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Abstract

The impact of the direct radiative effect of the aerosol particles on the calculation of
the photolysis rates and consequently on the atmospheric chemistry in regional smoke
clouds due to biomass burning over the Amazon basin is addressed in this work. It ex-
plores a case study for 19 September 2002 at LBA-RACCI-SMOCC (The Large-Scale
Biosphere-Atmosphere experiment in Amazonia — Radiation, Cloud, and Climate Inter-
actions — Smoke, Aerosols, Clouds, Rainfall and Climate) pasture site in SW Amazo-
nia. The Tropospheric Ultraviolet Visible radiation model (TUV) version 4.2, (Madronich
et al., 1987) is used for the photolysis rates calculation considering the layer aerosol
optical depth from the Coupled Aerosol Tracer Transport model to the Brazilian Re-
gional Atmospheric Modeling System (CATT-BRAMS) (Freitas et al., 2005). A dynam-
ical aerosol model (Procopio et al., 2003) is included in the radiative transfer model
to take into account the high temporal variability of the aerosol optical thickness. This
methodology is tested by comparing modeled and measured clear sky solar irradi-
ances. The results show a good agreement with measured PAR radiation values. The
actinic flux attenuation, for AOT (500 nm) values around 1.94, decreases the photoly-
sis rates by about 70% in the presence of near-ground smoke aerosol and above the
smoke layer the photolysis process tends to increase by about 40%. A simulation of
the ozone production is carried out using a one-dimensional photochemical box model
and comparisons with observation are shown.

1. Introduction

As part of The Large-Scale Biosphere — Atmosphere Experiment in Amazonia’s RACCI
(Radiation, Cloud, and Climate Interactions) — SMOCC (Smoke, Aerosols, Clouds,
Rainfall and Climate) campaign (LBA-RACCI-SMOCC-2002) measurements of con-
centrations and fluxes of aerosol particles, O3, NO, and VOCs were carried out at
forest and pasture sites in Rondonia, in the southwest part of the Amazon Basin. This
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campaign was conducted during the dry-to-wet season transition period (September—
October) (Andreae et al., 2004). The available data has been used to study the oxida-
tive capacity, the particle production and the carbon cycle in the Amazon atmosphere,
Claeys et al. (2004).

Scientific interest in the impact of biomass burning on atmospheric chemistry grew
when it became evident that it is an important source of atmospheric pollution and
its products could affect large areas of the world as a consequence of long-range
transport. The majority of biomass burning is carried out in tropical regions like the
Amazon Basin, where slash-and- burn techniques are widely utilized for both primary
deforestation and seasonal burning of secondary forests and pastures, Fearnside et
al. (2005). Vegetation is the major fuel consumed in biomass burning in this region
and the smoke produced is composed predominantly of organic matter, Graham et
al. (2003). The smoke aerosols emitted either by natural or anthropogenic biomass
burning fires represent a significant local alteration of the Amazonian atmospheric en-
vironment. Their effects depend on the optical properties of the smoke aerosols and
surface characteristics and it can warm the atmosphere while cooling the surface, af-
fecting the surface fluxes of sensible and latent heat. On the other hand, on a regional
and global scale, the biomass burning emissions to the atmosphere may change the
atmospheric radiative balance and hydrological cycle through aerosol particles direct
effects, absorbing, reflecting and scattering the solar radiation, and indirectly by alter-
ing the microphysics and the dynamics of cloud formation. Biomass burning is also
a substantial source of oxygenated compounds for the Amazonian atmosphere during
the dry season. These compounds are very important because they are transformed
photochemically into radicals in the atmosphere. The emissions from vegetation fires
are particularly important because they contribute to enlarging the volatile organic com-
pound (VOCs) sources, contributing significantly to the production of OH radicals and
the aerosol budget (Weavers et al.,, 1998). Within the Amazon region, isoprene is
the most prominent compound, while formaldehyde is the most predominant OVOC
species (Kesselmeier et al., 2002).
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The low troposphere atmospheric chemistry itself is driven by solar radiation directly,
through photolysis, and indirectly, through the determination of the boundary layer diur-
nal cycle. The presence of aerosol particles affects directly the photochemistry by mod-
ifying the actinic flux scattering and absorbing solar radiation. Yamasoe et al. (2005)
reported significant reductions of up to 50% of the downward PAR irradiance at the
top of canopy under smoky conditions at the top of the canopy in an Amazonia for-
est. Therefore, to estimate the biomass burning effects on the Amazonian atmospheric
chemistry, it is important to use accurate calculations of the photolysis rates, as well
as to take into account the high temporal variability in smoke aerosol optical proper-
ties. Usually atmospheric chemistry models adopt an average diurnal chemical cycle
with mean photolysis rate values. Several methods suitable for these calculations are
discussed at Filyushkin et al. (1994). These methods give accurate results and can be
applied for any averaged time period of an arbitrary duration, but they are not valid in
the case of significant diurnal variations of optical parameters of the atmosphere and
underlying surface.

The objective of this study is to describe the impact of the direct radiative effect of
the aerosol particles on the calculation of the photolysis rates and consequently on the
atmospheric chemistry in the regional smoke cloud due to biomass burning over the
Amazon Basin.

2. The case study

With the aim of obtaining detailed information on the photolysis rate coefficient, which
are expected to be strongly influenced by smoke aerosols, a case study was chosen
during a day of intense biomass burning occurrence around the Fazenda Nossa Sen-
hora (10°45'44" S, 62°21'27" W), the LBA-RACCI-SMOCC pasture experimental site
in the State of Rondonia (NW Amazonia). Clearing of rain forest by fire in Rondonia
has taken place since 1968, creating a typical fishbone—like pattern of plantations, pas-
tures, degraded land and forest patches, Andreae et al. (2002). The pasture is a rural
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site and is characterized by small seasonal mean air temperature variations, ranging
from 25—26°C during the dry season (September/October). Mean annual relative hu-
midity values are high, with averages of about 70% in the dry season. Prevailing wind
speeds are relatively low (~1.5 ms_1) with a minimum during night time. Precipitation
in this region shows a seasonal cycle with lowest values in July and is highest from
November to April (Andreae et al., 2002).

The chosen study day, 19 September 2002, was a day with nearly cloudless skies
in the morning and scattered small cumulus clouds during the rest of the day over
Rondonia. Northern winds, bringing clean air masses from pristine areas, were re-
sponsible for a relatively clean atmosphere in Rondonia during the first morning hours,
despite of the intense biomass burning activity on the previous days and the dense
regional smoke layer covering a large area of South America. Figure 1 shows a map
with aerosol optical thickness (550 nm) from MODIS-TERRA over South America and
a zoom over the Rondonia State around 14:00 UTC on 19 September 2002. Along the
day, burning activities have grown in intensity, with several vegetation fires detected in
the region and the aerosol optical thickness (500 nm) sharply increased from values
below 1.0 to 2.3 (+1.1) (see the detail in the Fig. 6). Smoke plumes from isolated fires
could be seen even on visible channel GOES-8 imagery (Fig. 2). Figure 3 shows the
temperature vertical profile from radiosounding data of the LBA-RACCI-SMOCC field
experiment for this case study. The main feature of the temperature profile is the strong
temperature inversion between 300 m and 650 m.

3. Methodology

In this study the photolysis rates are obtained using a radiative transfer model along
with a dynamical aerosol model considering complex atmospheric optical situations. To
this end, the actinic flux radiation is modeled accurately considering a dynamical smoke
aerosol model and extinction coefficient vertical profiles. In this approach the optical
properties change as functions of the atmospheric aerosol loading and the aerosol ver-
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tical profiles are build as a combination of model results and AERONET data (Holben
et al.,1998).

The photolysis rates (j — values) describe quantitatively the frequency of the at-
mospheric photolysis reactions. The actinic radiation F(1) and photolysis rates are
obtained by the expression:

/X=/aX<A)-¢X(A)-F(A>-dL (1)

where o, (1) is the absorption cross section of the chemical species x, ¢, (1) is the
quantum yield of the reaction. This expression can be used to calculate photolysis rates
under real or simulated atmospheric conditions with the actinic flux radiation measured
or modeled. Measurements of the actinic radiation are rare and often radiative transfer
models are used to quantify the radiation flux though the atmosphere.

The Tropospheric Ultraviolet-Visible, TUV model version 4.2, is used to calculate
spectral actinic flux and photolysis rates for each molecule of interest, taking the inter-
action between aerosol particles and radiation into account (Madronich, 1987). This
model considers the solar spectral irradiance incident at the top of the Earth’s atmo-
sphere and calculates the propagation of this radiation as it passes through the at-
mosphere (van Hoosier et al., 1998; Neckel and Labs, 1984). A four-stream discrete
ordinate scheme radiation solver is employed and the calculation is repeated for each
wavelength between 150 nm and 420 nm, with a spectral resolution of 1 nm, and be-
tween 420nm and 700 nm with a spectral resolution of 10nm. To account for the
vertical variations of atmospheric constituents, the model is implemented to subdivide
the atmospheric levels into 115 vertical layers of irregular vertical thickness (~20m)
from 0 to 5km and 94 vertical layers of 1 km vertical thickness from 5 to 100 km. Fol-
lowing that, the spectral actinic flux associated with the direct solar beam and the
downwelling and upwelling diffuse radiation fields are calculated for each altitude and
each wavelength. The radiation field is modified by Rayleigh and Mie scattering and
absorption due to several gases and particles, as well as Lambertian reflection at the
surface. Gaseous absorbers include O, and Og, as well as SO, and NO, when these
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are present in representative concentrations. Aerosols can absorb or scatter radiation,
depending on their size distribution and chemical composition.

In order to account for aerosol particles in the actinic flux and photolysis rates cal-
culations, aerosol particles loading must be added in the TUV one-dimensional col-
umn. Four different types of aerosol particles are considered in this study: smoke,
continental, stratospheric and upper atmospheric. For the smoke aerosol, climatolog-
ical properties derived from a three years of optical properties retrieval obtained for
an Amazonian observational site of the AERONET sun photometer network are used
(Procopio et al., 2003). Basically, the smoke aerosol optical depth is measured by a
sun photometer and the single scattering albedo, @, and asymmetry parameter, g, of
the phase function are computed with a dynamical aerosol model, as functions of the
aerosol optical depth. The other aerosol models are from WMO (1986). The smoke
and continental aerosol models are added into the tropospheric layers 0—5km and 5—
12 km, while the stratospheric and upper atmospheric aerosol model are incorporated
into the 12-30 km and 30—100 km layers. The optical properties for smoke aerosols are
accessed by the TUV model using precalculated and tabulated optical parameter tables
and these values are interpolated in the TUV spectral range (150—700 nm). Figures 4
and 5, respectively, show spectral smoke and continental aerosol optical parameters
as functions of aerosol optical thickness at 500 nm. The main feature in the Figure 4
is the single scattering albedo maximum between 300 nm and 440 nm ranges and the
variability of this parameter with optical depth values. This aspect is relevant because
it represents a range of the spectrum where important photolysis process take place,
such as N02+hu—>O(3P)+NO, which is dominant source of the tropospheric ozone
following O(*P)+0,+M—O4+M.

A normalized vertical distribution of the aerosol extinction coefficient in the bound-
ary layer of the atmosphere is calculated by the transport model CATT-BRAMS in or-
der to have a description of the evolution of the boundary layer diurnal cycle (Fig. 6).
These profiles are combined with an average aerosol optical thickness from several
AERONET sites in Rondonia (SW Amazon) shown in the detail of the Fig. 6. For the
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uppermost layers, the aerosol extinction coefficients at 550 nm are constant following
WMO (1986) and are shown in Table 1.

A review of the spectral surface albedo over different types of land surfaces available
in the literature are shown in Fig. 7. Although the savannas (cerrado) and forest values
measured in the Amazon Basin by Tsay et al. (1998) would be more representative
of the region they are nonexistent for the photochemistry spectral range of interest,
around 200—480 nm. Tests to evaluate the sensitivity of the actinic flux calculation with
the surface albedo were performed and the results showed low dependence in this
spectral region. As example, the difference in the actinic flux is less than 1% when
assuming the surface albedo for grass (Fig. 7) or zero.

Other inputs to the TUV model are atmospheric profiles from radiosondes and a com-
posed Oj profiles with averaged aircraft measurements for the lower troposphere and
climatological profiles for the upper levels. The total O; column was around 305 DU,
which very well compared with the SHADOZ data for the sites of Natal and Paramaribo
(Thompson et al., 2003). Additional model assumptions include cloudless skies.

Atmospheric chemical transformations are modeled using the OZIPR model version
2.0 (Tonnesen, 2000). OZIPR is a research-oriented version of EPA’s OZIPP (Ozone
Isopleth Plotting Package) computer modeling program. The OZIPR model is a one-
dimensional box model with a time-varying box height (i.e. the height of the mixing
layer). The model inputs include initial concentrations and hourly emission rates for
the relevant chemical species and meteorological parameters, such as, temperature,
humidity, mixing heights, and atmospheric pressure. To allow flexibility, the chemical
species and reactions are not fixed in the program code, but can be provided as in-
puts to the model and for this study the chemical mechanism chosen was the same in
MOZART-2 (Horowitz et al., 2003). This mechanism, which includes 168 gas phase re-
actions, 33 photochemical reactions and the isoprene scheme by Orlando and Tyndall
(2002), emphasizes the processes of tropospheric ozone and its precursors’ produc-
tion.

In the OZIPR model, a well mixed box is moved at the average wind speed along
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a trajectory through the study area. As the boxes moves, its height increases due to
the mixing height rise from the sun’s heating. This rise results in a decrease in the
concentrations of the primary species in the box. In addition, aged materials that were
in the air above are mixed down into the box when the mixed layer height increases.
At the same time, fresh emissions are added through the bottom of the box increasing
the concentrations in the box for some species. In this case study the mixed height is
assumed to be 110 meters at 12:00 UTC (8:00, local time) with 1754 m at 21:00 UTC
(17:00, local time) (Fish et al., personal communication). The hourly emissions data
for NO,, CO, C,Hg, CsHg, CoH,, CsHg, C4Hqg, CH3COCH;, ISOP, CygH46, CH,0,
CH30H, CH,, N,O and H, are obtained by multiplying the total amount of biomass
burned within a grid cell during 24 h by the respective specie emission factor. The total
amount of biomass burned was determined through Freitas et al. (2005) technique and
the emission factors for pyrogenic species were obtained from Andreae and Merlet
(2001). In the OZIPR model the photolysis processes are represented as a function of
the sun’s zenith angle and thus is highly dependent on the time of day and the season.
In this study a complex lookup table was build to represent the photolysis processes a
function of the sun’s zenith angle and total column aerosol optical thickness using TUV
capabilities.

4. Results

The radiation model results show a significant attenuation in the actinic flux due the
presence of the aerosol particles (Fig. 8). In the spectral range between 320 nm and
540 nm, at 12:00 UTC (zenith angle equal to 61.03) and with an AOT (500 nm) of 0.84,
the reduction reaches 40%. At 16:00 UTC (zenith angle equal to 12.13) and AOT
(500 nm) of 0.85, the reduction is below 45% at wavelength range of 290-340 nm. For
the highest value of AOT (500 nm) for this day (equal 1.94 at 20:00 UTC), the attenua-
tion reaches 70%. Figure 9 compares observed and modeled values of the Photosyn-
thetically Active Radiation (PAR), which results from the integration of the global (direct
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plus diffuse) spectral irradiances throughout the wavelength domain 400-700 nm. Ob-
served values (black symbols) were provided by the INPE/CPTEC team participating
in the LBA-RACCI-SMOCC campaign. Modeled values were obtained as explained
above, by neglecting (blue) or taking into account (red symbols) the role of aerosol par-
ticles in scattering and absorbing solar radiation. Rapid variations of observed values
can be associated with the occurrence of water clouds near the sun apparent disk,
obscuring the latter (smaller values) or allowing sharp increases in scattered diffuse
radiation (greater values). Smooth variations of observed values can be associated
with sun position, and changes in aerosol loading, aerosol properties, or occurrence of
ice clouds. Modeled values exhibit smooth variations in time because no water clouds
were included in the computations; moreover, the computations neglected the occur-
rence of ice clouds. With the inclusion of biomass burning aerosols associated with
moderate to high optical depths, direct radiation is severely reduced and diffuse radia-
tion is enhanced; because some scattered radiation returns to space and also because
some absorption takes place into the layers containing particles, the resulting global
irradiance at the ground must be smaller than that without such particles. Hence, the
red symbols are always below the blue symbols in Fig. 9. This figure suggests that
our radiative transfer computations are reliable. In spite of absence of observations of
actinic fluxes during the LBA-RACCI-SMOCC campaign, whose availability would vali-
date our computations, we assume after Fig. 9 that coupling of Procopio et al’s aerosol
model to the TUV radiative transfer model is a promising strategy for evaluating the
influence of biomass burning aerosol on photolysis rates.

Some important processes contributing for the production and loss of ozone and
radicals’ formation and to what extent they are affected by the presence of the biomass
burning aerosol particles in the atmosphere were explored. Figure 10 shows the ver-
tical profile of the percentage deviation of the photolysis rates for different chemical
processes and atmospheric conditions when the aerosol effect is considered and ne-
glected, respectively. The photolysis rates are calculated from the actinic flux spectrum,
the absorption cross-section, and the quantum yield, which may vary as a function of
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temperature and pressure. The molecular data were updated in this study (Orlando
et al., 1999a, b, c). Photodissociation of NO, producing O(SP) oxygen atom leads to
the only in situ chemical source of ozone in the troposphere and thus is an extremely
important reaction. Nitric acid photolysis process is a source of the hydroxyl radical,
OH and NO, through 350 nm. The photochemistry of the ozone is very complex, as
the relatively weak chemical bonds in ozone allow excited states of the O and O, pho-
toproducts to be accessed. For atmospheric considerations, the key channel is the one
that produce O (1D), that is, the one that leads to OH production. Formaldehyde pho-
tolysis is a significant source of free radicals in the troposphere and produce molecular
hydrogen, H,, the second most abundant reactive trace gas in the troposphere, after
methane. Typically, the photolysis rates are reduced by around 70% in the presence of
smoke aerosol near ground level. However, above the smoke layer (around 3.5 km), the
photolysis processes increase by about 40% with an aerosol optical thickness (500 nm)
of 1.94, associated with the aerosol backscattering solar radiation.

Figure 11 shows the time profile of ozone predicted by MOZART-2 mechanism in a
OZIPR simple trajectory model simulation of a particular day (19 September 2002) in
Rdndonia, including (light blue line) and neglecting (red) the aerosol load concentration
and observed (dark blue line) at surface level. The PAR surface irradiances (Wm‘z)
are also shown in the same figure to track the diurnal solar cycle. Ozone formation
begins some instants after the radiation goes up. The measured ozone as well as
modeled ozone (including the aerosol effect) shows an increase following maximum
concentration value at the end of the day when the biomass burning events are more
intense, around 17:00 UTC. The chemical mechanism reproduces quite well the ozone
formation along the diurnal cycle. The observed time of the maximum of the ozone
concentration at around 20:00 UTC, although underestimated, is reproduced by the
model. After that, following the decrease of solar radiation availability, photochemistry
processes fall smoothly until the next day. During biomass burning events, with high
loadings of biomass burning emissions, the nighttime ozone average concentrations
reach around 15 ppb, and the model was able to describe correctly these reductions on
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the ozone concentration in the absence of radiation. On the other side, the high value
of ozone concentration, around 150 ppb, was obtained by the model in the presence
of the same high smoke emissions, but representing clean atmosphere conditions (no
aerosols particles) from the radiative point of view.

5. Conclusions

This study uses data from the LBA-RACCI-SMOCC campaign conducted during
the dry-to-wet transition season (September—November 2002) in a pasture site in
Rondonia, SW Amazonia, to evaluate the sensitivity of photolysis rates calculation
to the direct radiative effect of smoke aerosol particles. The impact of this effect on
the chemical species production and loss in the gaseous phase, such as ozone, via
photochemistry process was tested.

The TUV model, with the addition of a dynamical smoke aerosol model, results in
PAR irradiances in good agreement with the measured values, in line with the ini-
tial hypothesis of substantial actinic flux attenuation near ground level due the smoke
aerosols. For the highest value of AOT along this day (2.3+1.1) this attenuation
reached 70%.

The smoke aerosol absorbing character is apparent in the spectral range around
400 nm, favoring some important photochemistry process occurring in this spectral
range. The photolysis rates are typically reduced by around 70% near the ground.
Above the smoke layer, the photolysis process tends to increase by about 40%. These
results indicate a direct influence of the smoke particles in the atmospheric chemistry.
Smoke aerosol particles change the visible and UV radiation flux and the spectral irra-
diance and, thereby, directly have an effect on the photochemistry. The production of
OH and others radicals are affected and ozone formation is suppressed.

Considering the photolysis rates recalculated taking into account the presence of
smoke in the aerosol layer, the modeled diurnal cycle of ozone follows closely the
observations. On the other hand, when the attenuation of solar radiation due the smoke
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aerosol particles are not taken into account, the diurnal cycle of the modeled ozone
presents a different shape. The production of the ozone is strongly favored and the
ozone concentration reaches a peak value of almost 150 ppb against observed values
of 70 ppb. And, more importantly, the consumption of the ozone in the absent of solar
light does not reproduced properly the low values of night-time ozone concentrations
typically observed. This comparison highlights the importance of describing properly
the photochemistry due to the presence of smoke.
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Fig. 1. Map with aerosol optical thickness (550 nm) from MODIS-TERRA aerosol product over
South America and a zoom over the Réndonia State on 19 September 2002 around 14:00 UTC

(http://modis-atmos.gsfc.nasa.gov/).
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Fig. 2. GOES-8 visible image over Rondnia State on 19 September 2002 at 19:45 UTC showing
several smoke plumes. The blue line shows the Rndonia State contour map. Source: Master
Lab. IAG-USP (http://www.master.iag.usp.br).
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Fig. 3. Vertical profiles of temperatures on 19 September 2002 from Fazenda N. Senhora. site
radiosondes during LBA-RACCI-SMOCC field experiment.
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Fig. 4. Spectral smoke aerosol optical properties (single scattering albedo w,, asymmetry
parameter of the phase function g and extinction coefficient Q,) as functions of the aerosol
optical thickness at 500 nm (7,) derived from three years of AERONET data collected during

the dry season in Amazonia (Procopio et al., 2003).
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Fig. 5. Spectral continental aerosol optical properties (single scattering albedo w,, asymmetry
parameter of the phase function g and extinction coefficient Q,) from WMO (1986).

9347

ACPD
5, 9325-9353, 2005

Impact of smoke
aerosol on the
photolysis rates

L. M. M. Albuquerque

et al.

Title Page

Abstract | Introduction

Conclusionsl References

Full Screen / Esc

Tables | Figures
“ | om
< |- |
Back | Close |

Print Version

Interactive Discussion

EGU


http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/9325/acpd-5-9325_p.pdf
http://www.atmos-chem-phys.org/acpd/5/9325/comments.php
http://www.copernicus.org/EGU/EGU.html

4.5

35

3.9 1 3.0 1

2.5 1

3.3 - 2.0 1

1.5 A
2.7 104
0.5 1

Aerosol optical thickness (500 nm)

0.0

Altitude (km)

211 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Time (UTC)

1.5 A
—12 UTC

0.9 1
—16 UTC
—20UTC

0.3 - - - -

0 0.0005 0.001 0.0015 0.002 0.0025

extinction coefficient (km ™)

Fig. 6. The vertical profile of the biomass burning aerosol extinction (km‘1) in the boundary
layer at 12:00, 16:00 and 20:00 UTC for 19 September 2002. The normalized vertical structure
is from the CATT-BRAMS model and the column integrated aerosol optical depth is an average
of the sunphotometer (AERONET and hazemeter) data available for different sites in the Rndo-
nia State for this day and the error bars represent the standard deviation of the average (shown
in the detail).
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Fig. 8. (a) Actinic flux near ground level on 19 September 2002, in Rondonia at 12:00, 16:00
and 20:00 UTC (solar zenith angles of 61.66°, 12.13° and 60.06°). The dotted lines describe
the simulation neglecting aerosol loading and the solid lines refer to the simulation taking the
aerosol loading into account. (b) The ratios between the simulated values for the actinic flux
with and without consideration of the aerosol presence at 12:00, 16:00 and 20:00 UTC.
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Fig. 10. Vertical profile of the percentage deviation of the photolysis rates for different chemical
processes and atmospheric conditions when the aerosol radiative effect is considered and

neglected.
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