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[1] Three-dimensional (3-D) solar radiative transfer models describe radiative transfer
under inhomogeneous atmospheric conditions more accurately than the commonly used
one-dimensional (1-D) radiative transfer models that assume horizontal homogeneity
of the atmosphere. Here results of 3-D radiative transfer simulations for a biomass-burning
plume are presented and compared with local one-dimensional (l-1-D) simulations,
i.e., 1-D simulations in every column of the model domain. The spatial distribution of
the aerosol particles was derived from a 3-D atmospheric transport simulation. We
studied the impact of 3-D radiative effects on the actinic flux within the plume center.
The differences in the actinic flux between results from the 3-D and the l-1-D
simulations are considerable, ranging from �40% to more than +200%, depending on
the wavelength, solar zenith angle, and the absorbing properties of the aerosol. The
reason for this discrepancy is the neglect of horizontal photon transport in the 1-D
simulation. These large 3-D effects on the actinic flux have the potential to influence
significantly the in-plume photochemistry. INDEX TERMS: 0305 Atmospheric Composition and

Structure: Aerosols and particles (0345, 4801); 0345 Atmospheric Composition and Structure: Pollution—

urban and regional (0305); 3359 Meteorology and Atmospheric Dynamics: Radiative processes; KEYWORDS:

biomass burning plume, actinic flux, 3-D solar radiative transfer simulations, aerosol absorption
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1. Introduction

[2] Radiative transfer in the atmosphere is a three-dimen-
sional process. Nevertheless, commonly used radiative trans-
fer models only consider vertical photon transfer and assume
that the atmosphere is homogeneous in the horizontal direc-
tions. This assumption of one-dimensional (1-D) radiative
transfer is a good approximation for clear-sky conditions
over a uniform surface, but is generally not fulfilled if aerosol
plumes or clouds are present or if the surface does not have
uniform properties. A prominent example for an inhomoge-
neous aerosol distribution is a biomass-burning plume. Such
a plume has comparable small spatial dimensions and high
aerosol loadings, with aerosol optical depths (AOD) values
of 3 in the visible spectrum downwind of the fire [e.g.,

Ferrare et al., 1990; Liousse et al., 1995; Gassó and Hegg,
1998]. AOD values immediately above the fire are expected
to be even higher.
[3] In the past, three-dimensional distributions of cloud

droplets and aerosol particles were often not available for
atmospheric studies, since the resolution of global circula-
tion models and satellite instruments was too coarse. High
resolution in situ measurements are rare and can only yield
very limited information about the spatial distribution of
particles. Recently, significant improvements in the resolu-
tion of atmospheric models and remote sensing instruments
were achieved. Large-eddy simulation (LES) models have
become a valuable modeling tool [e.g., Duynkerke et al.,
1999; Vilà-Guerau de Arellano and Cuijper, 2000; Stevens
et al., 2001] along with convective cloud and plume models
[e.g., Oberhuber et al., 1998; Lu et al., 2000; Skamarock et
al., 2000; Khairoutdinov and Randall, 2003]. Meanwhile,
modern satellite and airborne remote sensing instruments
are able to observe the atmosphere with a horizontal
resolution at the order of one kilometer in case of space-
borne instruments (such as the Moderate Resolution Imag-
ing Spectroradiometer (MODIS), the Medium Resolution
Imaging Specrometer Instrument (MERIS), and the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO)) and a few tens of meters in the case of airborne
instruments (such as the MODIS airborne simulator (MAS)
and the Airborne Visible Infrared Imaging Spectrometer
(AVIRIS)). Thus the possibility and need of detailed studies
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on the effects of horizontally inhomogeneously distributed
particles on the atmospheric radiation field arise. For these
investigations, three-dimensional (3-D) radiative transfer
models have to be used.
[4] The modification of the reflected radiation field due to

cloud inhomogeneities has drawn special attention, because
of the nonlinearity between cloud optical depth and cloud
albedo. The mean albedo of a cloud with horizontally
varying optical depth is less than the albedo of a uniform
cloud with the same mean optical depth. This effect is called
the ‘‘plane-parallel albedo bias’’ (PPA) [Cahalan et al.,
1994]. This needs to be taken into account in global
circulation models, which simulate only the averaged cloud
optical depth within a grid box.
[5] Additionally, it was suggested that cloud inhomoge-

neities are at least in part responsible for the discrepancy
between modeled and observed absorption within clouds
[Cess et al., 1995; Ramanathan et al., 1995]. The effect of
cloud inhomogeneities on atmospheric absorption is a
complex interplay between gaseous absorption, cloud drop-
let absorption, and solar inclination. There have been
studies on the effect of cloud inhomogeneities on atmo-
spheric absorption, indicating that they are, at least in part,
responsible for the enhanced absorption that is observed
[Borde and Isaka, 1996; O’Hirok and Gautier, 1998a,
1998b; Cairns et al., 2000].
[6] A similar underestimation of atmospheric absorption

is observed when model results are compared with measure-
ments in the cloud-free atmosphere in the presence of
aerosol particles [Kato et al., 1997; Wild, 1999; Halthore
and Schwartz, 2000]. However, the possible effects of
inhomogeneities in the spatial distribution of the aerosol
on the atmospheric radiation field have not been addressed
yet. So far, the spatial distribution of the aerosol is assumed
to be horizontally homogeneous on the scale of some tens of
kilometers, which would allow the independent pixel
approximation (IPA) to be employed in radiative transfer
simulations. Nevertheless, this assumption is not valid for
an individual plume (or a set of individual plumes, e.g.,
from vegetation fires). Recently, Lyapustin and Kaufman
[2001] used a 3-D radiative transfer model to investigate the
role of the spatial heterogeneity of land surfaces on aerosol
remote sensing. However, only horizontally homogeneous
aerosol distributions were used in the simulations.
[7] Two different types of heterogeneity effects can be

distinguished [Várnai and Davis, 1999; Benner and Evans,
2001]: the one-dimensional heterogeneity effect and the
horizontal transport effect. The one-dimensional heteroge-
neity effect is caused by the nonlinearity between cloud
optical depth and albedo (also called PPA, as mentioned
before) [Cahalan et al., 1994]. The horizontal transport
effect results from the horizontal transfer of direct or
scattered radiation between adjacent columns. Photons
within a cloud or an aerosol plume can leak out through
the sides due to scattering processes or enter the cloud or
aerosol plume from the side due to direct illumination or
scattering.
[8] The one-dimensional heterogeneity effect can be

addressed with 1-D models based on the independent pixel
approximation (IPA) [Cahalan et al., 1994]. In the IPA, 1-D
radiative transfer simulations are performed independently
in every column of the model domain and the results of

these simulations are horizontally averaged. Horizontal
transport of photons between adjacent columns is not taken
into account. A first attempt to improve the IPA is the tilted
IPA (TIPA) that takes into account the horizontal transfer of
the direct solar radiation by orienting the vertical columns
along the slant path of the incoming solar photons [Várnai
and Davis, 1999]. However, side leakage and radiative
smoothing [Marshak et al., 1995] can only be considered
in 3-D radiative transfer simulations.
[9] While IPA is a good approximation for the averaged

radiation field, high-resolution atmospheric models, e.g.,
cloud-resolving models or large eddy simulations (LES),
require the calculation of the local radiation field in each grid
cell of the model. This is especially true for chemistry
models, which require the calculation of local photolysis
frequencies. As those high-resolution atmospheric models
are often designed to simulate clouds and/or plumes, large
horizontal gradients are not uncommon. Nevertheless, the
radiation transfer equation is usually solved for each model
column independently, implicitely assuming horizontal
homogeneity [e.g., Xu and Randall, 1995; Lu et al., 2000;
WangandPrinn, 2000;Trentmannet al., 2002;Khairoutdinov
and Randall, 2003]. By doing so, horizontal gradients of
the atmospheric composition, e.g., the cloud water, result in
gradients in the radiation field. Horizontal averaging would
result in unrealistic smoothing of the radiation field. In the
following, we refer to the way the local radiation field in
high-resolution atmospheric models is calculated as local
one-dimensional radiative transfer simulations (l-1-D).
[10] Most previous studies of three-dimensional radiative

effects focused on the reflected or transmitted irradiance.
However, in high-resolution atmospheric models, the local
actinic flux is of special importance, because the local
heating rates and the photolysis frequencies are derived
from this quantity. Potential three-dimensional solar radia-
tive effects, which are not taken into account in these
atmospheric models, therefore modify the dynamical as
well as the photochemical results of the model simulations.
Despite the importance of the actinic flux, the impact of 3-D
atmospheric radiative transfer on the actinic flux within
inhomogeneous cloud fields has been studied only recently
[Los et al., 1997; Trautmann et al., 1999; Vogelmann et al.,
2001].
[11] The numerical methods of 3-D radiative transfer

nowadays used in atmospheric sciences have first been
developed for application to radiative gas dynamics and
neutron transport in nuclear reactors [e.g., Marchuk and
Lebedev, 1986]. The most common type of 3-D radiative
transfer models use the Monte Carlo technique [e.g.,
Marchuk et al., 1980; Podgorny et al., 1998; O’Hirok and
Gautier, 1998a]. These models simulate the transfer and fate
of a single photon within the model domain. By repeating
this calculation for a large number of photons, radiative
quantities are derived with good accuracy. An alternative
approach is the explicit calculation of the radiation field
with a numerical solution method as commonly performed
in 1-D radiative transfer simulations. An overview of
explicit 3-D radiative transfer models is given by Gabriel
et al. [1993]. The advantage of explicit methods is the
calculation of the complete atmospheric radiation field at
one time. This allows the determination of several radiative
quantities without any extra effort.
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[12] In the present work, the spherical harmonics discrete
ordinate method (SHDOM) [Evans, 1998], which belongs
to the latter group of models, is used. SHDOM agrees well
with Monte Carlo models for the zenith upwelling radiance,
the up- and downwelling irradiance [Evans, 1998] and the
actinic flux [Trautmann et al., 1999] for inhomogeneous
cloud fields. It has been used in several studies of 3-D
radiation effects, including the effect of inhomogeneous
clouds on atmospheric UV transmittance [Meerkötter and
Degünther, 2001] and the effect of broken cloud fields on
surface photolysis frequencies [Junkermann et al., 2002].
Recently, it has been used to simulate actinic fluxes and
photolysis frequencies in the presence of a convective cloud
[Brasseur et al., 2002]. In the present study, SHDOM will
be used to simulate the atmospheric radiation field in the
presence of a biomass-burning plume. Results from
SHDOM for the actinic flux in the plume center are
presented and compared to l-1-D simulations in order to
investigate and quantify the 3-D radiation effects.

2. Scenario for the Radiative Transfer Modeling

[13] In this section, details of the model simulations, i.e.,
the spatial aerosol distribution, aerosol optical properties,
and the model parameters, are presented.
[14] The spatial distribution of the aerosol particles is

taken from a 3-D atmospheric transport simulation with the
active tracer high-resolution atmospheric model (ATHAM)
[Oberhuber et al., 1998; Trentmann et al., 2002]. This

simulation reproduced the evolution of the biomass-burning
plume from the Quinault prescribed fire during the Smoke,
Cloud, and Radiation-C (SCAR-C) experiment on 21 Sep-
tember 1994. This 19.4 ha clearcut burn on the Pacific
Coast of Washington state on the Olympic Peninsula and
the resulting aerosol plume were intensively studied by
remote sensing and in situ measurements [Kaufman et al.,
1996; Hobbs et al., 1996; Martins et al., 1996; Tanré et al.,
1997; Gassó and Hegg, 1998].
[15] The distribution of the aerosol optical depth as well

as the aerosol number concentrations along three cross
sections through the simulated spatial aerosol distribution
90 min after ignition are shown in Figure 1. ATHAM was
able to reproduce the observed injection height of the
aerosols (between 300 m and 700 m) as well as the
horizontal extent of the plume from the Quinault fire
reasonably well [Trentmann et al., 2002]. The distinct
aerosol plume with a width between 3 and 4 km was
transported westward over the Pacific Ocean. Discrepancies
between the observations and the simulated aerosol plume
are an underestimation of the aerosol mass concentration as
well as a too short total traveled distance [Trentmann et al.,
2002].
[16] The total model domain for the SHDOM simulations

was set to 12 km in east-west direction (x direction), 4 km in
south-north direction (y direction), and 60 km in the vertical
direction. For the spatial discretization within SHDOM, a
model domain of 60 grid cells in the east-west direction,
20 grid cells in the south-north direction and 59 grid cells

Figure 1. (a) Horizontal distribution of the aerosol optical depth at l = 500 nm. The cross sections
(A, B, and C) and the plume center (D), are also depicted. The fire is located inside box D. Cross sections
of the aerosol number concentration (104 cm�3) as gray scale and additionally as contour lines (b) along
the plume at y = 2.2 km (cross section A), (c) across the plume at x = 2 km (cross section B), and
(d) across the plume at x = 4 km (cross section C).
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in the vertical direction was employed. The spatial resolu-
tion in the horizontal directions was 200 m, and 20 m in the
vertical up to an altitude of 700 m. Since essentially all of the
plume was situated within this altitude range, the properties
of the plume and its heterogeneity could be reproduced.
Above 700 m, the resolution was decreased to maximum
20 km at an altitude of 60 km. The spatial distribution of
the aerosol from the original ATHAM simulation was
linearly interpolated onto the grid used in SHDOM.
[17] For the aerosol particles, two different optical models

are employed, ACON and AABS. AABS relies on the same
optical properties as in the dynamical ATHAM simulation
[Trentmann et al., 2002]. They are based on measurements
of the size distribution and the chemical composition of the
aerosol during the Quinault fire [Martins et al., 1996; Gassó
and Hegg, 1998]. A bimodal lognormal number size distri-
bution with the effective radius reff = 0.14 mm and a black
carbon mass content of 8% yield a value for the single-
scattering albedo at l = 550 nm of w = 0.85 calculated from
Mie-Theory. This value for the single-scattering albedo
corresponds to a rather high aerosol absorption, but it is a
reasonable value for biomass burning aerosol [Hobbs et al.,
1996; Reid et al., 1998]. In order to investigate the impact of
aerosol absorption, a second aerosol model (ACON) is
defined assuming conservative scattering, i.e., the scattering
coefficient is set to the extinction coefficient of the AABS

aerosol model. In this way both aerosol models have the
same extinction while the single-scattering albedo of ACON

is unity at all wavelengths. For both aerosol models, the
phase function is approximated from the asymmetry param-
eter using the Henyey-Greenstein function, which was
expanded into Legendre polynomials. The use of the
Henyey-Greenstein function for aerosol particles instead
of the Mie phase function is expected to result in only
small differences for the simulated actinic flux [van de
Hulst, 1981; Boucher, 1998] The wavelength dependent
values for the single-scattering albedo and the asymmetry
parameter are given in Table 1.
[18] Profiles for the meteorological data (temperature and

pressure) and the ozone concentration were taken from the
compilation for the standard atmosphere under midlatitude
summer conditions [Anderson et al., 1986]. These vertical
profiles are assumed to be horizontally homogeneous. In
order to easily identify the three-dimensional radiative
effects of the biomass-burning plume in the simulations,
the surface albedo was set to zero at all wavelengths.
[19] For the spectral extraterrestrial flux density the solar

ATLAS-3 spectrum (available at http://wwwsolar.nrl.navy.
mil/susim.html) was taken for l = 320 and 400 nm. For
wavelengths l = 550 and 800 nm the values of the World
Meteorological Organization [1985] were employed. The
spectral extraterrestrial flux density was integrated to rep-
resent a wavelength bin of �l = 1 nm for l = 320 nm, and
�l = 5 nm for the other wavelengths.
[20] The spectral radiation transfer equation was solved

for the wavelengths l = 320, 400, 550, and 800 nm. The
solar azimuth was set to 90�, leading to an illumination of
the plume from the south. The simulations were carried out
for 5 solar zenith angles (SZA): q = 0�, 30�, 45�, 60�, and
70�. The actinic flux was calculated using the 3-D model
setup with 8 streams in zenith and 16 streams in azimuth
direction. Lateral boundary conditions were assumed to be

open so that outside the model domain no aerosol is
assumed to exist. The cell splitting accuracy for the adaptive
grid method implemented in SHDOM was set to 0.025 and
the solution accurancy for the iteration was chosen to be
10�4. Local 1-D simulations have also been performed
using SHDOM with the same setup. Under homogeneous
atmospheric conditions, the SHDOM l-1-D and 3-D results
of the actinic flux agree within 1 to 2% [Trautmann et al.,
1999].
[21] The FORTRAN code of SHDOM is parallelized over

the wavelengths and the simulations were performed on a
Hewlett-Packard Superdome V-2500 parallel computer with
32 PA8500/440 MHz processors, each of them employing
1 GB of memory. The standard 3-D simulation used
4 processors (one for each wavelength) each requiring a
memory of 950 MB and took about 9 min per solar zenith
angle. Parallelization was performed using the message
passing interface (MPI), HP MPI Version 1.07, software.
[22] For the following discussion of the model results,

some abbreviations are introduced. Every model simulation
is characterized by the kind of approximation (3-D or l-1-D)
as well as the aerosol model used (CON, ABS). For
instance, the 3-D simulation using the conservative aerosol
model is called 3-D_CON. Additionally, some comparisons
are presented for the clear sky case: NOAERO.
[23] In the following sections, relative differences be-

tween different model simulations for different radiative
quantities are presented. The definition of all the relative
differences (%) is

�F Að Þ ¼ F REFð Þ � F Að Þ
F Að Þ

� �
� 100 ; ð1Þ

the letter A stands for the simulation NOAERO, l-1-D_CON,
l-1-D_ABS, 3-D_CON, or 3-D_ABS. F is the actinic flux,
which is defined in the following section.

3. Impact on the Actinic Flux

[24] The actinic flux is the radiative measure which
quantifies photodissociation of atmospheric molecules
[Madronich, 1987] and is therefore a critical parameter for
photochemistry. It is defined as the integral of the radiance
over the unit sphere and includes direct as well as diffuse
radiation:

F l; zð Þ ¼
Z2p

0

Zþ1

�1

Lðl; z; m;jÞdmdj ; ð2Þ

where L(l, z, m, j) is the spectral radiance at the wavelength
l, m the cosine of the zenith angle q, j the azimuth angle,

Table 1. Values of the Single-Scattering Albedo (w) and the

Asymmetry Parameter (g) for the Absorbing (A_ABS) and the

Nonabsorbing (A_CON) Aerosol Models

l, nm

A_ABS A_CON

w g w g

320 0.85 0.70 1.0 0.60
400 0.86 0.69 1.0 0.58
550 0.85 0.61 1.0 0.52
800 0.81 0.49 1.0 0.40
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and z the altitude. In sections 3.1–3.5, 3-D radiation effects
on the actinic flux in the biomass-burning plume will be
presented.

3.1. General Impact of the Aerosol

[25] In this section, the general impact of the biomass-
burning plume, as well as the effect of the absorbing
properties on the actinic flux is investigated. Finally, a
comparison between 3-D and l-1-D results is presented.
[26] Figure 2a presents the actinic flux at l = 400 nm

along cross section B (defined in Figure 1a) through the
center of the fire in the north-south direction calculated with
the 3-D_CON simulation for a SZA q = 45�. The relative
difference of the actinic flux between the 3-D_CON and the
NOAERO simulation, �F(NOAERO) (REF = 3-D_CON),
is presented in Figure 2b. The effects of the aerosol plume
on the radiation field are obvious. While the actinic flux is
strongly reduced within and below the plume (up to �61%),
it is enhanced (up to +82%) in the upper part of and above
the plume as compared to the simulation without aerosol. It
is interesting to note that the strongest reduction in the
actinic flux does not occur in the center of the plume but
is shifted to the north. This is due to the shadowing of
the direct solar beam by the plume. In Figure 2c, �F
(3-D_ABS) (REF = 3-D_CON) is shown, representing the
impact of aerosol absorption on the actinic flux. The differ-
ences remain relatively small outside the center of the plume
but increase to more than +200% within the plume center.

This indicates the importance of the correct representation of
aerosol absorption for radiative transfer simulations and
atmospheric photochemistry.
[27] In Figure 2d the relative difference between

the actinic flux calculated with the 3-D_CON and
the l-1-D_CON simulations, �F(l-1-D_CON) (REF =
3-D_CON), is shown representing the differences due
to horizontal photon transport in the 3-D simulations.
F(l-1-D_CON) exceeds F(3-D_CON) in the upper part
of the plume as well as above the plume significantly. For
this scenario, horizontal photon transfer results in a loss of
photons from the plume. As this process is not taken into
account in the l-1-D simulation, it overestimates the
actinic flux in this region. In the lower part of the plume,
a dipole-like structure with an underestimation of the
actinic flux in the l-1-D_CON simulation on the illumi-
nated side of the plume (south) and an overestimate on the
other side and behind the plume can be observed. The
neglect of side illumination and the shadowing effect of
the plume in the l-1-D_CON simulation is the reason for
this structure. The maximum and minimum values of
�F(l-1-D_CON) for the presented cross section are
+128% and �55%, respectively.
[28] More than 2 km downwind the fire, the differences in

the actinic flux, �F(l-1-D_CON), are comparably low
(<5% within and below the plume, <15% above the plume,
not shown here), because the optical depth of the plume is
small and its structure shows only minor 3-dimensional

Figure 2. (a) Cross section (at section B) of the simulated actinic flux (W m�2 nm�1) at l = 400 nm
using the Acon aerosol model for a SZA of 45� across the aerosol plume (x = 2 km). The arrows represent
the solar illumination. The other plots show (b) �F(NOAERO), (c) �F(3-D_ABS), and (d) �F(l-1-
D_CON) (REF = 3-D_CON for all differences) as color scale. Contour lines represent the aerosol number
concentration (cm�3). See color version of this figure at back of this issue.
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features. Large differences only occur close to the fire and
near the center of the plume. The high aerosol numbers,
together with their horizontally inhomogeneous distribution,
increase the importance of 3-D radiation effects.
[29] The general effect of aerosol particles, as well as the

aerosol absorption on the actinic flux and on photochemis-
try, have already been discussed in the literature [Dickerson
et al., 1997; Jacobson, 1998; Liao et al., 1999; He and
Carmichael, 1999]. Therefore we focus in the following on
the effects of 3-D radiative transfer simulations on the
atmospheric actinic flux.

3.2. Actinic Flux in the Center of the Plume

[30] As shown before, the center of the plume exhibits the
largest 3-D radiation effects on the actinic flux. Addition-
ally, this region is of special importance for photochemical
processes, because here the concentrations of trace gases
emitted by the fire (e.g., CO, NO, HCHO) are extremely
high, reaching up to some 10 ppm for CO and some 100 ppb
for NOx (= NO + NO2) [Ward et al., 1992; Hobbs et al.,
1996; Goode et al., 2000]. In this part of the plume, sunlight
is the limiting factor for photochemistry.
[31] In Figure 3 we present the horizontal average of the

actinic flux over the plume center, hFipc (where h ipc
denotes the horizontally averaging over the plume center)
for the 3-D_CON and l-1-D_CON simulations at a SZA of
q = 45� and l = 400 nm. The averaging only considers grid
boxes in the column above the fire defined by the rectangle
with x = 1.8 km to 2.1 km, y = 1.8 km to 2.2 km (box D in
Figure 1a) where the aerosol number concentration exceeds
80,000 particles cm�3.
[32] For the conservative aerosol model (Figure 3a), hF(l-

1-D_CON)ipc exceeds hF(3-D_CON)ipc at nearly all alti-
tudes. This can be explained by the horizontal photon
transfer out of the plume center in the 3-D_CON simulation
which is not taken into account in the l-1-D simulation.
Photons scattered horizontally by aerosol particles escape
from the region of the smoke plume. In the l-1-D case, no
horizontal loss or gain of photons is considered. The
vertically averaged difference between the 3-D and the
l-1-D simulations for this case is �hF l-1-D�CONð Þipc (REF
= 3-D_CON) = �14% (the bar represents the vertical
average).
[33] In Figure 3b, the horizontally averaged actinic

fluxes within the center of the plume are shown for the
case of the absorbing aerosol model, hF(3-D_ABS)ipc and
hF(l-1-D_ABS)ipc. This is the more realistic case for a
biomass-burning plume. For both cases the values are much
lower than in the simulations using the conservative aerosol
model. The differences between 3-D_ABS and l-1-D_ABS
are distinct: hF(3-D_ABS)ipc exceeds hF(l-1-D_ABS)ipc,
especially in the lower part of the plume up to an altitude
of about 600 m. While in the l-1-D_ABS simulation
the actinic flux goes nearly to zero below the plume
(0.09 W m�2 nm�1 at z = 200 m), the 3-D_ABS simulation
gives a significant value for the actinic flux (0.54 W m�2

nm�1 at z = 200 m). This behavior can be explained by a
net horizontal transport of photons into the plume center
from regions with low aerosol loading which cannot be
taken into account in the l-1-D simulation. Two processes
account for the horizontal transfer of photons: direct illu-
mination of the plume center from the side and the scatter-

ing from regions with lower aerosol loading into the plume
center. In the plume center, the vertical optical depth and the
absorption are very high (maximum: tmax = 8.1, average:
tave = 5.2 at l = 550 nm) leading to the strong reduction of
radiation in the plume center in the l-1-D_ABS simulation.
In the 3-D_ABS simulation, the direct solar radiation is not
attenuated by this large optical depth, but is affected by a
much smaller optical depth along its way to the plume
center, because of the lateral illumination of the smoke
plume. Additionally, Rayleigh scattering from regions out-
side the plume center into the plume enhances the actinic
flux inside the plume. Although there is no spatial inhomo-
geneity in the distribution of molecules that are responsible
for Rayleigh scattering, there is a net flux into the plume,
because the number of photons is much larger outside the
plume, leading to net Rayleigh scattering into the plume
center. The loss of photons from the plume center due to

Figure 3. Horizontally averaged actinic flux (Wm�2 nm�1)
at l = 400 nm calculated for a SZA of 45�. The average
includes only grid boxes with aerosol number concentrations
higher than 80,000 particles cm�3 within box D (Figure 1a)
representing the region very close to the fire. The top and
bottom panels are for the purely scattering and absorbing
aerosol models, respectively. Note the different scales on the
abscissa.
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Mie scattering by the aerosol particles is comparably small
because of the limited number of available photons. The
averaged difference of the actinic flux in the plume center
for this case, �hF l - 1 - D�ABSð Þipc (REF = 3-D_ABS), is
+214%.
[34] The three-dimensional radiation effects on the actinic

flux are therefore distinctly different for the two aerosol
models. In the case of the conservative aerosol, horizontal
photon transfer leads to a reduction of the actinic flux. For
the absorbing aerosol model, net horizontal photon transfer
into the plume center enhances the actinic flux when three-
dimensional radiation effects are considered.

3.3. Effect of Solar Zenith Angle and Wavelength on
the Actinic Flux in the Plume Center

[35] In this section, we examine how the 3-D effects on
the actinic flux in the plume center depend on solar zenith
angle and wavelength.
[36] Table 2 presents the vertically averaged relative

difference between the 3-D and the l-1-D simulation,
together with the vertically averaged absolute difference.
It also gives the averaged actinic flux in the plume center for
the 3-D simulation at the 4 wavelengths and the five solar
zenith angles studied. In Figure 4, we show the relative
differences between the 3-D and the l-1-D simulations as
functions of the wavelength and the solar zenith angle for
the two aerosol models.
[37] In the case of the conservative aerosol, the actinic

flux resulting from the l-1-D simulation is larger than the
3-D results (�hF l-1-D�CONð Þipc (REF = 3-D_CON) < 0)
at all wavelengths for solar zenith angles below 50�.
�hF l-1-D�CONð Þipc increases with increasing solar zenith
angle, but depends only slightly on wavelength (Figure 4a).
[38] Horizontal photon transfer is responsible for the differ-

ences between the 3-D and the l-1-D simulations. For
overhead sun, only scattering contributes to the horizontal
photon transfer. Mie scattering is responsible for the horizon-
tal photon transfer out of the plume center, which is not taken
into account in the l-1-D simulations. As Mie scattering
depends only slightly on wavelength, no significant change

of the 3-D effect on the actinic flux in the plume center occurs
as a function of wavelength. For larger SZAs, the direct solar
radiation also contributes to the horizontal photon transfer
into the plume center in the 3-D simulation and
�hF l - 1 - D�CONð Þipc increases at all wavelengths with
increasing solar zenith angle. For wavelengths larger than
400 nm and solar zenith angles larger than 50�, the l-1-D
simulation underestimates the actinic flux compared to the 3-
D simulation. In the 3-D simulations, the direct solar radiation
in the plume center is less attenuated at larger SZAs than in
the l-1-D simulations, because the direct solar beam does not
interact with the dense part of the plume above the fire but
enters the plume center from the side. This effect dominates at
all wavelengths where the direct solar radiation has a signif-
icant contribution to the actinic flux in the plume center. At
short wavelengths (l < 400 nm), the direct solar radiation at
large SZAs is highly depleted due to Rayleigh scattering and
ozone absorption. Therefore this effect is not as pronounced
as at longer wavelengths and for 320 nm the l-1-D simulation
of the actinic flux in the plume center is higher than the 3-D
simulation for all SZA.
[39] In the case of the absorbing aerosol model, AABS, the

values of �hF l - 1 - D�ABSð Þipc (REF = 3-D_ABS) are
much larger than the corresponding values for ACON. In
contrast to the simulations with the conservative aerosol,
here the values of �hF l - 1 - D�ABSð Þipc are positive in
almost all cases, representing higher actinic flux in the
plume center in the 3-D than in the l-1-D simulations.
Because of the low actinic flux in the plume center,
horizontal photon loss from the plume center due to Mie
scattering is limited, and gain of photons due to side
illumination and Rayleigh scattering makes a significant
contribution to the total number of photons in the plume.
This contribution is neglected in the l-1-D simulations,
resulting in the reduced actinic flux in the plume center.
[40] At overhead sun, only horizontal scattering (Rayleigh

and Mie) is responsible for the difference between the 3-D
and the l-1-D simulation. At short wavelengths, Rayleigh
scattering into the plume center enhances the actinic flux in
the 3-D simulation. The strong wavelength dependence of

Table 2. Differences in the Averaged Actinic Flux Within the Center of the Plume (Box D in Figure 1a)

Between the 3-D_CON and the l-1-D_CON Simulations, �hF l-1-D�CONð Þipc (REF = 3-D_CON), and the
3-D_ABS and the l-1-D_ABS Simulations, �hF l-1-D�ABSð Þipc (REF = 3-D_ABS), for Different Wavelengths and Solar
Zenith Anglesa

SZA

Wavelength, nm

320 400 550 800

�hF l-1-D�CONð Þipc
0� �42.9, �0.70, 0.90 �40.2, �1.37, 2.1 �43.4, �1.60, 2.15 �45.9, �0.91, 1.12
30� �37.2, �0.51, 0.79 �29.8, �0.88, 1.94 �31.6, �1.03, 2.13 �35.0, �0.63, 1.16
45� �31.0, �0.33, 0.63 �13.9, �0.40, 1.75 �11.5, �0.42, 2.01 �15.7, �0.3, 1.2
60� �26.4, �0.17, 0.4 11.8, 0.03, 1.36 28.7, 0.23, 1.8 26.1, 0.12, 1.17
70� �28.4, �0.11, 0.23 34.7, 0.17, 0.96 81.7, 0.53, 1.52 94.4, 0.4, 1.1

�hF l-1-D�ABSð Þipc
0� 155.8, 0.09, 0.35 62.4, 0.14, 0.95 8.93, �0.02, 1.29 �21.3, �0.21, 0.83
30� 209.7, 0.10, 0.31 116.7, 0.23, 0.91 42.2, 0.16, 1.29 �2.13, �0.06, 0.87
45� 281.6, 0.09, 0.25 214.2, 0.30, 0.84 111.5, 0.36, 1.27 38.0, 0.12, 0.91
60� 334.2, 0.06, 0.16 388.0, 0.32, 0.68 261.5, 0.54, 1.16 128.0, 0.33, 0.91
70� 323.0, 0.04, 0.09 530.8, 0.27, 0.48 460.1, 0.58, 0.98 285.6, 0.46, 0.86

aShown are the averaged relative differences (%), the averaged absolute differences (W m�2 nm�1), and the averaged
absolute value of the actinic flux (W m�2 nm�1) in the plume center from the 3-D simulation.
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Rayleigh scattering results in a strong wavelength depen-
dence of �hF l-1-D�ABSð Þipc. At longer wavelengths, hor-
izontal Mie scattering out of the plume center dominates,
leading to a lower actinic flux in the 3-D simulation for l >
600 nm at overhead sun.
[41] At larger SZAs, the contribution of the direct solar

light in the plume center in the 3-D_ABS simulation
increases, because of the illumination of the lateral plume

faces. As the direct solar radiation is much less attenu-
ated in the 3-D as compared to the l-1-D simulation,
�hF l-1-D�ABSð Þipc increases with increasing solar zenith
angle and exceeds +100% at all wavelengths.

3.4. Sensitivity Studies

[42] In order to exclude the possibility that numerical
errors might be responsible for the simulated 3-D radiation

Figure 4. Contour plot of the relative difference of the actinic flux in the plume center between the 3-D
and the l-1-D simulation as a function of wavelength and solar zenith angle for the conservative
(�hF l-1-D�CONð Þipc (REF = 3-D_CON)) (a) and the absorbing (�hF l-1-D�ABSð Þipc (REF = 3-
D_ABS)) (b) aerosol. For the preparation of these figures, values at a SZA of 15� and at wavelengths of
350, 450, 500, and 650 nm were included in addition to those of Table 2. See color version of this figure
at back of this issue.
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effects, we performed two sensitivity studies: 1. we
increased the horizontal resolution from 200 m to 100 m,
and 2. we increased the number of streams in zenith and
azimuth direction from 8 and 16 to 16 and 32, respectively.
[43] For these sensitivity simulations, the average relative

difference of the actinic flux in the plume center between
the corresponding 3-D and l-1-D simulations were calcu-
lated. The results are presented in Table 3 for the two
aerosol models, three wavelengths and three SZAs together
with the corresponding values from the reference simula-
tion. The doubling of the number of streams in the calcu-
lation leads to only small changes in the resulting 3-D
radiation effects. The increased horizontal resolution has a
slightly larger impact on the relative differences. However,
the dependence of the three-dimensional effects on wave-
length and solar zenith angle shows the same behaviour as
in the reference simulation. These studies show that our
conclusions from section 3.3 are independent of the model
configuration.

3.5. Possible Impact on Photochemistry

[44] The errors in the actinic flux due to the neglect of 3-D
radiation effects translate directly into errors in the calcu-
lation of the atmospheric photolysis frequencies. The differ-
ences between the 3-D and the l-1-D simulations reported
here are significantly larger than the uncertainties in the
calculation of the photolysis frequency due to the use of
different numerical methods and uncertainties in the mea-
surements of aerosol parameters [Früh et al., 2000]. These
authors found the agreement between observed and simu-
lated NO2 photolysis frequency to be within the intrumental
uncertainty of the photolysis instrument (10 to 15%) [Früh
et al., 2000].
[45] Photodissociation of atmospheric molecules primar-

ily occurs at wavelengths shorter than 420 nm. For these
wavelengths, the results of this study show a strong vari-
ability of the effects of 3-D radiative transfer simulations,
depending on the solar zenith angle and the absorbing
properties of the aerosol particles. In the nonabsorbing case,
for most SZAs the actinic flux and therefore the photolysis
frequency is overestimated by l-1-D_CON simulations by
+10 to +40% because of the neglect of horizontal photon
loss. At larger SZAs, this effect is opposite due to solar side
illumination. The magnitude of this effect is expected to
depend strongly on the spatial dimensions of the plume
considered. In the case of an absorbing aerosol, the avail-
able actinic flux for photodissociation is heavily under-

estimated by the l-1-D_ABS simulation in the cases
considered here. It is not possible to give a general estimate
of the error in the actinic flux due to the neglect of 3-D
radiative transfer effects, because the strong impact of
aerosol absorption, which can lead to an overestimation as
well as to an underestimation of the actinic flux in l-1-D
simulations. It is clear, however, that neglecting the
3-dimensional nature of radiative transfer in cloud- and
plume-resolving photochemical models results in significant
errors for the simulation of photolysis frequencies in
many cases.
[46] How these errors in the simulated photolysis fre-

quencies transfer into the simulation of photochemical
processes, e.g., the formation of ozone in the troposphere,
needs further investigation. Again, a general statement even
for the sign of the 3-D impact is not possible, because
photochemical ozone production strongly depends on the
available NOx concentration. However, under the conditions
of a biomass-burning plume, i.e., absorbing aerosol and
high concentrations of organic compounds and nitrogen
oxides, the inclusion of 3-D radiation effects would lead
to enhanced photolysis frequencies and enhanced photo-
chemistry, including the formation of tropospheric ozone.
Fast production of ozone and other trace gases within
individual biomass-burning plumes has been reported sev-
eral times [e.g., Evans et al., 1977; Hobbs et al., 1996,
2003; Goode et al., 2000; Yokelson et al., 2003; Jost et al.,
2003]. Three-dimensional radiation effects might contribute
to the fast photochemistry appearing within these plumes.
Also for the case of convective clouds, 3-D radiation effects
might influence photochemistry.

4. Conclusions

[47] The impact of three-dimensional radiative transfer
effects on the actinic flux in an aerosol plume from a
vegetation fire was investigated. In order to quantify this
effect, three-dimensional model simulations were compared
with local one-dimensional (l-1-D) radiative transfer simu-
lations assuming horizontal homogeneity for every model
column. Horizontal photon transport due to direct illumina-
tion as well as horizontal scattering, which is not accounted
for in the l-1-D simulations, is responsible for the difference
between these two simulations.
[48] For the scenario investigated here the three-dimen-

sional effect on the actinic flux within the plume center
ranges from �40% to more than +200%, depending on the

Table 3. Averaged Relative Differences of the Actinic Flux in the Plume Center Between the 3-D and the l-1-

D Simulations for Three Wavelengths, Three Solar Zenith Angles, and the Two Aerosol Models Evaluated for

Three Sensitivity Simulations: Reference, Increased Horizontal Resolution, and Increased Number of Streams

SZA

Wavelength, nm

320 550 800

�hF l-1-D�CONð Þipc (REF = 3-D_CON)
0� �42.9, �44.2, �42.7 �43.4, �46.0, �43.4 �45.9, �48.0, �46.0
45� �31.0, �28.1, �31.0 �11.5, �2.4, �13.6 �15.7, �6.8, �16.1
70� �28.4, �26.1, �28.0 81.7, 104.7, 93.1 94.4, 113.2, 93.1

�hF l-1-D�ABSð Þipc (REF = 3-D_ABS)
0� 156, 178, 159 8.9, 6.9, 9.6 �21.3, �23.1, �21.4
45� 282, 373, 285 112, 161, 113 38.0, 60.3, 38.1
70� 323, 412, 325 460, 576, 466 286, 335, 285
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solar zenith angle, the wavelength, and the absorbing
properties of the aerosol. For a conservative aerosol, the
loss of photons from the plume center due to horizontal
scattering leads to an overestimation of the actinic flux in
the l-1-D simulations for SZA smaller than about 50�. In
the case of an absorbing aerosol, horizontal photon transfer
into the plume center enhances the actinic flux in the
plume at nearly all solar zenith angles and wavelengths in
the 3-D simulations. The magnitude of the difference
indicates the importance of three-dimensional radiative
effects for photochemical processes within biomass-burn-
ing plumes and other 3-dimensional atmospheric struc-
tures, e.g., convective clouds. However, at present, 3-D
radiative transfer models cannot be included in atmospheric
chemistry models, because of their high computing time and
memory requirements.
[49] Further investigations of 3-D radiation effects using

both model simulations and measurements would be desir-
able. Our study shows that 3-D effects on the actinic flux and
their potential impact on photochemistry need to be consid-
ered, and suitable parameterizations should be investigated.
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Figure 2. (a) Cross section (at section B) of the simulated actinic flux (W m�2 nm�1) at l = 400 nm
using the Acon aerosol model for a SZA of 45� across the aerosol plume (x = 2 km). The arrows represent
the solar illumination. The other plots show (b) �F(NOAERO), (c) �F(3-D_ABS), and (d) �F(l-1-
D_CON) (REF = 3-D_CON for all differences) as color scale. Contour lines represent the aerosol number
concentration (cm�3).
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Figure 4. Contour plot of the relative difference of the actinic flux in the plume center between the 3-D
and the l-1-D simulation as a function of wavelength and solar zenith angle for the conservative
(�hF l - 1 - D�CONð Þipc (REF = 3-D_CON)) (a) and the absorbing (�hF l - 1 - D�ABSð Þipc (REF =
3-D_ABS)) (b) aerosol. For the preparation of these figures, values at a SZA of 15� and at wavelengths of
350, 450, 500, and 650 nm were included in addition to those of Table 2.
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