.6 16.6 + 9.9 0.0 + 0.0
21/08/2012 49.8 + 394 20.8 + 13.6 70.6 + 52.9 0.7+ 04 37.8 £ 33.2 10.6 & 8.2 484 + 414 0.6 + 04 119+ 64 103 + 5.5 22.2 +12.0 0.1+ 0.0
22/08/2012 357+75 106 + 2.3 463 +9.0 0.6 + 0.1 271+76 41+10 312+ 8.6 0.5+ 0.1 86+ 27 6.5+ 2.1 151+ 49 0.1+ 0.0
670 nm 18/08/2012 135+ 36 70+23 205+ 5.9 04+ 0.1 51+ 14 14+04 65+ 1.8 02+0.1 84+ 35 56+24 14.0 £ 58 02+0.1
19/08/2012 8.7+ 3.6 6.0+ 28 14.7 + 6.4 0.2 + 0.1 37+11 1.7+ 0.6 54+ 17 0.1 +0.1 5.0+ 26 43 +22 93 +48 0.0 + 0.0
20/08/2012 159+ 7.6 11.0 + 5.6 269 + 13.1 0.3 + 0.1 6.8 + 2.6 32+1.1 10.0 + 3.7 0.3 + 0.1 91+55 78 +47 16.9 + 10.2 0.1 + 0.0
21/08/2012 27.6 + 21.8 16.3 + 10.1 43.8 + 319 0.6 + 0.5 153 + 154 58 +46 21.1 + 20.0 0.5+ 04 123 + 6.7 104 + 5.6 22.7 +£12.2 0.1 +0.1
22/08/2012 20.7 +3.9 85+ 21 29.2 + 5.6 05+0.1 113+ 34 22+06 135+ 4.0 03+0.1 944+ 3.0 63+ 21 156 £5.0 02+ 0.0
870 nm 18/08/2012 11.8 + 4.0 6.4+ 2.2 183 + 6.2 04+ 0.1 26+06 1.0+ 03 36+09 0.1+0.0 92+ 38 54+23 147 +£ 6.1 03 +0.1
19/08/2012 72+32 55+ 27 127+ 5.9 0.2 + 0.1 19+ 0.6 1.2+ 04 31+1.0 0.1+ 0.0 53+27 43 +22 9.6 + 49 0.1+ 0.0
20/08/2012 13.0 + 6.7 10.1+ 5.4 23.1 + 12,0 0.3 + 0.1 35+14 22+08 57+ 21 0.2 + 0.1 95+ 5.6 79+ 47 174 + 104 0.1 +0.1
21/08/2012 211+ 15.7 145 + 8.7 35.6 + 244 0.5+ 04 82+ 87 4.0 + 3.2 123 £ 119 03+03 129+ 7.2 105+ 5.5 234 + 12.7 02402
22/08/2012 163 £ 3.2 76 +£20 239+ 5.1 05+ 0.1 6.0+ 1.8 1.5+ 04 75422 02+0.1 103 £ 3.2 6.1+ 2.0 164 £ 5.2 03 £+ 0.1

Table 5
Mass scattering efficiency scattering efficiency (MSE), mass absorption efficiency (MAE), mass extinction efficiency (MEE) and mass backscattering efficiency (MBSE) for the total aerosol size distribution, fine mode and coarse mode in three wave-
lengths (440, 670 and 870 nm) on 18, 19, 20, 21 and 22 August 2012. The days in which Le6n was affected by the forest fire plumes have been highlighted in bold.

Wavelength Daytime Total distribution of aerosols Fine mode Coarse mode
(07:00-19:00 UTC) MSE (m?g~') MAE (m?’g~') MEE(m?g~') MBSE(m?g~') MSE(m?g~') MAE(m?g~') MEE(m?g ') MBSE(m?g~') MSE(m?’g ') MAE(m?g~ ') MEE(m?g~') MBSE(m?g~ ')
440 nm 18/08/2012 0.41 + 0.16 0.15 + 0.03 0.55 + 0.19 0.01 + 0.00 2.65 £+ 0.16 0.48 + 0.01 3.12+0.17 0.07 + 0.00 0.15 + 0.03 0.11 + 0.02 0.26 + 0.04 0.00 + 0.00
19/08/2012 0.65 + 0.13 0.32 + 0.06 0.97 + 0.18 0.01 + 0.00 4.34 + 0.22 1.36 + 0.02 5.71 £ 0.25 0.10 + 0.00 0.23 + 0.04 0.20 + 0.04 0.43 + 0.08 0.00 + 0.00
20/08/2012 0.62 + 0.18 0.29 + 0.07 0.91 + 0.25 0.01 + 0.00 4.38 + 0.25 1.37 £ 0.03 5.75 + 0.28 0.10 & 0.00 0.20 + 0.04 0.17 £+ 0.03 0.38 + 0.07 0.00 + 0.00
21/08/2012 0.67 + 0.20 0.29 + 0.06 0.96 + 0.26 0.01 + 0.00 4.89 + 0.57 1.42 + 0.06 6.32 + 0.63 0.09 + 0.01 0.19 + 0.02 0.16 + 0.02 0.35 + 0.04 0.00 + 0.00
22/08/2012 0.60 + 0.32 0.17 + 0.04 0.77 + 037 0.01 + 0.01 352 +£034 0.53 + 0.02 4.04 + 0.36 0.07 £ 0.00 0.15 + 0.03 0.11 + 0.02 0.26 + 0.04 0.00 + 0.00
670 nm 18/08/2012 0.24 + 0.06 0.12 + 0.02 0.36 + 0.07 0.01 + 0.00 0.97 £ 0.10 0.26 + 0.01 1.24 £+ 0.10 0.04 + 0.00 0.16 + 0.03 0.11 + 0.02 0.26 + 0.04 0.00 + 0.00
19/08/2012 0.38 + 0.07 0.26 + 0.04 0.64 + 0.11 0.01 + 0.00 1.62 + 0.13 0.75 + 0.01 237 +0.14 0.06 + 0.00 0.24 + 0.04 0.20 + 0.04 0.44 + 0.08 0.00 + 0.00
20/08/2012 0.34 + 0.08 0.23 + 0.05 0.58 + 0.12 0.01 + 0.00 1.58 + 0.13 0.75 + 0.01 233+ 0.15 0.06 + 0.00 0.21 + 0.04 0.18 + 0.03 0.39 + 0.07 0.00 + 0.00
21/08/2012 0.37 + 0.10 0.23 + 0.04 0.60 + 0.14 0.01 + 0.00 1.89 + 0.38 0.78 + 0.04 2.67 + 042 0.07 + 0.00 0.19 + 0.02 0.17 £ 0.02 0.36 + 0.04 0.00 + 0.00
22/08/2012 034 + 0.14 0.13 + 0.02 047 +0.17 0.01 + 0.00 1.46 £+ 0.20 0.29 4+ 0.01 1.76 +£ 0.22 0.04 4+ 0.00 0.16 + 0.03 0.11 4+ 0.02 0.27 4+ 0.04 0.00 + 0.00
870 nm 18/08/2012 0.21 + 0.04 0.11 £ 0.01 0.32 + 0.05 0.01 + 0.00 0.51 £ 0.07 0.18 + 0.00 0.69 + 0.08 0.02 + 0.00 0.17 + 0.03 0.10 & 0.01 0.28 + 0.05 0.01 + 0.00
19/08/2012 0.31 £ 0.05 0.24 + 0.04 0.54 + 0.09 0.01 + 0.00 0.84 + 0.07 0.53 + 0.01 1.37 + 0.08 0.04 + 0.00 0.25 + 0.04 0.20 + 0.04 0.45 + 0.08 0.00 + 0.00
20/08/2012 0.28 + 0.05 0.21 + 0.04 0.49 + 0.09 0.01 + 0.00 0.81 + 0.08 0.52 + 0.01 1.33 + 0.09 0.04 + 0.00 0.22 + 0.04 0.18 + 0.03 0.40 + 0.07 0.00 + 0.00
21/08/2012 0.29 + 0.07 0.20 + 0.03 0.49 + 0.09 0.01 + 0.00 0.99 + 0.24 0.55 + 0.03 1.54 + 0.26 0.04 + 0.00 0.20 + 0.03 0.17 £+ 0.02 0.37 + 0.04 0.00 + 0.00

22/08/2012 0.26 + 0.08 0.12 £+ 0.02 0.38 + 0.10 0.01 £+ 0.00 0.77 £ 0.12 0.20 £+ 0.01 0.97 £ 0.12 0.03 + 0.00 0.18 + 0.04 0.10 £ 0.01 0.29 + 0.05 0.01 + 0.00
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Table 6

Input parameters for GAME model: Single Scattering Albedo (SSA) and asymmetry parameter (g) from 18 to 21 August 2012 at 0700, 1000, 1300 and 1600 UTC for 400 nm, 550 nm and
850 nm wavelengths. AOD values are instantaneous AERONET data (440 nm) except the * one, which is the only mean available at this date. The days in which Le6n was affected by the

forest fire plumes have been highlighted in bold.

AOD Date (day/hours (UTC)) Optical properties
SSA g
Wavelengths Wavelengths
(E.E.A. (European Environment Agency)) (E.E.A. (European Environment Agency))
400 550 850 400 550 850
0,27* 18/08/2012 0700 0,86 0,84 0,76 0,73 0,68 0,60
18/08/2012 1000 0,85 0,82 0,74 0,72 0,67 0,60
18/08/2012 1300 0,83 0,80 0,73 0,73 0,70 0,66
18/08/2012 1600 0,79 0,75 0,67 0,74 0,72 0,71
043 19/08/2012 0700 0,75 0,76 0,73 0,73 0,71 0,67
0,40 19/08/2012 1000 0,75 0,75 0,72 0,73 0,71 0,69
0,37 19/08/2012 1300 0,76 0,76 0,73 0,73 0,70 0,67
0,25 19/08/2012 1600 0,77 0,77 0,74 0,70 0,68 0,64
0,40 20/08/2012 0700 0,75 0,77 0,75 0,73 0,71 0,67
041 20/08/2012 1000 0,75 0,75 0,72 0,73 0,71 0,68
0,37 20/08/2012 1300 0,77 0,78 0,77 0,72 0,70 0,65
0,35 20/08/2012 1600 0,78 0,79 0,78 0,72 0,69 0,64
0,10 21/08/2012 0700 0,77 0,77 0,75 0,72 0,70 0,66
0,13 21/08/2012 1000 0,77 0,78 0,75 0,72 0,70 0,66
0,10 21/08/2012 1300 0,74 0,77 0,78 0,74 0,73 0,68
0,08 21/08/2012 1600 0,76 0,78 0,78 0,73 0,71 0,67

of the same order of magnitude but higher during the fire events due to
the high absorbing property of the refractive index. Indeed, Formenti et
al. (2002), from the STAAARTE MED 1998 experiment, for AOD of about
0.3, for refractive index of 1.55-0.025i, estimated daytime average TOA
radiative forcing of —12 4 5 W m™2 over sea plus vegetation surface.
Fiebig et al. (2003) found solar radiative forcing at the tropopause of
the same order as our simulations by considering forest fire aerosols
in internal mixture near the source with aging by coagulation.

Positive instantaneous AFATM forcing given by GAME indicates the
absorption of solar radiation in the atmosphere by the smoke aerosols.
It varies between +58.3 W m~2 and + 134.6 W m~2 reaching the
peaks when smoke aerosols are the most concentrated (AOD = 0.43).
In Table 7, the daytime average atmospheric radiative forcing is the
highest (on 19 and 20 August) when aerosol loading is high (the highest
AODs), while concentrations of fine aerosols are important and the re-
fractive index is representative of specific burnt species.

4.6. Inhalable, thoracic, tracheobronchial and respirable fractions

In addition to the consequences of the fire on radiative forcing, the
effects on the population of the city have also been studied. It should
be noted that the city of Ledn plus the adjacent municipalities constitute
a conurbation with a population of >150,000 inhabitants.

The different mass fractions of aerosol in the city of Le6n were eval-
uated taking into account the estimated density of the particles, the
aerodynamic diameters of the channels of the spectrometer, and the
number of particles in each channel during the study period. The calcu-
lations were made on the basis of the numerical approximations to the
log-normal cumulative distributions, in accordance with the procedure
set out in Annex B to the Spanish Standard UNE 77213 (equivalent to In-
ternational Standard ISO 7708 (1995)). The results are shown in Table 8.

Table 7
Daytime average of direct radiative forcing (W m~2) from 18 to 21 August 2012. The days
in which Le6n was affected by the forest fire plumes have been highlighted in bold.

DATE AFBOA AFTOA AFATM
18/08/2012 —858 + 134 —10.1 + 3.1 75.8 + 14.0
19/08/2012 —122.0 + 19.6 —44+ 3.1 117.6 £+ 22.6
20/08/2012 —1283 +9.2 —54+26 1229 + 11.8
21/08/2012 —69.5+43 —9.5+ 22 60.0 + 2.7

The smoke plumes caused changes in aerosol size distributions, and
consequently also in the mass retained in the different parts of the respi-
ratory tract. The population was exposed to high levels of pollution
caused by the plume of smoke over the city, with very high levels at cer-
tain time intervals. It has been estimated that healthy adults might have
retained up to 47 ug m > (episode average of 16 ug m™>) in the trachea
and bronchia (tracheobronchial region), and up to 43 pg m ™~ reach the
bronchioles and alveoli (alveolar region) (episode average of 11
ug m~3). People at high risk like children, frail and sick people might
have retained up to 54 ug m~° in the tracheobronchial region (episode
average of 19 pg m—3) and 29 pg m~ > in the alveolar region (episode av-
erage of 7 ug m—3).

5. Conclusions

In this paper, a strong subsidence thermal inversion that induced
changes on the dispersion and medium range transport of the smoke
plumes from two forest fires has been studied. Under this situation,
the plumes arrived in a city (Le6n, Spain) at around 70 km from the
fires, with large amounts of ashes.

Air quality was dramatically altered as the smoke plumes arrived in
the city, with considerable increases of PM;q and PM, s, confirmed by a
simultaneous increase in gas concentrations. An increase in the concen-
tration of particles in the fine mode, especially particles smaller than 0.2
um was recorded. Then, a gradual increase of the median size from 0.09
to 0.14 um was also found during the pollution event, probably due to
oxidation undergone by the aerosols during their stay in the atmo-
sphere. Concerning to this point, one of the main contributions that
this study can provide is the recommendation to study the aging of
the aerosol from fires, mainly in relation with health and radiative forc-
ing, as explained below.

The plumes arrival caused an increase in the radiation absorption
processes. The radiative atmospheric forcing detected, as well as the
consequent solar dimming at the surface, may largely impact the dy-
namic, thermodynamic and photochemical properties of the atmo-
spheric boundary layer, at the same time deteriorating the air quality.

Since the wildfires in the northwest of Iberia are more and more fre-
quent in recent years, this estimate of warming is becoming essential.
The fires are probably generating deep alterations in regional atmo-
spheric stability because they vary not only surface temperatures
(hence altering heating rates), but also rain formation as a consequence
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Table 8
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Inhalable, thoracic, tracheobronchial and respirable mass fractions for healthy adults and high-risk population (children, frail or sick people) deposited in the respiratory tract, on 19, 20
and 21 August 2012. Mean daily values and hourly values during the hour of maximum PM concentration.

Inhalable Thoracic Tracheobronchial Tracheobronchial Respirable Respirable
fraction fraction fraction-healthy adult fraction-high risk fraction-healthy adult fraction-high risk
Day (ngm~?) (ngm™?) (ugm~2) (ugm~) (ngm™?) (ngm~?)
19/08/2012 26 +£13 1849 11+£6 1447 743 442
20/08/2012 43 4 31 29421 18+ 13 22 +£16 11+£8 745
21/08/2012 46 + 24 31+ 16 18+9 22+ 11 14+7 9+5
Maximum of day (hour)
19/08/2012 47 27 19 22 8 5
(0800 UTC)
20/08/2012 121 63 47 54 16 9
(1900 UTC)
21/08/2012 111 75 32 46 43 29
(1200 UTC)

of changes in regional cloud cover. Therefore, the determination of re-
gional climate feedbacks requires further applications of models at a re-
gional scale for which the parameters from wildfires become essential.

Due to the forest fires studied, the population in Ledn was exposed
to important concentrations of fine particles, especially dangerous for
human health. It has been estimated that healthy adults might have
retained up to 47 ug m > in the trachea and bronchia (tracheobronchial
region), and up to 43 ug m~> reached the bronchioles and alveoli (alve-
olar region).

Although it is well known that emissions from fires represent note-
worthy contributions to global mortality rates, the last result suggests a
further study about the incidence of wildfires on human health even in
populations far away from the location of the fire. For example, the de-
velopment of new studies addressing morbidity due to respiratory tract
diseases during wildfires (even when they occur in remote areas)
would be desirable. Furthermore, also concerning human health, not
only the size of the particles contained in the smoke plume must be de-
termined. As potentially hazardous emissions coming from forest fire
smoke contain carcinogenic compounds such as free radicals, benzene
and polycyclic aromatic hydrocarbons (PAHs), it is advisable to evaluate
the chemical composition of the air that the local community is breath-
ing, in order to verify that the concentrations do not exceed the limits
allowed, even when the fire seems to be far away.

In summary, although it is not easy to find simultaneously the same
conditions of the large forest fire that we have studied (with an intense
subsidence inversion and a plume trajectory passing over the sampling
point), it would be desirable in future studies to analyze the chemical
composition of transported aerosols, ultrafine particle distributions
(which, from the physical point of view, are the most dangerous for
human health due to its great penetration power in the respiratory
tract) and the radiative characteristics of the material transported by
the smoke plume.

This paper has illustrated the importance of the weather conditions
in the dispersion of pollutants. Thus, a strong subsidence inversion asso-
ciated to a high-pressure system inhibited vertical dispersion with a
consequent transport of pollutants to a city far away from the fire
sites, that affected the health of the population, visibility and radiative
forcing. Most of the studies related to biomass burning aerosols empha-
size the uncertainties concerned the aging processes of particles after
being emitted. Future field projects should also include continuous
measurements of aerosol composition and smoke markers, so that in-
formation on the aerosol behavior and evolution can be provided to im-
prove understanding of aerosol dynamical processes of the fire plumes.

Finally, the originality of a work like this about forest fires may be
due to the fact that forest fires are events of opportunistic behavior
and of relatively short duration, which hampers the establishment of
significant conclusions about human health, climate alteration or the
dispersion of the products of combustion. In terms of health, we need
to better understand the characteristics of smoke both near or far

from wildfires and their probable consequences, to adjust the response
of the people potentially unprotected from exposure to smoke.
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