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Assessment of smoke aerosol impact on surface solar
irradiance measured in the Rondénia region of Brazil
during Smoke, Clouds, and Radiation - Brazil

T. A. Tarasova,"? C. A. Nobre,! B. N. Holben,® T. F. Eck, and A. Setzer®

Abstract. The impact of smoke aerosols on the surface solar irradiance in the
Rondonia region of Brazil is examined. The climate of this region is subequatorial
with two distinct seasons. There is a sharp decline of the precipitation and
cloudiness during the dry season which lasts from June to September accompanicd
by anthropogenic burning of savanna and forest in August and September with the
resultant strong emission of smoke into the troposphere. Thus the magnitude of
the column aerosol optical depth increases in these months while both precipitable
water and cloud amount decrease in accordance with the seasonal cycle of humidity.
All these atmospheric constituents influence the magnitude of the solar irradiance
at the surface. In order to assess the aerosol and gaseous effects on the surface
irradiance as compared with impact of cloudiness, we performed the clear-sky
radiative transfer model calculations by employing a broadband radiation code and
both aerosol optical depth and precipitable water retrieved from Sun photometer

measurcments. Calculation results show that the elevated aerosol optical depth
observed in Rondonia during August and September causes a negative trend in
the daily mean clear-sky surface solar irradiance during this period. Since the
daily mean solar irradiance measured at the surface under all-sky conditions
demonstrates a similar negative trend, it can be explained by the aerosol influence
while the effect of clouds appears in the daily variations of the irradiance. It was
also shown that smoke aerosols cause a decrease of the monthly mean values of
all-sky surface irradiance in August and September as compared with July and
October. Corresponding decreases in the near surface air temperature due to the

smoke aerosols were not found.

1. Introduction

The state of Rondonia, Brazil, is located in the south-
ern part of the Amazonia basin. It has a subequatorial
climate characterized by high temperatures and humidi-
ties throughout the year. Nevertheless, seasonal varia-
tions of meteorological variables are observed on the
ground as well as variations of water vapor amount,
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cloud amount, and aerosols in the atmosphere related
to the change of the wet and dry seasons [Gash et al.,
1996]. The dry period is June to September, often
with several weeks without rain, and the wettest pe-
riod is December to April. The dominant vegetation
of the Rondonia region is tropical rain forest. Progres-
sive clearence related to agriculture results in biomass
burning which occurs from August through September
each year in the end of the dry scason. Therefore a
large amount of smoke acrosols is emitted into the tro-
posphere during this period.

A large body of climatological data was obtained dur-
ing the Anglo-Brazilian Climate Observational Study
(ABRACOS) conducted in Amazonia from 1991 to 1993.
In the Rondoénia region, the measurements of the up-
ward and downward radiative fluxes as well as mete-
orological variables were taken by automatic weather
station at two observational sites established near Ji-
Parand. The climatological data of surface solar irra-
diance, humidity, and surface air temperature collected
during ABRACOS from 1991 to 1993 are presented by
Culf et al. [1996] without analysis of the main causes of
seasonal variations of these variables. In this study we

19,161




19,162

will investigate the data of surface solar irradiance and
meteorological variables obtained at the ABRACOS site
Reserva Jaru from 1992 to 1995. In order to estimate
the effects of water vapor, ozone, and smoke aerosols on
the clear-sky solar irradiance incoming at the surface,
radiative transfer model calculations were performed
by employing a broadband radiative transfer code and
available data of aerosol optical depth and precipitable
water obtained in August and September 1995 during
the Smoke, Clouds, and Radiation - Brazil (SCAR-B)
mission. The broadband radiation code developed for
this study has the principal features of the shortwave ra-
diative transfer codes employed in atmospheric general
circulation models. The water vapor selective absorp-
tion, ozone continuum absorption, molecular scatter-
ing, and aerosol scattering and absorption are computed
in 17 spectral intervals by using the Delta-Eddington
method for the solution of the radiative transfer equa-
tion in 23 atmospheric layers. The daily and monthly
mean values of clear-sky surface irradiance computed by
the radiative transfer code were analyzed in conjunction
with data obtained from continuous irradiance measure-
ments at the Reserva Jaru site and in this way smoke
aerosol effect on the all-sky irradiance was assessed.

Accurate calculations of surface radiative fluxes by
- atmospheric general circulation models are a prerequi-
site for adequate simulations of a regional climate. Nev-
ertheless, recent studies indicate substantial uncertain-
ties between measured and simulated solar irradiances
at the Earth’s surface [Wild et al., 1995; Le Rouz et
al., 1994]. The probable causes of these discrepancies
are the deficiencies in the shortwave radiative transfer
schemes, as well as the inaccurate simulation of the op-
tical parameters of the atmosphere and cloud cover by
the models. In order to study the accuracy of the short-
wave radiative schemes under the clear-sky conditions,
the comparisons were performed for the ground-based
observations of the surface solar irradiance taken in con-
junction with Sun photometer measurements [Tarasova
et al., 1992; Kato et al., 1997]. It was shown that the
difference can reach 40 W m™2. Therefore further com-
parisons are required to estimate the accuracy of short-
wave radiation codes in various atmospheric conditions.
In this study, we compare the modeled and measured
clear-sky surface irradiances using data sets obtained
during SCAR-B at the observational sites of Cuiabd and
Potosi Mine.

The observational sites Reserva Jaru, Cuiabd, Po-
tosi Mine, and Ji-Parana, where Sun photometer, pyra-
nometer, and surface air temperature measurements
were taken during SCAR-B are described in section 2
as well as instruments utilized for the measurements.
Section 3 presents the annual cycle of cloudiness in the
Rondénia region based on the satellite data as well as
seasonal variations of meteorological variables obtained
from the long-term measurements at the Reserva Jaru
site. Section 4 describes the radiative transfer code de-
veloped and presents a comparison of the calculated and
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measured clear-sky surface irradiances at the Cuiaba
and Potosi Mine sites. In section 5 we describe the
daily and monthly mean values of the clear-sky surface
irradiance at the Reserva Jaru site computed by the ra-
diative transfer code and analyze them in conjunction
with all-sky surface irradiance continuously measured
at this site. The results and conclusions are discussed
in section 6.

2. Description of Observational Sites
and Instruments

Simultaneous measurements of the direct beam so-
lar radiation and the broad band solar irradiance were
taken in August and September 1995 at two observa-
tional sites, one in the Rondénia region: Potosi Mine
(9°16'S,62°52'W) and another in Mato Grosso: Cuiaba
(15°30'S,56°00'W). The direct beam solar radiation
was measured every 15 min by a Cimel Sun photometer
at the wavelengths 340, 380, 440, 500, 670, 870, 940,
and 1020 nm [Holben et al., 1996}. The derivation of
the aerosol optical thickness at 500 nm was accurate
to 0.02. The broadband solar irradiance measurements
were taken at a 1 to 5 min sampling interval depending
on the site [Eck et al., 1998]. The total solar irradi-
ance (285-2800 nm) was measured with Eppley preci-
sion spectral pyranometers, and photosynthetically ac-
tive radiation (PAR) (400-700 nm) was measured with
Skye-Probetech PAR Energy sensors (SKE-510). The
errors in measured irradiance are estimated to be ap-
proximately 1.5-3.0% for both sensors [Eck et al., 1998].
The Potosi Mine site is an abandoned tin mine, with
only sparse vegetation and bare soil for a distance of at
least 200 m from the instruments, and with dense for-
est surrounding the clearing of the mine site. The Sun
photometer and pyranometer at the Potosi Mine site
were located on top of a small hill within the cleared
mine site, with an unobstructed horizon in all direc-
tions. The surface in Cuiaba is savanna with a mixture
of buildings and parking lot in the immediate vicinity.
The Sun photometer and pyranometers were located on
the roof of one of the buildings of the Brazilian Insti-
tuto Nacional de Pesquisas Espaciais (INPE), affording
a nearly unobstructed horizon in all directions.

Sun photometer measurements were taken also at
the Ji-Parand site (10°51'S,61°47'W) by the Cimel Sun
photometer mounted on the top of a water tower, about
25 m above ground level, on the immediate outskirts of
the town, with the surface surrounding the site com-
posed of a mixture of buildings, roads, and vegeta-
tion. The observations of the incoming solar radia-

tion, net all-wave radiation, near surface air tempera-
ture, and humidity were conducted at the Reserva Jaru
(10°05'S,61°55'W) site of ABRACOS located about 80
km north of Ji-Parand where the automatic weather
station was mounted on the top of a 52 m tall tower,
while the mean height of the forest canopy was 33
m. The total downward solar (300-3000 nm) and net
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all-wave radiation were measured by CM-5 solarimeter
(Kipp and Zonen, Delft, Netherlands) and by a single
dome Q*6 radiometer (Radiation Energy Balance Sys-
rem , Seattle, Washington), respectively, at a 5 min
sampling interval. The error in measured fluxes, which
were recorded as hourly average data, is estimated to
be about £1% and +£3%, respectively. The near sur-
face air temperature and dew point temperature were
recorded every 10 minutes by wet and dry bulb platinum
resistance thermometers (Didcot Instrument Company,
Abington, England), and then averaged over 1 hour.
These thermometers are accurate to £0.1 C. The wa-
ter vapor pressure was calculated by using dew point
temperature data [Tetens, 1930].

3. Background Climatology

" climate of the Rondénia region is characterized
vy a strong change of the monthly precipitation from
200 mm in April down to 5 mm in July [Nobre et al.,
1996]. The dry period is June to Septernber when a cor-
responding decrease of the cloud cover and cloud water
content also occurs. There are few ground-based ob-
servations of the cloudiness in Amazonia and central
Brazil. Satellite observations from 1987 to 1988 over
the Ji-Parand region show that the monthly mean cloud
cover changes from 80% in April to 15% in July, 25% in
August, and 55% in September [Rossow and Schiffer,
1991]. The conventional visual observations at the air-
port in Porto Veltho, located about 250 km northwest of
Ji-Parané, recorded scattered cloudiness of middle and
high levels with cloud cover less than 50% from August
15 till September 15, 1995, during SCAR-B.

In order to describe background meteorological con-
ditions in the Rondénia region, we computed monthly
mean values of the radiative and meteorological vari-
ables, continuously measured at the Reserva Jaru site
from 1992 to 1995, and averaged them over 4 years. The
daily average solar irradiance incoming at the top of the
atmosphere, S, and at the surface, S, is shown in
Figure 1a, while Figure 1b presents daily minimum and
daily maximum surface air temperatures, Tiin,Zmax,
and daily average water vapor pressure e. The values
of Siop were calculated using the solar constant 1367
W m~?2 [Frohlich and London, 1986]. The minimum of
Tmin and e occurs in July with 1 month delay compared
to the minimum of Siop, in June. The quite different an-
nual cycle of the monthly mean daily maximum surface
air temperature was found. The values of Tin,x increases
from April to July, probably, due to increasing of S;
related to the decrease of cloudiness during dry season.
The decreasing of the surface solar irradiance in August
and September as compared with July and October is
related to the smoke aerosol impact as shown in sec-
tion 5. Note that the maximum temperature changes
slightly in these months. Data obtained in 1995 are
also shown in Figures la and 1b. As a result of lower
cloud cover and lower rainfall, the higher temperatures
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Figure 1. (a) Monthly mean values of incident solar
irradiance computed at the top of the atmosphere, Siop,
and measured at the surface at the Reserva Jaru (RJ)
site, S;. (b) Daily minimum and daily maximum surface
air temperatures, Tiin,Tmax, and daily average water
vapor pressure e measured at RJ site. Asterisks, 1995
data; triangles, 1992-1995 averages.

compared to 4-year averages were observed from May
to September 1995 which lead to the extensive biomass
burning in that year.

4. Methodology for Computation
of Solar Irradiance

The clear-sky radiative transfer model calculations
were performed by the broadband radiative transfer
code described in this section. Inputs in the code are
the aerosol optical depth and precipitable water mea-
sured by Sun photometer. Optical and physical pa-
rameters of the atmosphere which were not available
from the SCAR-B field measurements were obtained
from standard atmospheric profiles of meteorological
elements and aerosol models. Thus the aerosol single-
scattering albedo wy and asymmetry parameter ¢ of the
phase function of aerosol particles computed by Mie the-
ory for three aerosol models were utilized. The values of
these parameters in different spectral ranges are shown
in Table 1. The continental aerosol model [World Me-
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Table 1. Aerosol Single-Scattering Albedo wq and
Asymmetry Parameter g at Wavelength 0.5 ym and
Also Averaged Over Three Near-Infrared Bands

0.5 pm 0.7-1.22 pm  1.22-2.27 pm  2.27-5 pm

Continental Aerosol Model

wo 0.891 0.835 0.764 0.696

g 0.637 0.632 0.663 0.779

Smoke Aerosol Model

wo 0.866 0.813 0.722 0.588

g 0.623 0.609 0.603 0.631
Stratospheric Aerosol Model

wo 0.999 0.999 0.999 0.440

g 0.726 0.636 0.437 0.173

teorological Organization (WMO), 1986] consists of an
in situ origin submicron mode (29% of the total vol-
ume), mineral coarse particle mode (70%), and a fine
mode of soot (1%). The following average composition
of smoke acrosols was obtained during SCAR-B [Artazo
et al., 1996]: 71% submicron particles, 17% coarse par-
ticles, 7% oceanic particles, and 5% soot. We calculated
the values of wg and ¢ for this smoke model also and
used them in the tropospheric layers, while the strato-
spheric aerosol model [WMO, 1986] was incorporated
in the stratosphere. Some numcrical experiments were
made with the continental acrosol model in the tropo-
sphere, as well as with the transformed smoke model,
in which the aerosol single-scattering albedo at 550 nm
was changed to wss0 = 0.95 with the same shape of the
spectra.

4.1. Broadband Radiative Transfer Code

The radiative transfer scheme is based on the verti-
cally inhomogeneous Delta-Eddington technique [Joseph
et al., 1976]. Computations arc carried out for 14
intervals in the visible and ultraviolet solar spectrum
(0.2 pm < A < 0.7 pm) and for three bands in the near
infrared region: (0.7 pm < A < 1.22 pm), (1.22 pm <
A< 227 pm), and (2.27 pm < A < 5.0 pm). The up-
per boundary of the third band is 2.8 um for the case
of comparison with pyranometer measurements and is
10.0 pm in comparisons with line-by-line calculations.
The molecular scattering, absorption, and scattering by
acrosol particles, as well as the absorption by the water
vapor and ozone are taken into account. In order to cal-
culate the solar radiation absorption by water vapor in
the scattering aerosol layer, the k-distribution method
[Wiskombe and Evans, 1977) is utilized by incorporat-
ing the effective parameterizations for the k-distribution
function presented by Chou and Lee [1996]. To compute
the solar radiation absorption by ozone, the broadband
absorption coefficients of O3 prepared by Briegleb [1992)]
are adopted. In the computations of the integral solar
irradiance, we use the extraterrestrial solar spectrum
presented by Frohlich and London [1986].
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4.2. Parameters of the Atmosphere
and the Surface Adopted for Use
in the Radiative Transfer Code

The following atmospheric parameters were adopted
for use in the radiative transfer code from standard
models. The vertical profile of the molecular scatter-
ing coefficient is computed by Pendorf’s [1957] formula.
The height distribution of ozone amount is either trop-
ical atmosphere profile or midlatitude summer profile
[McClatchey et al., 1972]. The normalized height dis-
tribution of the water vapor amount is one of two stan-
dard atmosphere profiles divided by its column water
vapor amount. The normalized height distribution of
the aerosol extinction coefficient in the boundary layer
of the atmosphere is either convective (CONV) or con-
tinental (CONT-I) profiles [ WM O, 1986] divided by the
corresponding surface extinction coefficient ;. The
aerosol extinction coefficient at 550 nimn has exponential
distribution with height in the lower 4 km atmospheric
layer in the first case (CONV), ¢ = g, exp(—2/1.0),
and it is constant in the lower 2 km layer in the sec-
ond case (CONT-I), e = ¢, = 0.1 kin~!. The surface
albedo over savanna and clearings were assumed to be
0.06 in the visible spectrum and .28 in the near in-
frared as well as 0.04 and 0.22, respectively, over the
tropical forest. These values of surface albedo are pre-
sented by Briegleb [1992] for the medium/tall grassland
and evergreen broadleaved forest. The corresponding
integral surface albedo is in a good agreement with the
data measured in Amazonia from 1991 to 1993 at the
ABRACOS sites [Culf et al., 1995]: 0.17 over the grass-
land and 0.14 over the forest in September.

4.3. Testing of the Radiative Transfer Code

The accuracy of the broadband radiation code can
be estimated when compared to available reference cal-
culations and observational data. Table 2 presents the
solar radiation absorption by water vapor and ozone in
the atmospheric column computed by the broadband
radiative transfer code (BRTC) developed for the study
and by two precise line-by-line (LBL) techniques [Chou
and Lee, 1996; Fomin and Gershanov, 1996]. The LBL
calculations of Fomin and Gershanov [1996] were per-
formed for gaseous atmosphere with and without incor-
porating the models of continual absorption by water
wapor {Clough et al., 1989] as well as of CO» and O ab-
sorption bands. The difference related to the water va-
por continual absorption is about 10 Wm™? computed
for midlatitude summer atmosphere at the solar zenith
angle equal 30°. The difference is about 9 Wm™2 due
to both CQOs and Os absorption. Also the additional
water vapor selective absorption was about 5 Wm ™2 in
the visible region of solar spectrum less than 0.7 pm.
These fine effects were not incorporated in the broad-
band code. We are planning to include them in the
next version of the code and also perform detailed com-
parisons with LBL calculations. On the other hand,
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Table 2. Absorption of Solar Radiation in the Atmosphere-Surface
System, at the Surface, and in the Atmosphere Column, Calculated

for the Midiatitude Summer Atmosphere

Water Vapor

Ozone + Rayleigh

Radiation Codes

Chou and Lee [1996]
BRYC

Chou and Lee [1996]
BRTC

Chou and Lee [1996]

BRTC

Fomin and Gershanov [1996]
Fomin and Gershanov [1996]*

0.7-10.0 pm 0.2-0.7 pm

f = 30° 60° 30° 60°
Atmosphere-Surface Absorption
543.4 315.0 429.0 236.2
$44.% 3160 4245 2340

Surface Absorption
369.4 2023 3945 2114
368.6 2016 390.6 209.5
Atmosphere Absorption

174.0 1127 34.5 24.8
176.2  114.7 34.0 24.5
177.1
187.8

Units in Wm™2.

The surface albedo is set to 0.2; 8 is the solar zenith

angle. BRTC, broadband radiative transfer code.
2The model of continual absorption by water vapor is incorporated.

models of continual absorption by water vapor, COs
and Oz should be more thoroughly tested themselves.
At present, there arc few line-by-line calculations of
solar radiative fluxes in the scattering aerosol atmo-
sphere with gaseous absorption. In order to preparc
test cases for further comparisons, we performed com-
putations for the tropical standard atmosphere run-
ning the broadband radiative transfer code two times,
with and without aerosols. In the troposphere, the
values of aerosol single-scattering albedo and asymme-
try parameter as well as the normalized acrosol opti-
cal depth wavelength dependence are from the smoke
aerosol model. Table 3 shows the solar radiation ab-
sorption by water vapor and ozone in the molecular
scattering atmosphere in the first column. In the sec-
ond column there is the change of absorption due to the
background aerosols characterized by the following pa-

rameters: extinction coefficient at the surface e; = 0.2
km ™!, column optical thickness 1559 = 0.22, and CONV
profile of e. Then e, was increased by 2, 4, and 8 times.
With the increase of the aerosol extinction coefficient
the solar radiation absorption increases in the atmo-
sphere and decreases at the surface. The total effect
is the decreasing of the absorption in the atmosphere-
surface system. Almost the same values of the solar
radiation absorption were obtained with another ver-
tical profile, CONT-I, of the aerosol extinction coef-
ficient for the same column aerosol optical thickness.
The difference was less than 3 Wm~2. On the con-
trary, the profiles of the solar heating rate differ for
CONT-I and CONV height distributions. In the first
case the strongest heating rate is near the top of the 2
km aerosol layer, and in the second case it is near the
surface.

Table 3. Absorption of Solar Radiation in the Tropical Atmosphere by Water
Vapor and Ozone, and Change of Absorption due to the Smoke Aerosol Impact
Computed With the Aerosol Optical Thicknesses 7550 = 0.22,0.42,0.81,1.6

H.O,03 &5,=02 km™! &, =04 km™" £s=0.8km ™' g, =1.6 km™!
(% Ravlmgh T550 = 0.22 T550 = 0.42 Ts550 = 0.81 Ts50 — 1.60
Atmosphere-surface absorption
30° 968.5 -0.1 -1.1 -3.1 -6.1
60° 547.2 -9.8 -16.2 -25.1 -34.1
Surface Absorption
30° 745.4 -32.5 -63.6 -123.7 -232.7
60° 401.7 -34.4 -62.3 -109.5 -180.3
Atmosphere Absorption
30° 223.1 +32.4 +62.5 +120.6 +226.6
60° 145.5 +24.6 +46.1 +84.4 +146.2

Units in W m™2. Variable £, is surface aerosol extinction coefficient at 550 nm; 6 is
solar zenith angle; the surface albedo is set to 0.2.
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Table 4. Six Time Periods During SCAR-B When the Measurements of
Both Aerosol Optical Depth and Broadband Solar Irradiance Were Taken

Under Cloudless Conditions

Period  Site Date Local Standard Time  Tsso0 P,
I Cuiaba Aug. 28, 1995 7:30-11:45 034 1.89
11 Cuiaba Aug. 28, 1995 12:00-14:30 043 1.87
111 Cuiaba Aug. 27, 1995 11:45—-16:00 0.74 141
v Potosi Mine  Sep. 4, 1995 8:30—-10:15 194 3.56
v Potosi Mine  Sep. 4, 1995 9:00-10:45 214 4.13
VI Potosi Mine  Sep. 4, 1995 11:00-12:00 246 4.30

Variable Tss0, column aerosol optical thickness at 550 nm; Py, total precip-

itable water in centimeters.

Six time periods when Sun photometer and surface
irradiance measurements have been taken under cloud-
less conditions at the Cuiaba and Potosi Mine sites were
selected for the comparison of modeled and measured
clear-sky surface solar irradiances. Table 4 presents the
aerosol optical thickness 7550 at the wavelength 550 nm
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Figure 2. (a) Aerosol optical thickness at 550 nm

(AOT550) measured by Sun photometer during six
time periods shown in Table 4, and (b) the normal-
ized wavelength dependence af aerosol optical depth,
AOT/AOT550, averaged for each period; the solid
curve presents AOT/AOT550 computed for continen-
tal aerosol model, and the dashed curve is for the smoke
aerosol model.

and precipitable water P, obtained for each period.
The values of 7559 were computed by interpolating the
values of Ts00 and Tg7o derived from Sun photometer
measurements at 500 and 670 nm, respectively. Precip-
itable water (P,) was retrieved from Sun photometer
measurements at 940 nm. Figure 2a shows the values of
7550 measured every 15 min, and Figure 2b presents its
normalized wavelength dependence, 7)/7s50, averaged
for each period. There are the fairly good agreement
between measured and modeled aerosol optical depth
wavelength dependences in the visible range for both
smoke and continental models. The photosynthetically
active radiation (0.4 um < A < 0.7 ym) and total solar
irradiance (0.285 um < A < 2.8 ym) also measured at
the Cuiabd and Potosi Mine sites during these periods
are shown in Figure 3 as a function of cosine of solar
zenith angle.

The values of the aerosol optical depth and precip-
itable water obtained from sun photometer measure-
ments taken every 15 min at the Cuiabd and Potosi
Mine sites served as inputs in the radiative transfer
code. Calculations were performed with either mea-
sured or modeled aerosol optical depth normalized wave-
length dependence in the visible region. Note that there
is no substantial difference between computed visible
solar irradiances at the surface in these cases. Mod-
eled aerosol optical depth wavelength dependence was
used in the near infrared range due to the lack of sun
photometer measurements at wavelengths greater than
1020 nm. Figure 3a shows the photosynthetically active
radiation (PAR) computed by the code. For period I
with aerosol optical depth Ts50 = 0.34 the irradiances
calculated with the smoke acrosol model (w550 = 0.866)
as well as the continental model (wsso = 0.831) are in
a good agreement with the measured data. The use of
the smoke aerosol model in the computations instead of
the continental model results in the smaller difference
between measured and calculated PAR for period II
with 7559 = 0.744. In order to obtain the good agree-
ment for periods V and VI with very high aerosol op-
tical depths F550 = 2.14,2.46, we used the transformed
smoke aerosol model with the aerosol single-scattering
albedo at 550 nm changed to wszo = 0.95 and with
the same normalized wavelength dependence. The in-
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Figure 3. (a) Photosynthetically active radiation
(PAR) and (b,c) total solar irradiance for six time pe-
riods shown in Table 4 and in Figure 2. Measured data
are denoted by symbols, while the values computed with
the continental aerosol model (wi® = 0.89) arc denoted
by solid curves, with smoke aerosol model(wi®® = 0.87)
by dashed curves, and with «w3°® = 0.95 by dotted-
dashed curves.

crease of the single-scattering albedo in heavy smoke
hazes are caused, probably, by a combination of fac-
tors related to aging such as particle coagulation, gas
to particle conversion, and cloud processing of acrosols.
In addition, there is likely a higher fraction of smolder-
ing phase combustion in Rondénia due to some forest
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burning compared to more flaming phase combustion in
the savanna regions around Cuiabd.

Larger uncertainties were obtained between modeled
and measured total solar irradiances. Figures 3b and
3¢ show that even for period I with small aerosol op-
tical depth 7550 = 0.34 there is a difference from 20
to 40 Wm~? obtained with all the above mentioned
aerosol models. This difference is caused, partially, by
solar radiation absorption by COs, O3, and water va-
por continuum which is not incorporated in the code.
Better agreement was obtained for periods 1V,V,VI
(Ts50 > 2.0) when the transformed smoke aerosol model
with wss0 = 0.95 was utilized in the calculations. The
difference between calculated and measured daily aver-
age total solar irradiances is 2 or 3 times smaller than
the difference obtained at high solar zenith angles be-
cause it is computed by integrating instantaneous values
over the day and then dividing by 24 hours. Therefore
the accuracy of the calculations for daily average solar
irradiance by this code should be less than 20 Wm™2.

5. Modeling of Gaseous and Aerosol
Effects on Surface Irradiance

The values of daily average clear-sky solar irradiance
at the surface were computed for 4 days in the be-
ginning of August and for 16 days from mid-August
to mid-September 1995 at the Reserva Jaru site. The
nearest Sun photometer measurements were taken at
the Ji-Parana site located 80 km from Reserva Jaru.
The aerosol optical depth 7550 and precipitable water
P,, derived from Sun photometer measurements served
as inputs in the radiative transfer code. Figure 4 shows
the daily average values of 7550 and P,. The eleva-
tion of Tgs0 after mid-August is related to an increase
in biomass burning and a resultant larger smoke aerosol
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Figure 4. Daily average aerosol optical thickness at
550 nm (AOT550) (pluses), and precipitable water in
centimeters (diamonds). Data were retricved from Sun
photometer measurements taken at the Ji-Parani site
during the first days of August 1994 and from mid-
August to mid-September 1995.
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Figure 5. (a) Daily average incident solar irradiance
S; continuously measured at the Reserva Jaru site in
August and September 1995, as well as computed at
the top of the atmosphere Sy, and at the surface for a
gaseous cloudless atmosphere (diamonds) and gascous
cloudless atmosphere with aerosols (pluses). (b} Daily
maximum and daily minimum surface air temperatures,
Trnax,Tmin, and daily average water vapor pressure e in
millibars measured at the Reserva Jaru site.

emission while the growth of P, is related to the main
seasonal trend of humidity discussed in section 3. The
magnitude of the aerosol optical thickness obtained in
the beginning of August 1994 approaches the preburn-
ing period levels at this site [Holben et al., 1996].

The radiative transfer code was run 2 times, with
and without aerosols. The single-scattering albedo and
asymmetry parameter of the smoke aerosol model were
adopted by the code in the atmospheric layers below 12
km when 7550 < 2.0, while the aerosol single-scattering
albedo at 550 nm was changed to g5y = 0.95 when
Tss0 > 2.0 in accordance with the results described in
section 4. Figure 5a shows the values of the daily av-
erage clear-sky solar irradiance computed by the code
and measured under all-sky conditions, as well as solar
radiative flux incoming at the top of the atmosphere.
Solar irradiance at the top increases during this period
due to the change of the astronomical position of the
Sun-Earth relationship. Both water vapor and ozone
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attenuate the surface solar irradiance by the value that
is in the range from 80 to 100 Wm™?, while the at-
tenuation by acrosols is about 20 Wm™? in the begin-
ning of August, and it is in the range from 70 to 150
Wm™2 during the biomass burning period. The neg-
ative trend in the clear-sky solar irradiance is related
to the smoke aerosol effect. Since an increase of cloud
amount was not observed during this period, the neg-
ative trend in the observed all-sky solar irradiance can
be explained by the aerosol impact. Cloudiness prob-
ably causes the daily variations of the irradiance. On
September 6 a cloudless atmosphere was observed all
day, and good agreement was obtained between calcu-
lated and measured total solar irradiances. The smaller
values of calculated solar irradiance for the last days of
August and first days of September, as compared with
measured data, can possibly be explained by the overes-
timation of the daily average aerosol optical thicknesses
at Reserva Jaru site by using data obtained at Ji-Parand
site. The cloud attenuation which can be approximately
estimated from the difference of the computed clear-
sky surface irradiance and irradiance measured under
all-sky conditions is weak.

In order to reveal the possible aerosol impact on the
daily variations of the meteorological variables, we con-
sidered the surface air temperature and water vapor
pressure measurced at the Reserva Jaru site from the
beginning of August to mid-September 1995. The val-
ues of daily maximum and daily minimum surface air
temperaturcs, as well as daily average water vapor pres-
sure, for this period are shown in Figure 5b. The drop
of both Ty ax and Ty, during events I and II is caused
by the advection of cold air from the south [Marengo
et al., 1997]. The positive trend in T, and e from
mid-August to mid-September is related to their annual
cycle shown in Figure 1b. The only possible aerosol ef-
fect is in the absence of the positive trend in the daily
maximum surface air temperature during this period.

We also calculated the monthly mean daily average
clear-sky solar irradiances for 5 months from June to
October at the Reserva Jaru site. The smoke aerosol
model was adopted by the radiation code. The monthly
mean aerosol optical thickness 7550 and precipitable wa-
ter P, used in the calculations were retrieved from Sun
photometer measurements taken at Ji-Parand site from
August to October 1995 and at the Alta Floresta site

Table 5. Monthly Mean Aerosol Optical Thickness
Tss0 and Precipitable Water P, Measured at Ji-Parana
Site in 1995 and at Alta Floresta Site in 1993

Month TE50 P, cm Site
June 0.11 2.97 AF
July 0.16 2.88 AF
August 1.59 2.43 JP
September 1.71 3.65 JP
October 0.92 4.21 JP

JP, Ji-Parand; AF, Alta Floresta.




TARASOVA ET AL.: SMOKE AEROSOL IMPACT ON SURFACE IRRADIANCE

500 ! T T T =
S

E Stop ]

E F \\\\ ,,’, ;
= 400 - S e -
Lu, E ‘\\\ /// E
3] r N E
z k - . ]
< r e ]
a 300 Pt —
< F PR 1
x r ot ]
o n bt
2y L ]
3 200k ]

[¢]
[72] N ]
100t ‘ ‘ . J 1
2 4 6 8 10 12
MONTH

Figure 6. Monthly mean incident solar irradiance S;
measured at Reserva Jaru site in 1995 (asterisks) and
from 1992 to 1995 (triangles), as well as incident solar
irradiance calculated at the top of the atmosphere Sy,
and at the surface for a cloudless gaseous atmosphere
(dotted-dashed) and for a cloudless gascous atmosphere
with acrosols (dotted).

during the preburning period in June and July 1993.
Table 5 presents 7550 and P, data. The broadband ra-
diation code was run 2 times. with and without aerosols.
Figure 6 shows the calculation results.  The attenu-
ation of the incident solar rradiance by water vapor
and ozone is in the range from 80 to 100 W2 for
these months. The acrosols attenuate the solar irra-
diance by values range from 10 to 20 Wm™2 in June
and July, and from 100 to 110 Wm~? in August and
September.  The smaller values of the calculated so-
lar irradiance for the clear-sky atmospherce in August,
as comparcd with measured solar radiation under all-
sky conditions, are, probably, related to the overestima-
tion of the monthly mean daily average aerosol optical
thickness at the Reserva Jaru site. The comparison of
the clear-sky surface irradiance computed by the code
and surface irradiance measured under all-sky condi-
tions demonstrates that the decrease of both irradiances
in August and September as compared with July and
October is caused mainly by the smoke acrosol impact,
while the effect of cloudiness is small. A decrease of
the monthly mean daily maximum surface air temper-
ature is not observed during these months, as is shown
in Figure 1.

6. Results and Conclusions

The measurcments of both aerosol optical depth and
solar irradiance in August and September 1995 at obser-
vational sites in the Rondonia region and Mato Grosso
provided data for the study of smoke aerosol impact
on the incident solar radiative flux at the surface. A
broadband radiative transfer code was developed and
nsed for the analysis of the observational data. In or-
der to test the radiative transfer code, we compared
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modeled and measured clear-sky solar irradiances for
six time periods of radiation measurcments taken under
cloudless conditions at two sites, one in the Rondénia
region and one in Mato Grosso. The average values of
aerosol optical thickness obtained for these periods are
T550=0.34, 0.43, 0.74, 1.94, 2.14, and 2.46, precipitable
water changed from 1.89 to 4.3, and solar zenith angle
varied from 16° to 68°. For period with small aerosol
optical depth 7559 = 0.34, the total solar irradiances
calculated with the continental aerosol model as well
as a smoke aerosol model overestimated measured data
by the value that is in the range from 20 to 40 W m—2
or from 7 to 9%. This difference could not be elimi-
nated by changing the aerosol single-scattering albedo
at 550 nm since there was a good agreement between
the calculated and measured values of photosyntheti-
cally active radiation (PAR) which differ less than 5
Wm™?. Possibly, changing the single-scattering albedo
in the near infrared region may have resulted in better
agreement with measurements. For high aerosol load-
ing 7550 > 2.0 the solar irradiance computed with a
continental acrosol model, wys0 = 0.89, or with a smoke
aerosol model, wssq = 0.87, underestimated measured
solar irradiance by the values about 40 and 70 W m—2
or 7 and 17%, respectively, while use of the transformed
smoke model with wssg = 0.95 in the calculations de-
creased this difference to less than 5 Wm ™2,

To study the causes of these discrepancies further,
detailed measurements of both aerosol size distribu-
tion, acrosol composition, and spectral aerosol optical
properties should be held in conjunction with broad-
band radiation observations. Incorporating the models
of continuum absorption by water vapor, CO», and O,
as well as water vapor sclective absorption in the visi-
ble spectrum in the radiative transfer code can lead to
the decrease of PAR and total surface solar irradiance
computed for a gascous atmosphere without aerosols at
high solar zenith angles by the values about 7 and 24
Wm™?, respectively. These cffects in the acrosol laden
atmosphere should be investigated more by means of
precise radiative transfer calculations.

The impact of gases and aerosols on the daily av-
erage and monthly mean values of solar irradiance at
the Reserva Jaru site measured under all-sky conditions
were studied by comparing them with computed clear-
sky surface irradiances. Calculations show that solar
radiation attenuation by smoke aerosols cause a neg-
ative trend in the daily average clear-sky solar irradi-
ance at the surface from the beginning of August to
mid-September. The solar radiation absorption in the
atmospheric column by smoke aerosols is comparable
with absorption by water vapor, while the cloudiness
cffect for these dry season months with low cloud cover
is much smaller. Therefore the decrease of the daily
average all-sky solar irradiance observed during these
months is also related to the increase of aerosol load-
ing. The expected drop of the daily maximum surface
alr temperature was not found under the smoke hazes.
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Possibly, the temperature cffect of the aerosols is bal-
anced by the increased solar radiation absorption in the
boundary layer by absorbing aerosol particles versus re-
duced surface solar irradiance from both scattering and
absorption effects. It was also shown by means of the
clear-sky radiative transfer model calculations that the
smaller monthly mean values of all-sky solar irradiance
in August and September as compared to July and Oc-
tober are related to the larger smoke aerosol optical
depths observed in August and September.
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