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ABSTRACT

Using in situ measurements of aerosol optical properties and ground-based measurements of aerosol optical
thickness (t s) during the Smoke, Clouds and Radiation—Brazil (SCAR-B) experiment, a four-stream broadband
radiative transfer model is used to estimate the downward shortwave irradiance (DSWI) and top-of-atmosphere
(TOA) shortwave aerosol radiative forcing (SWARF) in cloud-free regions dominated by smoke from biomass
burning in Brazil. The calculated DSWI values are compared with broadband pyranometer measurements made
at the surface. The results show that, for two days when near-coincident measurements of single-scattering albedo
v0 and t s are available, the root-mean-square errors between the measured and calculated DSWI for daytime
data are within 30 W m22. For five days during SCAR-B, however, when assumptions about v0 have to be made
and also when t s was significantly higher, the differences can be as large as 100 W m22. At TOA, the SWARF
per unit optical thickness ranges from 220 to 260 W m22 over four major ecosystems in South America. The
results show that t s and v0 are the two most important parameters that affect DSWI calculations. For SWARF
values, surface albedos also play an important role. It is shown that v0 must be known within 0.05 and t s at
0.55 mm must be known to within 0.1 to estimate DSWI to within 20 W m22. The methodology described in
this paper could serve as a potential strategy for determining DSWI values in the presence of aerosols. The
wavelength dependence of t s and v0 over the entire shortwave spectrum is needed to improve radiative transfer
calculations. If global retrievals of DSWI and SWARF from satellite measurements are to be performed in the
presence of biomass-burning aerosols on a routine basis, a concerted effort should be made to develop meth-
odologies for estimating v0 and t s from satellite and ground-based measurements.

1. Introduction

Biomass burning is considered to be a major source
of trace gas species and aerosol particles (Andreae 1991;
Crutzen and Andreae 1990; Setzer and Perreira 1991).
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More than 114 Tg of smoke are produced per year in
the Tropics, which accounts for about 80% of the bio-
mass that is burned globally (Hao and Liu 1994; Penner
et al. 1992). The smoke aerosols can extend over large
areas (Hsu et al. 1996; Herman et al. 1997; Husar et al.
1997). These aerosols affect the radiative energy budget
on both regional (Christopher et al. 1998) and global
scales (Penner et al. 1992). Most studies to date have
examined the impact of biomass-burning aerosols at the
top of the atmosphere (TOA). For example, using a
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radiative transfer equation valid for optical depths less
than 0.5, the global TOA radiative impact of biomass-
burning aerosols has been estimated (Penner et al. 1992;
Chylek and Wong 1995; Hobbs et al. 1997). Using sat-
ellite data and radiative transfer models, the impact of
individual plumes (Anderson et al. 1996) and regional
radiative impacts have also been computed (Christopher
et al. 1996; Ross et al. 1998). Using observations and
models, a reduction of surface temperatures caused by
smoke from forest fires has also been reported (Robock
1988; Westphal and Toon 1991). Because of the various
assumptions involved in these techniques, uncertainties
continue to exist on the radiative impact of biomass-
burning aerosols (Houghton et al. 1996). The TOA ra-
diative energy budgets provide important information
on regional and global climate; equally important are
the radiative energy budgets at the surface. Calculations
of surface and atmospheric energy budgets in biomass-
burning areas have been largely hampered because of
inadequate information on aerosol physical and chem-
ical properties. Lenoble (1991) has provided a review
of the radiative processes associated with smoke from
biomass burning. The Smoke Clouds and Radiation—
Brazil (SCAR-B) experiment (Kaufman et al. 1998),
conducted during the 1995 biomass-burning season in
Brazil, provided a wide variety of data relevant to the
radiative impact of aerosols on the earth–atmosphere
system. The current paper uses aircraft and ground-
based data from SCAR-B to examine the downward
shortwave irradiance (DSWI) and TOA shortwave aero-
sol radiative forcing values (SWARF) in biomass-burn-
ing regions.

DSWI is an important component of the radiation
balance at the earth’s surface and is linked with the
hydrological cycle through dynamic and thermodynam-
ic processes. Current techniques for estimating DSWI
involve either radiative transfer calculations coupled
with satellite data (Whitlock et al. 1995; Li 1995, 1998;
Charlock and Alberta 1996) or measurements made at
the surface (Gilgen and Ohmura 1999). Although sur-
face measurements serve as important validation tie-
points, their spatial sampling is generally inadequate for
climate studies. Moreover, a majority of these data are
usually available only as daily and monthly averages,
which makes detailed validation efforts difficult. Char-
acterizing aerosols in radiative transfer models contin-
ues to be a challenge because of 1) the diversity of
aerosol types, 2) the difficulty in routinely determining
aerosol spatial distributions, and 3) inadequate infor-
mation about the microphysical and radiative properties
of aerosols. Using the Surface Radiation Budget (SRB)
product generated from the Earth Radiation Budget Ex-
periment (Barkstrom et al. 1989) and the International
Satellite Cloud Climatology Project data over 280 km
3 280 km grid cells (Schiffer and Rossow 1983), Kon-
zelmann et al. (1996) estimated that the monthly mean
measured values of DSWI are smaller than the calcu-
lated values by about 25%–40% in biomass-burning ar-

eas over Africa. They concluded that the differences are
largely due to the inadequate characterization of bio-
mass-burning aerosols in the SRB dataset. A recent
study by Li (1998) showed that a zonal comparison
between satellite-based and surface-observed surface ra-
diation budget parameters was in good agreement except
in tropical regions where biomass burning is prevalent.
Most studies to date have inferred the surface effects of
aerosols by comparing the observed radiation budget
parameters to calculated values on a monthly mean basis
(Konzelmann et al. 1996; Li 1998). The major reason
for this approach is the lack of information on the optical
and radiative properties of aerosols. One of the few
studies to attempt DSWI calculations on an instanta-
neous basis was by Charlock and Alberta (1996) over
the southern Great Plains region in Oklahoma. This
study was performed over a well-instrumented midlat-
itude summertime region for clear and cloudy condi-
tions. Their study showed that clear-sky biases on the
order of 30 W m22 exist between measured and cal-
culated values. They also concluded that the bias is
probably regional and is due to the inadequate char-
acterization of aerosols and gaseous absorption. Al-
though these biases exist from the Charlock and Alberta
study, no clear-sky biases have been reported from other
studies in the tropical Pacific (Chou and Zhao, 1997;
Waliser et al. 1996).

The focus of the current study is to examine the im-
pact of biomass-burning aerosols during SCAR-B at
both the surface and TOA. Using in situ and ground-
based measurements, four-stream radiative transfer cal-
culations are performed to compute DSWI values over
cloud-free regions. These calculations are then com-
pared with broadband pyranometer measurements made
at the surface. Using the same set of measurements, the
impact of aerosols is estimated at TOA for four different
ecosystems. This study differs from previous efforts in
two main respects: 1) it specifically focuses upon the
calculation of shortwave irradiance over biomass-burn-
ing regions in South America and 2) it uses available
in situ and ground-based measurements to test and to
validate the calculations. Note that these calculations
are performed at specific time periods during the day
and therefore are termed ‘‘instantaneous DSWI.’’ No
temporal averaging is performed on the datasets.

2. Datasets and area of study

Several datasets are used in this study, including aero-
sol microphysical properties from the University of
Washington Convair 131-A (UW C-131A) research air-
craft, aerosol optical thickness from ground-based sun-
photometer measurements, and DSWI measurements
from broadband Eppley Laboratory, Inc., pyranometers
at the surface. This study is limited to seven days be-
cause of the availability of surface broadband irradiance
measurements from SCAR-B. A brief description of the
datasets follows.
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a. Aerosol optical thickness from sunphotometer
measurements

Total column smoke optical thickness (t s) has been
estimated by Holben et al (1996) for SCAR-B using
direct sun measurements from the automated ground-
based sun sky-scanning spectral radiometer (sunpho-
tometer) from several sites. Direct sun measurements
were made at 340, 380, 440, 500, 670, 870, and 1020
nm, and these data are converted to t s and Ångstrom
wavelength exponent a, and the measurements at 940
nm are inverted to precipitable water PW (Holben et al.
1998). The t s values are checked carefully for cloud
contamination by removing all values of the wavelength
exponent that are below 1.0. (because cirrus clouds com-
monly have values ranging between 0 and 0.5). An av-
erage of three observations (triplet) is made at 30-s in-
tervals, and this measurement sequence is repeated ev-
ery 15 min. For each observation, a triplet percentage
variation is first computed. Assuming that the variability
of clouds is larger than that of aerosols, all data with a
triplet range of 0.02 in t s or 0.03t s (whichever is great-
est) are eliminated.

b. UW C-131A in situ measurements

During SCAR-B, the UW C-131A research aircraft
made 29 flights in Brazil (;90 flight hours) and a wide
variety of data were collected (Hobbs 1996). Of partic-
ular importance to this study are 1) vertical profiles of
temperature and water vapor, 2) derived values of the
single-scattering albedo v0, and 3) vertical profiles of
light-scattering and light-absorption coefficients of
smoke aerosols. The top altitudes of most C-131A mea-
surements are about 4.5 km, and the vertical resolution
of the C-131A measurements could be as high as 20 m.
The light-scattering coefficient was measured with a
three-wavelength (l 5 450, 550, and 700 nm) inte-
grating nephelometer, and the light-absorption coeffi-
cient was measured at a wavelength of 550 nm (Reid
et al. 1998a) using two methods. Teflon filters were
exposed to measured volumes of ambient air, and the
results were analyzed using the integrating plate meth-
od. In the second technique, ambient air was pumped
through a filter, and the attenuation of light is measured
with a particle and soot absorption photometer. The
measured light scattering was further corrected to the
ambient relative humidity (Kotchenruther and Hobbs
1998). The ratio of the light-scattering and light-ex-
tinction coefficients provides single-scattering albedo
values. Aerosol size distributions were measured con-
tinuously with a suite of three optical particle spectrom-
eter probes mounted externally on the aircraft. The
smoke particles were approximated as spheres (Martins
et al. 1998) consisting of a refractory, absorbing core
of black carbon surrounded by a nonabsorbing shell of
unspecified organic compounds and sulfates (Reid et al.
1998b). Using Mie calculations, the measured particle

size distributions and estimates of the bulk chemical
composition were used to obtain the mass concentra-
tions of particles and their scattering and absorption
coefficients (Reid et al. 1998a). These values were then
compared to the direct measurements made simulta-
neously aboard the aircraft using the filters, integrating
nephelometer, and absorption photometer. Internal clo-
sure calculations show that the calculated light scatter-
ing and mass concentrations were within 20% of the
directly measured values, and the differences probably
are due to uncertainties in measurements and inadequa-
cy of standard Mie calculations. Further details of the
techniques can be found in Reid et al (1998a) and Kotch-
enruther and Hobbs (1998).

c. Eppley pyranometer measurements

Precision spectral pyranometer (PSP) instruments
were used in SCAR-B to measure the incident total
(direct plus diffuse) irradiance on a horizontal surface
on the ground (Eck et al. 1998). These instruments mea-
sure DSWI between 0.28 and 2.8 mm. The Eppley Lab-
oratory calibrated the instruments, which were within
61% of the World Radiation Reference. In addition,
two PSP pyranometers operated side by side on the roof
of the Instituto Nacional de Pesquisas Espacias labo-
ratory in Cuiaba, Brazil, for 5 h (sampled at 1-min in-
tervals) on 27 August 1995. The DSWI values measured
by these two instruments in this time period agreed with
each other to within 1.3%.

During SCAR-B, the temporal variability of the mea-
surements was taken at 1-min or 5-min intervals de-
pending upon the location. High-frequency temporal
variation, or decreasing (increasing) irradiance with de-
creasing (increasing) solar zenith angle, was identified
as being due to clouds. During this time, the incident
photosynthetically active radiation between 0.4 and 0.7
mm was also measured. Because the ratio of PAR to
total irradiance is influenced by the presence of both
aerosols and clouds, cloud contamination was detectable
by evaluating the time series of the PAR-to–total irra-
diance ratio. Higher values of the ratio represent cloud
conditions from absorption by water vapor in the near
infrared, and lower values of the ratio represents high
aerosol loading from higher aerosol optical depths at
shorter wavelengths (Pinker and Laszlo 1992a). A third
test for cloud contamination was made by examining
the wavelength variation of the aerosol optical thick-
ness. For biomass-burning aerosols in Brazil, the Ång-
strom wavelength exponent typically varies from 1.6 to
2.0, with values lower than 1.6 resulting from cloud
contamination from the large size of water droplets and
ice crystals in clouds (Holben et al. 1996). When all
three of these cloud-screening tests were passed for at
least a 1-h interval, the data were identified as being
cloud free. Further details can be found in Eck et al
(1998).

Figure 1 shows the area of study and the locations of
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FIG. 1. Area of study and sunphotometer sites during SCAR-B.

TABLE 1. Details of locations and times for the case studies. See Fig. 1 for location of sites. Surface measurements denote both the
sunphotometer and the Eppley pyranometer measurements.

No. Location
Date in 1995

(MM/DD)
C131-A

flight No.

C-131A
profile time

(UTC)

Surface
measurements

(UTC)

1
2
3
4
5
6
7

Cuiaba
Cuiaba
Pantanal
Potosi Mine
Potosi Mine
Potosi Mine
Potosi Mine

08/27
09/01
08/30
09/04
09/05
09/06
09/07

1694 (Cuiaba)
1697 (Pantanal)
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable

1633–2027
1206–1445
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable

1500–2000
1300–1430
1200–1800
1200–2000
1200–2000
1600–1800
1300–1600

the sunphotometers during SCAR-B (Kaufman et al.
1998). Table 1 lists the case studies that are examined
here. The three sites at which the Eppley pyranometer
measurements were made were:

1) Cuiaba (158S, 568W) on 27 August and 1 September
1995,

2) Potosi Mine (98S, 638W) on 4–7 September 1995,
and

3) Pantanal (168S, 568W) on 30 August 1995.

Potosi Mine, which is located in the state of Rondonia
in Brazil, was a site of intense burning as seen by the
fire patterns observed from Geostationary Operational
Environmental Satellite (Prins et al. 1998; Christopher
et al. 1998). Dense smoke with optical thickness greater
than 2 (at 0.55 mm) was often measured at this site
during SCAR-B. Cuiaba and Pantanal are located on the
southern border of the Amazon watershed in a cerrado
region, which is primarily use for agricultural cultiva-
tion and is downwind of the intense burning areas. Co-
incident sunphotometer measurements were also made

at the aforementioned sites during this time period. On
27 August 1995, the C-131A aircraft (UW flight No.
1694) made measurements (15.58S, 568W) between
1633 and 2027 UTC in Cuiaba, and on 1 September
1995 (UW flight No. 1697) it made measurements be-
tween 1206 and 1445 UTC southwest of Cuiaba near
Pantanal. These two days are considered to be ‘‘control
cases,’’ for which near-coincident measurements were
available from ground-based and airborne in situ mea-
surements. Five other days (30 August and 4–7 Sep-
tember 1995) are considered ‘‘validation cases,’’ for
which only sunphotometer measurements and surface-
based Eppley pyranometer measurements were avail-
able.

3. Radiative transfer model

a. Description

A delta-four-stream plane-parallel broadband radia-
tive transfer model (Fu and Liou 1993) was used to
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FIG. 2. Wavelength dependence of the single-scattering albedo v0

(solid circles) and asymmetry parameter g (open circles). Dotted lines
indicate extrapolation.

compute DSWI values in the presence of biomass-burn-
ing aerosols. In previous research, this model has been
used to calculate TOA, surface, and atmospheric fluxes
in clear and cloudy (water and ice clouds) conditions
(e.g., Fu and Liou 1993; Charlock and Alberta 1996).
In the current study, this model is modified to account
for biomass-burning aerosols by utilizing measured
aerosol properties from the C131A aircraft and t s from
the sunphotometer measurements. The delta-four-stream
approach agrees with adding–doubling calculations to
within 5% for fluxes and is an improvement over the
two-stream approach (Liou et al. 1988). In this model,
the correlated-k distribution is used for gaseous absorp-
tion and emission. The gases considered in the model
include H2O, CO2, O3, O2, CH4, and N2O. The radiative
effects of Rayleigh scattering, liquid water droplets, ice
crystal, continuum absorption of H2O, and surface al-
bedo are considered. In this model, the shortwave (SW)
spectrum (0.2–4.0 mm) is divided into 6 bands: 0.2–
0.7, 0.7–1.3, 1.3–1.9, 1.9–2.5, 2.5–3.5, and 3.5–4.0 mm.
For the principal atmospheric gases, the four-stream ap-
proach matches line-by-line simulations of fluxes to
within 0.05% for SW calculations. Note that the Eppley
PSP measures DSWI values between 0.28 and 2.8 mm,
whereas the SW bands in the radiative transfer model
extend up to 4.0 mm. Therefore, only the first four bands
in the radiative transfer model are used in the compar-
ison. The input parameters required for SW calculations
include:

1) atmospheric profiles of water vapor, O3, temperature,
and pressure;

2) v0 and asymmetry parameter g in the SW bands
along with vertical profiles of these aerosol prop-
erties;

3) t s at these wavelengths;
4) surface albedos for the shortwave bands; and
5) solar zenith angle.

The output parameters include upwelling and down-
welling fluxes in each of the prescribed 28 layers, from
which the radiative fluxes at TOA and at the surface
can be obtained. The surface albedo in the six SW bands
for Cuiaba and Pantanal was assumed to be as follows:
0.12, 0.31, 0.34, 0.34, 0.34, and 0.34, which are rep-
resentative of the cerrado ecosystem (Charlock 1997).
For Potosi Mine, the surface type is assumed to be for-
est, for which the corresponding surface albedos were
assumed to be 0.04, 0.20, 0.20, 0.20, 0.20, and 0.20,
respectively. The sensitivity of the results to this as-
sumption is examined in section 4b. For the control
cases, vertical profiles of temperature and water vapor
were obtained from the C-131A aircraft measurements
along with tropical ozone profiles (McClatchey et al.
1972). For the validation cases, standard tropical water
vapor and temperature profiles are used (McClatchey et
al. 1972). For both the validation and control cases, the
smoke aerosols are assumed to be in the lowest 4 km
(Reid et al. 1998b). Between 4 and 12 km a continental

aerosol model is used, and between 12 and 25 km a
stratospheric aerosol model is assumed.

b. Characterization of smoke aerosols

One of the standard techniques for computing the
radiative properties of aerosols is to assume an aerosol
size distribution and refractive index, which are then
used as input to Mie calculations (e.g., Kaufman and
Nakajima 1993; Anderson et al. 1996; Lenoble 1991).
The aerosol particles are assumed to be spherical (Mar-
tins et al. 1998), and Mie calculations are performed,
which provide the phase function, v0, g, and extinction
coefficients. These values are then used to compute the
TOA and surface irradiance values. However, it is often
difficult to obtain the required aerosol microphysical and
chemical information (size distribution, refractive in-
dex) to use in Mie calculations. Therefore, climatolog-
ical values are often assumed that may not be repre-
sentative for biomass-burning aerosols. In the current
study, a different approach is used to compute the ra-
diative effects of smoke aerosols. The smoke radiative
effect is specified by the t s values, v0, and the phase
function for smoke. The optical thickness of the smoke
is obtained from ground-based sunphotometer measure-
ments, and v0 values are obtained from in situ mea-
surements in Brazil (see section 2b).

The four-stream broadband radiative transfer model
requires v0 and g between 0.2 and 4.0 mm in six discrete
intervals. For the sake of completeness, the calculations
are performed in all six SW bands, although the com-
parison with the Eppley pyranometer requires only the
first four bands from the radiative transfer model. Using
fine-mode calculations for biomass-burning aerosol par-
ticles, wavelength-dependent v0 and g values are pro-
duced between 0.3 and 3.0 mm (Ross et al. 1998), and
the values are extrapolated to 4.0 mm (as shown by the
dotted lines in Fig. 2). Figure 2 shows the v0 and g
values used in the radiative transfer calculations. Both
v0 and g decrease with increasing wavelength. For ex-
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FIG. 3. Comparison between measured (open circles) and calculated
(1 signs) DSWI for (a) 27 Aug 1995 and (b) 1 Sep 1995 over Cuiaba
as a function of UTC time. Also shown in solid circles is the measured
aerosol optical thickness at 0.55 mm.

ample, from Fig. 2, v0 is 0.823 (at 0.55 mm) with values
decreasing to about around 0.053 at 4 mm. The values
of g range from about 0.553 at 0.55 mm to about 0.030
at 4 mm. Based on Fig. 2, the energy-weighted values
of v0 and g for each band are used as input to the four-
stream model (Pinker and Laszlo 1992b). Similarly, the
measured aerosol optical thickness at each site is weight-
ed by the incoming solar energy for each band and is
used in the radiative transfer calculations.

For the water-soluble aerosols, including the smoke
particles, the light-scattering coefficient ss increases as
ambient relative humidity RH increases. The humidifi-
cation factor, which is a measure of this increase, is
defined as ss at 80% RH divided by ss of the dry aerosol
(Kotchenruther and Hobbs 1998). The ss of smoke par-
ticles from various types of fires as a function of RH
were estimated from these measurements and the single-
scattering albedos used in the calculation account for
this humidification factor.

The basic strategy is as follows:

1) For the two control cases over Cuiaba (27 and 30
August), for which near-coincident C-131A airborne
and sun photometer measurements are available,
DSWIs are computed from the radiative transfer
model, and the results are compared with the broad-
band pyranometer measurements made at the sur-
face.

2) For the five validation cases, for which C131-A mea-
surements were not available, average values of v0

and g (from six selected flights), along with standard
tropical water vapor and ozone amounts, are as-
sumed. These values then are used in the radiative
transfer calculations to compute DSWI. The calcu-
lated values are then compared with the ground-
based pyranometer measurements.

We use this approach because it allows us to address
the following questions. In a data-rich environment
(e.g., SCAR-B), how well can we estimate DSWI from
radiative transfer calculations? How do these calcula-
tions compare with the surface-based measurements?
Can we use field experiment data to obtain ‘‘average’’
values of aerosol properties that are applicable to sat-
ellite-based algorithms? For example, after a pixel is
labeled as ‘‘smoke’’ from satellite imagery, radiative
transfer models are required to compute the effects of
aerosols (Charlock and Alberta 1996). To perform these
calculations, knowledge of the microphysical properties
of the smoke is necessary. This study is a first step
toward examining the importance of various aerosol
properties on DSWI and TOA calculations.

4. Results and discussion

a. Comparison between measured and calculated
DSWI values

For the two control cases, the observed DSWI from
the Eppley pyranometer; column optical thickness at

seven wavelengths from the sunphotometer; profiles of
temperature, pressure, dewpoint temperature, potential
temperature, and smoke extinction coefficient; and ver-
tical profiles of v0 are available. However, for 1 Sep-
tember 1995, the in situ measurements are from Pan-
tanal, which is about 100 km from Cuiaba.

Figures 3a,b show the calculated values of DSWI
from the four-stream radiative transfer model and the
observed DSWI from the Eppley pyranometer for 27
August and 1 September 1995 over Cuiaba. The open
circles represent the measured DSWI values and the
‘‘1’’ symbols denote the model-calculated values. Also
shown, by the solid circles, are the measured values of
t s at 0.55 mm. Figure 3a shows the DSWI values chang-
ing from 800 to about 200 W m22 from 1500 to 2000
UTC over Cuiaba on 27 August. Note that, on this day,
the C-131A measurements were made between 1633 and
2027 UTC. Six overpasses were made over the sun-
photometer, and uniform thick smoke was observed dur-
ing the time of the C131-A measurements (Kaufman et
al. 1998). During this day, fires and smoke were also
observed from satellite measurements over much of this
region (Prins et al. 1998). Figure 3a shows that, during
this time, the sunphotometer measured t s (0.55 mm)
values (solid circles) that varied from 0.6 to 0.8, with
peak values between 1900 and 2000 UTC. The calcu-
lated DSWI values are in excellent agreement with the
pyranometer measurements for this day over Cuiaba.
The root-mean-square (rms) difference between ob-
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FIG. 4. Normalized differences between measured and calculated values as a function of
aerosol optical thickness for all case studies. Large crosses indicate std dev.

TABLE 2. Bias (observed 2 calculated) (W m22) and root-mean-
square errors (W m22) for the study.

Location Date
Mean t s

(0.55 mm)
Rms
error Bias

Cuiaba
Cuiaba
Pantanal
Potosi Mine
Potosi Mine
Potosi Mine
Potosi Mine

27 Aug 1995
2 Sep 1995

30 Aug 1995
4 Sep 1995
5 Sep 1995
6 Sep 1995
7 Sep 1995

0.76
1.13
1.86
2.54
2.34
1.75
1.60

6.17
27.43
69.50
67.90

113.82
80.87
54.51

21.86
27.29
69.44
65.78

111.11
77.60
52.08

served and calculated values for 25 sets of measure-
ments is 6.2 W m22 for 27 August, and the bias error
(observed 2 calculated) is 21.9 W m22. Figure 3b
shows similar results over Cuiaba for 1 September 1995.
The C-131A measurements were made between 1206
and 1445 UTC, when a thick uniform haze was present
(Prins et al. 1998). The sunphotometer and Eppley
cloud-free measurements are available only between
1300 and 1430 UTC. Note the consistently large aerosol
optical thickness values around 1.15 as compared with
Fig. 3a. For the 33 instantaneous measurements on 1
September 1995, the DSWI values are between 500 and
650 W m22. The rms error between the measured and
calculated values is 27.4 W m22, and the bias error is
27.3 W m22. From these two cases, it is inferred that,
given adequate information about the optical and ra-
diative properties of biomass-burning aerosols, the
DSWI values can be calculated to within 30 W m22.
The differences between the measurements and calcu-
lations probably are due to temporal lack of collocation
between the UW C-131A measurements and the sun-

photometer measurements, assumptions concerning the
wavelength dependency of v0 and g, and, the assump-
tion that the C131-A measurements made during a par-
ticular time are representative of the entire time period.

For the validation cases, only the observed t s and the
DSWI measurements are available. Therefore, average
values of v0 and g are used to calculate the DSWI from
the four-stream radiative transfer model. The reason for
this approach is to determine if average values of aerosol
properties are adequate for DSWI calculations. Standard
water vapor, temperature, and ozone profiles for the
tropical atmosphere are assumed. The average value of
v0 at 0.55 mm is 0.823, and g is 0.553; the wavelength
dependence of these values is shown in Fig. 2. Figure
4 shows the relationship between observed-minus-cal-
culated DSWI values as a function of the measured t s

at 0.55 mm for all the seven days, which include both
the control and the validation cases. Also shown in Fig.
4 are the standard deviations in t s and the DSWI values.
Table 2 shows the rms errors for each day. The measured
t s (0.55 mm) ranges from 0.5 to 2.6 over these sites.
As t s increases, the differences between the measured
and calculated values get larger, with a limiting value
of about 150 W m22. For the two control cases (27
August, 1 September) over Cuiaba for which single-
scattering albedo values were available from in situ mea-
surements, the rms errors are 6.17 and 27.43 W m22,
respectively. For five days when measured values of v0

and g were not available, average values were used. The
differences between measured and calculated DSWI are
a linear function of aerosol optical thickness. As t s (at
0.55 mm) increases, the rms errors also increase. In sec-
tion 4b we show that to decrease the differences between
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FIG. 5. The SWARF values at the top of the atmosphere for four different ecosystems as a
function of aerosol optical thickness.

measured and calculated values the aerosols would have
to be less absorptive (i.e., larger v0 values), which
would increase the DSWI. The strategy of assuming
average aerosol v0 values may not be suitable for ra-
diative transfer studies.

Next we examine the effect of biomass-burning aero-
sols at TOA from radiative transfer calculations. Un-
fortunately, no broadband measurements were made at
TOA to validate the results. The difference between
clear and aerosol conditions is defined as SWARF
(Christopher et al. 1998). The results shown in Fig. 5
are for four major ecosystems in Brazil. The four dif-
ferent ecosystems and their corresponding broadband
shortwave clear-sky albedos are 1) forest (10.6%), 2)
mixed forest (12.9%), 3) savanna (16.6%), and 4) grass-
land (14.9%). The SWARF results are shown as a func-
tion of aerosol optical thickness at 0.55 mm. These cal-
culations are performed at a solar zenith angle of 45 for
a tropical atmosphere. The v0 values are assumed to be
0.88 for all ecosystems and are average conditions for
regional and aged smoke (Reid et al. 1998b). The wave-
length dependence of single-scattering albedo is ob-
tained from Fig. 2. As t s increases, SWARF also in-
creases because of the increased reflection from aero-
sols. For a unit change in aerosol optical thickness (from
0 to 1), the change in SWARF for the forest, mixed
forest, savanna, and grassland ecosystems is about 260,
255, 237, and 243 W m22. This change in SWARF
for a unit change in aerosol optical thickness could be
different for different solar zenith angles and values of
the assumed single-scattering albedo and surface albedo.
For a given ecosystem, the change in SWARF at TOA
is strongly dependent upon the assumed surface albedo.

As t s changes from 1 to 2, SWARF changes at a much
slower rate.

b. Sensitivity of calculated DSWI to aerosol and
ambient parameters

To understand the differences between the measured
and calculated DSWI values, we will now examine the
sensitivity of several model parameters to DSWI using
the four-stream radiative transfer calculations. The fol-
lowing model parameters are examined: 1) aerosol op-
tical thickness, 2) single-scattering albedo, 3) asym-
metry parameter, 4) surface albedo, 5) column water
vapor amount, and 6) column ozone amount.

As a first test, the sensitivity of DSWI to a range of
aerosol optical thickness at 0.55 mm is examined as a
function of solar zenith angle. To perform these cal-
culations, v0, surface albedo, g, column water vapor,
and ozone amounts are fixed. The column v0 (at 0.55
mm) for smoke aerosols between 0 and 4 km is assumed
to be 0.823, and the column g value is 0.55. By varying
the t s values while holding all other parameters con-
stant, the sensitivity of the DSWI values to t s can be
estimated. Figure 6a shows that the calculated values of
DSWI are extremely sensitive to the assumed values of
t s. As t s increases at a given solar zenith angle u0, the
amount of SW energy at the surface decreases. Also,
for a constant value of t s, a larger solar zenith angle
produces lower DSWI values. For example, at u 5 31.78
[cos(u0) 5 0.85], as t s varies from 0.5 to 1.0, the DSWI
value changes from 750 to 600 W m22. The radiative
transfer calculations show that an uncertainty of 0.1 in
t s (and for the range of smoke optical thickness and
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FIG. 6. Sensitivity of calculated DSWI to (a) aerosol optical thickness, (b) single-scattering
albedo, (c) asymmetry parameter, (d) surface albedo, (e) column water vapor, and (f ) column
ozone amount.

solar zenith angles that are considered here) will yield
an uncertainty of about 20–30 W m22 in DSWI, assum-
ing that all other variables (e.g., g, v0) are known. Fig-
ure 6b shows the sensitivity of the calculated DSWI
values to v0 at different solar zenith angles. The column
t s is assumed to be 0.95 at 0.55 mm. For a given u0,
as v0 increases, the DSWI values increase from the
scattering, which is predominantly in the forward di-
rection. At a u0 of 31.78, a change in v0 between 0.80
and 0.85 produces an increase in DSWI of about 25 W
m22. Figures 6c–f show only small changes in DSWI
as g, surface albedo, column water vapor, and column

ozone are varied. A change in g of 10% (between 0.55
and 0.60) produces a change in DSWI of less than 10
W m22. A 40% change in surface albedo (from 10% to
14%) produces a DSWI change of less than 10 W m22.
Similar changes can be seen in Figs. 6e,f when column
water vapor and column ozone values are changed.
From Fig. 6 we conclude that the DSWI calculations
are sensitive primarily to the assumed values of t s and
v0. Both t s and v0 must be estimated to within 10%–
12% to obtain DSWI values within 20 W m22, which
means that t s and v0 must be estimated to within 0.1
and 0.05, respectively. Therefore, if global retrievals of
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FIG. 7. Tuning single-scattering albedo to match measured and calculated values for Potosi
Mine on 5 Sep 1995: (a) wavelength dependence of the single-scattering albedo and (b) calculated
DSWI values.

DSWI are to be done on a routine basis using satellite
and radiative transfer calculations, new methodologies
must be developed to estimate t s and v0 accurately.

Having determined that t s and v0 are the two major
parameters that affect the calculation of DSWI, we will
now further examine the data from Potosi Mine on 5
September 1995, for which the rms errors between the
measured and calculated values were the largest (113.8
W m22; see Table 2). Because the t s values are obtained
from sunphotometer measurements that have a small
uncertainty (;0.01), we will assume that v0 is the only
variable that needs to be adjusted to reduce the rms
errors, because the other variables, as shown in Fig. 6,
play a minor role. Figure 7a (solid line) shows the v0

values at 0.55 mm as a function of wavelength that
produced an rms error of 113.8 W m22. The DSWI
values at the surface corresponding to this set of v0

values are shown in Fig. 7b (as the ‘‘1’’ symbols).
Because the model underestimates the DSWI values, the
v0 values need to be increased (to make the aerosols
less absorptive and to increase scattering to produce
higher DSWI values at the surface). We will adjust the
entire v0 curve, instead of changing the value at a par-
ticular wavelength. Figure 7a (dotted lines) shows the
results of a 10% increase (from 0.823 to 0.906) in v0,
and in Fig. 7b the ‘‘*’’ symbols show the corresponding
changes in DSWI values; the rms errors decreased from

113.8 to 55.2 W m22. A 15% increase in v0 (from 0.823
to 0.943) results in a decrease of rms errors from 113.8
to 17.9 W m22. This is an extreme case in which the
rms errors were large (113.8 W m22) to begin with. This
range of single-scattering albedo is consistent with other
SCAR-B studies (e.g., Dubovik et al. 1998). Although
changes to v0 alone can reduce the rms errors between
the measured and calculated DSWI values, in an op-
erational algorithm t s values may at the same time also
have to be adjusted to provide the desired accuracy in
the estimation of DSWI values.

5. Summary

Biomass-burning aerosols play a significant role in
modulating the radiative energy budgets on both re-
gional and global scales. Characterizing biomass-burn-
ing aerosols in radiative transfer models is generally
difficult because of inadequate information on aerosol
microphysical properties such as optical depth and sin-
gle-scattering albedo. During the SCAR-B 1995 field
campaign in Brazil, detailed measurements were ob-
tained on aerosol microphysical properties from the UW
C-131A aircraft and from ground-based sunphotometer
measurements. In this study, we have used a four-stream
radiative transfer model to calculate the downward
shortwave irradiances for two days over Cuiaba, where
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near-coincident aircraft and sunphotometer measure-
ments were available. The calculated DSWI values have
been compared with broadband Eppley pyranometer
DSWI measurements at the surface. For these two cases,
it is shown that the rms differences between the cal-
culated and measured DSWI values are less than 30 W
m22. However, when single-scattering albedo values had
to be assumed (rather than measured), the rms ranged
from 55 to 114 W m22. The difference between mea-
sured and calculated values increases as the optical
thickness increases. If one assumes a ‘‘wrong’’ single-
scattering albedo, then as the total optical thickness in-
creases the error in the scattering optical thickness will
also increase, which, in turn, leads to an increase of the
error in the irradiance at the surface. We conclude that
v0 must be known to within 0.05 and t s must be known
to within 0.1 to estimate DSWI to within 20 W m22.
When aerosol optical thickness data are available, a sim-
ple first-order tuning of v0 can reduce the rms errors
from 113.8 to 17.9 W m22. This study is a first step
toward understanding the surface shortwave radiative
impact of biomass-burning aerosols. It also is shown
that at TOA the shortwave radiative forcing per unit
optical thickness is on the order of 220 to 260 W m22

depending upon the solar zenith angle, surface albedo,
and the assumed values of single-scattering albedo.
More detailed validation studies are needed over dif-
ferent ecosystems, and knowledge of the wavelength
dependencies of v0 and t s are necessary to improve
radiative transfer calculations. Although the Aerosol
Robotic Network program (Holben et al. 1998) provides
continuous information on aerosol optical depth over
several regions of the earth, it is equally important to
measure the DSWI values over biomass-burning regions
in order to validate the retrievals made from satellite
measurements.
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