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[1] Global-scale models of atmospheric chemistry (GACMs) ‘‘mix’’ biomass burning
emissions into grid boxes with horizontal scales of 10–200 km. This ignores the complex
nonlinear transformations that take place in the young smoke plumes. Here we use a new
gas- and aerosol-phase chemistry model called Aerosol Simulation Program (ASP) and a
3-D Eulerian smoke plume model to simulate the fluid dynamics, radiative transfer,
gas-phase chemistry, and aerosol-phase chemistry of the Timbavati smoke plume
observed during SAFARI 2000. We then compare the results of the 3-D plume model with
those of an Eulerian box model, which is used as an analog for the large grid boxes of
GACMs. The 3-D plume model matched the observed plume injection height but required
a large minimum horizontal diffusion coefficient to match the observed horizontal
dispersion of the plume. Absorption and scattering by smoke aerosols reduced the
modeled photolysis rates in the plume by 10–20%. Increasing the heterogeneous
production of HONO and H2SO4 in the model and including uncharacterized organic
species using monoterpenes as a proxy compound improves the model-observation
match. Direct measurements of OH in the smoke plumes would be an excellent way to
determine if heterogeneous production of HONO is taking place. The automatic
dilution of smoke plume emissions into the large grid boxes of global models can
result in large errors in predicted concentrations of O3, NOx and aerosol species
downwind. We discuss several potential approaches that could reduce these errors.

Citation: Alvarado, M. J., C. Wang, and R. G. Prinn (2009), Formation of ozone and growth of aerosols in young smoke plumes from

biomass burning: 2. Three-dimensional Eulerian studies, J. Geophys. Res., 114, D09307, doi:10.1029/2008JD011186.

1. Introduction

[2] The combustion of biomass is a major source of
atmospheric trace gases and aerosols which can impact
global atmospheric chemistry and climate [Crutzen and
Andreae, 1990; Intergovernmental Panel on Climate
Change, 2001]. In general, regional- and global-scale mod-
els of atmospheric chemistry and climate take estimates for
the primary emissions of trace gases and aerosols from
biomass burning and ‘‘mix’’ them automatically into much
larger-scale grid boxes (e.g., with 10–200 km horizontal
scales) before performing any calculations of gas-phase
chemistry, aerosol-phase chemistry, or aerosol dynamics.
This procedure ignores the substantial nonlinear chemical
and physical transformations (e.g., gas-phase chemistry,
coagulation of aerosols, condensation of vapors, etc.) that
can take place in the highly concentrated environment of
young biomass burning smoke plumes [Andreae and

Merlet, 2001; Jost et al., 2003]. These transformations
can lead to significant changes in the gas phase composi-
tion of the smoke and the number, size, composition, and
shape of the emitted particles [Jost et al., 2003; Hobbs et
al., 2003; Li et al., 2003; Liousse et al., 1995; Posfai et
al., 2003; Reid et al., 2005a, 2005b]. As these changes are
not correctly included in large-scale models, these large-
scale models may misrepresent the true impacts of biomass
burning smoke on atmospheric chemistry and climate [Jost
et al., 2003].
[3] The goals of this paper and a companion paper

[Alvarado and Prinn, 2009] are to model the growth of
smoke particles within young biomass burning plumes,
evaluate the impact of these particles on the gas-phase
chemistry and formation of ozone within the plume, and
estimate the errors caused by the aforementioned automatic
dilution of plume emissions in global atmospheric chemis-
try models (GACMs). Alvarado and Prinn [2009] used a
new gas- and aerosol-phase chemistry model (Aerosol
Simulation Program (ASP)) to study the chemical evolution
of three young smoke plumes from biomass burning in a
Lagrangian framework. In this paper, we describe our 3-D
Eulerian simulations of the fluid dynamics, radiative trans-
fer, gas-phase chemistry, and aerosol-phase chemistry within
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the smoke plume of the Timbavati South African savannah
fire. To our knowledge, this is the first time all of these
processes have been simulated simultaneously for a young
biomass burning smoke plume. The 3-D Eulerian simulation
allows us to evaluate the impact of plume buoyancy and
dynamics on the formation of ozone and growth of aerosols
within the smoke plume, to evaluate the impact of the
aerosol particles on the actinic flux and photolysis rates
within the smoke plume, to determine how the observed gas
and aerosol concentrations might change because of differ-
ent sampling heights during plume transects, and to make
suggestions for future measurement campaigns.
[4] In addition, we estimate the errors caused by the

automatic dilution approach of GACMs by comparing the
results of our 3-D Eulerian simulation of the Timbavati
smoke plume to the results of a single-box Eulerian model
with the same horizontal scale (52.5 km � 20 km) as the full
domain of our 3-D simulation. This Eulerian box model is
used as an analog of the large-scale grid boxes of GACMs.

2. Model Description

2.1. Description of the 3-D Eulerian Plume Model

[5] To simulate the fluid dynamics of the smoke plume,
we use an updated version of the Cloud Resolving Model
(CRM6) of Wang and Chang [1993a]. CRM6 has been used
in simulating the impact of deep convection on tropospheric
chemistry and the interaction of aerosols, convection, and
chemistry in clouds [Wang and Chang, 1993b; Wang and
Prinn, 2000; Wang, 2005a, 2005b; Ekman et al., 2006,
2007]. The modeled chemical and aerosol fields have been
found to be in good agreement with observations in several
case studies [Wang and Prinn, 2000; Ekman et al., 2006;
Barth et al., 2007]. CRM6 was modified for this work to
include a source of sensible heat, trace gases, and particles
at the surface to simulate the heating and the various
emissions from the fire. The equations of CRM6 are
presented in Appendix A.
[6] The gas and aerosol chemistry for the Eulerian

simulations is calculated using the Aerosol Simulation
Program (ASP) described in detail by Alvarado [2008].
The ASP model integrates the gas-phase chemistry, gas-to-
aerosol mass transfer, aerosol thermodynamics, and aerosol
coagulation to calculate gas and aerosol concentrations, as
well as aerosol optical properties.

2.2. Eulerian Box Model Description

[7] In order to evaluate the errors in the effective flux of
gas and aerosol species to the global environment caused by

the automatic dilution of biomass burning emissions into
large-scale global model grid boxes, as is done in many
GACMs, we created an Eulerian box model to use as an
analog of a GACM grid box. We assume that both models
will have the same gas and aerosol-phase chemical routines.
The model is shown schematically in Figure 1. The model
equations are presented in Appendix B.
[8] The chemical routines for the Eulerian box model and

the 3-D Eulerian plume model are the same, allowing us to
determine the errors caused by the automatic dilution of
biomass burning emissions in large-scale grid boxes.
However, there are other potentially important differences
between the Eulerian box and 3-D plume models besides
their differences in vertical and horizontal resolution. For
example, the Eulerian box model calculates photolysis rates
using TUV v.4.1 rather than the CRM6 routines, ignores the
effect of aerosol particles on actinic flux and photolysis
rates, and has no vertical mixing of compounds into or out
of the box. Thus the box model is expected to have higher
photolysis rates than the 3-D Eulerian model as discussed in
section 4.1. The impact of vertical diffusion of compounds
on the comparison between the two models is evaluated
below by comparing concentrations of different tracer
species in the models.

3. Three-Dimensional Eulerian Investigation of
the Timbavati Plume

[9] Figure 2 shows the Eulerian domain and resolution
used for the simulations of the Timbavati smoke plume. The
total model domain size was 52.5 km � 20 km � 4 km with
a resolution of 500 m � 1 km � 100 m. The width of the
rectangular fire source was set at 2 km on the basis of
observations [Hobbs et al., 2003], with a downwind thick-
ness of 500 m. The model was allowed to ‘‘spin up’’ for 10
min before the fire source was turned on, after which the
model was run for 60 min. In the rest of this section we
discuss the initial meteorological (section 3.1.1) and chem-
ical (section 3.1.2) model state for the Timbavati plume
simulation, describe the fire emissions of heat, trace gases,
and particles (section 3.1.3), and describe the two chemistry
cases used in our study (section 3.1.4).

Figure 1. Schematic of the Eulerian box model. U is the
horizontal wind speed, while qi is the emissions flux of
species i.

Figure 2. Domain size and resolution for the 3-D Eulerian
simulations of the Timbavati smoke plume.
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3.1. Model Initialization

3.1.1. Meteorology
[10] The profiles for temperature, relative humidity, and

horizontal winds used to initialize the Timbavati model
simulations are shown in Figure 3. These are based on the
vertical profiles measured between 600 m and 3300 m in
altitude by Hobbs et al. [2003] upwind of the Timbavati fire
between 0829 and 0840 UTC. The data were binned and
averaged for every 100 m in altitude. The direction of the x
axis and u wind was set to 160�, the measured wind
direction at 600 m in altitude, with the y axis and v wind
direction set perpendicular to this. For altitudes below
600 m, temperature was calculated assuming a dry adiabatic
lapse rate and qv (kg H2O/kg moist air) was assumed to be
constant. The wind direction below 600 m was held
constant at 160� (thus, v = 0 below 600 m) while the wind
speed (u) was assumed to follow a logarithmic profile with
altitude. Above 3300 m, wind direction and speed were held
constant, as was qv. Temperature was calculated assuming
that the observed lapse rate below 3300 m stayed constant
with height to 4000 m. The data show a strong temperature
inversion between 1.3 and 1.5 km in altitude, with
corresponding rapid changes in other variables.
3.1.2. Gas and Aerosol Concentrations
[11] Hobbs et al. [2003] also measured the background

vertical profiles of O3 and SO2 upwind of the Timbavati
fire. These data were binned every 100 m and averaged to
provide initial vertical profiles of O3 and SO2 for the

Eulerian model simulations. The profiles are shown in
Figure 4. The mole fractions are assumed to be constant
below 600 m and above 3300 m in altitude.
[12] All other gas-phase species were assumed to have a

constant mole fraction versus altitude, with the mole frac-
tion chosen to match the background concentrations for
Timbavati given by Trentmann et al. [2005]. To prevent
numerical problems, all compounds with a background
concentration of 0 were assumed to be present at a constant
initial mole fraction of 1 ppt.

Figure 3. Initial profiles of (a) temperature, (b) relative humidity, and wind speed along the model (c) x
axis and (d) y axis used in the 3-D Eulerian simulations of the Timbavati smoke plume. Data between
600 m and 3300 m are from Hobbs et al. [2003] and have been binned and averaged for every 100 m. The
rest of the profile is extrapolated from the available data as described in the text.

Figure 4. Initial mole fractions of (a) O3 and (b) SO2

versus height for the Timbavati smoke plume.
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[13] The initial vertical profile of aerosol in the model
was calculated assuming an exponential decay of aerosol
concentration with height [Seinfeld and Pandis, 1998]. The
aerosol number and mass concentrations at 1 km altitude
were set to the values given for the background aerosol for
Timbavati by Alvarado and Prinn [2009]. The initial
aerosol number concentration versus height data for the
Timbavati simulations is shown in Figure 5. The aerosol
was simulated using a 4 bin size distribution, with 2 of the
bins between 0.015 mm and 1 mm in radius. This is the
smallest number of bins that could be used and still have
the aerosol size distribution represent the optical properties
of the 12 bin size distribution used in the Lagrangian
experiments in the work by Alvarado and Prinn [2009].
3.1.3. Fire Emissions
[14] According to Hobbs et al. [2003], the Timbavati fire

was ignited at 0801 UTC and burned for 3 h, burning 3.8 �
106 kg of biomass.
[15] In our model simulations, we assume the fire front

moved in the downwind direction at a constant speed of
0.5 m/s. Using a value of 18,700 kJ/kg for the heat of
combustion of biomass [Trentmann et al., 2006] gives a
total heat release of 6.6 � 109 W. Following Trentmann et
al. [2002], we assume that 55% of the total heat released by
the fire contributes to the buoyancy of the smoke plume
while the rest is lost through longwave radiation, giving a
buoyant heat release of 3.6 � 109 W.
[16] To calculate the emission of CO from the Timbavati

fire, we used the USDA Fire Service Fire Emission Pro-
duction Simulator (FEPS) v.1.1.0 (available at http://
www.fs.fed.us/pnw/fera/feps/index.shtml). For the reported
conditions of the Timbavati fire, FEPS estimated a CO
release rate of 49.5 kg CO/s. The emission rate of water
vapor was calculated using an emission factor of 0.5 kg
H2O/kg dry fuel [Freitas et al., 2007]. The emissions of all
other smoke gases were calculated using the emission ratios
of these compounds to CO as reported by Hobbs et al.
[2003] and Trentmann et al. [2005]. The emission ratios for
aerosol species were calculated from the rescaled initial
concentrations from the Lagrangian studies in the work by
Alvarado and Prinn [2009] to better match the observed
potassium concentrations.

3.1.4. Reference and Expanded Chemistry Cases
[17] The results of the Lagrangian modeling for the

Timbavati plume from Alvarado and Prinn [2009] showed
that the reference model simulation did not provide a good
match with the observed formation of O3 and growth of
aerosols in the Timbavati smoke plume. We found that
modeling the uncharacterized organic species in the smoke
as a reactive monoterpene species (BIOH) and adding
heterogeneous reactions of NO2 and SO2 significantly
improved the match between the model and observations.
[18] On the basis of these results, we performed two

simulations of the Timbavati smoke plume using the 3-D
Eulerian plume model described above. In the first (hereaf-
ter the ‘‘reference chemistry’’ case), we assumed that the
uncharacterized organic species were unreactive, and did
not include any heterogeneous reactions of NO2 or SO2. In
the second (hereafter the ‘‘expanded chemistry’’ case), we
modeled the chemistry of the uncharacterized organic
species using monoterpenes (BIOH) as a proxy for high-
carbon-number reactive organic species that form organic
aerosol. We also included the heterogeneous reactions
NO2 ! 0.5 HONO +0.5 HNO3 and SO2 ! H2SO4 with
uptake coefficients of 10�3 and 2 � 10�4, respectively.
Alvarado and Prinn [2009] and Alvarado [2008] contain
further discussion of the model chemistry and the two
chemical cases studied here. The results of both simu-
lations are presented below.

3.2. Model Results and Comparison to Observations

[19] In this section we present the 3-D Eulerian model
results for fluid dynamics and CO concentrations (section
3.2.1), O3, OH, and NOx concentrations (section 3.2.2),
aerosol number and mass concentrations (sections 3.2.3 and
3.2.4, respectively), aerosol optical properties (section 3.2.5),
and solar radiation and photolysis rates (section 3.2.6). All of
the results shown in this section are provided at 60 min after
the ignition of the fire source.
3.2.1. Fluid Dynamics and CO Concentrations
[20] Since the lifetime of CO (1–3 months) is very long

compared to the 1 h time scale simulated here, we can
assume it is an inert tracer and use the modeled concentra-
tion field for CO to evaluate how well the model simulates
the injection height and horizontal dispersion of the Timba-
vati smoke plume. Figure 6 shows the modeled CO con-
centrations along the centerline of the plume (y = 0) and at
800 m in altitude. The CO mole fractions below 200 ppb
represent the background environmental air outside of the
plume, while values above 200 ppb represent the smoke
plume. Figures 6a and 6b show the modeled CO concen-
trations when the minimum horizontal diffusion coefficient
for chemical tracers (Kmin) is set at 45 m

2/s (i.e., anytime the
model-calculated horizontal diffusion coefficient is below
Kmin, it is set equal to Kmin.) The modeled plume injection
height of 0.6–1.0 km is fairly close to the observed
injection height of the Timbavati smoke plume: specifically
Hobbs et al. [2003] reported that most of the smoke was
found between 0.5 and 0.9 km in altitude, with some puffs
as high as 1.4–1.7 km. This injection height seems to be
primarily determined by the strong initial temperature
inversion between 1.3 and 1.5 km in altitude for the
Timbavati smoke plume (Figure 3a). However, the modeled

Figure 5. Initial aerosol number concentration versus
height for the Timbavati smoke plume.
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horizontal plume width of 6 km is well below the 10–15 km
width (at 26.2 km downwind) reported by Hobbs et al.
[2003].
[21] There are two potential explanations for the under-

estimate of the horizontal dispersion of the Timbavati
smoke plume. First, the first-order turbulent closure used
in the model may be underestimating the subgrid-scale
turbulent mixing of the plume. The effect of subgrid-scale
turbulent mixing can be seen by observing the effect of
increasing Kmin. Figures 6c and 6d show the results of
increasing Kmin to 450 m2/s. In this case, the horizontal
plume width is approximately 10 km, providing a closer
match to the observed value of 10–15 km. For this reason,
we set Kmin to 450 m2/s for all the simulations discussed
below.
[22] The second potential explanation is that the model is

missing the effects of large-scale variability of the horizon-
tal winds on the horizontal dispersion of the plume. In the
model, the boundary conditions for the horizontal winds are
held constant. However, the actual boundary layer winds
may fluctuate with time on the scale of the smoke plume,
increasing the horizontal spread of the smoke emissions. For
example, the horizontal velocity spectra for a typical mixed
boundary layer show a peak near a wavelength slightly
larger than the height of the mixed layer, which for

Timbavati is 1.3–1.5 km [Kaimal et al., 1972; Stull,
1988]. These order 1.3–1.5 km wavelength and longer-
wavelength fluctuations could increase the dispersion of the
smoke plume. Since this effect is not included in the model
runs, the model may underestimate the horizontal dispersion
of the smoke plume even though it is modeling the effect of
the subgrid-scale eddies correctly.
[23] We can also use the model to explore the time

evolution of the circulation induced by the release of
sensible heat from the fire. Figure 7 shows selected stream-
lines of the circulation for the Timbavati smoke plume at 0,
15, 30, 45 and 60 min after the fire ignition. We can see that
the buoyancy from the fire source induces a rising circula-
tion below 1 km in altitude, causing the streamlines starting
at 0.25 and 0.5 km in altitude (the blue dashed and red
dotted lines in Figure 7, respectively) to move upward as we
go further in the x direction. This rising motion also induces
a low level convergence of surface streamlines, as is shown
by the solid black lines in Figure 7. The circulation above
1 km, however, does not appear to be affected by this rising
motion.
[24] Figure 8 shows the time evolution of CO mole

fractions at 15, 30 and 45 min after fire ignition. Here we
also see the general rising motion of the smoke below 1 km,

Figure 6. CO mole fractions for the Timbavati smoke plume along the plume centerline (y = 0 km) and
at 800 m in altitude. (a and b) The low horizontal diffusion case (Kmin = 45 m2/s) and (c and d) the high
horizontal diffusion case (Kmin = 450 m2/s).
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along with the horizontal expansion of the smoke plume
driven by the higher value of Kmin.
3.2.2. Ozone, OH, and NOx

[25] Figure 9 shows the mole fractions or concentrations
of O3, OH, and HONO along the centerline of the smoke
plume for both the reference and expanded chemistry cases,
while Figure 10 shows the mole fractions or concentrations
of these gases along four different horizontal transects
through the smoke plume. The maximum ozone concentra-
tion for the reference chemistry case (62.3 ppb) is at the
bottom of the observed range of ozone concentrations
(approximately 60–135 ppb) found downwind in the Tim-
bavati plume [Hobbs et al., 2003]. The expanded chemistry
case provides a closer match to the observed ozone con-
centrations, with a maximum O3 value of 105.6 ppb. The

horizontal transects show that for both cases, the plume
mole fraction of O3 is significantly higher at z = 0.6 km than
at z = 1.0 km near the source (x = 16 km), but the mole
fraction at z = 1.0 km is higher than that at z = 0.6 km
further downwind (x = 36 km). Downwind, the maximum
O3 varies by 5 to 10 ppb with altitude, showing that
differences in the sample height can affect the measured
O3 concentration. However, this variation is smaller than the
20 ppb uncertainty of the airborne FTIR measurements of
O3 made for the Timbavati smoke plume [Yokelson et al.,
2003].
[26] The higher O3 mole fractions in the expanded

chemistry case are primarily from the heterogeneous pro-
duction of HONO from NO2, with the uncharacterized
organic species making a smaller contribution. Figures 9

Figure 7. Streamlines for the Timbavati smoke plume simulation. Streamlines are shown every 15 min
(Kmin = 450 m2/s). All streamlines start at x = 5 km.
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and 10 show the impact of including this heterogeneous
reaction on the modeled concentrations or mole fractions of
OH and HONO. The maximum OH concentration increases
from 7.0 � 106 radicals cm�3 to 1.0 � 107 radicals cm�3,
but is still well below the inferred plume average value of
1.7(±0.2) � 107 radicals cm�3 reported by Hobbs et al.
[2003]. In addition, the location of the OH maximum
changes. In the reference chemistry case (Figures 9c and
10c), the maximum OH concentrations are found on the

edges of the plume. This is because the concentrations of
the sinks of OH and the absorption of solar radiation by
aerosols are highest in the center of the smoke plume,
thereby increasing the destruction of OH while reducing
its formation from the photolysis of O3 and HCHO. In the
expanded chemistry case (Figures 9d and 10d), the concen-
tration of OH is highest in the center of the plume near the
source, and is relatively constant through the smoke plume
further downwind. This is because the heterogeneous pro-

Figure 8. CO mole fractions (ppb) at the centerline (y = 0) and at 800 m in altitude at 15, 30, and
45 min into the integration (Kmin = 450 m2/s).
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duction of HONO is highest in the center of the smoke
plume, where the concentrations or mole fractions of NO2

and aerosol particles are highest. This enhanced HONO
production increases the formation of OH in the smoke
plume, counteracting the other effects. This suggests that
measurements of OH within the smoke plumes could help
to determine if the heterogeneous formation of HONO from

NO2 is responsible for the rapid formation of O3 observed in
young biomass burning smoke plumes.
[27] As expected, the concentration of HONO is higher in

the expanded chemistry case because of the heterogeneous
formation of HONO. However, the rapid photolysis of
HONO to OH and NO keeps the concentration of HONO
well below the 20 ppb detection limit of the airborne FTIR

Figure 9. Mole fractions or concentrations of (a and b) O3, (c and d) OH, and (e and f) HONO along the
centerline of the Timbavati smoke plume (y = 0). Figures 9a, 9c, and 9e are for the reference chemistry
case, while Figures 9b, 9d, and 9f are for the expanded chemistry case.
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measurements made in the Timbavati smoke plume. In
addition, the predicted downwind concentrations of HONO
are very small, suggesting that direct measurements of
HONO in downwind transects of smoke plumes would
have to be very sensitive to determine if the heterogeneous
formation of HONO were taking place.

[28] Figure 11 shows the mole fractions of NO, NO2, and
NOx along the centerline of the smoke plume for both the
reference and expanded chemistry cases. The mole fractions
of NOx are lower in the expanded chemistry case. This
reduction of NOx is caused by the heterogeneous reaction of
NO2, which increases the formation of HNO3 directly (since

Figure 10. Mole fractions or concentrations of (a and b) O3, (c and d) OH, and (e and f) HONO along
horizontal transects through the Timbavati smoke plume. Figures 10a, 10c, and 10e are for the reference
chemistry case, while Figures 10b, 10d, and 10f are for the expanded chemistry case.
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1 of every 2 NO2 molecules that react are converted to
HNO3) and indirectly by increasing the OH concentration,
which increases the rate of the gas-phase reaction OH +
NO2 + M! HNO3 + M. The maximum NOx mole fractions

for both the reference and expanded chemistry are at or
below the airborne AFTIR detection limits for NO and NO2

(20 ppb [Yokelson et al., 2003]), which is consistent with the
observations [Hobbs et al., 2003]. At x = 36 km, the

Figure 11. Mole fractions of (a and b) NO, (c and d) NO2, and (e and f) NOx along the centerline of the
Timbavati smoke plume (y = 0). Figures 11a, 11c, and 11e are for the reference chemistry case, while
Figures 11b, 11d, and 11f are for the expanded chemistry case.
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maximum NOx for the reference chemistry case is 10.0 ppb
and 20.7 ppb at z = 0.6 km and z = 1.0 km, respectively,
while the maximum NOx for the expanded chemistry case is
6.6 ppb and 12.6 ppb, respectively. Thus, the difference
between the two cases and the two altitudes are small
compared to the 20 ppb uncertainty in the airborne FTIR
measurements. This suggests that a NOx instrument would
need a precision of approximately 1–2 ppb to determine if
heterogeneous reactions of NO2 were taking place, and that
slight differences in altitude during the transect flights could
cause differences of the same order of magnitude. This
would make it difficult to use NOx measurements to
determine if heterogeneous NOx chemistry is taking place.
3.2.3. Aerosol Number Concentrations
[29] Figure 12 shows the total aerosol number concen-

trations for the expanded chemistry case. The results for the
reference case are nearly identical. Figure 12a shows con-
centrations for a vertical slice through the plume centerline.
The second set of plots shows the number concentration
versus downwind distance along the centerline at three
different altitudes. These plots are designed to mimic the
flight path taken by Hobbs et al. [2003]. The third set of
plots are for three horizontal transects through the smoke
plume that were chosen to mimic Samples 2, 3, and 5 of
Hobbs et al. [2003]; however, the altitudes of the two
transects near the source were lowered by 300 m to place
them in the center of the modeled plume.
[30] Figure 12b shows a peak at z = 0.6 km of 6.5 �

104 particles cm�3 near the source, with values at 10 and
20 km downwind (x = 20 and 30 km, respectively) varying
between 2.1–4.3 � 104 and 1.4–2.2 � 104 particles cm�3,
respectively, depending on altitude. The measurements of
Hobbs et al. [2003] showed an aerosol number concentra-
tion of 8.8 � 104 particles cm�3 near the source, decreasing
to 3.0 � 104 particles cm�3 at 10 km downwind from the
fire and increasing to 4.5 � 104 particles cm�3 at 20 km
downwind. Thus the modeled aerosol number concentration
matches the observations well for the first 10 km downwind,
but underestimates the observed aerosol number concentra-
tion beyond that distance. This result is similar to the result
of our Lagrangian studies, where the Lagrangian model was
able to match the initial decrease of number concentration
with distance, but could not match the observed increase in
number concentration downwind [Alvarado and Prinn,
2009]. These Lagrangian studies showed that current
nucleation parameterizations would not predict a signifi-
cant rate of new particle formation in the Timbavati smoke
plume, and suggested that the observed increase could be
due to the motion of the sampling plane relative to the
plume centerline or due to small particles growing by
condensation into the detectable size range of the instru-
ments. Figure 12 shows that the aerosol number concen-
tration within the plume can vary significantly with
altitude, and falls off rapidly with distance from the plume
centerline. This result is consistent with our hypothesis
that the reported increase in aerosol particle concentrations
with downwind distance may be due to the airplane
moving relative to the plume centerline.
3.2.4. Aerosol Mass Concentrations
[31] Figure 13 shows the mass concentrations of potas-

sium (K+) and black carbon (BC) at the centerline of the
smoke plume. These species are not formed or destroyed

Figure 12. Total aerosol number concentration in the
Timbavati smoke plume for the expanded chemistry case:
(a) a vertical slice along the plume centerline (y = 0),
(b) aerosol number concentration versus downwind distance
for different altitudes along the plume centerline, and
(c) horizontal transects of the plume.
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within the model, and so act as conservative tracers.
Figure 13 shows the results for the expanded chemistry
case, which are nearly identical to the reference chemistry
case (not shown). The potassium concentration at x =
36 km and z = 0.6 km of 3.5 mg/m3 is consistent with the
downwind (Sample 5) observation of 3.8 mg/m3 reported
by Hobbs et al. [2003]. As in the Lagrangian studies from
Alvarado and Prinn [2009], the model underestimates the
downwind concentration of BC at this location (modeled
at 2.2mg/m3 versus the observed concentration of 6.7mg/m3).
As discussed by Alvarado and Prinn [2009], this discrep-
ancy may be due to the absorption of solar radiation by
secondary organic species, which would cause the observed
BC concentration, measured by absorption, to be an over-
estimate because it includes some of the light-absorbing
OC.
[32] Figure 14 shows the mass concentrations of sulfate

(SO4
2�) and organic carbon (OC) at the centerline of the

smoke plume for the reference and expanded chemistry
cases. The expanded chemistry improves the match with
observations for these species, but still estimates lower

concentrations than reported by Hobbs et al. [2003]. For
sulfate, Hobbs et al. [2003] report a concentration of 8.1 mg/
m3 for Sample 5, while the model gives concentrations (at x
= 36 km and z = 0.6 km) of 4.2 and 5.5 mg/m3 for the
reference and expanded chemistry cases, respectively. For
OC, Hobbs et al. [2003] report a concentration of 34 mg/m3

for Sample 5, while the model gives concentrations of 13.1
and 14.2 mg/m3 for the reference and expanded chemistry
cases, respectively. However, it is worth noting that at x =
36 km the maximum concentrations of sulfate and OC occur
at z = 1 km, with values of 7.5 mg/m3 SO4

2� and 22.7 mg/m3

OC, which are closer to the observed concentrations. This
suggests that part of the difference between the model and
observation may be due to differences in the height of the
maximum smoke concentrations downwind.
[33] Figure 15 shows the mass concentrations of chloride

(Cl�) and the mole fractions of HCl gas for the reference
and expanded chemistry cases. Close to the fire source, the
expanded chemistry case has more of the chloride present in
the gas phase as HCl than in the reference chemistry case.
This is because more sulfate and nitrate are formed in the
expanded chemistry case, and the condensation of these
acids onto the aerosol pushes the equilibrium of the chloride
toward the gas phase. In both cases, the chloride is almost
entirely present in the gas phase at x = 36 km, with aerosol
Cl� concentrations of 0.10 and 0.08 mg/m3 for the reference
and expanded chemistry cases, respectively. These modeled
aerosol Cl� concentrations are well below the observed
downwind Cl� concentration of 5.4 mg/m3. As in the work
by Alvarado and Prinn [2009], this underestimate of aerosol
Cl� suggests that our aerosol chemical model may not be
capturing the correct partitioning between the gas and
aerosol phase for inorganic species. The total (gas + aerosol)
amount of chloride present in the model at x = 36 km is
consistent with the observations, but the model predicts that
it should be present largely in the gas phase.
[34] Figure 16 shows the mass concentrations of nitrate

(NO3
�) and the mole fractions of HNO3 gas for the reference

and expanded chemistry cases. The total (gas + aerosol)
nitrate concentrations are much higher in the expanded
chemistry case than in the reference chemistry case. This
is consistent with the increased loss of NOx in the expanded
chemistry case discussed above. The aerosol nitrate con-
centration at x = 36 km and z = 0.6 km were 1.8 mg/m3 and
3.0 mg/m3 for the reference and expanded chemistry cases,
respectively. These values are much lower than the concen-
tration of 9.1 mg/m3 reported by Hobbs et al. [2003]. The
total nitrate concentration at x = 36 km and z = 0.6 km in
the expanded chemistry case is below the reported aerosol
nitrate value. As was the case for sulfate and OC, the
maximum gas and aerosol nitrate concentrations at x =
36 km occur at z = 1 km (4.4 ppb and 6.1 mg/m3,
respectively) which are closer to observations.
3.2.5. Aerosol Optical Properties
[35] Figure 17 shows the aerosol scattering coefficient

and single scattering albedo at the plume centerline as well
as the horizontal distribution of aerosol optical depth for the
reference and expanded chemistry cases. For the expanded
chemistry case, the maximum value near the source (x =
13 km, z = 0.3 km) is 1.5� 10�3m�1, decreasing to a value of
7.7� 10�4 m�1 (x = 18 km, z = 0.6 km) and 1.1� 10�4 m�1

downwind (x = 39 km, z = 0.6 km). Hobbs et al. [2003]

Figure 13. Aerosol mass concentrations of potassium (K+)
and black carbon (BC) at the centerline of the Timbavati
smoke plume (y = 0). The white arrow points to the location
of the downwind aerosol measurement from Hobbs et al.
[2003]. The observed concentrations at this location for K+

and BC were 3.8 and 6.7 mg/m3, respectively.
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reported a peak value of 2.2 � 10�3 m�1 for the light
scattering coefficient near the source, decreasing to 7.5 �
10�4 m�1 at 5 km downwind and to 4.0 � 10�4 m�1 at
26 km downwind. These results are similar to the results for
the total aerosol number concentration, in that the model is
able to reproduce the observed decrease in aerosol scattering
coefficient in the first 5 to 10 km downwind, but then
underestimates the value further downwind. Thus, the
underprediction of the scattering coefficient downwind is
likely due to the underprediction of the downwind number
concentration.
[36] The aerosol single scattering albedo is larger in the

expanded chemistry case than in the reference chemistry
case, because of the larger condensation rate of secondary
organic and inorganic species onto the aerosol in the
expanded chemistry case. The maximum single scattering
albedo predicted for the expanded chemistry case is 0.906,
near the top of the range of 0.86 ± 0.05 reported by Reid et
al. [2005a] for aged grassland and savannah smoke. This
leads to a larger aerosol scattering coefficient for the
expanded chemistry case as well. The aerosol optical depth
is also larger for the expanded chemistry case, as the
particles have a larger optical cross section than in the
reference chemistry case.

3.2.6. Solar Radiation and Photolysis Rates
[37] Figure 18 shows the total solar irradiance (the sum of

both the upward and downward streams, integrated over 0–
4 mm in wavelength), the heating rate due to the absorption
of solar radiation, and the NO2 photolysis rate along the
plume centerline for the reference and expanded chemistry
cases. The values for all three parameters are very similar
for the two chemistry cases, with the expanded chemistry
case showing a slightly larger upward diffuse irradiance
above the plume due to the higher aerosol scattering
coefficient in this case. The total solar irradiance is
increased above the smoke plume because of the scattering
of solar radiation by the smoke aerosols, which increases the
upward diffuse irradiance. The solar irradiance within and
below the smoke plume is decreased, because of the
increased scattering and absorption of solar radiation within
the smoke plume, which reduces the upward and downward
flux of solar radiation within and beneath the smoke plume.
The magnitudes of the increases and decreases of the solar
irradiance are approximately 10–20%. Hobbs et al. [2003]
reported that the UV flux in the wavelength band 300–
390 nm in the center of the plume was about two thirds of
that near the top of the plume. As the smallest wavelength
band in our radiation module is from 0 to 700 nm, we

Figure 14. Aerosol mass concentrations of sulfate (SO4
2�) and organic carbon (OC) at the centerline of

the Timbavati smoke plume (y = 0). The white arrow points to the location of the downwind aerosol
measurement from Hobbs et al. [2003]. The observed concentrations at this location for SO4

2� and OC
were 8.1 and 34 mg/m3, respectively.
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cannot directly compare our model results to this observa-
tion. However, the minimum (916 W/m2) solar irradiance
shown in Figure 18b is 77% of the maximum irradiance
(1196 W/m2). This suggests that the model may be slightly
underestimating the absorption of solar radiation by the
aerosols in the wavelength band 300–390 nm. This addi-
tional absorption may be due to secondary organic com-
pounds that absorb radiation, which would also help to
explain the underestimate of BC relative to observations.
[38] Hobbs et al. [2003] estimated an instantaneous heat-

ing rate of the plume of 7.4 K/d at 20–25 km downwind
from the Timbavati fire due to the absorption of solar
radiation within the smoke plume, on the basis of their
measurements of upwelling and downwelling solar irradi-
ance within the plume. Figures 18c and 18d show the solar
heating rates predicted for our model simulations. At 20–
25 km downwind, the modeled heating rate varies from 4 to
6 K/d, which is slightly lower than the reported value. This
is consistent with the observations of BC and UV flux,
which also suggest that the model may slightly underes-
timate the absorption of solar radiation by the smoke
aerosols.
[39] Figures 18e and 18f show the NO2 photolysis rate

predicted for the two chemistry cases. The spatial patterns

are very similar to the spatial patterns for solar irradiance,
with the photolysis rate being decreased within and below
the smoke plume and increased above. These increases and
decreases are on the order of 10–20%, which is of similar
magnitude to the parametric uncertainty of the NO2 photol-
ysis reaction (±30% [see Pun, 1998]).

4. Comparison to Automatic Dilution Approach

[40] Here, we estimate the errors caused by the automatic
dilution approach of GACMs by comparing the results of
our 3-D Eulerian simulation of the Timbavati smoke plume
to the results of the single-box Eulerian model described in
section 2.2. This Eulerian box model is used as an analog of
the large-scale grid boxes of GACMs. Section 4.1 describes
the initial conditions and model parameters for the box
model simulation of the Timbavati fire. Section 4.2 dis-
cusses the results of the comparison between the box and
3-D models for the species CO, O3, NOx, other NOy

species, and aerosols.

4.1. Box Model Initialization

[41] The temperature and pressure for the box model were
set at 288 K and 900 mbar, respectively. The horizontal

Figure 15. (a and b) Concentrations of aerosol chloride (Cl�) and (c and d) mole fractions of gas-phase
HCl at the centerline of the Timbavati smoke plume (y = 0). Figures 15a and 15c are for the reference
chemistry case, while Figures 15b and 15d are for the expanded chemistry case. The white arrow points
to the location of the downwind aerosol measurement from Hobbs et al. [2003]. The observed Cl�

concentration at this location was 5.4 mg/m3.
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wind speed was set at 9.3 m/s [Trentmann et al., 2005]. The
horizontal domain of the Eulerian box is the same as the model
domain for the 3-D Eulerian plume studies of section 3.
[42] Photolysis rates were calculated using TUV v.4.1,

and are the same as the rates used in the Lagrangian study of
Alvarado and Prinn [2009]. Table 1 compares the photol-
ysis rates calculated by the CRM6 model and TUV v.4.1.
The photolysis rates calculated by the two methods are
generally within 25%, with CRM6 giving lower values due
to a slightly lower estimate of the actinic flux. An error of
25% is on the same order as the parametric uncertainty for
these photolysis reactions [Pun, 1998]. The two exceptions
are the reactions NO3 ! NO + O2 and HCHO ! H2 + CO,
where the CRM6 calculated values are only 65% and 51%,
respectively, of the TUV calculated values. However, these
reactions are unlikely to have a significant impact on the
chemistry. The concentration of NO3 is very low in the
daytime and the other photolysis pathway for NO3 is
dominant. For the second HCHO pathway, H2 and CO are
fairly unreactive on the 1 h time scale of interest here, and
so should not significantly impact the chemistry within the
smoke plume.
[43] Initial and upwind concentrations of gases other than

SO2 and O3 were set to the background concentrations for

Timbavati as given by Alvarado and Prinn [2009]. Since
the concentrations of SO2 and O3 varied with height in the
bottom 1 km in the 3-D model domain (see Figure 4), the
initial and upwind concentrations were set to the average
values of 1.45 ppb and 35.7 ppb, respectively, to match the
total amount of SO2 and O3 initially present in the bottom 1
km of the 3-D model. Similarly, the initial and upwind
number concentration of aerosols was set at 2530 cm�3 to
match the average aerosol concentration present in the
bottom 1 km of the 3-D model (see Figure 5). As in the
3-D modeling, 4 aerosol size bins were used in the box
model, with 2 bins between 0.015 mm and 1 mm in radius.
Initial and upwind aerosol chemical compositions were
taken from the environmental aerosol distribution concen-
trations for Timbavati listed in part 1 [Alvarado and Prinn,
2009]. The emissions of trace gases and aerosols due to the
fire source were identical to the emissions for the 3-D
Eulerian model.
[44] The box model was run for the reference and

expanded chemistry cases discussed above. The results of
both simulations, and their comparison to the 3-D Eulerian
plume model results, are presented below.

Figure 16. (a and b) Concentrations of aerosol nitrate (NO3
�) and (c and d) mole fractions of gas-phase

HNO3 at the centerline of the Timbavati smoke plume (y = 0). Figures 16a and 16c are for the reference
chemistry case, while Figures 16b and 16d are for the expanded chemistry case. The white arrow points
to the location of the downwind aerosol measurement from Hobbs et al. [2003]. The observed NO3

�

concentration at this location was 9.1 mg/m3.
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Figure 17. Aerosol optical properties at 550 nm for the Timbavati smoke plume. (a and b) The aerosol
scattering coefficient at the plume centerline (y = 0). (c and d) The aerosol single scattering albedo at the
plume centerline. (e and f) The aerosol optical depth versus x and y. Figures 17a, 17c, and 17e are for the
reference chemistry case, while Figures 17b, 17d, and 17f are for the expanded chemistry case.
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4.2. Results and Discussion

[45] In order to compare the results of the Eulerian box
and 3-D models, we define Mq,Box (t) as the total amount of
species q (in mol) present in the Eulerian box model at time
t and define Mq,3D (t) as the total amount of species q
present in the bottom 1 km of the 3-D Eulerian plume model

at time t. Mq,Box (t) is calculated from the concentration Cq

(t) (mol/cm3) by the formula

Mq;Box tð Þ ¼ Cq tð ÞDXDYH ð1Þ

where DX = 52.5 km, DY = 20 km, and H = 1 km.

Figure 18. (a and b) The solar irradiance (integrated over wavelengths from 0 to 4 mm), (c and d) the
rate of temperature change due to absorption of solar radiation, and (e and f) the NO2 photolysis rates.
Figures 18a, 18c, and 18e are for the reference chemistry case, while Figures 18b, 18d, and 18f are for the
expanded chemistry case.
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Mq,3D (t) is calculated from the sum

Mq;3D tð Þ ¼
X105
i¼1

X20
j¼1

X10
k¼1

Cq i; j; k; tð ÞDxDyDz ð2Þ

where Cq (i, j, k, t) is the concentration of species q
(mol/cm3) in grid box (i, j, k) at time t, Dx = 500 m,
Dy = 1000 m, and Dz = 100 m. Note that

Mq;3D tð Þ
DXDYH

is the
average concentration of species q in the bottom 1 km
of the 3-D plume model at time t.
[46] For both the box and 3-D models,Mq can be changed

by emissions of species q by the fire, reversible and
irreversible chemical reactions, and by horizontal transport.
Mq,3D can also change because of vertical diffusion of
species into or out of the bottom 1 km of the 3-D model.

In order to estimate the error in the effective flux of biomass
burning emissions to the global environment caused by the
automatic dilution of emissions in the box model, we
calculate the change in Mq in both models from the ignition
of the fire source (t = 0) to the end of the model integration
(t = 60 min):

DMq ¼ Mq 60minð Þ �Mq 0ð Þ ð3Þ

[47] Note that
DMq

DXDYH
represents the change in the average

concentration over 60 min of fire emissions.
[48] The bar graphs presented in sections 4.2.1 through

4.2.4 plot DMq for the reference and expanded chemistry
runs of the Eulerian box and 3-D models. The percentages
shown above the bars for the box model represent the
normalized difference (eq) between the box and 3-D model
results, calculated using the formula

eq ¼
DMq;Box �DMq;3D

DMq;3D
ð4Þ

[49] Since both models are spun up for 10 min prior to
fire ignition, Mq,Box (0) and Mq,3D (0) can be different. The
error bars in Figures 19–23 represent the differences (dq)
between the box and 3-D model amounts of each species at
the fire ignition, calculated according to the formula

dq ¼ Mq;Box 0ð Þ �Mq;3D 0ð Þ ð5Þ

Table 1. Photolysis Rates Calculated by TUV and CRM6a

Reaction
CRM6

(Zenith = 43.53�)
TUV v4.1

(Zenith = 43.4�) CRM6/TUV

NO2 7.21 � 10�3 7.76 � 10�3 92.9%
O3 ! O (1D) 2.02 � 10�5 2.39 � 10�5 84.5%
O3 ! O (3P) 4.18 � 10�4 3.84 � 10�4 108.8%
H2O2 4.86 � 10�6 5.96 � 10�6 81.5%
NO3 ! NO + O2 1.28 � 10�2 1.96 � 10�2 65.3%
NO3 ! NO2 + O 1.49 � 10�1 1.53 � 10�1 97.4%
HONO 1.59 � 10�3 1.71 � 10�3 93.0%
MGLY 8.73 � 10�5 9.17 � 10�5 95.2%
CH3CHO 3.79 � 10�6 4.58 � 10�6 82.8%
CH3C(O)CH3 4.18 � 10�7 5.44 � 10�7 76.8%
HCHO ! 2 HO2 + CO 1.99 � 10�5 2.62 � 10�5 75.9%
HCHO ! H2 + CO 2.03 � 10�5 4.00 � 10�5 50.8%

aRates are in s�1. Photolysis rates calculated for Timbavati fire location
at 1 km in altitude. Effect of aerosol on the radiative field was not included.

Figure 19. Comparison of Eulerian box and 3-D model results for conservative tracers. Values plotted
represent the change in the total amount of a species (mol) in the lowest 1 km of the model domain from
the ignition of the fire source to 60 min after ignition (DMq). Error bars represent the differences between
the box and 3-D model amounts of each species at the fire ignition (dq). The percentages represent the
normalized difference of the box model result from the corresponding 3-D model result (eq). The values
for CO have been divided by 100 to fit in the plot.
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4.2.1. Tracers
[50] As mentioned above, the Eulerian box model does

not include the vertical diffusion of species across the top
boundary, while the 3-D plume model does allow species to
diffuse vertically. This can result in differences in DMq,Box

and DMq,3D even in the absence of nonlinear chemistry. To
evaluate the importance of this effect, we compared
DMq,Box and DMq,3D for various tracer species (i.e., for

species whose concentrations are not greatly affected by
chemical changes in the model).
[51] Figure 19 shows the comparison between the Euler-

ian box model and the 3-D Eulerian plume model for five
tracer species: CO, aerosol potassium (K+), aerosol black
carbon (BC), and the total amount of S and Cl atoms (totals
calculated as the sum of the gas and aerosol phase species
containing these atoms, namely SO2(g) and aerosol sulfate

Figure 20. Comparison of Eulerian box and 3-D model results for O3, NO, NO2, NOx (NO + NO2), and
Ox (NO2 + O3). Plotted values are the same as described in Figure 19.

Figure 21. Comparison of Eulerian box and 3-D model results for NOy species. Plotted values are the
same as described in Figure 19.
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(SO4
2�) and HCl(g) and aerosol chloride (Cl�), respectively).

While CO is not strictly a conservative tracer in the model,
the chemical production and loss rates for CO over the
model integration times are very small compared to the fire
emission rates considered here.
[52] The calculated changes in CO in the box and 3-D

models are nearly identical for both chemistry cases studied,
with a maximum jeCOj of 0.3%. This close correspondence
between the box and 3-D models suggests that vertical
diffusion of CO across the z = 1 km boundary is unimpor-
tant for this species, because of its relatively high back-
ground mole fraction (182 ppb) leading to a small vertical
CO gradient. For K+ and BC, DMq,Box is greater than
DMq,3D. This is due to the upward vertical diffusion of
these species in the 3-D model runs. Since the initial aerosol
concentrations in the 3-D model decay exponentially with
height (i.e., their vertical gradients are large), turbulence
causes these species to mix upward, reducing the concen-
trations below 1 km. Thus we see that the neglect of vertical
diffusion in the box model can lead to positive values of eq
of up to +10% for aerosol species even in the absence of
chemical sources and sinks. The change in the total amount
of S atoms (SO2(g) + SO4

2�) is lower in the box model than
in the 3-D model. This is because the high initial concen-
tration of SO2(g) above 1 km in the 3-D model (see Figure 4)
results in a large downward diffuse flux of SO2 across the
z = 1 km boundary. This downward flux of SO2 compen-
sates for the upward flux of aerosol sulfate, resulting in a
negative value for eSO2(g)+SO4

2�. The total amount of Cl
atoms (HCl(g) + Cl�) is slightly (eHCl(g)+Cl� = �1% to
�6%) smaller in the box model than in the 3-D model.
The difference between the reference and expanded chem-
istry results for Cl atoms in the 3-D model is likely due to
numerical error in solving the advection-diffusion equa-
tions for a species with a very low background concen-

tration (�1 ppt) and a very high concentration gradient
near the fire source.
[53] Thus, we find that vertical diffusion alone can result

in differences of the order of ±1–15% between the box and
3-D Eulerian model. The values are larger for species with
large vertical gradients in their initial concentrations in the
3-D model, such as aerosol species and SO2(g). Thus, we
cannot necessarily attribute differences of less than 10 to
15% to the automatic dilution assumption of GACMs.
Changes of this size may be due to any combination of
vertical diffusion and the error associated with automatically
diluting biomass burning emissions.
4.2.2. Ozone and NOx

[54] Figure 20 shows the comparison between the box
and 3-D models for O3, NO, NO2, NOx (NO + NO2) and Ox

(defined here as NO2 + O3). When both models are using
the reference chemistry, the models give nearly identical
results for NOx (eNOx = �1%), but the box model gives a
higher value for NO (eNO = +46%) and a lower value for
NO2 (eNO2 = �16%). The differences for NO and NO2 are
consistent with a higher average photolysis rate for NO2 in
the box model. The box model shows larger increases for
O3 (eO3 = +24%) and Ox (eOx = +10%) than are seen in the
3-D model. This suggests that, when using the reference
chemistry, the box model approach results in a more
oxidizing atmosphere than in the 3-D plume model. This
result can be explained by referring to the OH transect plots
in Figure 10. For the 3-D reference chemistry case, the OH
concentration drops in the center of the smoke plume,
because of the high concentration of OH sinks and the
absorption of solar UV radiation by the smoke aerosols. In
the box model reference chemistry case, the sinks of OH are
more dilute because of the automatic dilution of smoke
emissions and the absorption of solar radiation by the
aerosols is ignored. The more dilute sinks of OH result in
a higher total amount of OH in the box (MOH,Box (60 min) =

Figure 22. Comparison of Eulerian box and 3-D model results for aerosol chloride, sulfate, and organic
carbon (OC). Plotted values are the same as described in Figure 19. The values for OC have been divided
by 10 to fit in the plot.
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14.06 mol) than in the 3-D model (MOH,3D (60 min) =
9.61 mol), while the higher rate of NO2 photolysis in the
box model results in more of the created Ox being present as
O3 in the box model than in the 3-D model. This result is

also consistent with the work of Lin et al. [1988], who
found that the ozone production efficiency (net ozone
production per molecule of NOx lost) decreased as the
NOx concentration increased from 1 ppb (as in the box

Figure 23. Comparison of 3-D model results with different size Eulerian box models for the
(a) reference and (b) expanded chemistry cases. Plotted values are the same as described in Figure 19. O3

values are divided by 10 to fit on the plot.
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model) to 10 ppb or higher (as in the 3-D plume model).
Thus, given the similar loss rates of NOx in both the box and
3-D models, we expect a higher O3 production rate in the
box model.
[55] For the expanded chemistry case, the models match

closely for O3 (eO3
= +0.4%) and Ox (eOx

= +3%). However,
the box model gives a much higher value for NOx than the
3-D model (eNOx

= +40%). This suggests that, for the
expanded chemistry case, the automatic dilution of smoke
plume emissions results in an overestimate of effective NOx

emissions into the free troposphere from biomass burning
sources. This is because the automatic dilution of the smoke
emissions in the box model results in lower rates of NOx

loss due to heterogeneous chemistry. In the 3-D model, the
concentrated plume has high concentrations of NO2 and
aerosol particles, which results in a high rate of heteroge-
neous formation of HNO3 and loss of NOx. In the box
model, the automatic dilution of the smoke emissions
greatly reduces the concentrations of NO2 and aerosol
particles, and so the heterogeneous reaction rate for NO2

is much slower.
[56] These results suggest that the GACM approach of

automatic dilution can seriously overestimate the effective
flux of NOx to the global environment. This could lead to
errors in model estimates of the global ozone formation
from biomass burning emissions. It also shows that while
the addition of heterogeneous reactions of NO2 improves
the match between model and observation for the Lagrang-
ian and 3-D Eulerian plume models, simply adding this
reaction to GACMs is unlikely to fix the NOx overestimate,
as the automatic dilution of the fire emissions would result
in a slower rate of heterogeneous chemistry in GACMs.
4.2.3. Other NOy Species
[57] Figure 21 shows the comparison between the box

and 3-D models for the NOy species: HNO3(g), aerosol
nitrate (NO3

�), total inorganic nitrate (HNO3(g) + NO3
�),

organic nitrate (AP1 through AP12 in ASP), PAN species
(PAN1 through PN10 in ASP) and HONO. The total change
in non-NH3 nitrogen containing species (NOx plus those
listed above) is 10% higher in the box model runs than in
the 3-D model. This error is consistent with that seen for
other tracer species (like K+), and is due to a combination of
significant upward vertical diffusion of non-NH3 nitrogen
containing species, which have a high emission rate from
the fire source but relatively low initial and background
concentrations, and the condensation of organic nitrate
species onto aerosols. This diffusive error helps to explain
why estimates for many nitrogen containing species in the
reference chemistry case are higher in the box model while
the NOx concentrations in the two models are very similar.
[58] For the reference chemistry case, the box model

gives a much higher change in HNO3(g) (eHNO3(g) =
+164%) and a much lower change in aerosol nitrate than
the 3-D model. In fact, the box model shows a reduction in
aerosol nitrate with time, while the 3-D model shows a
small increase. This is because the automatic dilution of
emissions in the box model favors evaporation of semi-
volatile species like nitrate to the gas phase, whereas
modeling the concentrated plume results in a region of high
HNO3(g) concentration in the smoke plume. Thus more of
the total nitrate stays in the aerosol phase when the
concentrated plume processes are modeled. The box model

also gives a much higher change for total inorganic nitrate
(eHNO3(g)+NO3

� = +94%), total PAN (ePAN = +72%) and
HONO (eHONO = +32%). These results are consistent with
the higher ozone concentrations seen in the box model than
in the 3-D model for the reference chemistry case, and are
consistent with our previous conclusion that the box model
approach results in a more oxidizing environment than in
the 3-D model for the reference chemistry.
[59] For the expanded chemistry case, the box model

gives a much lower change in inorganic nitrate than in the
3-D model (eHNO3(g)+NO3

� = �52%). This is due to the much
slower rate of heterogeneous HNO3 formation when the
plume emissions are automatically diluted in the box model
versus the higher rate of heterogeneous reactions in the
concentrated smoke plume. This underestimate of the rate of
heterogeneous chemistry in the box model also explains the
lower change in HONO seen in the box model (eHONO =
�69%). The formation of organic nitrate is much higher in the
expanded chemistry case than in the reference chemistry case
because of the addition of BIOH. The concentrations of PAN
predicted by the two models are fairly close (ePAN = �10%).
4.2.4. Aerosol Species
[60] Figure 22 shows the comparison between the box

and 3-D models for aerosol chloride (Cl�), aerosol sulfate
(SO4

2�), and aerosol organic carbon (OC). For both the
reference and expanded chemistry cases, the total change in
aerosol chloride is much lower in the box model (eCl� =
�84% and �72%, respectively) than in the 3-D model. This
is consistent with the results for aerosol nitrate above, and is
caused by the automatic dilution of fire emissions in the box
model. In the concentrated smoke plume, high local con-
centrations of HCl(g) keep more of the total chloride in the
aerosol phase. Automatically diluting the smoke emissions
of chloride in the box model results in more of the chloride
evaporating into the gas phase. As the 3-D model is already
underestimating the amount of aerosol Cl� relative to
observations, the automatic dilution approach of GACMs
may result in an even larger underestimate of aerosol Cl
concentrations leaving biomass burning smoke plumes.
[61] For the reference chemistry case, the change in

aerosol sulfate is larger in the box model than in the 3-D
model (eSO4

2� = +24%), consistent with the results for O3 and
inorganic nitrate which both suggested that the box model
approach results in a more oxidizing environment than in
the 3-D model for the reference chemistry case. For the
expanded chemistry case, the change in aerosol sulfate is
smaller in the box model than in the 3-D model (eSO4

2� =
�45%). This is consistent with the results for NOx, total
inorganic nitrate, and HONO, all of which suggest that the
automatic dilution of smoke emissions in the box model
leads to a much lower rate of heterogeneous chemistry in
the box model than in the concentrated smoke plume.
[62] Aerosol organic carbon shows similar results to those

for aerosol sulfate: the box model shows a smaller change
than the 3-D model for the reference chemistry case and a
larger change for the expanded chemistry case. However,
the normalized differences between the box and 3-D models
for OC (+13% and �9%) are of the same order as the
differences due to vertical diffusion in the 3-D model, and
so it is not clear if the differences due to nonlinear chemistry
are significant for aerosol OC.
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4.3. Effects of Shrinking and Expanding the Eulerian
Box

[63] The above discussion leads to two additional ques-
tions. First, since the size of the Eulerian grid box evaluated
so far (52.5 km � 20 km) is smaller than the general size of
the grid boxes in GACMs, then how do the results change
when the size of the box is increased? Second, does
shrinking the box (for example, by reducing its scale in
the cross-wind direction) reduce the differences between the
box model and the 3-D plume model?
[64] To answer these questions, we ran two additional box

model tests, one where we expanded the box to 100 km �
100 km in the horizontal, and one where we shrank the
cross-wind extent of the box to 52.5 km � 10 km. Figure 23
compares the results of these tests with our previous box
model and 3-D plume results for both the reference and
expanded chemistry cases. For the reference chemistry case,
shrinking the box generally provides a closer match to the
3-D plume model results. The results are more mixed for the
expanded chemistry case, where shrinking the box makes
the match worse for many species. For both chemistry
cases, expanding the box to 100 km � 100 km dramatically
increases the predicted formation of O3, inorganic nitrate,
and PAN and the destruction of NOx relative to the 3-D
plume model. The differences between the two chemistry
cases for this large box are relatively small. Thus, the large
boxes used in global models could substantially overestimate
the effective emission of PAN and O3 into the free tropo-
sphere from young smoke plumes, and mask the effects of
heterogeneous chemistry within the smoke plumes.

5. Conclusions

[65] We have presented a 3-D Eulerian simulation of the
fluid dynamics, gas-phase chemistry, aerosol chemistry, and
the scattering and absorption of radiation within the Timba-
vati biomass burning smoke plume. To our knowledge, this
is the first time all of these processes have been simulated
simultaneously for a young biomass burning smoke plume.
We considered two cases with different approaches to the
chemistry. In the reference chemistry case, the uncharac-
terized organic species were assumed to be unreactive and
heterogeneous chemistry was not included. In the expanded
chemistry case, the uncharacterized compounds were
included using BIOH (monoterpenes) as a proxy, and het-
erogeneous reactions of NO2 and SO2 were included with
uptake coefficients of 10�3 and 2 � 10�4, respectively.
[66] The 3-D Eulerian model does a good job matching

the observed injection height of the smoke plume, but the
initial model run underestimated the horizontal dispersion of
the smoke plume. This underestimate may be due to an
underestimate of subgrid-scale turbulent mixing or due to
the fact that plume-scale fluctuations of the horizontal
winds, which may be present in the convective boundary
layer, are not simulated in the model. Increasing the
minimum horizontal diffusion coefficient in the model
provides a better match to the observed horizontal disper-
sion of the plume.
[67] The reference chemistry case underestimates the

observed formation of O3 while the expanded chemistry
case provides a better match with observations. The max-
imum OH concentration predicted for the expanded chem-

istry case (1.0� 107 radicals cm�3) is still below the reported
plume average OH concentration (1.7 � 107 radicals cm�3),
while the concentration of HONO for the expanded chemis-
try case is well below the detection limit for this species by
AFTIR. Unfortunately this means that the accuracy of our
HONO simulation cannot be assessed from these observa-
tions. The expanded chemistry case also gives lower NOx

concentrations than the reference case due to increased
production of HNO3.
[68] The model simulations suggest that direct measure-

ments of OH in the young smoke plumes would be the best
way to determine if heterogeneous production of HONO
from NO2 is taking place. An increase in OH while passing
through the smoke plume would be consistent with the rapid
heterogeneous formation of HONO from NO2 on smoke
particles, while a decrease in OH would suggest other
explanations are required for the rapid formation of O3

and nitrate in young biomass burning plumes. Thus, mea-
surements of OH in young smoke plumes should be a
priority for future field campaigns.
[69] The model matches well the observed downwind

concentration of potassium, suggesting that the model is
correctly reproducing the observed dispersion of the prima-
ry aerosol. However, the reference chemistry underestimates
the observed secondary formation of OC, nitrate, and sulfate
in the smoke plume, and underestimates the amount of
chloride observed in the aerosol phase. The expanded
chemistry case improves the match with observations, but
still underestimates the observed aerosol concentrations.
The maximum aerosol concentrations downwind are found
at an altitude of 1 km, rather than the altitude of 0.6 km
sampled in Timbavati. The total (gas + aerosol) amount of
chloride downwind is consistent with the aerosol observa-
tions, but in the model the chloride is primarily in the gas
phase. The concentration of total nitrate downwind is less
than the observed aerosol nitrate concentration, suggesting
that the model is underestimating the formation of nitrate
from NOx even in the expanded chemistry case. Simulta-
neous measurements of chloride and nitrate in the gas and
aerosol phases would help to resolve these discrepancies by
allowing us to close the budget for chloride and nitrogen
atoms within the smoke plume.
[70] The modeled single scattering albedo for the aerosols

in the expanded chemistry case is consistent with reported
values for aged savannah smoke aerosols. The modeled
aerosol scattering coefficient matches the observations fairly
well for the first 10 km downwind from the fire, but
underestimates the observed value further downwind. The
comparison between modeled and observed aerosol number
concentration is similar, with the model and observations
agreeing fairly well from 0 to 10 km downwind of the source
and then diverging. Thus, the underestimate in aerosol
scattering coefficient downwind is likely related to the
underestimate of aerosol number concentration downwind.
[71] Smoke aerosols reduce the modeled photolysis rates

within and beneath the plume by 10–20%, and increased
them above. However, the modeled solar heating due to the
absorption of solar radiation is 4–6 K/d at 20–25 km
downwind. This is somewhat lower than the reported value
of 7.4 K/d, suggesting that the model may underestimate the
absorption of solar radiation by the aerosols. This is
consistent with the underestimate of BC relative to obser-

D09307 ALVARADO ET AL.: O3 AND AEROSOLS IN PLUMES, EULERIAN MODEL

23 of 27

D09307



vations. Both discrepancies may be due to the absorption of
solar radiation by secondary organic compounds, leading to
an overestimate of BC in the observations and an underes-
timate of aerosol absorption in the model.
[72] We have evaluated the errors in the effective flux of

gas and aerosol species to the global environment caused by
the automatic dilution of biomass burning emissions into
large-scale global model grid boxes. To accomplish this, we
compared the results of our 3-D Eulerian plume simulation
of the Timbavati smoke plume to the results of a single-box
Eulerian model with the same horizontal scale (52.5 km �
20 km) as the full domain of our 3-D simulation. The
Eulerian box model was run for both the reference and
expanded chemistry cases.
[73] We found that the neglect of vertical diffusion of

species into and out of the box model could result in errors
of the order of ±(1–15)% in the predicted total amounts of
tracer species, depending on the initial concentration profile
of the species, and hence the subsequent vertical gradients
in the 3-D model when the fire emissions are included.
Thus, changes of this order or less in other species may be
caused by similar differences in advection and diffusion, by
differences in nonlinear chemistry, or both. For the refer-
ence chemistry case, we found that the automatic dilution of
emissions in the box model resulted in a more oxidizing
environment, with a larger net formation of O3 (+24%),
total (gas plus aerosol) inorganic nitrate (+94%), PAN species
(+72%), and aerosol sulfate (+24%). For the expanded
chemistry case, the automatic dilution of emissions in the
box model results in a lower heterogeneous reaction rate for
NO2 and SO2. Thus, the automatic dilution of emissions leads
to overestimates of NOx (+40%), while total inorganic nitrate,
HONO, and aerosol sulfate are underestimated (�52%,
�69%, and �45%, respectively). The O3 estimates for both
models in the expanded chemistry case are very close (within
1%), while the PAN estimates are within 10% of each other.
Aerosol organic carbon (OC) shows similar behavior to
aerosol sulfate in both chemistry cases (+13% for reference
chemistry,�9% for expanded chemistry), but the differences
between the box and 3-D models are too small for us to rule
out the possibility that they are caused by differences in
advection and diffusion rather than the effect of dilution on
the nonlinear chemistry. For both chemistry cases, the
automatic dilution of emissions results in more of the total
inorganic nitrate and chloride being present in the gas phase.
Since the 3-D model is already underestimating the amount
of aerosol nitrate and chloride downwind relative to emis-
sions, this suggests that the GACM approach could result in
substantial underestimates of these semivolatile aerosol
constituents.
[74] This suggests that even if the chemical models for

smoke plume chemistry are improved to better match the
available observations, the automatic dilution of smoke
plume emissions in GACMs could still result in large errors
in predicted concentrations of O3, NOx and aerosol species
downwind of biomass burning sources. These errors could
change the predicted impact of biomass burning emissions
on global chemistry and climate. For example, the overes-
timate of NOx seen in the box model for the expanded
chemistry case could result in an overestimate in the amount
of global NOx and O3 formed by biomass burning emis-
sions. It is also worth noting that even at the higher

resolution of our 3-D smoke plume model, subgrid-scale
processes are still present, and may lead to model errors in
predicting the plume chemistry.

6. Potential Approaches for Global Atmospheric
Chemistry Models

[75] There are several potential approaches to reduce the
errors caused by the automatic dilution of plume emissions
in GACMs. GACMs could use nested, higher-resolution
grids over regions of intense biomass burning to allow them
to better capture the nonlinear chemistry taking place in
concentrated young smoke plumes. These nested grids
could be static (fixed in space and time, as in the work by
Kumar and Russell [1996]) or adaptive, where the grid
system changes dynamically with time to meet solution
requirements [Srivastava et al., 2001]. One problem with
this approach is that the required nested grid resolution may
make the global model too computationally expensive to be
of great use. Another issue is that the nested grid would
have to be aligned along the motion of the plume, otherwise
the cruder resolution at the boundaries would exacerbate the
model errors. In addition, finer resolution models would
eventually be limited by the resolution of the space-based
data used to constrain the magnitude and variability of
emissions.
[76] Another approach would be the use of a plume-in-

grid model, where a subgrid-scale representation of the
young smoke plumes is incorporated within the 3-D grid
system of the GACM. Such plume-in-grid models have
already been used to reduce the errors associated with the
automatic dilution of smokestack emissions in urban and
regional air quality models [e.g., Karamchandani et al.,
2002], and the work of Freitas et al. [2007] used an
imbedded 1-D plume model to predict the effective plume
height of biomass burning emissions for use in regional and
global-scale models. A more detailed reactive plume model,
incorporating a suitable gas- and aerosol-phase chemical
model, could be used to estimate not only plume height, but
the impact of plume chemistry on the effective emissions of
biomass burning to the global environment. However, the
few studies that have used this approach have used these
models for case studies only, and this approach may also be
too computationally expensive to implement.
[77] A third approach would be to develop a computa-

tionally efficient parametrization of the 3-D Eulerian plume
model used in this work, and then to incorporate this
parametrization into GACMs. This reduced form model
could calculate the net export (effective emissions) of gas-
and aerosol-phase species to the global environment from
appropriate input parameters. This approach is currently
used in the MIT Integrated Global Systems Model (IGSM)
[Prinn et al., 1999] to account for the impact of urban air
chemistry on the effective emissions of several pollutants
onto the global atmosphere. Calbo et al. [1998] developed a
parametrization consisting of a set of analytical expressions
to approximate the predictions of the California Institute of
Technology–Carnegie-Mellon University (CIT) Urban
Airshed Model [McRae et al., 1982] for net export to the
environment. Mayer et al. [2000] incorporated this param-
eterization into the MIT IGSM to study the impact of urban
air pollution on global chemistry and climate. However, we
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are not aware of any such parameterization available for
smoke plume chemistry.
[78] No one modeling approach appears to be the ideal

solution to the issues raised in this paper. However, all of
these approaches would require accurate models of the gas-
and aerosol-phase chemistry taking place in a young smoke
plume, and would benefit from further research into these
chemical models and smoke plume chemistry.

Appendix A: CRM6 Dynamics Model Equations

[79] This appendix describes the dynamical equations
solved in the CRM6 3-D Eulerian dynamics model. All
model equations are presented using Einstein’s tensor
notation.

A1. Continuity, Momentum, and Species Conservation
Equations

[80] The CRM6 model divides all variables (F) into two
parts: the grid-scale contribution (F) and the subgrid-scale
contribution (F0), so that

F ¼ F þ F
0 ðA1Þ

In addition, the grid-scale variable F is divided into two
parts: the value at a horizontally homogeneous hydrostatic
state (F0) and the deviation from this state (f)

F ¼ F0 þ f ðA2Þ

For notational convenience, F will be simplified to F in the
equations below.
[81] The model framework is based on the pseudoelastic

continuity equation of Klemp and Wilhelmson [1978]

@p
@t

¼ c2

cpq2v0r0

@r0qv0uj
@xj

ðA3Þ

where t is time, xj is the spatial coordinate, uj is the wind
speed component along the j axis, cp is the specific heat of
air at constant pressure, r is the air density, qv is the virtual
potential temperature. The quantity c2 is given by the
equation

c2 ¼ cp

cv

� �
Rdqv0Po ðA4Þ

where cv is the specific heat of air at constant volume, Rd is
the gas constant for dry air, and P is the nondimensional
pressure, defined as

P ¼ P

Po

� �Rd
cp

ðA5Þ

Note that

p ¼ P�Po ðA6Þ

and

q ¼ T

P
ðA7Þ

[82] The momentum equations in flux form for the model
are

@rui
@t

þ @ruiuj
@xj

¼ �rcpqv0
@p
@xj

þ q
q0

� 1þ 0:61 qv � qv0ð Þ
� �

gdi3

þ Eui

ðA8Þ

where q is the potential temperature, g is the acceleration
due to gravity, and Eui is the contribution by the subgrid-
scale turbulent mixing of momentum.
[83] The thermodynamic equation is

@rq
@t

þ @rquj
@xj

¼ Eq þ Sq ðA9Þ

where Eq is the contribution of the subgrid-scale turbulent
mixing of heat and Sq is the fire source of sensible heat.
Note that since we are not considering cloud particles here,
the ice-liquid potential temperature used in CRM6 reduces
to the potential temperature.
[84] The continuity equations for water vapor (qv), trace

gases (Cq), aerosol number (ni), and aerosol mass concen-
trations (cq,i) are all similar

@rqv
@t

þ @rqvuj
@xj

¼ Ev þ Sv ðA10Þ

@Cq

@t
þ @Cquj

@xj
¼ Eq þ Sq ðA11Þ

@rni
@t

þ @rniuj
@xj

¼ En þ Sn ðA12Þ

@rcq;i
@t

þ @rcq;iuj
@xj

¼ Em þ Sm ðA13Þ

with the E and S terms representing subgrid-scale turbulent
mixing and the fire source, respectively.

A2. Subgrid-Scale Turbulent Mixing Parametrization

[85] The subgrid-scale mixing is parameterized using the
first-order closure scheme of Klassen and Clark [1985]. For
the unsaturated conditions studied here, the subgrid-scale
terms in equations (A8) to (A13) are

Eui ¼
@

@xj
KMDij ðA14Þ

and

Ef ¼
@

@xj
KH

@f

@xj
ðA15Þ

where f represents all scalar variables except ui. Dij is
calculated from the flow as

Dij ¼
@ui
@xj

þ @uj
@xi

� 2

3
dij

@uk
@xk

k ¼ i ¼ j when i ¼ jð Þ ðA16Þ
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and KM is calculated as

KM ¼ max
0:15Dð Þ2ffiffiffi

2
p 1

2

X3
i;j¼1

D2
ij

 !
f Rið Þ; 1

3
Kmin

" #
ðA17Þ

where

D ¼ 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxDyDz

p
ðA18Þ

f Rið Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ri

p
Ri < 1ð Þ ðA19Þ

¼ 0 Ri � 1ð Þ ðA20Þ

and Ri is the Richardson number calculated as

Ri ¼
g
q
@q
@z

@ui
@xi

� 
2 ðA21Þ

[86] Finally, KH = max [3KM, Kmin], where Kmin is the
user-assigned minimum value for the horizontal diffusivity
of scalar tracers.

A3. Fire Source Terms

[87] The fire source terms are only nonzero at the surface
of the model and in the horizontal boundaries of the fire
source defined by Xfire 
 x 
 Xfire + DXfire; Yfire 
 y 

Yfire + DYfire, where DXfire and DYfire are the downwind
and cross-wind dimensions of the fire source and Xfire and
Yfire are the coordinates of the corner of the fire source.
Note that during the simulation Xfire moves with the fire
front speed (0.5 m/s for Timbavati) while all other param-
eters of the fire source geometry remain constant.
[88] The source term for potential temperature Sq (units of

K s�1) is derived form the sensible heat release rate of the
fire Qheat (units of W) as

Sq ¼
Qheat

rcpDXfireDYfireDzP
ðA22Þ

[89] The source term for trace gases Sq (units of ppbm
s�1) are derived from the trace gas emission rate Qq (kg s

�1)

Sq ¼
109Qq

rDXfireDYfireDz
ðA23Þ

The values for Qq are calculated using the emission rate of
CO and the emission ratio of gas q to CO. Similarly, the
source term for water vapor Sv (units of kg H2O (kg air)�1

s�1) is

Sv ¼
Qv

rDXfireDYfireDz
ðA24Þ

[90] The source terms for aerosol number and mass
concentrations are calculated on the basis of the emission
ratio of these species to CO

Sn ¼ ERni=COSCO ðA25Þ

Sm ¼ ERci;q=COSCO ðA26Þ

A4. Radiative Transfer and Photolysis Rates

[91] A d-four-stream radiation module based on the
model of Fu and Liou [1993] is included in the CRM6
model. We modified this module to include the radiative
effects of aerosol particles interactively.
[92] The Fu and Liou [1993] module calculates the total

upward and downward irradiances (in units of W m�2) for
6 solar and 10 infrared radiation bands. However, as noted
by Madronich [1987], the magnitudes of the irradiance and
the actinic flux are not the same. The total actinic flux (Ftot)
can be calculated from the downward direct, downward
diffuse, and upward diffuse irradiances using the formula

Ftot ¼
Edirect

cos qz
þ 2E#;diff þ 2E";diff ðA27Þ

[93] Since the radiation module of Fu and Liou [1993]
does not separate the downward direct irradiance from the
downward diffuse irradiance, we used the results of simu-
lations with TUV v.4.1 to calculate the fraction of the
downward irradiance due to the downward diffuse irradiance
for 10 zenith angles between 0� and 86�. CRM6 then linearly
interpolates those values to get the fraction of the downward
flux due to the diffuse flux at the current zenith angle.

Appendix B: Eulerian Box Model Equations

[94] The continuity equations for the Eulerian box model,
with widths DX and DY and height H are

dCq

dt
¼

qq

H
� vd;i

H
þ U

DX
Co
q � Cq

� 

þ dCq

dt

� �
cond

þ dCq

dt

� �
chem

ðB1Þ

dni

dt
¼ qi

H
� vd;i

H
þ U

DX
noi � ni
� �

þ dni

dt

� �
cond

þ dni

dt

� �
coag

ðB2Þ

dcq;i

dt
¼
qq;i

H
� vd;q;i

H
þ U

DX
coq;i � cq;i

� 

þ dcq;i

dt

� �
cond

þ dcq;i

dt

� �
coag

þ dcq;i

dt

� �
chem

ðB3Þ

where Cq is the concentration of gas-phase species q
(molecules/cm3 air), ni is the number concentration of
particles in size bin i (particles/cm3 air) and cq,i is the
concentration of aerosol species q in size bin i (mol/cm3

air). The first term on the right-hand side of each continuity
equation represents the change in concentration due to
emission of species from the fire source, with qq represent-
ing the flux of species q from the fire source. We calculate
qq (mol/cm2/s) from the species emission rate Qq (mol/s) as
qq =

Qq

DXDY
.The second term represents the effect of

deposition on the concentrations, where vd is the deposition
velocity. As in the Lagrangian studies of part 1 [Alvarado
and Prinn, 2009], we set the deposition velocity equal to 0
for gas-phase species and use the terminal velocity of the
aerosol particles as the deposition velocity for aerosol
species. The third term represents the change due to
horizontal winds transporting air into and out of the
Eulerian box. Here Cq

o is the concentration of gas q in the
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background air upwind of the fire site, U is the horizontal
wind speed, and DX is the horizontal distance in the
downwind direction. The remaining terms represent the
change in gas- and particle-phase concentrations due to mass
transfer between the gas and aerosol phases (cond),
coagulation of particles (coag), and irreversible and rever-
sible chemistry (chem). The calculation of these terms are
performed by the ASP chemical model as described by
Alvarado [2008] and Alvarado and Prinn [2009].
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