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[1] The photochemistry in young biomass-burning plumes depends on the emissions from
the fire and their mixing with the background atmosphere as well as on the actinic flux.
In the present study a three-dimensional plume model is used to investigate the
photochemical evolution of a biomass-burning plume during the first tens of minutes
after the fire emissions have been released into the atmosphere. The model results represent
the evolution of the plume from the Quinault prescribed fire conducted during the Smoke,
Cloud, and Radiation-C (SCAR-C) experiment. The modeled ozone concentrations of
about 70 ppb are close to observations. The main nitrogen reservoir species downwind of
the fire are HNO3 and peroxyacetyl nitrate, accounting for about �60% and �30% of the
total nitrogen reservoir species, respectively. Photolysis of formaldehyde, which is emitted
from the fire, is the primary source of radicals in the plume. Omitting the emissions of
oxygenated volatile organic compounds in the modeled fire plume leads to unrealistically
low ozone concentrations in the simulations. A nonabsorbing aerosol as well as the lower
emission of NOx in the simulations enhance the radical concentration, the photochemical
ozone formation, and the oxidation efficiency, at least at the timescales considered here.
Further investigations of the atmospheric processes in young biomass-burning plumes
will increase our understanding of the interaction of transport and chemical processes not
only in biomass-burning plumes but also in other convective systems. INDEX TERMS: 0345

Atmospheric Composition and Structure: Pollution—urban and regional (0305); 0365 Atmospheric

Composition and Structure: Troposphere—composition and chemistry; 0368 Atmospheric Composition and
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1. Introduction

[2] Vegetation fires are a major source of several atmo-
spheric trace gases as well as aerosol particles [Crutzen and
Andreae, 1990; Andreae and Merlet, 2001]. Photochemical
processing of the primary emissions leads to the formation
of secondary pollutants, e.g., ozone. Several field studies
have shown the influence of primary emissions from
biomass burning on atmospheric composition and the for-
mation of secondary pollutants in different regions, e.g., the
Arctic [Harriss et al., 1994], the South Atlantic [Andreae et
al., 1996a], Brazil [Kaufman et al., 1998], and northern
Africa [Delmas et al., 1999]. Long-term satellite measure-

ments provide evidence that vegetation fires influence the
atmospheric composition regularly on a regional to global
scale, especially in the tropics [Fishman et al., 1991;
Fishman and Brackett, 1997; Thompson et al., 2001;
Chandra et al., 2002; Peters et al., 2002].
[3] Global atmospheric chemistry models that include

emissions from biomass burning have been used to quan-
tify the contribution of biomass-burning emissions to the
atmospheric concentrations of several trace gases, e.g.,
CO, NOx (NOx = NO + NO2), and O3. The impact of
biomass burning on the global tropospheric ozone concen-
tration was investigated in several studies [e.g., Lelieveld
and Dentener, 2000; Marufu et al., 2000; Galanter et al.,
2000; Granier et al., 2000]. All studies estimate the
contribution of biomass burning to the global tropospheric
ozone concentration to be in the order of 10%. Neverthe-
less, on a regional scale close to the source region,
biomass burning contributes to a much larger extent to
the ozone concentration [Marufu et al., 2000; McKeen et
al., 2002].
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[4] Several observations give evidence that photochemi-
cal ozone production takes place already in very young
biomass-burning plumes, i.e., a few tens of minutes after the
fire emissions are released [Evans et al., 1977; Stith et al.,
1981; Hobbs et al., 1996, 2003; Goode et al., 2000;
Yokelson et al., 2003; Jost et al., 2003]. The ozone produc-
tion in individual biomass-burning plumes was found to be
significant for the regional-scale ozone budget in the trop-
ical South Atlantic region [Mauzerall et al., 1998]. How-
ever, regional and global scale models cannot describe the
ozone production in individual plumes, because of their
coarse grid compared to the size of a biomass-burning
plume. In these models, emissions from biomass burning
are introduced and homogeneously distributed into a large
area. This artificial dilution might lead to an overestimation
or underestimation of the ozone concentration, depending
on the concentrations and on the size of the model grid box
[Chatfield and Delany, 1990; Poppe et al., 1998].
[5] In order to study the chemical processes in biomass-

burning plumes, box model studies have been performed
[e.g., Jacob et al., 1992; Mauzerall et al., 1998; Mason et
al., 2001; Jost et al., 2003]. For a realistic simulation,
dilution of the emitted species has to be taken into account.
The amount of dilution is a sensitive parameter in these
simulations, because the amount of background air mixed
into the fire-affected air parcel strongly influences the
amount of ozone produced [Chatfield and Delany, 1990;
Poppe et al., 1998].
[6] In the present study, the chemical evolution as well as

the transport of the biomass-burning emissions are consid-
ered in detail. The goal of this study is to investigate the
chemical processes leading to the formation of ozone during
the first tens of minutes after the fire emissions are released
into the atmosphere. Understanding and quantifying these
processes will help to improve the representation of
vegetation fires in regional and global model studies. The
framework for this study is the active tracer high-resolution
atmospheric model (ATHAM) [Herzog et al., 1998;
Oberhuber et al., 1998; Graf et al., 1999]. ATHAM has
been used previously to simulate the transport of aerosol
particles from a prescribed fire, and the results showed
reasonable agreement with measurements [Trentmann et al.,
2002]. Here, these dynamical simulations are extended to
include chemical processes.

2. Model Description

[7] The three-dimensional (3-D) nonhydrostatic plume
model ATHAM was designed and used originally for the
study of volcanic plumes [Graf et al., 1999]. (For a detailed
description of the meteorological and microphysical mod-
ules of ATHAM, see Oberhuber et al. [1998], Herzog et al.
[1998], and Textor et al. [2003].)
[8] ATHAM is formulated with a modular structure that

allows the inclusion of independent modules. Existing
modules treat the dynamics, turbulence, transport, cloud
microphysics, gas scavenging, radiation, emissions, and
chemistry. In the present investigation, only the transport,
turbulence, radiation, emission, and chemistry modules of
ATHAM are used. The transport of chemical species is
based on a slightly modified version of the method of
Smolarkiewicz [1984]. The turbulent quantities are calculated

using amodified Kolmogorov-Prandtl formulation. The solar
radiation is calculated with the 2-stream practical improved
flux method (PIFM) [Zdunkowski et al., 1982], including
radiative effects of gases and aerosol particles. The chemical
module is described in more detail in the following.
[9] Atmospheric chemistry in biomass-burning plumes is

dominated by the gaseous emissions from the fire. These
include CO and other volatile organic compounds (VOCs),
nitrogen oxides, as well as halogen-containing and sulfur-
containing compounds [Andreae and Merlet, 2001]. In order
to describe the chemical processes in a three-dimensional
transport model, a selection of species and reactions has to be
performed due to computational limitations. The appropriate
selection of the included species depends on the simulation
time, the target species, as well as on the available computer
resources. For our specific purpose, a selection of chemical
reactions was performed to reproduce the chemical processes
in a young biomass-burning plume that lead to the formation
of ozone within the first tens of minutes after the release of
the emissions into the atmosphere.
[10] Atmospheric chemistry occurring in young biomass-

burning plumes is characterized by high concentrations of
VOCs and nitrogen oxides. Photochemical ozone production
in biomass-burning plumes is driven by the oxidation of
VOCs by the hydroxy radical (OH) in the presence of high
concentrations of NOx. One substantial difference between
urban and biomass-burning emissions is the large amount of
oxygenated volatile organic compounds (OVOC) that are
emitted by vegetation fires. The most important OVOCs
emitted from biomass burning are aldehydes, e.g., HCHO,
CH3CHO, organic acids, e.g., HCOOH, CH3COOH, alco-
hols, e.g., CH3OH, and ketones, e.g., CH3COCH3.
[11] The chemical mechanism used in the present study

includes the oxidation of the primary emissions from
biomass burning: CO, CH4, C2H6, C2H4, C3H6, HCHO,
CH3CHO, HCOOH, CH3COOH, and CH3COCH3. Higher
hydrocarbons are neglected because of their low emission
ratios. Oxidation by OH is considered for all emitted
species. Photolysis of aldehydes and acetone is included
as well as ozonolysis of the alkenes. Oxidation of ethene is
treated explicitly based on a recent laboratory study
[Orlando et al., 1998]. Because of the high NOx concen-
trations, cross reactions between higher peroxy radicals are
not important under the present conditions [Kirchner and
Stockwell, 1996] and are not taken into account.
[12] Two heterogeneous reactions on aerosol particles are

included in the mechanism: the reaction of NO2 to yield
HONO, and that of N2O5 to yield HNO3. Heterogeneous
reaction rates are calculated as first-order rate constants,
khet = (1/4)gcS, where g is the uptake coefficient, c the
mean molecular speed, and S the aerosol surface per volume
of air. The aerosol surface is calculated from the time-
dependent aerosol mass concentration using a surface area
per particle of 1.6 � 10�9 cm2, derived from measurements
of the aerosol size distribution [see Gassó and Hegg, 1998;
Trentmann et al., 2002].
[13] Photolysis frequencies, which include the effect of

absorption and scattering by molecules and aerosol particles
are calculated on-line [Landgraf and Crutzen, 1998] using
the actinic flux calculated with PIFM2. The method of
Landgraf and Crutzen [1998] requires precalculation of
polynomial coefficients for the calculation of the photolysis
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frequencies. For compounds for which these coefficients
were not available, the photolysis frequencies were calcu-
lated from the linear correlation with a photolysis frequency
of a compound with similar absorption cross section and
quantum yield [von Kuhlmann et al., 2003]. The complete
reaction set is given in the appendix.1

[14] Simulated concentrations from this mechanism were
compared to those from a more detailed chemical mecha-
nism in photochemical box model studies [Jost et al., 2003].
The agreement for simulations representing the first hours
of a young biomass-burning plume was very good.
[15] The numerical solution of the differential equations

for the chemical integration is performed using the kinetic
preprocessor (KPP) [Damian et al., 2002]. In the present
work, a 2-stage Rosenbrock method (ROS2) was applied to
solve the chemical differential equations [Verwer et al.,
1999].

3. Model Initialization

[16] In this study, ATHAM is used with a time-indepen-
dent three-dimensional field of the meteorological quantities
(wind, temperature, pressure) taken from the ATHAM
simulation presented by Trentmann et al. [2002]. The
scenario in this previous study was shown to give a
reasonably good representation of the plume from the
Quinault prescribed fire on 21 September 1994. This
19.4 ha clear-cut burn on the Pacific Coast of Washington
State on the Olympic Peninsula and the resulting plume
was intensively studied by remote sensing and in situ
measurements during the Smoke, Cloud, and Radiation-C
(SCAR-C) experiment [Kaufman et al., 1996; Hobbs et al.,
1996; Martins et al., 1996; Tanré et al., 1997; Gassó and
Hegg, 1998]. The simulated fields of the meteorological
quantities were linearly interpolated on the new model grid
and kept constant over the simulated time of 90 min. The
wind field was interpolated in such a way to keep it free of
divergence. The advantage of this strategy is that the model
domain can be kept small, which significantly reduces the
required computer power.

3.1. Model Setup

[17] The three-dimensional model domain (x, y, z) of
ATHAM was set to 20 km � 7 km � 900 m with a minimal
grid spacing of 50 � 50 � 30 m in the central part of the
model domain. The number of grid boxes in the x direction,
y direction, and z direction was 85, 66, and 25, respectively.
The transport timestep was set to 3 s. Two chemical time
steps of 0.6 s and 2.4 s were calculated during one transport
time step. The solar zenith angle was computed for 47�N,
21 September, representing the conditions during the Qui-
nault fire. Model simulations were set to correspond to an
ignition at 1100 LT and duration of 90 min.

3.2. Initial Conditions

[18] Three-dimensional temperature and wind fields from
the previous simulation of the Quinault fire [Trentmann
et al., 2002] representing the situation 90 min after ignition
are used in the present study. The atmospheric conditions

are determined by a strong temperature inversion between
�300 m and 600 m that prevents the fire-induced convec-
tion from reaching higher altitudes. The fire emissions are
transported with the horizontal wind of �3.5 m s�1.
[19] Initial vertical profiles for the background chemical

species are taken from the model of atmospheric transport
and chemistry (MATCH) [Lawrence et al., 1999; von
Kuhlmann et al., 2003]. Monthly mean values for Septem-
ber at 47�N, 124�W were used. The initial surface values of
the relevant chemical species are given in Table 1. Ozone
mixing ratios in the range of 30 ppb are comparable to
observations during the Quinault fire [Hobbs et al., 1996].
While the ozone concentration slightly increases with alti-
tude, the carbon monoxide, NOx, and VOC concentrations
decrease with increasing altitude.

3.3. Fire Emissions

[20] Time-dependent fire emissions for the Quinault fire
were obtained from the emission production model (EPM)
[Sandberg and Peterson, 1984; Ferguson et al., 2000].
The EPM simulations have been initialized with the
observed loading and moisture of different fuel size classes
and the duff from the Quinault fire site [Hobbs et al.,
1996]. EPM simulates the time-dependent emissions of
energy, particulate matter, CO2, CO, and CH4, accounting
for different phases of the fire (flaming and smoldering).
The use of these heat and particulate emissions resulted in
reasonable agreement between results from the simulation
of the particulate transport and observations from the
Quinault fire plume [Trentmann et al., 2002]. In this study,
the CO2, CO, CH4, and aerosol emissions are taken from
the EPM. As no detailed information on the emissions
from the Quinault fire is available, the emissions of the
other trace gases are calculated using the emission factors
presented in Table 2.
[21] Measurements of the initial NO/NOx ratio are very

sparse; most of them point to values slightly less than 90%
[Griffith et al., 1991; Delmas et al., 1995; Yokelson et al.,
1996]. Theoretical considerations indicate that in the smol-
dering stage the NO/NOx ratio can decrease to 60% [Lobert

Table 1. Initial Surface Mixing Ratios for the Chemical

Compounds

Species Mixing Ratio, ppt

O3 28.8a

CO 154a

CH4 1.82b

C2H6 800
C2H4 500
C3H6 100
CH3OH 3.6a

CH3COCH3 2.7a

HCHO 1.6a

CH3CHO 300
HCOOH 68
CH3COOH 78
H2O2 400
CH3OOH 300
NOx 3.6a

HNO3 500
PAN 400

aGiven in ppb.
bGiven in ppm.

1Auxiliary material is available at ftp://ftp.agu.org/apend/jd/
2003JD003732.
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and Warnatz, 1993]. In the following simulations, a value of
75% for the NO/NOx ratio is used. The temporal and spatial
distribution of the fire emissions is identical to the one used
in Trentmann et al. [2002].

3.4. Calculation of the Photolysis Frequencies

[22] For the calculation of the photolysis frequencies,
the vertical extent of the model domain is increased up to
60 km. Inside the ATHAM model domain, i.e., up to an
altitude of 900 m, temperature, pressure, as well as ozone
and aerosol concentrations, are taken from the simulations.
Above 900 m, observations, supplemented by data from the
standard atmosphere for midlatitude summer conditions, are
used as described in Trentmann et al. [2002]. No aerosol is
considered above 900 m. The wavelength-independent
surface albedo was assumed to be Lambertian and set to
6%.
[23] The interaction of the smoke particles with the solar

radiation is included in the calculation of the photolysis
frequencies. The aerosol optical properties were calculated
on the basis of measurements of the aerosol composition
[Martins et al., 1996] and size distribution [Hobbs et al.,
1996; Gassó and Hegg, 1998] from the Quinault fire as
explained in our previous study [Trentmann et al., 2002].
The optical properties of the aerosol are linearly interpolated
on the wavelength grid used for the calculation of the
photolysis frequencies [Landgraf and Crutzen, 1998]. Pho-
tolysis frequencies were calculated at every transport time
step in order to account for the changing spatial distribution
of the aerosol.
[24] One-dimensional radiative transfer simulations were

performed for every column of the model (independent
pixel approximation (IPA) [Cahalan et al., 1994]). No
interaction between neighboring columns was considered,
i.e., no horizontal photon transfer. The neglect of three-
dimensional radiation effects has a significant impact on the
calculated photolysis frequencies, especially in the center of
the plume above the fire [Trentmann et al., 2003]. However,
3-D radiative transfer simulations cannot be performed on-
line within a 3-D atmospheric transport model at the
present, because of computational limitations. Nevertheless,
their possible effects should be kept in mind when inter-
preting the model results.

[25] In the following sections, we will first present the
results from the reference (REF) simulation as described
above. In section 5, the results from three sensitivity studies
will be presented and compared to the results from the
reference simulation.

4. Model Results

[26] The general appearance of the biomass-burning
plume is characterized by the concentration of passive
tracers. The term ‘‘passive’’ is used here to indicate that
the atmospheric concentrations of these trace species are not
significantly influenced by photochemistry on the timescale
considered here. Their spatial distribution is identical in all
model simulations, because their concentrations are only
influenced by transport effects.
[27] In the following analysis, the extent of the plume is

defined by the aerosol mass concentration. Every grid cell
with an aerosol mass concentration exceeding the threshold
of 10 mgm�3 is considered to be in the plume. Only those grid
cells are considered when plume-averaged quantities are
presented.

4.1. Passive Tracers

[28] As tracer transport in this study is performed with a
constant wind field, the resulting spatial distribution of the
passive tracers from the fire differs slightly from the
simulation presented in Trentmann et al. [2002].
[29] In Figure 1a, the simulated aerosol optical depth t

at 400 nm after 90 min is shown. Above the fire, t exceeds
10; downwind it decreases to values between 0.2 and 1.
Figure 1b shows the CO mixing ratio along the main plume
axis, depicted as section A in Figure 1a. Figure 1c presents
the CO mixing ratio along section B, and Figure 1d shows
the values of the CO mixing ratio at an altitude of 500 m.
CO and aerosol particles are emitted from the fire and
transported up to an altitude of �700 m. The horizontal
transport takes place at altitudes between 350 m and 600 m
in the planetary boundary layer. The maximum traveling
distance within the 90-min simulation time is around 16 km.
The simulated CO mixing ratio in the plume is much higher
than the background mixing ratio. At a distance of 8.2 km
from the fire, corresponding to a traveling time of �40 min,
the maximum and the average mixing ratio of CO in the
plume are 5.9 ppm and 1.2 ppm, respectively.
[30] The average mixing ratios at the source, defined as

the horizontal average at an altitude of 150 m above the fire,
as well as the average mixing ratios across the plume at a
distance of 8.2 km, section B in Figure 1a, for all com-
pounds emitted by the fire are presented in Table 3.
[31] The high concentrations of VOCs and NOx in Table 3

as compared to the background concentrations (Table 1)
demonstrate the strong impact of the fire on the chemical
composition. The concentrations downwind the fire are
smaller than those close to the fire, because of the mixing
of the plume with background air and the increasing fire
emissions as a function of time. Additionally, chemical
processing influences the concentration of the nonpassive
species during the simulation time of 90 min.
[32] In our previous study, we showed that the simulated

aerosol mass concentration compares well with observations
[Trentmann et al., 2002]. No CO measurements from the

Table 2. Emission Ratios Related to CO for the Trace Gases

Emitted by Vegetation Fires Used in the Present Study

Compound �X/�CO, % Notesa

Acetic acid (CH3COOH) 2.0 2
Formaldehyde (HCHO) 2.0 3
Ethene (C2H4) 1.2 1
Acetaldehyde (CH3CHO) 1.2 4
Methanol (CH3OH) 1.0 3
Formic acid (HCOOH) 0.9 5
Ethane (C2H6) 0.7 1
Acetone (CH3COCH3) 0.5 4
Propene (C3H6) 0.5 1
Nitrogen oxides (NOx)

b 0.2 1
a1, emission ratio taken from Lobert et al. [1991]; 2, emission ratio

derived from Yokelson et al. [1997] and Goode et al. [1999]; 3, emission
ratio derived from Yokelson et al. [1997], Holzinger et al. [1999], and
Goode et al. [1999]; 4, emission ratio taken from Holzinger et al. [1999]; 5,
emission ratio taken from Yokelson et al. [1997].

bFor NOx the emission ratio related to CO2 is given.
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Quinault fire are available for a comparison and evaluation
of the model results. However, other investigations of
young biomass-burning plumes found CO concentrations
comparable to the simulated values [e.g., Ward et al., 1992;
Andreae et al., 1996b; Koppmann et al., 1997; Ferek et al.,
1998; Goode et al., 2000]. This reasonable agreement
between observed and simulated CO mixing ratios makes
us confident that the simulated gas phase concentrations are
representative for the conditions in young biomass-burning
plumes. Therefore the simulation of the photochemical
processes that are closely linked to the concentrations of
VOC and NOx should be a reasonably realistic representa-
tion of the photochemical processes occurring in young
biomass-burning plumes.

4.2. Photochemical Processes in a Biomass-Burning
Plume

[33] In the following sections, results from the REF sim-
ulation for several trace gases are presented and compared to

Figure 1. (a) Aerosol optical depth at 400 nm (color coding) after 90 min of simulation. The locations of
the cross sections A and B are also shown. (b) CO mixing ratio (color coding) along the main plume axis,
section A. (c) COmixing ratio at section B across the plume at x = 8.2 km. (d) COmixing ratio at an altitude
of z = 500 m. Contour lines in Figures 1b–1d represent the aerosol mass concentration (mg m�3). The white
line indicates the border of the plume as defined by an aerosol mass concentration of 10 mg m�3. See color
version of this figure at back of this issue.

Table 3. Source and Downwind Mixing Ratio of the Emitted

Trace Gasesa

Species

Mixing Ratio, ppb

Fire Downwind

CO 18000 1200
CH4 2818 1877
C2H6 125.9 8.0
C2H4 214.9 11.3
C3H6 89.3 3.3
CH3COCH3 92.0 7.2
HCHO 359.2 21.9
CH3CHO 214.8 11.9
CH3OH 182.2 12.8
HCOOH 161.0 9.4
CH3COOH 357.7 20.7
NOx 403.9 22.2

aThe mixing ratio close to the fire is calculated as the average plume
mixing ratio at z = 150 m. The downwind average is for the cross section at
x = 8.2 km, also shown in Figure 1c.
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appropriate measurements. The focus is on compounds that
are altered by chemical processes in the biomass-burning
plume. In particular, the production of ozone and the forma-
tion of nitrogen reservoir species are investigated. Addition-
ally, the oxidation efficiency in the plume is examined.
[34] To distinguish between dynamical and chemical pro-

cesses, correlations between chemical compounds are regu-
larly used in the analysis of measurements of plumes from
biomass burning or other sources [e.g., Andreae et al., 1988,
1994, 2001; Parrish et al., 1993; Mauzerall et al., 1996,
1998; Reid et al., 1998; Ryerson et al., 1998; Goode et al.,
2000]. In these analyses, simultaneous measurements of the
mixing ratios of two compounds, X and Y, are subjected to a
linear regression analysis. The slope of the regression line
(�X/�Y) is the so-called enhancement ratio within the
polluted air mass relative to the background. In the present
model study, the enhancement ratio between two species is
calculated in the same way and can be compared to analyses
based on observational data.

[35] From model simulations, photochemical reaction
rates can be extracted. Two different quantities are used
in the following sections. Spatially averaged and tempo-
rally averaged chemical reaction rates (molecule cm�3 s�1)
in the plume as well as temporally and spatially integrated
rates are presented. The integrated rate gives the total
number of molecules produced or destroyed by a specific
chemical reaction in the plume during the simulation time
of 90 min. From this quantity, the photochemical lifetime
of a compound is derived by dividing its total emissions
by its integrated chemical loss.
4.2.1. Ozone
[36] In this section, the simulated ozone concentration,

the enhancement ratio of ozone compared to CO, and the
photochemical processes leading to the production of
ozone are presented. In Figure 2, the simulated ozone
mixing ratio after 90 min is shown for one cross section
along the main plume axis (Figure 2a, section A in
Figure 1a), one cross section across the plume (Figure 2b,

Figure 2. O3 mixing ratio (color coding) for three cross sections through the model domain at (a) the
main plume axis, section A in Figure 1a, (b) x = 8.2 km, section B in Figure 1a, and (c) z = 500 m after
90 min of simulation time. The traveling time from the source to the cross section at a distance of 8.2 km
is �40 min. Contour lines represent the aerosol mass concentration (mg m�3). (d) Plume-averaged O3

mixing ratio and aerosol mass concentration with distance from the fire. See color version of this figure at
back of this issue.
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section B in Figure 1a) and one cross section at an altitude
of 500 m (Figure 2c).
[37] Above the fire, ozone is strongly depleted due to

the fast reaction of ozone with NO, which is emitted from
the fire. The NOx mixing ratio above the fire exceeds the
background O3 mixing ratio (compare Table 1 and Table 3),
resulting in a complete titration of the available ozone into
NO2. Downwind of the fire, the ozone concentration
gradually increases due to photochemical processes. In
Figure 2b, the simulated ozone mixing ratio across the
plume after �40 min of traveling is presented. The ozone
concentrations within the plume are well above background
level, with the maximum values being correlated with the
highest aerosol concentrations.
[38] Figure 2d shows the plume-averaged ozone mixing

ratio along the plume, together with the plume-averaged
aerosol mass concentration. The aerosol concentrations
gradually decrease with distance, while the averaged ozone
concentration along the plume increases up to a value of
45 ppb, because of photochemical processes that lead to
photochemical ozone production. The maximum and the
averaged simulated ozone mixing ratio within the plume are
70 ppb and 40 ppb, respectively.
[39] The �O3/�CO enhancement ratio as a function of

distance from the fire is presented in Figure 3. Close to the
fire, ozone and CO are anticorrelated. With increasing
distance from the fire, the �O3/�CO enhancement ratio
increases, indicating photochemical ozone production dur-
ing the transport of the emissions. At a distance of 12 km
from the fire, the enhancement ratio is 0.75%. Between 3
and 5 km, no linear correlation was found between CO and
ozone.
[40] Measurements in young biomass-burning plumes

regularly show reduced ozone concentrations close to the
fire and enhanced ozone concentrations downwind the fire.
Observations during the Quinault fire revealed a minimum
ozone mixing ratio of �5 ppb above the fire, and a

maximum of �80 ppb downwind the fire [see Hobbs et
al., 1996, Figure 66.14]. Downwind ozone concentrations
between 60 ppb and �150 ppb were also observed in other
comparable biomass-burning plumes [Evans et al., 1977;
Stith et al., 1981; Goode et al., 2000; Jost et al., 2003;
Hobbs et al., 2003; Yokelson et al., 2003]. The simulated
ozone concentration in the REF simulation therefore seems
to be a good representation of the ozone concentration in
young biomass-burning plumes.
[41] Measurements of the �O3/�CO enhancement ratios

in Africa yielded values ranging from 1.2% to 16% with an
average of 4% for biomass-burning plumes a few hours
after emission [Helas et al., 1995]. A �O3/�CO enhance-
ment ratio of 15 ± 37% was derived from measurements
within four fresh plumes (less than half a day old) observed
during the Transport and Atmospheric Chemistry Near the
Equator-Atlantic (TRACE-A) expedition [Mauzerall et al.,
1998]. The relatively large standard variation indicates that
at least in one plume a significantly lower enhancement
ratio than the average was observed. A �O3/�CO enhance-
ment ratio of 7.9 ± 2.4% was derived from measurements
within an Alaskan biomass-burning plume �2 h traveling
time downwind the fire [Goode et al., 2000]. Within a
second plume, no correlation between CO and O3 was
found. Recently, ozone enhancement ratios of several Afri-
can fires have been determined, resulting in a value of about
10% between 40 min and 2 hours after the emission [Jost et
al., 2003; Hobbs et al., 2003; Yokelson et al., 2003]. The
simulated value of the �O3/�CO enhancement ratio for the
Quinault plume presented here (�O3/�CO = 0.75%), is at
the lower end of the range of reported values. However,
especially given the large variability in the observations, it
appears still reasonable.
[42] In order to quantify the simulated photochemical

ozone production, the rates of the chemical reactions are
analyzed. Ozone itself is produced and destroyed in numer-
ous chemical reactions. Most of them are part of null cycles,
without net production or destruction of ozone. In order to
exclude these null cycles from budget analysis, the odd
oxygen family, Ox, is often introduced in photochemical
studies [e.g., Crutzen et al., 1999]. The odd oxygen family
includes all chemical compounds that are converted to
ozone in fast chemical reactions. Production of the
Ox family, P(Ox), is therefore equivalent to ozone produc-
tion. In the present study, the odd oxygen family is defined
as Ox = O3 + O(1D) + O(3P) + NO2 + 2 NO3 + 3 N2O5 +
HNO3 + HNO4 + peroxyacetyl nitrate (PAN) + CH3O2NO2.
[43] Photochemical Ox production is dominated by the

reactions of peroxy radicals, e.g., HO2, with NO leading to
the formation of NO2 that is included in the Ox family. This
reaction accounts for about 69% of the total photochemical
ozone production. Besides the hydroperoxy radical, HO2,
the methylperoxy radical, CH3O2 (10%), the peroxyacetyl
radical, PA (7%), the hydroxyethylperoxy radical, EO2
(6%), and the hydroxypropylperoxy radical, PO2 (8%),
contribute to ozone production. The contribution of the
peroxy radicals from the alkenes, i.e., EO2 and PO2, to
the total Ox production exceeds the contribution of the
methylperoxy radical, CH3O2. In the background atmo-
sphere, only HO2 and CH3O2 contribute significantly to
the photochemical production of Ox [Crutzen et al., 1999].
The average rate of Ox production within the plume for the

Figure 3. Evolution of the �O3/�CO ratio as a function
of distance from the fire for the REF simulation. For the
linear regression analysis, only grid cells between 300 m
and 800 m altitude were taken into account. Only
enhancement ratios with R2 > 0.6 are displayed.
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90 min simulation is 1.84 � 108 molecule cm�3 s�1 or
�25 ppb h�1. The total number of photochemically
produced Ox molecules in the plume during the 90 min is
5.67 � 1027. During the same time, 1.32 � 1028 molecules
of NOx are emitted from the fire, yielding a photochemical
production of 0.44 Ox per emitted NOx after 90 min.
4.2.2. Nitrogen Species
[44] In Figure 4, the simulated mixing ratios of NOx

(Figure 4a) as well as the most abundant NOz (NOz =
HNO3 + HNO4 + HONO + PAN + CH3O2NO2) species,
i.e., HNO3 (Figure 4b), PAN (Figure 4c), and HONO
(Figure 4d), are shown for the cross section along the plume
(section A in Figure 1a). The NOx concentration highly
exceeds the NOz concentration, and the photochemical
formation of NOz reduces the NOx concentrations only
slightly. As the nitrogen reservoir compounds are not emitted
from the fire, their concentrations increase downwind of the
fire due to photochemical production in the plume.
[45] The maximum HONO concentration occurs closer

to the fire than the maximum mixing ratios of HNO3 and
PAN (Figure 4). Production of HONO mainly occurs via
the reaction of NO with OH (�97% of the total HONO

production) while photolysis is the main loss process of
HONO. Close to the fire, the [NO]/[NO2] ratio is larger
than one, because of the high initial ratio from the fire
emission. Downwind of the fire, this ratio decreases and
production of HONO is reduced. Additionally, destruction
of HONO due to photolysis increases downwind due to
the lower aerosol optical depth. As the production of
HNO3 and PAN requires NO2, their photochemical pro-
duction increases downwind relative to the production of
HONO. While PAN establishes a thermal equilibrium with
NO2, the loss of HNO3 is dominated by reaction with OH.
This reaction is slow on the timescale considered and leads
to high HNO3 concentrations.
[46] Figure 5a shows the plume-averaged NOx and NOz

mixing ratios as a function of distance from the fire. The
maximum and average mixing ratios of NOz in the plume
after 90 min of simulation are 19.3 ppb and 4.1 ppb,
respectively. The most abundant NOz compound is HNO3

with a simulated maximum mixing ratio of 12.3 ppb. The
maximum mixing ratios of PAN, HONO, HNO4, and
CH3O2NO2 are 6.4 ppb, 2.4 ppb, 326 ppt, and 6.5 ppt,
respectively.

Figure 4. Mixing ratios of (a) NOx and the most abundant NOz species, i.e., (b) HNO3, (c) PAN, and
(d) HONO, along the main plume axis, section A in Figure 1a, after 90 min. Contour lines represent the
aerosol mass concentration (mg m�3). See color version of this figure at back of this issue.
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[47] Figure 5b presents the enhancement ratios between
the dominant NOz reservoir species, HNO3, PAN, and
HONO, as a function of distance from the fire. The
contribution of HNO3 to the total NOz increases from
roughly 50% close to the fire, to around 70% at 12 km.
PAN contributes between 25% and 35% to the total NOz.
The contribution of HONO decreases with increasing dis-
tance from around 25% at 1 km to less than 5% at a distance
of 6 km. The contribution of NOz to the sum of all nitrogen
species, NOy (NOy = NOx + NOz), increases steadily with
distance from the fire reaching a value of 16% at 12 km
downwind of the fire.
[48] Observations of the NOx mixing ratios within the

plume from the Quinault fire were in the order of a few
hundred ppb close to the fire, and decreased with distance
from the fire to values well below 10 ppb [Hobbs et al.,
1996]. The corresponding simulated values compare rea-
sonably well with these observations. Observations within
biomass-burning plumes from other fires yielded NO mix-
ing ratios between �50 ppb and 260 ppb [Evans et al.,
1977; Stith et al., 1981; Griffith et al., 1991; Goode et al.,
2000; Hobbs et al., 2003; Yokelson et al., 2003], compara-
ble to the values from the Quinault fire. Therefore we are
confident that the simulated NOx mixing ratios within the
young plume are reasonably realistic.
[49] Measurements of HNO3, PAN, or other compounds

of the NOz family in young biomass-burning plumes are
rare. Observations in plumes from three prescribed fires
yielded mean mixing ratios for HNO3 of 14.6 ± 14.7 ppb,
40.7 ± 34.1 ppb, and 44.6 ± 33.1 ppb, respectively [LeBel et
al., 1988, 1991], larger than the simulated maximum mixing
ratio of 12.3 ppb. During the Arctic Boundary Layer
Experiment (ABLE-3B), a young biomass-burning plume
was found with mixing ratios of HNO3 and PAN of
�700 ppt and �300 ppt, respectively, at low altitude [Lefer
et al., 1994; Singh et al., 1994]. Although the simulated
mixing ratios are larger than these observations, the mea-
sured HNO3/PAN ratio of around 2.2 agrees fairly well with
the modeled value of 1.9. From measurements performed
between 1 km and 4 km altitude during TRACE-A, a

HNO3/PAN ratio of 0.3 for ‘‘fresh plumes’’ (younger than
12 hours) was calculated [Mauzerall et al., 1998], lower
than in the simulations. However, these observations might
not be suitable for a comparison as they were performed at
higher altitudes.
[50] From the model simulations, the following values for

the photochemical production of NOz can be derived. The
average net production rate of NOz, i.e., P(NOz) � L(NOz),
in the plume is 2.82 � 107 molecule cm�3 s�1. In total,
8.42 � 1026 molecules of NOz were photochemically net
produced within the plume during the simulation time of
90 min, with contributions from HNO3, PAN, and HONO of
61%, 29%, and 7%, respectively. Together with the number
of photochemically produced Ox molecules presented in
section 4.2.1, the number of Ox molecules produced per
number of NOx molecules oxidized, i.e., per number of NOz

molecules formed, is calculated to 6.7. This value corre-
sponds to the ozone production efficiency (OPE) that
describes the number of produced ozone molecules per
number of produced NOz molecules [Liu et al., 1987;
Trainer et al., 2000; Marion et al., 2001]. The value of
6.7 is on the lower limit of the values reported from
observations within the planetary boundary layer over
Central Africa during the burning season (6.3 to 14.8)
[Marion et al., 2001]. The simulated lifetime of NOx with
respect to the formation of HNO3 and PAN is 9.9 h.
4.2.3. Oxidizing Efficiency
[51] In Figure 6 the mixing ratios of OH (Figure 6a), HO2

(Figure 6b), CH3O2 (Figure 6c), and the sum of other
peroxy radicals, RO2 (Figure 6d), along the plume are
presented after a simulation time of 90 min. The concen-
tration of RO2 is dominated by the peroxy radicals from
ethene and propene, EO2 and PO2, respectively. Above the
fire, the concentrations of all radicals are close to zero.
Downwind, the OH, HO2, and CH3O2 concentrations in the
plume are smaller than outside the plume, whereas the RO2

concentration reaches its maximum value inside the plume.
High NOx concentrations are responsible for the enhanced
photochemical removal of the radicals inside the plume,
leading to the formation of several ppb of HNO3, PAN, and

Figure 5. (a) Plume-averaged mixing ratio of NOx and NOz with distance from the fire after 90 min of
simulation. (b) Partitioning of NOz with distance from the fire, derived from linear correlations of HNO3,
PAN, and HONO with NOz, respectively.
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HONO (Figure 4). In the cases of OH, HO2, and CH3O2,
these enhanced losses compared to the background cannot
be compensated by enhanced production. However, in the
case of RO2, the concentrations of the precursors, i.e.,
mainly ethene and propene, are highly elevated inside the
plume. Additional photochemical production of RO2 over-
comes the enhanced photochemical destruction, and results
in maximum concentrations of RO2 inside the plume. The
average mixing ratios of OH and HO2 inside the plume after
90 min are 0.24 ppt and 4.92 ppt, respectively.
[52] In order to characterize the oxidation capacity, which

is a quantity to describe the amount of atmospheric photo-
chemical oxidation, we calculate enhancement ratios
between alkenes and CO. In contrast to CO, the alkenes
have a lifetime against reaction with OH that is comparable
to the timescale considered here [Jenkin and Clemitshaw,
2000], and significant oxidation of alkenes occurs within
the plume. This decreases the enhancement ratio of the
alkenes against CO.
[53] In Figure 7, the enhancement ratios between propene

and CO, and ethene and CO are presented. �C2H4/�CO

and �C3H6/�CO decrease almost linearly with increasing
distance from the fire. This change in the enhancement ratio
represents the different reactivities of the alkenes against
OH oxidation as compared to CO and can be used as a
measure for the oxidation efficiency in the plume.
[54] Observations during SCAR-B yielded a �C3H6/

�CO enhancement ratio of 0.39% in young smoke plumes
(less than 4 min after emission) [Reid et al., 1998]. For
measurements in aged regional haze, this ratio decreased to
a value of 0.028% [Reid et al., 1998]. During TRACE-A,
the �C3H6/�CO enhancement ratio could only be deter-
mined for fresh plumes (0.12%). In recent (<1 day old)
plumes, however, no correlation between propene and CO
was found [Mauzerall et al., 1998]. For ethene, the
enhancement ratio compared to CO decreased from 0.69%
in fresh plumes to 0.13% in recent plumes. In more aged
biomass-burning plumes, no correlation between ethene and
CO was found. From measurements in a young Alaskan
biomass-burning plume, a slight reduction of �C2H4/�CO
from an initial value of 1.9% to a value of 1.6 ± 0.2% after
�2.2 hours of traveling was observed [Goode et al., 2000].

Figure 6. Simulated mixing ratios of (a) OH, (b) HO2, (c) CH3O2, and (d) the sum of other peroxy
radicals RO2 (RO2 = PA + C2H6O2 + EO2 + PO2+ ACETO2) after 90 min along the plume at y = 100 m.
Contour lines represent the aerosol mass concentration (mg m�3). See color version of this figure at back
of this issue.
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In the plume from a savanna fire, a strong reduction of the
enhancement ratio compared to CO of a number of com-
pounds, including ethene and propene, have been found
[Hobbs et al., 2003].
[55] These observations support the simulation results

showing a significant photochemical oxidation of alkenes
in the plume on the timescale of hours. The reduction of the
�C2H4/�CO enhancement ratio observed in the Alaskan
plume (reduction by �15%) is comparable to the simulated
reduction of �16%. It can be concluded that oxidation of
alkenes and therefore the oxidation capacity in the plume
seems to be reasonably well described in the presented
model simulation.
[56] Within a model, the oxidation efficiency can be

derived as the inverse of the lifetime of hydrocarbons
against oxidation by OH [Lawrence et al., 2001]. From
the model simulations, the lifetimes of hydrocarbons against
oxidation by OH can be determined by dividing the total
number of oxidized molecules by the number of emitted
molecules. The resulting lifetimes of CO, C2H6, C2H4, and
C3H6 are presented in Table 4.
[57] Compared to ‘‘typical lifetimes’’ [Jenkin and

Clemitshaw, 2000], the lifetimes presented here are shorter,
because the OH concentrations used in the general calcu-
lations are diurnally averaged values, which are generally
lower than the instantaneous value used here. These lifetimes
are useful quantitative indicators for the photochemical
activity and will be used for a comparison of the different
sensitivity simulations in the next sections.
[58] In the following, the main sources and sinks of the

radicals will be investigated. For this purpose, the HOx

family is defined in order to exclude the fast chemical
reactions involved in null cycles: HOx = OH + HO2 +
CH3O2 + C2H6O2 + EO2 + EO + PO2 + CH3COCH2O2 +
PA + GCO3 + HNO4 + HONO + CH3O2NO2 + PAN.
Besides the radicals, some compounds of the NOz family
are also included. Under boundary layer conditions, these

compounds (e.g., PAN, HNO4, HONO, and CH3O2NO2) do
not act as a permanent sink for the radicals.
[59] The photochemical production of the HOx family,

P(HOx), in the plume is dominated by the photolysis
of formaldehyde, which accounts for 83.1% of the total
HOx production. Additional contributions come from the
photolysis of acetaldehyde (7.9%), the reaction O(1D) +
H2O (4.7%), and the ozonolysis of propene (2.4%). On
a global scale, the reaction of O(1D) with H2O dominates
the HOx production [Crutzen et al., 1999]. However,
photolysis of HCHO and other aldehydes can be locally
the most important source for HOx radicals, e.g., under
urban polluted conditions [Jenkin and Clemitshaw, 2000].
The photochemical loss of HOx, L(HOx), under the con-
ditions of a biomass-burning plume is dominated by the
reaction of OH with NO2 which accounts for 97.9% of the
total HOx loss. Because PAN is included in the HOx family
in the present investigation, its formation is no loss of HOx.
The self reaction of HO2 and the reaction of HO2 with
CH3O2, which are significant in the global atmosphere, are
only of minor importance under these conditions. No
enhanced concentrations of hydroperoxides are found in
the simulations.
[60] Direct emission of HCHO from the fire is the

dominant source of this species. Secondary formation of
formaldehyde due to the oxidation of hydrocarbons
accounts for 12% of the total HCHO emission, the dominant
reactions being CH3O2 + NO (33%), EO2 + NO (11%),
decomposition of EO (24%), and PO2 + NO (28%). As for
the photochemical ozone production presented in section
4.2.1, the important role of the alkenes for the photochem-
istry in young biomass-burning plumes is also reflected in
their large contribution to secondary HCHO formation. The
importance of the alkene oxidation for the photochemical
production of ozone and the formation of HCHO has
recently been found also for plumes from petrochemical
facilities [Wert et al., 2003].

5. Sensitivity Studies

[61] In this section, three sensitivity studies are presented
and their results are compared to the results from the
reference simulation.
[62] In the NO OVOC model simulation, the emissions of

oxygenated volatile organic compounds (OVOC), i.e.,
HCHO, CH3CHO, CH3OH, HCOOH, CH3COOH, and
CH3COCH3, have been omitted. A recent box model study
already showed the importance of the oxygenated com-
pounds and their complex effects on ozone production in a
biomass-burning plume [Mason et al., 2001]. The LOW
NOX scenario investigates the impact of a different �NOx/
�CO2 emission ratio, which in actual fires depends strongly

Table 4. Simulated Lifetime of CO, C2H6, C2H4, and C3H6

Against Reaction With OH

Compound Lifetime

CO 16.8a

C2H6 16.4a

C2H4 13.4b

C3H6 4.4b

aIn days.
bIn hours.

Figure 7. Enhancement ratios between C2H4 and CO and
between C3H6 and CO as a function of distance from the
fire after 90 min of simulation. Note that the �C2H4/�CO
enhancement ratio is divided by a factor of 2.
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on the fuel nitrogen content and the phase of the fire. For the
LOW NOX simulation, the �NOx/�CO2 emission ratio
was reduced from 0.2% used in the REF simulation to
0.15%. The NO ABS scenario investigates the impact of
aerosol absorption on the photochemical processes in a
biomass-burning plume. In the NO ABS simulation, the
single-scattering albedo of the aerosol was set to unity at all
wavelengths, resulting in a radiatively conservative, non-
absorbing aerosol.
[63] In the following sections, the results of the simula-

tion of ozone, nitrogen oxides, and the oxidation efficiency
from the different simulations will be shown and discussed.

5.1. Ozone

[64] Figure 8 displays the plume-averaged ozone mixing
ratios for the reference run and the three sensitivity studies.
In the NO OVOC simulation, the simulated ozone concen-
tration in the plume stays below background level at all
distances from the fire, although a slight increase with
distance from the fire is simulated. The ozone concentration
of the LOW NOX and NO ABS simulations show highly
elevated ozone concentrations inside the plume as compared
to the background. The ozone mixing ratios also exceed the
results from the REF simulation. The NO OVOC simulation
lies well below all other model runs while the results from
the NO ABS and LOW NOX simulations exceed the
reference simulation at all distances from the fire. Close
to the fire, the NO ABS simulation results in the highest
averaged ozone concentration whereas downwind of 6 km
the LOW NOX scenario simulates the highest ozone values.
[65] The results of the different simulations for ozone are

summarized in Table 5. Here, the maximum and the plume-
averaged ozone mixing ratios, the average Ox production
rate, as well as the total number of photochemically pro-
duced Ox molecules are presented. In the NO OVOC
simulation, P(Ox)ave is nearly an order of magnitude smaller
than in the other simulations, resulting in a �30% smaller
ozone concentration. In the LOW NOX and NO ABS

simulations, the photochemical ozone production is larger
than in the REF simulation, leading to �10% higher ozone
concentrations.
[66] From this analysis, the following can be concluded:

The emissions of OVOCs have a significant impact on the
simulation of the ozone concentration in a young biomass-
burning plume. Neglecting their emission leads to unrealis-
tically low ozone concentrations due to an underestimation of
the photochemical ozone production. Reduced NOx emis-
sions in this scenario lead to an increased photochemical Ox

production and ozone concentrations. The absorbing proper-
ties of the aerosol have a substantial effect on the simulated
ozone concentration, leading to enhanced concentrations for
the case of a nonabsorbing aerosol. Especially close to the
fire, at high aerosol and NOx concentrations, multiple scat-
tering enhances photolysis frequencies, photochemical ozone
production, and ozone concentrations.

5.2. Nitrogen Species

[67] The plume-averaged mixing ratios of the NOz com-
pounds along the distance from the fire for all four simu-
lations are displayed in Figure 9. In the NO OVOC
simulation only a small enhancement of NOz compared to
the background is observed downwind of the fire. The
highest NOz mixing ratio is observed in the NO ABS
simulation, with a maximum value inside the plume of
24.4 ppb. The increase of the NOz concentration inside of
the plume begins much closer to the fire in the NO ABS

Figure 8. Plume-averaged O3 mixing ratios for the
reference and the sensitivity simulations with distance from
the plume.

Table 5. Averaged and Maximum Value for the O3 Mixing Ratio

From the Four Simulationsa

[O3]ave,
ppb

[O3]max,
ppb

P(Ox)ave,
molecule cm�3 s�1

P(Ox)tot,
molecule

REF 39.4 70.4 1.84 � 108 5.67 � 1027

NO OVOC 28.0 59.1 2.70 � 107 7.52 � 1026

LOW NOX 43.4 91.4 2.01 � 108 6.13 � 1027

NO ABS 43.6 92.3 2.40 � 108 7.51 � 1027

aAdditionally, the plume-averaged Ox production rate and the total
number of Ox produced within 90 min of the simulation are shown.

Figure 9. Same as Figure 8 but for NOz.
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than in all other simulations. The NOz mixing ratios
calculated in the LOW NOX and the REF simulations show
very close agreement; the values from the LOW NOX
simulations slightly exceed the REF simulation.
[68] The results for the nitrogen reservoir species are

summarized in Table 6. The maximum and the average
NOz mixing ratios are presented, reflecting the results
shown in Figure 9 with low values in the NO OVOC
simulation and the highest values in the NO ABS simula-
tion. The same trend is reflected in the photochemical
production of NOz, P(NOz). Note, that P(NOz) denotes the
net production of NOz. The relative contribution of
P(HNO3) to P(NOz) differs between the scenarios. The
highest relative contribution of HNO3 is simulated in the
NO OVOC calculation, however the total amount of NOz is
very small.
[69] The partitioning of NOz in the REF and NO ABS

simulation is similar, although the absolute value of NOz

differs by roughly 20%. In the case of the LOW NOX
simulation, the mixing ratio of NOz is close to that of the
REF simulation, but the contribution of HNO3 is lower. The
photochemical lifetime of NOx against formation of HNO3

and PAN is strongly enhanced when OVOC emissions from
the fire are neglected. Lower NOx emission and higher
photolysis frequencies lead to a slight reduction in the
photochemical lifetime of NOx.

5.3. Oxidizing Efficiency

[70] In Figure 10, the plume-averaged OH mixing ratios
are displayed for all four simulations as a function of
distance. The OH concentration in the NO OVOC simula-
tion is significantly lower than that in all other simulations.
The results from the NO ABS and the LOW NOX simula-
tion exceed the REF simulation. The average OH mixing
ratio from the LOW NOX simulation follows the REF
simulation along the plume at a higher level. The NO
ABS simulation is significantly larger close to the fire and
decreases to the value of the REF simulation at a distance of
14 km from the fire.
[71] In Tables 7 and 8, the relevant results from the four

simulations for the oxidation efficiency of the plume are
given. The plume-averaged OH concentrations in the LOW
NOX and NO ABS are only slightly higher than in the REF
simulation, �12%. However, in the NO OVOC scenario,
the average OH concentrations are significantly lower than
in the REF scenario.
[72] The largest maximum OH and HO2 mixing ratios are

simulated in the NO ABS simulation, close to the fire.

However, the largest averaged HO2 mixing ratio is simu-
lated by the LOW NOX scenario. The averaged photo-
chemical production rate of HOx is nearly identical in the
REF and LOW NOX simulation, while it is much smaller in
the NO OVOC simulation. The highest value of P(HOx) is
found in the NO ABS simulation. In all cases, the photolysis
of HCHO is the main individual source of HOx, with a
contribution of more than 80% in the scenarios that include
primary HCHO emission. Even in the NO OVOC scenario,
where primary HCHO emissions are neglected, HCHO
photolysis accounts for 46% of the HOx production. The
second most important reaction in this scenario is the
reaction of O(1D) with H2O, which accounts for 30% of
the HOx production rate. In the last column of Table 8, the
lifetimes of propene under the different scenarios are
presented. Although the average OH concentration is the
same, the calculated propene lifetimes differ significantly
between the LOW NOX and the NO ABS simulations.

5.4. Discussion

[73] From the results presented, the following conclusions
concerning the photochemical processes occurring in a
young biomass-burning plume can be derived.
[74] Plume chemistry is strongly dominated by the direct

emission of trace gases and aerosol particles from the fire.
Owing to the extremely high concentration of nitrogen
oxides, photochemical production of ozone occurs in all
investigated scenarios. However, the absolute amount of
ozone produced and the resulting ozone concentration
strongly depend on the fire emissions and the optical
properties of the emitted aerosol. In all presented scenarios,
radical loss occurs almost exclusively via the reaction of
OH with NO2. The reactions between radicals, e.g., the self
reaction of HO2, are only of very minor importance. This
dominance of the radical loss via NO2 is an indication that
ozone production occurs in the hydrocarbon limited regime
[Kleinman et al., 1997]. The VOC sensitivity of the ozone
production in a biomass-burning plume during the first
hours was also found in a box model study [Mason et al.,
2001].

Table 6. Average and Maximum Value for the NOz Mixing Ratio

From the Four Simulationsa

[NOz]ave,
ppb

[NOz]max,
ppb

P(NOz),
molecule
cm�3 s�1

P(HNO3),
% of P(NOz)

t(NOx),
h

REF 4.2 19.3 2.82 � 107 61.0 9.9
NO OVOC 1.6 3.2 5.06 � 106 84.3 19.8
LOW NOX 4.2 19.8 2.83 � 107 56.1 9.5
NO ABS 5.0 24.4 3.58 � 107 60.1 7.7

aAdditionally, the average rates of the net production of NOz in the
plume, P(NOz), during the 90 min of simulation are shown. The
contribution of the net production of HNO3, P(HNO3), to P(NOz) and
the lifetime of NOx against formation of HNO3 and PAN are presented.

Figure 10. Same as Figure 8 but for OH.
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[75] Neglect of the primary emission of OVOCs from
the fire leads to significant changes in photochemistry,
resulting in ozone concentrations in the plume that are
significantly lower than observed. Ozone production in the
NO OVOC simulation is limited by the availability of
peroxy radicals. Their average concentrations are extreme-
ly low compared to the REF simulation (Table 7), because
emission of HCHO, which serves as the dominant precur-
sor for radicals in the plume, is not taken into account.
However, even without primary HCHO emission, the
photolysis of HCHO is the largest single source of
radicals, because HCHO is secondarily produced from
the oxidations of hydrocarbons. The reduced concentra-
tions of radicals are also responsible for the relatively
small formation of NOz compounds in the NO OVOC
simulation, and the increased lifetime of NOx (Table 6) as
well as the long lifetime of propene, representing a low
oxidation efficiency. The enhanced contribution of HNO3

to the concentration of NOz as compared to the other
simulations is explained by the neglect of the emissions of
acetaldehyde, which is the main precursor of PAN.
[76] A reduction of the NOx emission leads to enhanced

photochemical ozone production through reactions of NO
with peroxy radicals. The lower NO concentration in the
LOW NOX scenario is counteracted by enhanced radical
concentrations (Table 7), because of a reduced radical loss.
Additionally, the partitioning between OH and the peroxy
radicals changes under lower NOx mixing ratios, leading to
a larger contribution of the peroxy radicals to the total
radical concentration. Lower NOx mixing ratios reduce the
loss of OH through formation of HNO3, although the OH
mixing ratio slightly increases. The higher concentration of
peroxy radicals, especially that of the peroxyacetyl radical
(PA), can compensate for the reduced NOx concentration
leading to enhanced formation of PAN as compared to
HNO3 (Table 6). This effect was also observed in the model
study by Mason et al. [2001]. The oxidation efficiency
is enhanced in the LOW NOX simulation as compared to
the REF case. This can be seen in the lifetime of propene
(Table 8). The decrease in t(C3H6) is of the same order of
magnitude as the increase of the average OH concentration
(�10%).
[77] The change in the absorbing properties of the emitted

aerosol particles has the largest effect on atmospheric
photochemistry for the sensitivity studies considered here.
Owing to enhanced photolysis in the plume, especially that
of HCHO, radical production is highly enhanced. Especially
close to the fire, the OH mixing ratio from the NO ABS
simulation exceeds the results from the other scenarios
(Figure 10), because in this region the concentrations of
the main HOx precursor, HCHO, and the aerosol particles
are highest. Photochemical ozone production for this sce-
nario is highly enhanced compared to the other studies.

[78] The total amount of photochemically produced NOz

is also highest in the NO ABS simulation, although the
average concentrations of OH and HO2 are smaller or
identical to the LOW NOX simulation. However, high
radical concentrations are present in the NO ABS simula-
tions close to the fire (Figure 10 for OH) where the NOx

concentration is largest also. In this region, most of the NOz

production occurs in the NO ABS case, leading to highly
elevated NOz concentrations in this simulation close to the
fire (Figure 9). The misleading character of the plume-
averaged OH mixing ratio is also seen in the comparison of
the propene lifetime between the LOW NOX and the NO
ABS simulations. Although the averaged OH mixing ratio is
identical in both scenarios, the propene lifetime differs by
�18%. The reason for the shorter lifetime in the NO ABS
simulation are the different spatial distributions of the OH
concentration in the two scenarios. While in the LOW NOX
case, the highest average value is found in the downwind
part of the plume, the OH mixing ratio in the NO ABS
simulation maximizes above the fire (Figure 10). As the
removal of propene is much more effective close to the fire,
because of its high concentration, the lifetime of propene is
shorter in the NO ABS scenario. A similar problem exists
when mean OH concentrations from global models are
compared [Lawrence et al., 2001].

6. Conclusions

[79] In the present study, the photochemical processes in
a young biomass-burning plume were investigated with a
three-dimensional chemical transport model. Meteorologi-
cal conditions were taken from a previous simulation
representing the situation of the plume from the Quinault
prescribed fire. A chemical mechanism describing the
oxidation of volatile organic compounds (VOCs) for the
use in 3-D atmospheric transport models under the con-
ditions of a biomass-burning plume was presented. The
modeled concentrations of CO and other primary emissions
are in the range of observations.
[80] Close to the fire, ozone in the plume is highly

depleted compared to background concentrations, due to
the reaction of ozone with the emitted NO. Photochemical
ozone production occurs in the plume at a rate of
�25 ppb h�1 and the downwind ozone concentration
increases well above the background level. The simulated
maximum value of 70 ppb ozone is reasonably close to
observations in the plume from the Quinault fire and from
other biomass-burning plumes. Photochemical ozone pro-
duction is dominated by the reaction of HO2 with NO
(�69%). Peroxy radicals from the alkenes also contribute
significantly to ozone production. Formation of nitrogen
reservoir species, NOz, is dominated by HNO3, which

Table 7. Average and Maximum Value for the OH and HO2

Mixing Ratios From the Four Simulations After 90 min

[OH]ave, [OH]max, ppt [HO2]ave, [HO2]max, ppt

REF 0.24, 0.83 4.92, 12.32
NO OVOC 0.11, 1.04 1.24, 10.58
LOW NOX 0.27, 0.77 7.67, 15.75
NO ABS 0.27, 1.30 5.55, 18.41

Table 8. Average HOx Production Rates in the Plume as Well as

the Relative Contribution of HCHO Photolysis are Presented

P(HOx),
molecule cm�3 s�1

J(HCHO),
% of P(HOx)

t(C3H6),
a

h

REF 2.80 � 107 83.1 4.4
NO OVOC 3.74 � 106 46.4 19.8
LOW NOX 2.82 � 107 82.6 4.0
NO ABS 3.55 � 107 83.9 3.3

aCalculated lifetime of propene.
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accounts for �60% of the NOz production. Significant
atmospheric oxidation of alkenes occurs within the first
tens of minutes after their release into the atmosphere.
Photochemistry in biomass-burning plumes is limited by
the availability of radicals. Their photochemical production
occurs mainly from the photolysis of formaldehyde, which
is emitted from the fire. Secondary production from the
oxidation of VOCs accounts for �12% of the HCHO
concentration.
[81] In three sensitivity studies, the importance of the

oxygenated volatile organic compounds (OVOCs), the
emission ratio of NOx, and the light-absorbing properties
of the aerosol for the simulation of the ozone concentration
were shown. The neglect of the primary emissions of
OVOCs leads to unrealistically low ozone concentrations.
A reduced emission ratio of NOx or the specification of a
nonabsorbing aerosol enhance the predicted ozone concen-
tration. The production of radicals through the photolysis of
HCHO is crucially important for the formation of ozone and
nitrogen reservoir species, and the oxidation of alkenes.
Any change in this source of radicals, e.g., through the
neglect of primary HCHO emissions or through enhanced
photolysis due to less aerosol absorption, has a significant
effect on photochemistry. Enhanced radical production
leads to enhanced ozone production, enhanced formation
of nitrogen reservoir species, and a higher oxidation effi-
ciency. The oxidation efficiency in the plume is not only
linked to the average concentration of the OH radical, but
additionally to the spatial distribution of its concentration.
The decrease in the enhancement ratio between propene and
CO is a good indicator for the oxidation efficiency in a
biomass-burning plume.
[82] The results from this study show that ATHAM is a

valuable tool to investigate photochemical processes in
young biomass-burning plumes. Future studies will focus
on the simulation of vegetation fires in different regions,
e.g., the boreal forest, and the tropical savanna. The
potential formation of a convective cloud from the fire-
induced convection allows the investigation of several other
atmospheric processes, e.g., scavenging of gas phase spe-
cies into water droplets and ice particles, aerosol-cloud
interaction, and the formation of ice. As ATHAM includes
all the required modules, it is an excellent tool for further
studies on the atmospheric processes in young biomass-
burning plumes.
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Figure 1. (a) Aerosol optical depth at 400 nm (color coding) after 90 min of simulation. The locations of
the cross sections A and B are also shown. (b) CO mixing ratio (color coding) along the main plume axis,
section A. (c) COmixing ratio at section B across the plume at x = 8.2 km. (d) COmixing ratio at an altitude
of z = 500 m. Contour lines in Figures 1b–1d represent the aerosol mass concentration (mg m�3). The white
line indicates the border of the plume as defined by an aerosol mass concentration of 10 mg m�3.
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Figure 2. O3 mixing ratio (color coding) for three cross sections through the model domain at (a) the
main plume axis, section A in Figure 1a, (b) x = 8.2 km, section B in Figure 1a, and (c) z = 500 m after
90 min of simulation time. The traveling time from the source to the cross section at a distance of 8.2 km
is �40 min. Contour lines represent the aerosol mass concentration (mg m�3). (d) Plume-averaged O3

mixing ratio and aerosol mass concentration with distance from the fire.
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Figure 4. Mixing ratios of (a) NOx and the most abundant NOz species, i.e., (b) HNO3, (c) PAN, and
(d) HONO, along the main plume axis, section A in Figure 1a, after 90 min. Contour lines represent the
aerosol mass concentration (mg m�3).
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Figure 6. Simulated mixing ratios of (a) OH, (b) HO2, (c) CH3O2, and (d) the sum of other peroxy
radicals RO2 (RO2 = PA + C2H6O2 + EO2 + PO2+ ACETO2) after 90 min along the plume at y = 100 m.
Contour lines represent the aerosol mass concentration (mg m�3).
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