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Summary. — The Mediterranean Area is often affected by fires which burn thou-
sands of hectares of vegetation. The biomass burning produces gases and particu-
lates, that spread across thousands of kilometres in the atmosphere, affecting the air
quality at the local, regional and global scale. The inclusion of gas and particulate
emissions from wildfires in chemistry-transport models is a challenging task because
of the large uncertainties related to the detection of fires, the emission factors asso-
ciated with the type of vegetation and fire characteristics and the injection height
of the smoke. This work shows a case study for the summer 2007, a period with
fires in Greece, Albania and Algeria. The emission fluxes have been estimated con-
sidering the gas species CO, NO,, SO2 and NH3 and the particulate matter PMa 5
and PMio. Emission heights for different emitted species have been estimated. The
numerical simulations have been performed with the air quality model BOLCHEM.
The model results show the effect of fires on air pollution. Moreover, the concen-
trations of black carbon aerosol predicted by the model are compared with lidar
measurements at the Tito Scalo, Potenza (40.63°N, 15.80°E, 760 m a.s.l.), where
an unusual layer of aerosol, transported from North Africa, was detected by the
PEARL station lidar on 30 August 2007.

PACS 92.60.8z — Air quality and air pollution.

1. — Introduction

Southern Europe and the Mediterranean basin are frequently affected by fires which
can burn thousands of hectares in a few days, especially during summer. In the tropo-
sphere, among the major sources of atmospheric pollutants and climate altering species,
an important role is played by biomass burning (BB) events (e.g. [1]). Previous stud-
ies have shown that the atmospheric compounds directly emitted by BB or produced
by photochemical processes occurring within BB plumes can be transported over long
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distances, from local to regional and global scales, thus affecting both air quality and cli-
mate (e.g., [2]). The estimation of emissions from wildfires (species emitted and injection
height) is still affected by large uncertainities related to the characteristics of vegetation
and of fires. Seiler and Crutzen [3] made first global estimates of fire emissions, which
subsequently have been refined and updated (e.g., [1,4,5]). More recently, global satellite-
derived burned area information has become available [6,7]. These datasets have been
used in combination with biogeochemical or dedicated fuel load models to estimate emis-
sions [8,10]. Many available estimation methods and emission predictions are made at
global scale (e.g., [9,10]). These inventories include fires on all global land areas at hor-
izontal resolutions of 1km to 11km and typically use a monthly temporal resolution.
The lack of inventories with appropriate temporal resolution, at least daily, and hori-
zontal spatial resolutions of order of kilometers, had not allowed realistic fire emission
estimates in air quality simulations at regional level. Last year, the Fire INventory from
NCAR version 1.0 (FINNv1) has been made available for air quality simulations, pro-
viding daily, 1km resolution, global estimates of the trace gas and particle emissions
from open burning of biomass spanning the period 20052010 [11,12]. In comparison
to anthropogenic emissions, large forest fires can generate smoke plumes with very large
vertical extent due to the release of heat in the combustion process. Determining the
correct injection height of emissions is essential since transport and deposition processes
are very sensitive to altitude. To account for the buoyancy associated with fires in the
chemistry-transport models, fire emissions are commonly distributed within the PBL or
in a few layers close to the surface rather than simply at the surface (e.g. [13]). Although
the low altitude injections can be applied to most fire events, it has been shown [14] that
for large fires the emissions need to be injected into the upper troposphere where they can
be transported over long distances. Several methods have been proposed in literature to
estimate the injection height of emissions. Colarco et al. [15] analyzing smoke and pollu-
tants from Canadian forest fires estimate the injection height using remotely sensed and
i situ data in combination with back trajectory calculations and simulations; Hodzic et
al. [16] estimate the injection height basing on fire characteristics (such as the fire size or
temperature) and atmospheric conditions. In their study on wildfires in Europe during
summer 2003, they used a simplified approach adapted from the WRAP method [17] in
which the bottom (Hypet) and top (Hyop) altitudes of the fire plume are calculated as a
function of the fire buoyant efficiency (BE).

This work introduces a model for estimating the wildfire emissions and injection
heights. Both emissions and injection height have been calculated starting from latitude
and longitude of wildfires. The emissions have been estimated taking into account the
characteristics of soil (vegetation), the area burned and the diurnal cycles of fires. The
injection height has been estimated following the WRAP method. The WRAP method
has been also used to calculate a diurnal cycle of quantity emitted of gas and particulate.
The new fire emissions have been compared with those from the Fire INventory version
1.0 (FINNv1) for the wildfires occurred during the late august 2007 in Greece, Albania
and Algeria. Simulations with the air quality model BOLCHEM have been performed
and the simulated aerosol concentrations were compared with those detected by lidar at
the Tito Scalo, Potenza (40.63° N, 15.80° E, 760m a.s.l.).

2. — Fire emissions assessment

In order to simulate the dispersion of fire smoke, we calculated the emission fluxes from
wildfire and emission height, and we included these emissions in the BOLCHEM model.
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2°1. Fire emissions fluzes. — The emission of a species X resulting from fires, E(X),
is expressed following the methodology proposed by Seiler and Crutzen [3]:

(1) E(X)=A-B-BE-¢(X),

where A is the burnt area (m?2), B is the fuel load (kg/m?), BE the burning efficiency
and e(X) the emission factor of species X. The fuel load (B) provides the available
biomass per surface unit; the burning efficiency (BE) corresponds to the percentage of
the biomass which effectively burns. The emission factor gives the amount of chemical
species emitted for a given amount of biomass burned. B and e(X) are functions of the
land cover classification and BFE is a function of the tree cover. The species considered
are CO, COQ, NOI, SOQ, NH3, PM2v5 and PMlo.

In this study, the burnt area is obtained from MODIS Collection 5 Burned Area Prod-
uct - MCD45. The NASA Moderate Resolution Imaging Spectroradiometer (MODIS)
on the Terra (morning) and Aqua (afternoon) satellites has specific features for fire
monitoring and has been used to systematically generate a suite of global MODIS land
products [18] including a 1km active fire product [19] and more recently a burned area
product that maps the approximate day and extent of burning at 500 m resolution [20].
The type of vegetation (or fuel) that is burned, the loading of those fuels, and the
proportional consumption, controlled by fuel moisture and fire intensity, determine fire
emissions. To assign fuel loadings for pixels in which fires were identified, we refers to
the land cover used by BOLCHEM, that is the UMD Global Land Cover Classification
(GLCC), 1 Kilometer, 1.0, [21], a classification from AVHRR satellite and free avail-
able from ftp://ftp.glcf.umiacs.umd.edu/glcf/Global Land Cover/Global. The
Global Land Cover Classification characterizes the global land cover with 14 different
classes at a resolution of 1km. The core of our work has been first to establish cor-
respondence between the GLC2000 vegetation cover classes [12,22,23] and the UMD
GLCC, and then to estimated values of fuel load and burning efficiency at each class of
vegetation. Finally, for any vegetation type, we have assigned emissions factor at the
different emitted species [24-26,9, 27].

Emissions are supposed to not be constant during the day. Several studies based on
satellite and in situ measurements (e.g., [28,17]) have suggested that biomass burning
exhibits a pronounced diurnal cycle with peak emissions during early afternoon (13-16 h
UTC) and very low emissions during the night. Therefore the WRAP diurnal profile is
applied.

2'2. Injection height. — The injection height is related to the flaming intensity of the
fire and can be estimated based on fire characteristics (such as the fire size or tempera-
ture) and atmospheric conditions. In this study, we use the approach from the WRAP
method [17] in which fires are classified into size classes based on virtual acreage. The vir-
tual acreage is calculated by multiplying the fire size by the square root of the normalized
pre-burn fuel loading:

Fuel load
(2) Acreageyirtual = Acreageactual * \/ o »
Normalizer

where Normalizer = 13.8 - 1073 kg.
Five plume classes were defined with increasing potential plume heights to reflect
the range of heat release possible in wildland fires (table I). Plume bottom heights and
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TABLE 1. — Fire-related parameters as a function of fire size classes.

Class 1 2 3 4 5
Size (virtual acreage) 0-10 10-100 100-1000 1000-5000 > 5000
BFEsize 0.40 0.60 0.75 0.85 0.90
Ptopmax(m) 160 2400 6400 7200 8000
Ptopmin (m) 0 900 2200 3000 3000

percent of the plume fumigated to the first layer of the atmosphere were also developed
for the five plume classes. Using expert opinion, hourly buoyant efficiency values was
derived.

The hourly top and bottom of the plume will be calculated as follows:

(3) Ptophour = BEhour . BEsizc : Ptopmaxa
(4) PbOthour - BEhour . BEsize . PbOtmax~

where BFEg,. is the buoyant efficiency from the size class (see table I) and BEjqy, is the
hourly bouyant efficiency.

3. — The BOLCHEM model: description and set-up

In order to study the dispersion of gases and particulate from wildfires, emissions and
injection heights from wildfires have been included in BOLCHEM. BOLCHEM [29] is
an air quality model which couples online meteorology and atmospheric chemistry. It
solves the primitive hydrostatic equation for meteorology (BOLAM [30]) and gas phase
chemistry (SAPRC90 [31]) and aerosol dynamics (AERO3 [32]). The methodology de-
scribed in the previous section is applied to build a pre-processor prebolchem. fire for
wildfires emission starting from geographic position of fires and providing emissions as
input for BOLCHEM. New routines for taking into account the wildfires emissions of gas
and particulate and the injection height have been added in BOLCHEM. Simulations of
wildfires occurred in Greece, Albania and Algeria during the period 22-30 August 2007
have been performed to study their impact on the air quality.

In order to include the above-mentioned wildfires, the model domain used in this
study includes Europe and North Africa: NW (—=5°, 51°); NE(30°, 51°); SW(-5°, 31°);
SE(30°, 31°). The horizontal resolution is 25 km while the vertical grid has 40 sigma lay-
ers with the lowest layer approximately 40 m thick. The initial and boundary conditions
for meteorology are supplied by ECMWE. The lateral boundary conditions are updated
every 6h. The weather fields are re-initialised every 24 h with the ECMWF analyses in
order to avoid an excessive error growth in the meteorological simulation.

Climatological boundary conditions are used for atmospheric composition as the sim-
ulation domain is large enough to avoid the influence of external sources.

The wildfire emissions fields are added to the anthropogenic and biogenic emissions.
The anthropogenic emission fields have been generated from the TNO inventory for the
2003 year and made available in the frame of GEMS project [33,34]. The TNO inventory
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Fig. 1. — Daily emission flux of BC (g/(m?d)) for 26 August 2007.

provides annual data at the spatial resolution of 1/8° of longitude and 1/16° of lati-
tude. The annual emissions amounts were split in time to hourly resolution and VOCs,
NO,, and PM;y were chemically speciated on the basis of daily, weekly and seasonal
activity profiles derived by literature [35]. Biogenic emissions are based on an inventory
providing potential emissions and generated by NKUA (National and Kapodistrian Uni-
versity of Athens) in the frame of GEMS project. Finally, wildfires emissions are based
on the pre-processor build following the methodology described in sect. 2. To be suit-
able for SAPRC90 module, NO, and PM, 5 are disaggregated, respectively, as follows:
NO, = 95% NOy + 5% NO; PMs5 = 10%BC + 86%0C + 4%S. The coarse mode is
obtained from the difference between PM;y and PMs 5. Black carbon (BC), organic car-
bon (OC) and sulphites (S) are then divided into accumulation (99%) and aitken (1%)
modes. References about disaggregation adopted in this work are [36,32,37]. Two simu-
lations have been performed. The first one includes anthropogenic, biogenic and wildfire
emissions (ant-bio-fire); the second one anthropogenic and biogenic emissions (ant-bio).

4. — Results

This section discusses the model results for wildfires occurred in Greece, Albania and
Algeria from 22 to 30 August 2007.

4'1. Emissions flur and injection height. — The methodology described in sect. 2
was applied to calculate emissions and injection height for wildfires in Greece, Algeria
and Albania. As an example, fig. 1 shows emission fluxes of BC, output of the model
prebolchem _fire and input of BOLCHEM simulations, for 26 August 2007 whereas fig. 2
shows an example of diurnal cycle of BC (g/(m?h)) and injection heights for 26 August
2007 at 21.7°E/37.5°N longitude/latitude (Greece). Both figures display a peak emissions
during early afternoon (13-16h UTC) and very low emissions during the night.

Figure 1 shows that the flux emissions of BC, for 26 August 2007, ranges from 0.1
to more than 0.4 g/m? per day. Figures 2 show a peak emissions during early afternoon
(13-16h UTC) and very low emissions during the night. During the night fire emits just
in the boundary layer, while during early afternoon (13-16h UTC) fire emits totally in
the troposphere, being the injection height between 2000 and 5500 meters.

To test the developed emission flux methodology, we have compared the estimated
gas and particulate emissions with those estimated by the global model FINNv1 (Fire
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Fig. 2. — Diurnal cycle of hourly flux emission of BC (left) and of injection height (right) for
26 August 2007 at longitude = 21.7°E /37.5°N longitude/latitude (Greece).

INventory from NCAR), that provides daily estimate of gas and particulate from wildfires
at 1km? of resolution [11,12]. We point out that a quantitative assignment of uncertainty
is difficult, due to the uncertainties associated with the land cover classifications, the fire
detections, the assumed area burned, the biomass loading, the amount of fuel burned,
and emission factors. At this time, we follow other efforts (e.g., [12,23]) and assign the
uncertainty as a factor of two for the estimates.

Figure 3 shows daily quantity of CO, NOs, PMy 5 and PM;y emitted from wildfires
estimated by prebolchemifire (circle point) and FINNv1 model (square points), with the
uncertainties calculated as described above.

From fig. 3 we can infer that our model overestimates wildfires emissions, mainly for
CO and NOs. Differences are major when a peak of emissions is estimated (26 and 27
August 2007), and only the 27 estimates does not overlap. Regarding particulate (PMs 5
and PMyg), for each day estimates are overlapping. The agreement is better when we
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Fig. 3. — Quantity and uncertainties of CO, NO3z, PM2 5 and PM; estimated by prebolchemfire
model (circles) and FINNv1 model (squares).
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Fig. 4. — Concentration maps of BC (ug/m®) at about 1500 meters for 30 August 2007. Left:
simulation bio-ant-fire. Right: difference between simulation bio-ant-fire and bio-ant.

consider the total quantity emitted during the period case study (results not shown).
Differences between the two emissions are mainly due to different data for the burned
area and due to different vegetation maps, whereas the methodology is the same. In
particular, we used the data set MODIS area burned whereas the author of FINNv1
used the data set MODIS Thermal Anomalies Product [7]. The landuse description that
we incorporate is based on 14 classes of vegetation, the land followed the description used
by the FINNv1 authors is based on 29 classes of vegetation.

4°2. Results of numerical simulation. — We have compared the vertical distribution
of BC concentration simulated with BOLCHEM with lidar observations at Tito Scalo,
Potenza (40.63 N, 15.80 E, 760 m a.s.l.). Here, an unusual layer of aerosol has been
detected by the PEARL station lidar on 30 August 2007 above 4800 meters of altitude.
Figure 5b) shows the backscatter coefficient profile measured in PEARL station. The
study of backscatter coefficient lead to suppose that the aerosol layer between the bound-
ery layer and 4800 meters is containing the typical characteristic of the particulate from
forest fire [38].

Regarding the meteorological situation, the BOLAM simulation (here not displayed)
for 24 August 2007 highlighted that the passage of a trough over West Europe favoured
the transport of air masses from North Africa to the central Mediterranean and Italy.
From 25 to 28 August 2007 the low tropospheric circulation over the central Mediter-
ranean basin was instead determined by a high-pressure ridge centred over Sardinia,
favouring the transport of air masses from North Africa towards northern Italy. From
28 August 2007 a low-pressure trough affected Western Europe, again favouring air mass
transport from North Africa toward northern and central Italy. The end of air mass
advection from North Africa, around 31 August 2007, was related to the eastward dis-
placement of the low-pressure system, which induced a westerly flow over northern Italy.

Results of simulations are shown in figs. 4 and 5. In particular, fig. 4 shows the
concentration of BC aerosol for 30 August 2007 at 6 pm at about 1500m for (left) the
simulation bio-ant-fire and for (right) the difference between the simulation bio-ant-fire
and bio-ant. The map on the right of the figure puts in evidence the contribution of
wildfire emission of BC to PEARL station (triangle) and, in general, to the centre-south
of Ttaly at 1500 metres. Figure 5a) shows the profile of BC at the PEARL station for
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Fig. 5. — Right: BC concentration profile from BOLCHEM outputs; left: backscatter profiles
measured in PEARL station. Profiles are for 30 August 2007 at 18 hour.

the simulation bio-ant-fire (circle) and ant-bio (square). From this figure we can infer
that wildfires emissions of BC contribute to the air quality on Potenza from the surface
to about 3000m. The profile obtained from lidar observations is not well reproduced
by BOLCHEM simulation at high altitudes and, at lower heights, the simulations show
a higher contribution of BC from wildfire emissions than lidar measurements. The dif-
ference is probably due to an inaccurate representation of the vertical transport and
the convective motions in BOLCHEM. Also a not very realistic representation of wild-
fires emission and injection height can explain the difference between profiles. Further
work will be carried out to investigate the sensitivity of BOLCHEM simulation results
to emissions flux and injection heights, and to compare the output model with differ-
ent measurement stations data (e.g. Monte Cimone [39], Athens [40]) The inclusion of
the AOD (Aerosol Optical Depth) module (work in progress) in BOLCHEM will lead
to a comparison of numerical results of AOD with AOD maps from Satellite data (e.g.,
CALIPSO—Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observation).
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