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ABSTRACT

IMPACT OF BIOMASS BURNING AEROSOLS ON THE CLEAR-SKY
SHORTWAVE RADIATIVE FLUXES

Aerosol radiative forcing is recognized as a key climate change
component, and biomass burning is one of the largest sources of anthropogenic
tropospheric aerosols. Biomass burning aerosols have both a direct radiative
impact by scattering and absorbing solar radiation and an indirect radiative
impact by serving as cloud condensation nuclei. Although our knowledge of the
optical properties of smoke aerosols has been significantly improved during the
past decade through field experiments, there still exists large uncertainty in both
direct and indirect smoke radiative forcings at the Top-of-Atmosphere (TOA) and

at the surface.

Using satellite measurements, direct shortwave radiative forcings of
smoke aerosols are estimated both at the TOA and at the surface. Optical
thickness (1) and single scattering albedo (wg) are the two most important optical
parameters of smoke aerosols in determining their radiative impact. A look-up

table approach is applied to retrieve these parameters using Advanced Very High

i
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Resolution Radiometer (AVHRR) imagery from the NOAA platform. Using NOAA-
14 AVHRR visible reflectances and ground-based t measurements, the oo
values of smoke aerosols are estimated for selected days during both the
Smoke, Clouds and Radiation-Brazil (SCAR-B) experiment held in Brazil during
1995 and for selected days during the Zambian International Biomass Burning
Emission Experiment (ZIBBEE) held in Africa in 1997. The retrieved average
values of wg at a wavelength of 0.64 um range between 0.83 to 0.91, which are in
good agreement with in situ measurements and previous studies. Using the
retrieved wp and observed t values, surface downward shortwave irradiances
(DSW1) are calculated over 4 sites in South America and Africa and are
compared with the ground-based DSWI measurements. Comparisons show that
for 10 out of 14 cases, the root mean square (RMS) errors between model
calculations and observed DSWIs are within 30 Wm™, with the largest error of 51
Wm2. The results indicate that when ground-based values of aerosol t are
available, reasonable estimates of vy can be retrieved from AVHRR imagery
which, in turn, then can be used to characterize biomass burning aerosols in

radiative transfer caiculations.

The Angular Distribution Model (ADM), which is used to convert the
measured solar radiances into fluxes at the TOA, is a key component to obtain
accurate estimates of TOA fluxes. In this study, an ADM for smoke aerosols is
calculated using a discrete ordinate radiative transfer model. Using collocated

Visible and Infrared Scanner (VIRS) data and the Cloud and Earth Radiant

iv
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Energy System (CERES) scanner data from the Tropical Rainfall Measuring
Mission (TRMM) piatform, instantaneous TOA shortwave (SW) fluxes are
estimated using the new smoke ADM and compared with the SW fluxes from the
CERES product for selected days over biomass buming regions in South
America in 1998. The RMS error between the CERES SW fluxes and fluxes
using the smoke ADM is 13 Wm™. The new smoke ADM developed as part of
this study can be used to estimate the radiative impact of biomass burning

aerosols using satellite imagery.

Surface SW fluxes can be estimated from the TOA observed SW fluxes
using the radiative transfer model. In this study, a 3-four stream radiative transfer
model has been modified to account for the biomass burning aerosols so that it
can be used over biomass burning regions. Using in situ measurements of
aerosol optical properties and ground-based measurements of aerosol optical
thicknesses during the SCAR-B experiment, surface DSWI values in the
presence of biomass-burning aerosols are calculated. These DSWI values are
compared with broadband pyranometer measurements made at the surface.
The results show that when near-coincident measurements of o and t are
available, the root mean square errors between the measured and calculated
DSWIs for daytime data are within 20 Wm™. However, when assumptions about
wo have to be made, the differences can be as large as 95 Wm™2. The results
show that t and oo are the two most important parameters that affect DSWI

calculations.
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Finally, one month of VIRS and CERES data in August 1998 over biomass
burning regions in South America and Africa have been processed to study the
instantaneous and diurnally-averaged smoke radiative forcings both at the TOA
and at the surface. The smoke t values are retrieved from the VIRS visible
channel images assuming the oo values of smoke aerosols. The TOA SW fluxes
are calculated using the smoke ADM developed in this study, and the surface
SW fluxes are calculated using the 3-four stream radiative transfer model. From
the number of smoke pixels identified and from the retrieved smoke optical
thicknesses, it is noted that the biomass burning season over South America is
stronger than that over Africa in 1998. Analysis shows that when t (0.64 um) is
1.0, the direct instantaneous TOA Shortwave Aerosol Radiative Forcing
(SWARF) is about =50 Wm™ and the surface downward SWARF is about 210
Wm?. The TOA SWARF per t ranges from -35 Wm to —-50 Wm™. For a t value
of 1.0 and TOA clear-sky albedo of 0.16, the diurnally-mean direct TOA SWARF
ranges from -7 Wm™ to -20 Wm™, and the diurnally-mean surface downward
SWARF ranges from 80 Wm? to 100 Wm™ for g values ranging from 0.80 to
0.90. The resuits from one month of data indicate that smoke aerosols have

significant cooling effect at both the TOA and the surface.

Xiang Li

Department of Atmospheric Science
Colorado State University

Fort Collins, CO 80523

Summer, 2000
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CHAPTER1

INTRODUCTION

Biomass burning is considered to be one of the major sources of trace
gas species and tropospheric aerosol particles (Crutzen et al. 1979). These
aerosols play a significant role in atmospheric chemistry (Andreae 1991), earth
radiation budget (Penner et al. 1992; Hobbs et al. 1997) and climate (IPCC
1995). Widely prevalent in the tropics, anthropogenic biomass burning has
expanded drastically in the last 15 years due to increased deforestation practices
in Brazil's Amazon Basin, as well as due to the clearing of land for shifting
cultivation in South America, Southeast Asia and Africa (Seiler and Crutzen
1980). It is estimated that 114 Tg of smoke is released into atmosphere yearly
through biomass burning, out of which 80% is in the tropical regions (Penner et

al. 1992; Hao and Liu 1994).

Smoke aerosols from biomass burning can significantly modify the earth's
radiation budget (Penner et al. 1992; Hobbs et al. 1997; Christopher et al. 1996).

Smoke aerosols, mainly composed of organic matters and black carbon (Martins
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et al. 1998), reflect and absorb solar radiation and therefore have a direct
radiative effect. They also serve as cloud condensation nuclei (CCN) and have
an indirect radiative effect by modulating cloud properties. The direct smoke
shortwave (SW) Aerosol Radiative Forcing (SWARF) at the top-of-atmosphere
(TOA), defined as the difference of TOA SW fluxes between clear sky and
smoke conditions, is a measure of direct aerosol SW radiative impact due to
biomass burning events. For example, a negative value of SWARF implies that
less solar radiation is available at the surface, thereby producing a "cooling
effect". Previous studies (Penner et al. 1992; Hobbs et al. 1997) indicate that

biomass burning aerosols have cooling effect on the Earth's system.

The radiative impact of biomass burning aerosols is mainly determined by
their optical properties as well as their global spatial and temporal distributions.
Important parameters include the rate of biomass burning, the lifetime of smoke,
the fraction of burned material that goes into smoke, the surface albedo, the
fractional cloud cover, the fraction of smoke that is distributed between land and
ocean, and the optical properties of aerosols, including single scattering albedo,
optical depth, and extinction coefficients. Using these parameters, the direct
TOA SWARF of smoke aerosols can be estimated using a simple radiative
transfer equation (Penner et al. 1992; Hobbs et al. 1997). However, due to the
uncertainty in smoke aerosol characteristics, the estimate of direct TOA SWARF
for smoke aerosols is uncertain. Estimated global-mean values of TOA SWARF

due to biomass burning aerosols are -0.8 Wm? (Penner et al. 1992) and -0.3
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Wm™ (Hobbs et al. 1997), respectively. The TOA SWARF difference between
the Penner et al. (1992) and Hobbs et al. (1997) estimates is the result of
assuming different values of the scattering and absorption efficiencies and the

humidification factor of biomass burning aerosols.

Over biomass burning regions, smoke aerosols are absorptive in the
shortwave part of the electro-magnetic spectrum, where optical thickness (t) and
single scattering albedo (wg) are the two most important optical parameters in
affecting the radiative balance (Lenoble 1991). Aerosol optical properties can be
obtained from in situ measurements (Reid et al. 1998a,b), retrieved from ground-
based measurements (Holben et al. 1996; Eck et al. 1998), and retrieved from
spaceborne measurements (Chu et al. 1998; Liousse et al. 1997). Although the
in situ and ground-based measurements are necessary to validate and carefully
study the radiative effects of aerosols, satellite remote sensing of aerosol optical
properties is the key for obtaining global estimates of aerosol distribution and
aerosol radiative forcing. Due to the uncertainty of surface albedos caused by
non-uniform land surfaces, most of the retrievals of aerosol optical thickness and
single scattering albedo using visible channel of sateilite observations have been
limited to ocean and dark land surfaces (Husar et al. 1997; Stowe and Ignatov
1997; Kaufman and Sendra 1988). Global distributions of UV-absorbing
aerosols also are obtained using measured differences between the 340 nm and
the 380 nm radiances from the Nimbus 7 Total Ozone Mapping Spectrometer

(TOMS) (Herman et al. 1997; Hsu et al. 1996).
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Satellite measurements provide a more straightforward approach for
estimating regional and global TOA SWAREF values for smoke aerosols. Using
the combination of Advanced Very High Resolution Radiometer (AVHRR) and
Earth Radiation Budget Experiment (ERBE) (Barkstrom, 1984) measurements,
the instantaneous direct TOA SWARFs for smoke aerosois were estimated over
South America by Christopher et al. (1996, 1998). The instantaneous SWARF

values can be as high as =70 Wm™, depending on the aerosol concentrations.

Measurements from the ERBE instruments on board NOAA polar-orbiting
satellites and from the Earth Radiation Budget Satellite (ERBS) have provided
important data sets for understanding the Earth Radiation Budget. This effort of
measuring TOA radiative fluxes continues through the subsequent Cloud and
Earth’s Radiant Energy System (CERES) instruments on board the Tropical
Rainfall Measuring Mission (TRMM) piatform and the recently launched Earth
Observing System (EOS) Terra satellite. In both the ERBE and the CERES
scanner products, broadband shortwave (SW) (0.2 — 5.0 um) and longwave (LW)
(5.0 — 50 um) radiances were measured by the scanners. The measured
radiances then were converted to SW and LW fluxes using Angular Distribution
Models (ADM), which relate the TOA radiances at a specific solar and observing
geometry to the TOA fluxes under various surface and atmospheric conditions.
There are a total of 12 ERBE ADMs, derived by combining 5 surface types

(ocean, land, snow, desert, mixed, or coastal) with 4 cloud conditions (clear,
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partly cloudy, mostly cloudy, and overcast) (Green 1987). Although the TOA
radiances were accurately measured with careful calibration procedures, the
accuracy of ERBE TOA fluxes were affected by the accuracy of ERBE ADMs, as
well as the scene identification, which determines the proper ERBE ADM to be
used. Suttles et al. (1992) showed that the estimated SW albedo systematically
increases with increasing viewing zenith angle, and LW fluxes decrease with
increasing viewing zenith angle due to limitations in the ERBE ADM. The limited
number of ERBE ADMs also limits the accuracy of converted ERBE fluxes. To
overcome these problems, the CERES team is developing a new generation of
CERES ADMs (Green et al. 1995). It is expected that increased accuracy of
CERES cloud property determination and the new ADMs can reduce the
uncertainty in the flux conversion by a factor of 3 to 4 (Wielicki et al. 1995).
However, note that in both the ERBE and the CERES projects, the angular
distribution model for smoke is not available. Lacking proper scene categories,
smoke aerosols are usually classified as either clear or partly cloudy in the ERBE
and CERES products. Due to strong absorption of smoke aerosols on solar
radiation and differences in particie size distributions between clouds and smoke,
the ADMs for clouds and smoke could be significantly different. This may cause
uncertainties in the estimation of TOA SW fluxes over biomass burning regions
in the ERBE and the CERES products. The development of an ADM for smoke
aerosols may improve the accuracy of CERES SW fluxes over biomass burning

regions.
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While the TOA radiative energy fluxes are important climatic variables,
equally important are the downward surface fluxes which drive the surface
energy balance. The surface radiative fluxes either can be measured by the
instruments on the surface (Gilgen et al. 1993), or estimated from the satellite
measurements using radiative transfer theory (Pinker and Laszlo 1992; Whitlock
et al. 1993; Zhang and Rossow 1995; Charlock and Alberta 1996). Although
surface observations can provide accurate estimates of the surface fluxes, global
estimates of surface radiative fluxes can only be obtained through satellite
measurements. The solar radiation interacts with clouds, aerosols, and
molecules before reaching the earth. It is typical to use radiative transfer models
(Pinker and Laszlo 1992; Zhang and Rossow 1995) or model-derived
relationships between the TOA and surface SW fluxes (Li et al 1993) to estimate
the Solar Surface Radiation Budget (SSRB) from satellite observations. In
general, the satellite-estimated global surface SW radiation budget is in
reasonably good agreement with the observed surface radiation budget, with the
root-mean-square (RMS) errors of monthly mean surface insolation being within
30 Wm (Li et al. 1995); this RMS error may be reduced to about 5 Wm™ if the
number of surface observations is increased (Li et al. 1995). However, large
discrepancies of up to 30 Wm™ for zonal means of monthly average surface
insolation exist over regions where absorbing aerosols (i.e. biomass burning
aerosols) are present (Li 1998). Comparisons of monthly-mean downward
surface SW irradiances from the Global Energy and Water cycle Experiment

(GEWEX) Surface Radiation Budget (SRB) satellite-derived data product with
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monthly-mean ground-based measurements of downward surface SW
irradiances show significant differences of 40-80 Wm™ over equatorial Africa
where extensive savanna fires take place (Konzelmann et al. 1996). On the
global average, the difference is within 20 Wm™ (Whitlock et al. 1993). These
large differences are probably due to the improper treatment of the aerosol
radiative parameters in model radiative transfer calculations. The aerosols in the
GEWEX SRB SW radiative transfer model (Pinker and Laszlo, 1992) are
assumed to be either marine or continental types. The reason that biomass
burning aerosols have not been properly considered in the models is that little
information has been available concerning their optical properties. A better
treatment of the absorbing aerosols in the radiative transfer models is key to the

improvement of the SSRB estimation over biomass burning regions.

The knowledge of biomass burning events and optical properties of
biomass burning aerosols has been improved gradually through a number of
intensive field experiments, including the Biomass Burning Airborne and
Spaceborne Experiment-Amazon and Brazil (BASE-A and -B) (Kaufman et al.
1992; Ward et al. 1991) and the Smoke, Cloud and Radiation-Brazil (SCAR-B)
(Kaufman et al. 1998). One goal of the SCAR-B experiment was to measure
and understand the biomass burning aerosols and their microphysical and
optical properties (Kaufman et al. 1998). From the SCAR-B experiment, it was
found that the smoke particles, within an hour of release from biomass burning in

Brazil, can be treated as spherical for estimating the physical and optical
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properties (Martin et al. 1998). The particle size distributions are bimodal (the
dominant accumulation mode and coarse mode) and can be represented as two
lognormals with volume radius of accumulation mode of 0.13+0.02 um (Remer et
al. 1998). The smoke aerosols are mainly composed of black carbon and
organic matters (Reid et al. 1998a), and most of the wy values at 0.55 um
obtained from the in situ measurements from the University of Washington (UW)
C131-A aircraft range between 0.8 and 0.9 (Reid et al. 1998b). The aerosol
optical thicknesses are obtained from the surface Sunphotometer measurements
(Holben et al. 1996). The smoke aerosols are hygroscopic with the ratio of the
light-scattering coefficient at a Relative Humidity (RH) of 80% to that at an RH of
30% ranged from 1.01 to 1.51, with an average value of 1.16 (Kotchenruther and
Hobbs 1998). From the UW 131-A measurements, the wavelength-dependent
aerosol optical properties (extinction coefficient ce, g and asymmetry factor g)
are derived using Mie theory, assuming smoke aerosols as black carbon cores
covered by organic shells (Ross et al 1998). Through these results, improved

understanding of the radiative impact of biomass burning aerosols is expected.

The main objective of this research is to study the radiative impact of
biomass burning aerosols and, in particular, to estimate the instantaneous
aerosol shortwave radiative forcings at both the TOA and at surface using
satellite measurements. Identifying the smoke pixels from satellite images is the
first step to achieve this goal. A simple thresholding smoke detection algorithm

is developed in this study to separate smoke pixels from clear-sky pixels and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cloud pixels in satellite images. A table look-up approach is developed to
retrieve the aerosol optical properties (t and o) of the detected smoke pixels
from AVHRR and Visible and Infrared Scanner (VIRS) images. These are the
key parameters in estimating the SW radiative fluxes, especially at the surface
over a biomass burning region. Using the optical properties obtained during
SCAR-B, the angular distribution model for smoke aerosois is calculated using a
discrete-ordinate radiative transfer model. The ADM is a function of t and g of
smoke aerosols, surface albedo, and sun-satellite viewing geometry and is used
to convert the measured TOA SW radiances by CERES scanner on the TRMM
platform into TOA SW fluxes which are used to estimate the TOA SWARF of
smoke aerosols. To my knowledge, this is one of the first attempts to estimate
the ADM for smoke aerosols. A &-four stream radiative transfer model (Fu and
Liou 1993), used by the CERES Surface and Atmospheric Radiation Budget
(SARB) team to calculate the surface and atmospheric radiative fluxes, is
modified in this study to account for the effect of smoke aerosols in the
shortwave radiative transfer. The modified 5-four stream model is extensively
used in the estimation of surface SW fluxes and surface aerosol radiative
forcing. Finally, the radiative impact of smoke aerosols at both the TOA and at
surface is investigated for the 1998 burning season over both South America
and Africa by collocating the CERES and VIRS data sets from the TRMM
platform. For the collocated smoke samples, t values are retrieved using VIRS
channel 1 albedos assuming a typical oy value for smoke aerosois obtained

during SCAR-B. The TOA SW fluxes are obtained from the measured CERES
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SW radiances using the smoke ADM. The surface SW fluxes also are
calculated using the 3-four stream model. With these data sets, the SWARF of
smoke aerosols at both the TOA and at surface is estimated. Figure A.1 in
Appendix A shows a schematic diagram illustrating the objectives for and models

used in this study.

In chapter 2, the data sets used in this study are introduced, including
both satellite measurements and surface measurements. Chapter 3 introduces
the two radiative transfer models used in this study: the SBDART model and 5-
four stream model. The methodology applied in this study is presented in
Chapter 4, including smoke detection from VIRS channels, satellite retrieval of
optical properties for smoke aerosols, estimation of the angular distribution
model for smoke aerosols, and modification of d-four stream model. Chapter 5
presents the results and discussions in this study. Chapter 6 presents the
conclusions and summary of this study, and chapter 7 presents potential future

work.

10
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CHAPTER 2

DATA

This dissertation work utilizes data sets both from satellite measurements
and from surface and aircraft measurements. The satellite data sets include the
Advanced Very High Resolution Radiometer (AVHRR), the Visible and Infrared
Scanner (VIRS) and the Cloud and Earth Radiant Energy System (CERES) data.
The surface and aircraft data sets include aerosol microphysical properties
obtained from the measurements from several instruments on board the
University of Washington Convair 131-A (UW C-131A) research aircraft, aerosol
optical thicknesses from ground-based sunphotometer measurements, and
Downward Shortwave Irradiance (DSWI) measurements from broadband Eppley
pyranometers at the surface. All of the three surface data sets are obtained
during SCAR-B. The data products from the Atmospheric Radiation
Measurement (ARM) project are also used to validate a broadband radiative
transfer model. Descriptions of these data sets are presented in the following

subsections.

11
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2.1 NOAA-14 AVHRR LAC data

The AVHRR data are obtained from the sensors mounted on the National
Oceanic and Atmospheric Administration (NOAA) series operational polar
orbiting satellites. The satellite data used in this study are the AVHRR Local
Area Coverage (LAC) data from the NOAA-14 satellite. The AVHRR sensor is a
scanning radiometer which provides measurements at five visible and infrared
channels. The spatial resolution of AVHRR LAC data is about 1.1 km at nadir.
Channel 1 is the visible channel at 0.58-0.68 um. Channels 2 and 3 are the
near-infrared channels at 0.72-1.1 um and 3.5-3.9 um, respectively, and

channels 4 and 5 are the thermal infrared channels at 10.5-11.5 um and 11.5-

12.5 um, respectively.

The digital counts measured by the channel 1 and channel 2 sensors have
been converted into TOA albedos through calibration procedures (Kidwell 1998).
However, the calibration coefficients need to be recomputed due to sensor
degradation (Rao and Chen 1996, 1999) because the variability of calibration
coefficients causes uncertainty in the computed albedos. It has been estimated
that, due to sensor degradation, the uncertainty of NOAA 11 AVHRR channel 1
albedoes is on the order of +8% (Liousse et al. 1997). In this study, the
degradation in AVHRR channel 1 is accounted for as outlined in Rao and Chen

(1999).

12
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A total of 52 AVHRR (NOAA-14) LAC images have been processed from
August 15 to September 17 in 1995 over South America along with a total of 20
AVHRR LAC images from August 20 to September 10 in 1997 over Africa.
These data were used to retrieve the single scattering albedo of smoke aerosols
over the sites where the sunphotometers were located. The AVHRR data are
collocated with the sunphotometer measurements. For a collocated sample, the
time difference between the AVHRR measurement and the sunphotometer
measurement is less than 15 minutes, and the spatial difference between the
satellite observation and the sunphotometer measurement is less than 0.02° in

latitude and longitude. The results of this study are shown in Chapter 5.

2.2 Level 1B VIRS data

The VIRS sensor is a scanning radiometer aboard the TRMM platform.
The VIRS measures reflected solar and emitted terrestrial radiation in five
spectral channels. The central wavelengths of the five channels are 0.63, 1.61,
3.75, 10.8, and 12.0 um, respectively, with spatial resolution of 2.11 km at nadir
(Kummerow et al. 1998). In this study, version 4 of the VIRS Level 1B data
product is used. The Level 1B data set contains calibrated radiances measured
from the five channels of the instrument. The channel 1 and 2 radiances are
converted to albedos, and the channel 3, 4 and 5 radiances are converted to

brightness temperatures. Since the measured radiances in the 3.75 um channel
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contain contributions from both solar and thermal components, a sixth channel
(channel 3 reflectance) is created by removing the thermal emission part using
the 10.8 channel um channel information (Kaufman and Nakajima 1993). The
VIRS radiometer is calibrated using ground testing and in-flight data. In-flight
calibration of channels 1 and 2 is accomplished via an onboard solar diffuser and
by using the moon as a calibration source (Keiffer and Wildey 1996), and
calibration of channels 3, 4 and 5 is accomplished via an onboard blackbody and

a space view (Kummerow et al. 1998).

In this study, one month of VIRS data in August 1998 over South America
and Africa have been used to estimate radiative forcings of smoke aerosols at
both the TOA and at the surface over South America and Africa. The resuits are

shown in Chapter 5.

2.3 CERES ES8 ERBE-like data

The CERES scanner on the TRMM platform is a broadband instrument
(Wielicki et al., 1996) that measures the total (0.3 — 50 um), SW (0.3 — 5.0 um)
and LW (5.0 — 50.0 um) radiances. The spatial resolution of a CERES footprint
is about 10 km at nadir. The measured radiances are converted to fluxes using
ADMs (Suttles et al. 1988, 1989) developed as part of the ERBE project; the

fluxes are called the CERES ES-8 ERBE-like product. In this study, the Level-2
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CERES ES-8 ERBE-like data set is used. The CERES scanner has two
scanning modes: the normal cross-track scanning mode, and the rotational
scanning mode. In this study, only CERES ES8 ERBE-like data from the cross-

track scanning mode are used.

2.4 Data set from collocation of VIRS and CERES

The VIRS data product includes measurements at five narrow spectral
channels with a spatial resolution of about 2 km at nadir. it can be used to
identify smoke pixels and to retrieve optical properties of smoke aerosols. On
the other hand, the CERES data product provides TOA radiative fluxes at a
reduced spatial resolution. The two data sets are collocated. In this study, for a
VIRS pixel and a CERES footprint to be considered collocated, the geographical
difference between the VIRS pixel and the center of the CERES footprint must be
less than 0.02°, similar to the procedure used by Li and Leighton (1991). Both
the spatial resolution of a CERES footprint and the spatial resolution of a VIRS
pixel change with scanning angle. For example, at nadir, the spatial resolution of
a CERES footprint is 8 km in the across-track and 16 km in the along-track
direction; at a scan angle of 63° towards the edge of the swath, the spatial
resolution increases to 116 km and 16 km in the across and along direction,

respectively (Green et al. 1995). The collocation procedure accounts for the
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change of the CERES and VIRS pixel sizes with scanning angle. The collocated

samples with viewing zenith angle of less than 60° are used.

2.5 Aerosol optical thickness from sunphotometer measurements

Total column smoke optical thicknesses (t) have been estimated by
Holben et al (1996) for SCAR-B using the measured direct sun measurements
from the automated ground-based sun-sky scanning spectral radiometer
(sunphotometer) at several sites. Direct sun measurements were made at 340,
380, 440, 500, 670, 870, and 1020 nm, and these data were converted to t and
Angstrom wavelength exponent (a), and measurements at 940 nm were inverted
to precipitable water (PW) (Holben et al. 1998). Definitions of aerosol optical
thickness and single-scattering albedo (wo) are given in Appendix B. The t values
were carefully checked for cloud contamination by removing all values of the
wavelength exponent which were below 1 (since cirrus clouds commonly have
values ranging between 0-0.5). An additional check was made by examining the
temporal variability of t. An average of three observations (triplet) was made at
30-second intervals, which are then converted to 15-minute averages. For each
observation a triplet percentage variation was first computed. Assuming that the
variability of clouds is larger than those of aerosols, all data with a variability of

>2% was eliminated (Holben et al. 1996).

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.6 University of Washington (UW) C-131A in situ measurements

During SCAR-B, the UW C-131A research aircraft made twenty-nine
flights in Brazil (~90 flight hours), and a wide variety of data were collected
(Hobbs 1996). Of particular importance to this study are 1) vertical profiles of
temperature and water vapor, 2) derived values of the single-scattering albedo
(wo), and 3) vertical profiles of light-scattering and light-absorption coefficients of
smoke aerosols. These vertical profiles were used to parameterize the
characteristics of smoke aerosols in a radiative transfer model. The light-
scattering coefficient was measured with a three-wavelength (A=450, 550, and
700 nm) integrating nephelometer, and the light absorption coefficient 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 Method. In the second technique,
ambient air was pumped through a filter, and the attenuation of light was
measured with a Particle and Soot Absorption Photometer (PSAP). The
measured light scattering was further corrected to the ambient relative humidity
(Kotchenruther and Hobbs 1998). The ratio of the light scattering and light
extinction coefficients provided single-scattering albedo values. Aerosol size
distributions were measured continuously with a suite of three optical particle
spectrometer probes mounted externally on the aircraft. The smoke particles

were approximated as spheres (Martins et al. 1998) consisting of a refractory,
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absorbing core of black carbon surrounded by a non-absorbing shell of
unspecified organic compounds and sulfates (Ross et al. 1998). Using Mie
calculations, the measured particle size distributions and estimates of the bulk
chemical composition were used to obtain the mass concentrations of particles
and their scattering and absorption coefficients (Reid et al. 1998a). These values
were then compared to the direct measurements made simuitaneously on board
the aircraft using the filters, integrating nephelometer, and absorption
photometer. The calculated light scattering and mass concentrations were within
20% of the directly measured values. Further details of the techniques can be

found in Reid et al (1998a) and Kotchenruther and Hobbs (1998).

2.7 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 measured the
downward shortwave irradiances (DSWI) between 0.28 to 2.8 um. The Eppley
Laboratory calibrated the instruments which were within £1 % of the World
Radiation Reference. In addition, two PSP pyranometers operated side by side
on the roof of the Instituto Nacional de Pesquisas Espacias (INPE) laboratory in

Cuiaba, Brazil for 5 h (sampled at 1-min intervals) on August 27, 1995. The
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DSW!I 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 measurements was taken
at 1 minute or 5 minute intervals, depending upon the location. High frequency
temporal variation, or decreasing (increasing) irradiance with decreasing
(increasing) solar zenith angle, was identified as being due to clouds. During this
time, the incident Photosynthetically Active Radiation (PAR) between 0.4-0.7 um
also was measured. Since 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 irradiance ratio. Higher values
of the ratio represent cloud conditions due to absorption by water vapor in the
near infrared, and lower values of the ratio represents high aerosol loading due
to 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 thickness. For biomass burning
aerosols in Brazil, the Angstrom wavelength exponent typically varies from 1.6 to
2.0, with values lower than 1.6 resulting from cloud contamination due to 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).
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2.8 Surface and satellite measurements from the ARM project

The ARM project, supported by the U.S. Department of Energy (DOE), is
one of the largest global change research programs. It focuses on obtaining field
measurements and developing models to better understand the processes that
control solar and thermal radiative transfer in the atmosphere and at the earth’'s
surface (URL http:/www.arm.gov). More than 400 million measurements of
radiation and other meteorological parameters from several dozen types of

instruments are generated in the ARM project and are available to scientists.

There are three field experiment sites in the ARM project. In this study,
the data products from the South Great Plains (SGP) Cloud and Radiation
Testbeds (CART) site were used. Two data products were used in this study.
The first one is the sgpswaradC1 product, which provided “best estimate”
shortwave radiation data products derived from the surface instrument
measurements, including broadband surface albedo, surface spectral albedos,
broadband downward solar flux, net surface solar flux, solar zenith angle, etc.
The temporal resolution for this data product is one minute. The second data
product used was the sgpmwrprofC1 product, including the retrieved atmospheric

temperature, pressure, and water vapor profiles, which were derived from the
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http://www.arm.gov

satellite microwave measurements. The temporal resolution for this data product

is one hour.

These data products, combined with the sunphotometer measurements
over ARM CART site in April and May 1998, were used in the validation of a &-
four stream radiative transfer model under clear-sky conditions, as will be

discussed in Chapter 3.
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CHAPTER 3

RADIATIVE TRANSFER MODELS

In this study, two radiative transfer models, the Santa Barbara Discrete
Ordinate (DISORT) Atmospheric Radiative Transfer (SBDART) model and the &-
four stream broadband model, were used in the retrieval of optical properties of
smoke aerosols, in the estimation of angular distribution models for smoke
aerosols, and in the estimation of surface SW radiative fluxes over biomass
burning regions. These two models have been extensively used in the
atmospheric radiative transfer calculations. The following sections briefly
introduce the two radiative transfer models. The surface downward SW
irradiances (DSWI) under clear-sky conditions are calculated using the two
modeis and the results are compared. This serves as a cross validation for the
two models. Using the ARM data products over SGP CART site located in
Oklahoma and Kansas, the surface DSW/Is are estimated using the 3-four stream
model and are compared with the measured surface fluxes at the site. The
results from model calculations are in good agreement with the surface

observations.
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3.1 SBDART model

The SBDART algorithm(Ricchiazzi et al. 1998) is a plane-parallel radiative
transfer code based on the discrete ordinate radiative transfer code of Stamnes
et al. (1988) and the LOWTRAN 7 gaseous transmission model (Pierluissi and
Marogoudakis 1986). It can be used to simulate plane-parallel radiative transfer
in clear and cloudy conditions within the earth's atmosphere and is designed to
solve a wide variety of radiative transfer problems encountered in satellite remote
sensing and earth radiation budget studies (Ricchiazzi et al. 1998). This model
has been used to study the surface solar radiation flux and cloud radiative forcing
(Gautier and Landsfeld 1997) and to estimate cloud optical thicknesses and

surface albedos over Antarctica (Ricchiazzi and Gautier 1995).

The major radiative transfer components, including Rayleigh scattering,
gaseous absorption, cloud and aerosol scattering and absorption, are included in
the SBDART model. Molecular absorption is based on the low resolution band
models developed for the LOWTRAN 7 atmospheric transmission code
(Pierluissi and Marogoudakis 1986). In order to use gases transmission
functions in the DISORT scheme, the band models are approximated with a
three-term exponential fit (Wiscombe and Evans 1977). The scattering effect of
cloud droplets is parameterized with the results from Mie calculations assuming
spherical cloud droplets having a log-normal size distribution and an effective

radii (re) in the range of 2 to 128 um; the scattering effect of ice clouds is
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parameterized as the spherical ice grains of a fixed size distribution with res of
106 um (Ricchiazzi et al. 1998). The radiative effect of several boundary layer
and upper level atmosphere aerosol types are contained in the SBDART. Users
can select rural, urban, or maritime aerosols at the boundary layer and fresh and
aged volcanic, meteoric and tropical background aerosols in the upper
atmosphere (Ricchiazzi et al. 1998). The SBDART also allows the user to define
an aerosol type by specifying the wavelength dependent aerosol optical
properties, including optical thickness, single scattering albedo and asymmetry
factor. In this study, the smoke aerosol type is defined in the SBDART model

using optical properties obtained during SCAR-B.

In the SBDART model, six basic surface types -- ocean water, lake water,
clear water, vegetation, snow and sand -- are used to parameterize the spectral
reflectivity of the surface (Ricchiazzi et al. 1998). The spectral reflectivity of a
large variety of surface conditions can be well approximated with the combination
of these basic surface types. The user can also specify the surface reflectivity.
Currently, the SBDART model assumes that surfaces reflect radiation
isotropically.  Six standard atmospheric profiles, the tropical, mid-latitude
summer, mid-latitude winter, sub-arctic summer, sub-arctic winter, and US62
(McClatchey et al 1972), are adopted in the SBDART model. Users can use a
specific atmospheric profile. More detailed description of the SBDART model is

given by Ricchiazzi et al. (1998).
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3.2 3-four stream model

The 5-four stream model (Fu and Liou 1993) is a broadband plane-paralliel
radiative transfer model that can be used to calculate fluxes at the TOA, at the
surface, and in the atmosphere. In this model, gaseous absorption and emission
are treated using the correlated-k distribution technique (Fu and Liou 1992). The
model accounts for the radiative effects of H,O, CO;, Oz, O;, CH4, and N2O;
Rayleigh scattering; liquid cloud droplets and hexagonal ice crystals. The cloud
scattering effect is treated in both the SW spectrum and the LW spectrums.
There are six spectral intervals (0.2-0.7 um, 0.7-1.3 um, 1.3-1.9 um, 1.9-2.5 um,
2.5-3.5 um, 3.5-4.0 um) in the SW spectrum (0.2-4.0 um); and 12 spectral
intervals in the LW spectrum (2200-1 cm™). In the radiative transfer calculations,
the surface albedo is required as an input variable for each SW interval, and
emissitivity is required as an input variable for each LW interval. Continuum
absorption of H,O at 280-1250 cm™ (Roberts et al. 1976) is included in the
model. For the principal atmospheric gases, this model matches a line-by-line
simulation of fluxes to within 0.05% for SW; 0.2% for LW, excepting O3; and
about 2% for LW flux due to O3. The amount of CO,, CH4 and N;O are fixed to
be 330, 1.6 and 0.28 ppmv, respectively (Charlock and Alberta 1996). The &-four
stream model agrees with adding-doubling calculations to within 5% for flux
calculations and is a considerable improvement over a two-stream model (Liou et

al. 1988).
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The &-four stream model was used to estimate the SW and LW radiation
budget at both the TOA and at the surface over the ARM CART site.
Comparisons of model estimated SW fluxes with surface fluxes indicate that the
model underestimates atmospheric absorption and overestimates surface
insolation (Charlock and Alberta 1996). The biases of surface downward SW
fluxes are 33 Wm™ and 46 Wm for clear and cloudy conditions, respectively.
The biases for the atmospheric absorption are -33 Wm™ and -55 Wm for clear
and cloudy conditions, respectively (Charlock and Alberta 1996). Using the &-
four stream model, the radiative forcing of dust aerosols and its sensitivity to key
variables was investigated (Liao and Senifeld 1998). Although some aerosol
types are characterized in this model, to our knowledge the smoke aerosols have
not been characterized. Therefore, this model is not suitable to estimate the
TOA and surface radiation budgets over biomass burning regions. Modifying this
model to incorporate the radiative effect of smoke aerosols is one of the key

areas in this study.

3.3 Comparison of SBDART and 3-four stream model

Under clear-sky conditions, the surface downward SW irradiances are
calculated using both the SBDART and the 3-four stream models and the resuits

are compared. This comparison serves as a cross validation of the two radiative

transfer models. Through the comparison, the discrepancy of the two models in
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the simulation of atmospheric radiative transfer can be obtained, although the

absolute accuracies of both the models are still not known.

Since the &-four stream model outputs the SW fluxes only for the six
spectral intervals described in Section 3.2, for the sake of comparison the TOA
and surface SW fluxes are also calculated for these six bands using the SBDART
model. The TOA and surface SW fluxes are calculated at nadir for solar zenith
angles of 0° and 60°, with broadband surface albedo of 0.05 in all six spectral
bands. The standard tropical profiles (McClatchey et al. 1972) are assumed.
The equivalent incoming solar irradiances at the TOA for the six SW bands have
been parameterized in the 5-four stream model. The TOA solar spectra required
as the input in SBDART is from the LOWTRAN version 7 (Kneizys et al. 1983).
The standard tropical profiles (McClatchey et al. 1972) are used in the model

calculation.

Tables 3.1 and 3.2 show the results of downward and upward SW fluxes
at both the TOA and at the surface for solar zenith angles of 0° and 60°,
respectively. The comparison is made for each of the six SW bands and the
whole solar spectral band (0.2 - 4.0 um). Note that the SBDART actually outputs
SW fluxes at 0.26-0.7 um, corresponding to band 1 of the 5-four stream model.
Due to the slight difference of the incoming solar spectra used in SBDART and in
the 8-four stream model, the TOA downward solar fluxes at the six bands as well

as the total solar fluxes also are slightly different. As a result, the TOA upward

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.1. Comparison of the surface DSWIs under clear-sky condition using SBOART
and §-four stream model. surface albedo: 0.05, solar zenith angle: 0°, units: Wm™

Spectral Model with TOA TOA Surface Surface
interval incoming solar downward upward downward upward
spectrum curve SW flux SW flux SW flux SW flux
S-four stream 631.32 73.53 552.60 27.63
0.2-0.7 (um) | SBDART (curve 1) 636.27 72.84 559.42 27.97
Scaled for curve 1 631.32 72.57 555.07 27.75
&-four stream 493.43 21.87 411.79 20.59
0.7-1.3 (um) [ SBDART (curve 1) 483.07 21.03 398.25 19.91
Scaled for curve 1 493.43 21.48 406.79 20.24
S-four stream 152.68 3.31 75.03 3.75
1.3-1.9 (um) | SBDART (curve 1) 153.25 3.10 71.72 3.59
Scaled for curve 1 152.68 3.09 71.45 3.58
5-four stream 49.65 1.47 34.22 1.71
1.9-2.5 (um) | SBDART (curve 1) 51.93 1.30 32.74 1.64
Scaled for curve 1 49.65 1.24 31.30 1.57
S-four stream 32.30 0.11 4.04 0.18
2.5-3.5 (um) | SBDART (curve 1) 28.57 0.06 2.55 0.13
Scaled for curve 1 32.30 0.07 2.88 0.15
S-four stream 591 0.21 4.97 0.25
3.5-4.0 (um) | SBDART (curve 1) 5.72 0.16 4.21 0.21
Scaled for curve 1 5.91 0.17 4.35 0.22
5-four stream 1365.29 99.91 1082.65 54.11
0.2-4.0 (um) | SBDART (curve 1) 1358.81 98.53 1072.2 53.45
Scaled for curve 1 1365.29 99.00 1077.3 53.70

Table 3.2 Comparison of the surface DSWIs under clear-sky condition using SBDART

and &-four stream model. surface albedo: 0.05, solar zenith angle: 60°, units: Wm™

Spectral Model with TOA TOA Surface Surface
interval incoming solar downward upward downward upward
spectrum curve SW flux SW flux SW flux SW flux
S-four stream 631.32 73.53 552.60 27.63
0.2-0.7 (um) | SBDART (curve 1) 636.27 72.84 559.42 27.97
Scaled for curve 1 631.32 72.57 555.07 27.75
S-four stream 493.43 21.87 411.79 20.59
0.7-1.3 (um) | SBDART (curve 1) 483.07 21.03 398.25 19.91
Scaled for curve 1 493.43 21.48 406.79 20.34
5-four stream 152.68 3.31 75.03 3.78
1.3-1.9 (um) | SBDART (curve 1) 153.25 3.10 71.72 3.59
Scaled for curve 1 152.68 3.09 71.45 3.58
5-four stream 49.65 1.47 34.22 1.71
1.8-2.5 (um) | SBDART (curve 1) 51.93 1.30 32.74 1.64
Scaled for curve 1 49.65 1.24 31.30 1.57
&-four stream 32.30 0.11 4.04 0.18
2.5-3.5 (um) | SBDART (curve 1) 28.57 0.06 2.55 0.13
Scaled for curve 1 32.30 0.07 2.88 0.15
S-four stream 5.91 0.21 4.97 0.25
3.5-4.0 (um) | SBDART (curve 1) 5.72 0.16 4.21 0.21
Scaled for curve 1 5.91 0.17 4.35 0.22
S-four stream 1365.29 99.91 1082.65 54.11
0.2-4.0 (um) | SBDART (curve 1) 1358.81 98.53 1072.2 53.45
Scaled for curve 1 1365.29 99.00 1077.3 53.70
28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



flux and the surface downward and upward fluxes will be slightly biased. To
facilitate comparisons, the TOA upward flux, surface downward and upward
fluxes are scaled in the SBDART calculations so that the TOA downward solar

flux equals that from the &-four stream model.

From Table 3.1, it is seen that for 0.2-0.7 um band and 0.7 — 1.3 um band,
the relative difference between the 3-four stream model and the SBDART using
any of the incoming solar spectrum is within 1.5% for TOA upward flux, surface
downward flux and surface upward flux. The solar energy within these two
bands counts for 82% of the total solar energy. Over the other 4 bands, the
relative difference can reach about 5%, but the available incoming solar energy is
less. Including the whole solar spectrum, the relative difference is within 1% for
TOA upward flux, surface downward flux and surface upward flux. This
comparison indicates that the two radiative transfer models agree well with each
other in the simulation of atmospheric radiative transfer processes under clear-

sky conditions.

3.4 Validation of the d8-four stream model

In this study, the data products over the ARM CART site in April and May
1998 are used to validate the &-four stream model under clear-sky conditions.

Besides the two data products, the sgpswaradC1 product and the sgpmwrprofC1
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product, as described in Section 2.8, and the sunphotometer measurements over

the ARM CART site also are used.

The sgpmwrprofC1 data product provides vertical temperature and water
vapor profiles over the site for every hour. The aerosol optical thickness derived
from the sunphotometer measurement is provided every 15 minutes. The
aerosol t values used in the study are obtained after careful cloud screening
procedures, as described in Section 2.5. In this study, the data samples with
values less than 0.05 (a typical background aerosol loading) are considered as

clear-sky samples and participate in the model calculations.

The surface downward SW fluxes are calculated for these clear-sky
samples and compared with the observed surface downward SW fluxes provided
in the sgpswaradC1 product. The sgpswaradC1 data product provides surface
downward SW flux every one minute. Therefore, the surface flux measured at
the time closest to that of sunphotometer measurements is compared with the

model calculations.

There are a total of 17 clear-sky samples in April and a total of 77 clear-
sky samples in May. Figures 3.1 and 3.2 show the observed surface downward
SW fluxes versus the model-estimated surface downward SW fluxes in April and
May, respectively. From Figures 3.1 and 3.2, it is seen that the &-four stream

model underestimates the atmospheric absorption, as suggested by Charlock
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and Alberta (1996). However, the bias calculated here is smaller than that
estimated in Charlock and Alberta (1996). The mean biases in both April and
May are within 10 Wm™, as opposed to the values of 30 Wm™ presented in
Charlock and Alberta (1996). The Root-Mean-Square (RMS) errors are about 15

Wm™ for both months.

In general, the &-four stream model works well in the simulation of

shortwave atmospheric radiative transfer.
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CHAPTER 4

METHODOLOGY

The methodology for the key issues in this study is presented in this
chapter. A multi-spectral thresholding algorithm to identify smoke pixels from the
VIRS images is presented in section 4.1. The detected smoke pixels from the
VIRS images then are used to study the radiative impact of biomass burning
aerosols over South America and Africa. A table look-up approach to retrieve
aerosol optical properties using AVHRR and VIRS visible channel (channel 1)
reflectance is presented in section 4.2. The optical thicknesses of detected
smoke pixels from the VIRS images are retrieved using this approach. Section
4.3 presents the method to estimate the SW angular distribution model (ADM) for
smoke aerosols that is necessary to convert measured CERES SW radiances
into TOA SW fluxes over biomass burning regions. The global surface radiation
budget is normally estimated from satellite measurements at the TOA using a
radiative transfer model (Whitlock et al. 1993; Charlock and Alberta 1996).
Section 4.4 presents a modified 3-four stream broadband radiative transfer model

which can be used to estimate the TOA and surface SW fluxes over biomass
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burning regions. Finally, the Shortwave Aerosol Radiative Forcing (SWARF) is

defined in Section 4.5.

4.1 Smoke detection from VIRS imagery

Identifying smoke pixels from satellite images is the first step to estimate
the radiative impact of biomass burming aerosols from satellite measurements.
As is used for fire detection, the multi-spectral thresholding technique is also the
common approach to detect smoke pixels from satellite images. Using data from
visible channel (0.62 um), near-infrared (3.7 um) and thermal infrared channels
(11 um, 12 um), an automated smoke/aerosol detection algorithm (ASADA) was
developed to routinely detect the smoke from the Geostationary Operational
Environmental Satellite (GOES) imagery (Prins and Menzel 1992, 1996a, b). In
the ASADA algorithm, the visible channel albedo of a smoke pixel was limited to
be 0.15 - 0.40 over land surfaces and 0.10 - 0.40 over ocean surfaces. For a
pixel to be labeled as a smoke pixel, the temperatures in the 3.7 um and 11 um
channels were required to be higher than 285 K, and the temperature difference
between the 3.7 pum and 11 um channels was required to be within the range of —
4 to +20 K. These thresholds were set to exclude opaque clouds, cirrus and
stratus clouds. To exclude low-level moisture, opaque clouds and semi-
transparent cirrus, the temperature in the 12 um channel was set to be larger

than 280 K, and the temperature difference between the 11 um and 12 um
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channels was set to be within the range of —4 to +6 K for smoke pixels. This
algorithm was applied to SCAR-B and to the 1995 burning season over South
America (Prins et al. 1998). A similar multi-spectral thresholding algorithm was
also used in the smoke detection from AVHRR imagery (Christopher et al. 1998).
Textural information from satellite images also was used to separate the dense
smoke, haze, and clouds from the underlying background (Christopher et al.

1996).

In this study, a multi-spectral thresholding algorithm similar to Prins et al.
(1998) and Christopher et al. (1998) was developed to detect smoke pixels from
the VIRS images. A total number of 14 VIRS data files over South America were

used in the development of the algorithm. Table 4.1 lists the information of the

Table 4.1. A list of VIRS data files used in the smoke detection and smoke SWARF forcing
investigation

Num- Year Month Day Lat (°) Long (°) Start_time End_time
ber Min Max Min Max (GMT) (GMT)
1 1998 08 11 -23.79 -7.80 -67.26 -47.35 11.9822 12.0668
2 1998 08 11 -13.14 355 -50.95 -32.07 12.0669 12.1514
3 1998 08 13 -16.79 -023 -59.13 -40.04 11.2190 11.3036
4 1998 08 23 -1544 119 -71.30 -52.31 20.1765 20.2611
5 1998 08 25 -1738 -083 -71.62 -52.49 19.3722 19.4568
6 1998 08 25 -2403 -1192 -56.01 -41.83 19.4569 19.5110
7 1998 08 26 -1544 118 -64.10 -45.12 18.1843 18.2689
8 1998 08 27 -1544 1.18 -53.88 -34.90 17.0093 17.0939
9 1998 08 27 -19.41 299 -7165 -52.33 18.5624 18.6470
10 1998 08 27 -29.07 -1388 -55.79 -34.91 18.6470 18.7316
11 1998 08 28 -1545 117 -67.13 -48.13 17.3633 17.4478
12 1998 08 28 -25.80 -10.05 -51.69 -3146 17.4479 17.5324
13 1998 08 29 -2154 -530 -7164 -52.06 17.7637 17.8482
14 1998 08 29 -34.38 -20.81 -69.56 -47.26 19.4142 19.4987
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14 VIRS data files, including the observing date and time and geographical
coverage (range of latitude and longitude). Smoke can be visually seen from the
channel 1 images of these VIRS data files. Figure 4.1(a) shows an example
(data file 9 in Tabie 4.1) of the channel 1 image of the VIRS data. In Figure
4.1(a), the lower part of the image clearly shows high cloud amounts. The
middle of the upper part of the image shows clear-sky, and the middle part of the

image shows smoke haze.

The thresholding algorithm identifies smoke pixels over land surfaces using the
VIRS channel 1 albedo (R1), channel 2 albedo (R2), channel 3 albedo (R3),
channel 4 brightness temperature (T4) and channel 5 brightness temperature
(T5). A number of thresholds are used to identify a VIRS pixel as either a cloud,
a smoke or a clear-sky pixel. Three VIRS data files on August 27, 1998 (data
files 8, 9 and 10) are used to adjust the thresholds so that smoke pixels visually
seen in these VIRS channel 1 images can be properly identified. Figure 4.2
shows the flowchart of the thresholding algorithm. First, isoiated cumulus clouds
are identified using a 5 x 5 window region around a VIRS pixel. If the standard
deviation of channel 1 reflectance (or1) for the pixels in the window is larger than
0.04, the window region is labeled as cloud and no further processing will be
done on these pixels. A pixel with R1 larger than 0.4 and R2 larger than 0.35 is
labeled as bright cloud pixel. A pixel with R1 larger than 0.35 and T4 lower than
273 K is labeled as cold cloud pixel. When R1 is larger than 0.35 and T4 is

higher than 273 K, the pixel could most possibly be either low-level thick cloud or
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Figure 4.1 (a) VIRS channel image of data file 9 shown in Tablie 4.1, (b)
classification of the image into three categories: white — smoke, gray — clouds,
and black - clear-sky regions.
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Figure 4.2 flowchart of multi-spectral thresholding technique to
separate clouds, smoke and clear-sky pixels in VIRS images
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dense smoke and R2 is used to separate clouds from smoke. Due to the small
particle size of smoke aerosols (volume median radius of 0.15 um), the scattering
coefficient for smoke aerosols decreases rapidly with increasing wavelength in
the visible and near-infrared spectrum. As a result, the smoke aerosols are less
reflective than cloud particles at 1.6 um (VIRS channel 2). When R2 is larger
than 0.30, the pixel is labeled as cloud, otherwise, it is labeled as optically thick
smoke. For the same reason, the channel 3 albedo (R3) is affected by the
presence of clouds but less affected by the presence of smoke particles. When
R1 is less than 0.35 and larger than 0.12, the pixel could most possibly be low-
level and middle-level thin stratus clouds, optically thin cirrus clouds, or smoke
particles which are often within the lowest 3 km of the surface. In this case, the
values of R2, R3, T4 and TS are used to separate cloudy pixels from smoke
pixels. R3 values are larger for cloudy pixels than for smoke pixels and the
temperature difference of T4 — TS is used to identify optically thin cirrus clouds
(Inoue 1989). For pixels with R1 values between 0.12 and 0.15, it is more
difficult to distinguish between thin smoke haze and clear-sky over bright land
surface such as savanna. The surface albedo for savanna in Africa is usually
larger than 0.12 (Louisse et al. 1997). In this case, the ratio of R2 to R1 is used
to separate smoke pixels from clear-sky pixels over land. For the vegetation
surface types, surface spectral albedo at 1.6 um (channel 2) is much higher than
that at 0.64 um (channel 1). As a result, the values of R2/R1 for vegetation are
usually larger than 2.0. The existence of smoke aerosols increases channel 1

reflectance and the values of R2/R1 decrease. The smoke threshold of 1.9 for
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R2/R1 is used which separates most of the clear-sky pixels from smoke pixels for

the 3 images that were studied.

This smoke detection algorithm is applied to the rest of 14 VIRS data files.
By visually comparing the classification resuits with the channel 1 images, this
algorithm works well in identifying cloud, smoke and clear-sky pixels. Figure
4.1(b) shows the scene identification image corresponding to the VIRS image in
Figure 4.1(a). The black color represents clear sky over land. The gray color
represents clouds, and the white color represents smoke aerosols. Comparing to

Figure 4.1(a), most of the smoke haze, clouds and clear sky pixels are identified.

Since the observed visible channel albedo over a smoke region is affected
by the surface type (surface albedo), the visible channel thresholds should be a
function of surface type. Using constant thresholds, some of the cloud, smoke
and clear-sky pixels can be incorrectly identified. A more refined smoke
detection algorithm and more solid validation scheme are necessary to improve
the classification results but it is out of the scope of this research work. The
same algorithm is also used to detect smoke pixels over Africa in the 1998

burning season.
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4.2 Retrieval of optical properties of smoke aerosols

As mentioned in Chapter 1, optical thickness (t) and single scattering
albedo (wg) are the two most important optical properties of smoke aerosols
influencing their radiative impact (Lenoble 1991; Christopher et al. 2000).
Knowledge of aerosol optical properties is required in order to estimate their
radiative impact both at the TOA (Penner et al. 1992; Hobbs et al. 1997) and at

the surface (Christopher et al. 2000).

Liousse et al. (1997) and Chu et al. (1998) have shown that aerosol
optical properties can be retrieved from satellite measurements under cloud-free
conditions. In a cloud-free area, the SW radiance measured by a satellite sensor
is composed of the contributions from molecular (Rayleigh) and aerosol
scattering in the atmosphere and reflectance from the earth’s surface. In the
present study, Rayleigh scattering was specified by Penndorf's (1957) formula.
The surface reflectance was characterized by the surface albedo. The aerosol
scattering effect was characterized by the aerosol optical properties that include
T, wo and phase function, as well as the vertical distribution of the density of
aerosol particles. Aerosol optical properties were determined by their chemical
compositions and their microphysical structure, such as the particle size

distribution and the aerosol mixing mode.
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4.2.1 Modeling for smoke aerosols

Biomass burning aerosols are mainly composed of two substances: Black
Carbon (BC) and organic matter. To characterize biomass burning aerosols in
radiative transfer calculations, two approaches are possible: 1) The BC and
organic matter are externally mixed, thereby treated separately (Kaufman et al.
1992), or 2) the black carbon core is surrounded by the viscous organic liquid
shell (Ross et al. 1998), therefore internally mixed. The derived optical
properties depend upon whether the black carbon and the organic matter are
internally or externally mixed. The internal mixture is more absorbing (a lower
value of wg), with the difference depending upon the ratio of volume of soot to the
total volume (Ackerman and Toon 1981). The percentage of the mass of black
carbon to the total aerosol mass determines the absorption of smoke aerosols
and therefore the aerosol wo. Biomass buring aerosols are also slightly
hygroscopic (the ratio of light-scattering coefficient at a Relative Humidity (RH) of
80% to that at @ RH of 30% ranging from 1.01 — 1.51), where the aerosol particle
size distribution and mass composition changes with the ambient relative
humidity (Kotchenruther and Hobbs 1998), also resuiting in slight changes in
smoke optical properties. Furthermore, the wo value of smoke aerosols changes
during the aging process, due to coagulation and secondary aerosol production

(Reid et al. 1999).
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Smoke aerosols are characterized in the radiative transfer model by 1) the
aerosol extinction coefficient, 2) wo, and 3) either the aerosol phase function, or
asymmetry factor, which is the average cosine of the scattering directions
weighted by the phase function. All the three parameters are wavelength
dependent. The optical properties of smoke aerosols are determined by the
particle size distribution, spectral complex index of refraction, and mixing mode
between black carbon and organic matter. Since combustion particles are
generally internally mixed (Liousse et al. 1997), the smoke aerosols in this study
are assumed to be solid, spherical cores of black carbon surrounded by viscous
organic liquids (Reid et al. 1998b). The size distribution of smoke aerosols is
assumed to be lognormal with a volume median radius of 0.15 ym and a
standard deviation of 1.80 (Reid et al. 1998b). The spectral complex index of
refraction of the black carbon core of smoke aerosols is adopted from Chang and
Charalampopoulos (1990). The organic shell is assumed to have a complex
refractive index of (1.5, 0i) across the visible spectral band (0.3-3.0 um) similar to
Ross et al. (1998). Smoke particles are assumed to be spheres, which is well
supported by SCAR-B measurements (Martins et al. 1998), and Mie theory is
applied to stratified spheres (Ackerman and Toon 1981) to calculate the light
scattering and absorption coefficients for smoke aerosols. In these calculations,
absorption of smoke aerosols varies by changing the ratio of black carbon

volume to the total volume of the particles.
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Figure 4.3 shows the calculated wavelength-dependent values of 1, ay,
and g of smoke aerosols using Mie calculations with the assumed smoke aerosol
model. Three ratios of soot to total volume are assumed in the calculations,
resulting in three spectral curves. From Figure 4.3(b), it is seen that values of «g
slightly decrease with increasing wavelength. For the wavelength change from
0.55 um to 0.75 um, the wo value decreases by less than 0.02 for all three
curves. The extinction coefficient decreases with increasing wavelength, as
shown in Figure 4.3(a). From 0.55 um to 0.75 um, the coefficient decreases by a
factor of about 1.7. The asymmetry factor (g) also decreases with increasing
wavelength. From 0.55 um to 0.75 um, g decreases by about 0.05. Also, both

the vg and g value change with the change of the ratio of soot to total volume.

4.2.2 Visible channel look-up table

The look-up table approach is commonly used in the retrieval of aerosol
properties (Kaufman et al. 1996; Stowe and Ignatov 1997). In this study, the
Santa Barbara Discrete-ordinate Atmosphere Radiative Transfer (SBDART)
model is used to produce the look-up table of radiances as a function of Tt and w,.
The TOA albedos in the visible channel of the AVHRR are pre-calculated for a
variety of atmospheric and surface conditions and as a function of sun-satellite
viewing geometries. The surface is assumed to be Lambertian, and the standard

tropical atmosphere is assumed (McClatchey et al. 1972). The aerosols are
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characterized in the radiative transfer model by 1) the aerosol extinction
coefficient, 2) the single scattering albedo, and 3) the aerosol phase function that

are obtained from Mie calculations, as described in Section 4.2.1.

The look-up table is a function of t(0.64 um), ®¢(0.64 um), surface
albedo(as), solar zenith angle, satellite viewing zenith angle, and relative azimuth
angle between the sun and satellite. The discrete-ordinate radiative transfer
model used in this study characterizes aerosol concentration in terms of t at 0.64
um. The values of t at other wavelengths are scaled correspondingly, based on
Mie calculations. In the look-up-table, the aerosol values of t at 0.64 um range
from 0.071 to 3.6 in steps of 0.071. The seven w¢ values are 0.65, 0.70, 0.74,
0.79, 0.85, 0.88, and 0.91, respectively. This is the typical range of wg values for
young and aged smoke (Reid et al. 1998a,b). The solar zenith angle ranges
between 0-70° and the viewing zenith angle ranges between 0-60° in 5°
increments. The relative azimuth angle ranges from 0-180° in 10° intervals.
There are 13 as values. They are 0.03, 0.06, 0.07, 0.08, 0.09, 0.10, 0.11, 0.12,
0.13, 0.14, 0.15, 0.17, and 0.20, covering the range for surface types in the

Amazon and Africa.

The radiative transfer model requires clear-sky surface albedos, whereas
the satellite-measured values are at the TOA. Therefore, the radiative transfer
model is used to calculate the TOA albedos under clear sky (aerosol and cloud

free) conditions corresponding to each of the as values. In this way we obtain the
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relationship between as and TOA clear sky albedo, and then the TOA clear sky

albedo is used in the aerosol retrieval process.

Since only the visible channel reflectance of AVHRR imagery is used in
the retrieval process, only one parameter of t and wo can be retrieved at any
given time, assuming the other parameter. For example, in a scenario in which t
is available, such as over a sunphotometer site, the value of wy can be retrieved
from AVHRR channel 1. For more than a dozen sites during SCAR-B where the
1 values were obtained from sunphotometer measurements, the wg values were
retrieved using AVHRR-14 channel 1 images and then compared with values
obtained from in situ and ground-based measurements. The comparisons show
good agreement between the two data sets, and results are presented in Chapter
5. The t values of smoke aerosols also can be retrieved from AVHRR channel 1
assuming the oy values of smoke aerosols, since the wg values generally are
found in a narrow range from 0.8 to 0.9 over South America, with a typical value

of 0.89 (Reid et al. 1999).

The look-up-table for VIRS channel 1 is also calculated using the same
approach. The difference in the two look-up-tables is caused only by the

difference of the spectral response functions of the two sensors.
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4.2.3. Sensitivity study

In the retrieval of wg given t, the accuracy of the retrieved wq values is
mainly determined by the accuracy of aerosol t values, the calculated TOA clear-
sky albedos, and the AVHRR observed TOA reflectances. Figure 4.4 shows the
uncertainty in retrieved values of wg as a function of TOA clear-sky albedos. The
solar zenith angie and viewing zenith angle are 30° in this example, and the
relative azimuth between the sun and the sensor is 40°. The surface is assumed
to be Lambertian with an albedo of 0.10, and the corresponding TOA clear-sky

albedo is about 0.11.

Sensitivity is examined for 5 different values of aerosol t, ranging from
0.28 (light aerosol concentration) to 1.78 (heavy aerosol concentration). From
Figure 4.4, it is seen that the retrieved value of wg is very sensitive to the TOA
clear-sky albedo for small t values, while for heavy smoke concentrations, the
retrieved g is less sensitive to the TOA clear sky albedo values. The errors of
retrieved values of wo due to one percent uncertainty in TOA clear-sky albedo are
-0.085, -0.033, -0.016, -0.012, and -0.004, for t values of 0.28, 0.56, 0.85, 1.07
and 1.78, respectively. The minus sign indicates that overestimation of TOA
clear-sky albedo will underestimate the retrieved values of wg. The sensitivity of
the retrieved values of og to the TOA clear-sky albedos for different values of t is

given in Table 4.2.
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Table 4.2 Sensitivity of retrieved w(0.64um) as function of TOA clear-sky
albedo given t(0.64um). The solar zenith angle, satellite zenith angle and
relative azimuth angie are 30°, 30°, and 40°, respectively, original w, is 0.845.

TOA clear Awg/Actroa_dead %)
sky albedo(%) 1=0.28 =056 =085 1t1=1.07 1=1.78
76 -0.112 -0.039 -0.018 -0.012 -0.004
11.0 -0.085 -0.033 -0.016 -0.012 -0.004
15.1 -0.067 -0.027 -0.014 -0.010 -0.004

Table 4.2 shows that for dense smoke concentrations, the values of
retrieved oo are not sensitive to the clear-sky albedo, while for light smoke
concentrations, the wg values are much more sensitive to the clear-sky albedo.
Errors in retrieved values of wg increase with decreasing values of TOA clear-sky

albedo and for decreasing values of aerosol optical thicknesses.

Figure 4.5 shows the errors in retrieved values of oo due to uncertainties
in TOA observed reflectance for the range of t values shown in Table 4.2. The
solar and viewing geometry is the same as in figure 4.4. The value of oq is
assumed to be 0.85 and o5 is 0.10. The retrieved value of oy becomes more
sensitive to TOA reflectance at small values of T and becomes less sensitive at
large values of t. For example, when t is 0.28, the value of wg will be
underestimated, decreasing from 0.85 to 0.75 as the TOA reflectance decreases
from 0.114 to 0.104. When the value of t is 1.78, the value of wg is only slightly
affected, decreasing from 0.84 to 0.83 as the TOA reflectance decreases from

0.184 to 0.174. Errors in the retrieved values of wg increase with decreasing
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values of TOA reflectance and for decreasing values of aerosol optical

thicknesses.

Since only the visible channel of AVHRR imagery is used in the retrievals,
only one parameter can be retrieved at any given time. Smoke optical thickness
can be retrieved assuming a typical value of wo obtained from field experiments,
such as SCAR-B. The accuracy of retrieved t values is directly affected by the
assumed values of wgy. Figure 4.6 shows uncertainties of retrieved values of
due to uncertainties in the assumed values of wy. The solar and viewing

geometry is the same as in Figures 4.4 and 4.5.

From Figure 4.6, it is seen that errors in retrieved t values are a function
both of errors in values of wo and errors of TOA clear-sky albedos. In general,
the darker the surface, the more accurately the values of t can be retrieved. For
example, when the TOA clear-sky albedo is 0.109, an error in the assumed value
of wg by 0.01 causes an error in retrieved value of t by 0.06. However, for a TOA
clear-sky albedo of 0.15, the error in retrieved t value increases to about 0.16.
Also from Figure 4.6, it is seen that the retrieved t value is more sensitive to the

assumed value of wg when wq is smaller (more absorptive).

Table 4.3 shows the uncertainty of retrieved value of T with the uncertainty
of assumed value of wg at the solar and viewing geometry used in Figure 4.6.

The sensitivity of retrieved t values to the assumed wg value is shown for three
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aerosol optical thicknesses: 0.35, 1.07 and 1.78, representing light, medium and
heavy smoke concentrations. From Table 4.3, the uncertainty of retrieved t is
sensitive to both the aerosol optical thickness and the TOA clear-sky albedo. The
smaller the TOA albedo (the darker the surface), the less sensitive is the

retrieved value of 1. The denser the smoke (the larger the 1), the more sensitive

the retrieved value of <.

The uncertainties of retrieved t due to the uncertainties of TOA clear sky
albedo and observed albedo also are examined. The solar and viewing angles
are assumed to be the same as ones in Figure 4.4. When the TOA clear sky
albedo, oy and t values are 0.109, 0.85 and 1.06, respectively, AVHRR channel
1 reflectance is 0.156. An increase of TOA clear-sky albedo from 0.109 to 0.119
causes a decrease in the retrieved t value from 1.06 to 0.94. On the other hand,
a decrease of channel 1 reflectance from 0.156 to 0.146 causes a decrease in
the retrieved t value from 1.06 to 0.86. An uncertainty of 0.01 in TOA clear-sky
albedo or channel 1 reflectance causes uncertanity of retrieved t value by about

0.1-0.2.

Table 4.3. Sensitivity of retrieved t (0.64 um) as function of ws(0.64 um) given TOA clear
sky albedo. The solar and viewing geometry is same as in Table 4.1. Original wg is 0.845

TOA clear At/Awg
sky albedo(%) t=0.35 t=1.07 t=1.78
7% -1.32 -4.05 -16.08
11.0 -2.29 -6.04 -21.06
15.1 -5.10 -10.77 -32.68
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4.3 Smoke angular distribution model

The angular distribution model (ADM) is an integral part of the Earth
Radiation Budget Experiment (ERBE) and Cloud and Earth Radiant Energy
System (CERES) projects. It is used to convert the measured TOA radiances
into TOA fluxes, and the accuracy of the ADM directly determines the accuracy
of the TOA fluxes. However, there is no ADM for smoke aerosols in either of
these projects. In this study, the smoke ADM is calculated using the optical
properties of smoke aerosols obtained from SCAR-B results and the SBDART

radiative transfer model.

4.3.1 Angular Distribution Model (ADM)

The measured radiance from the CERES scanner at a specific sun-
satellite angle is converted to TOA flux (Green et al. 1995) using the following

equation:

_ 7 (6,,6,p)

T
Froa = m ......................................... 4.1),

where (6, 6, ¢) is the sensor-measured radiance at solar zenith angle 6o,
satellite zenith angle 6, and relative azimuth angle between Sun and satellite ¢,

&6, 6, ¢) is the angular distribution model value that relates radiance to flux at
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that specific solar and satellite viewing geometry, and FTTOA is the TOA upward
flux in the 0.3 - 5.0 um shortwave channel. As a result, the accuracy of
converted TOA SW fluxes over biomass bumning regions depends upon the

accuracy of the ADM for smoke aerosols.

The SBDART model is used to calculate the shortwave (0.28 — 4.0 um)
ADM for horizontally homogeneous smoke aerosols over different surface types.
The SBDART model was introduced in Chapter 3 and was used to produce the
look-up-table for the retrieval of smoke optical properties in Section 4.2. The
spectral optical properties of smoke aerosols used in this study are obtained from
the SCAR-B experiment (Ross et al. 1998), with smoke particles modeled as
organic liquid shells with black carbon cores (Ross et al. 1998). The volume size
distribution of smoke aerosols is assumed to be lognormal with a volume median
radius of 0.15 um (Remer et al. 1998). Smoke particles are assumed to be
spheres, which is well supported by SCAR-B measurements (Martins et al.
1998), and Mie theory is applied to stratified spheres (Ackerman and Toon 1981)
to calculate the light scattering and absorption coefficients of the smoke aerosols.
Figures 4.7 show the mass extinction coefficients in (a), and single scattering
albedos and asymmetry factors in (b) as a function of wavelength. The curves at
3.0-4.0 um are extrapolated from the curves at 0.30-3.0 um, since Ross et al
(1998) provided values only up to 3.0 um. In Figure 4.7(b), the wo value at 0.55

um is 0.81. For smoke aerosols with different absorption properties (i.e., different

wo values at 0.55 um), the corresponding spectral wg curve (curve 2) is scaled
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from the curve (curve 1) in Figure 4.7(b) according to their oy value at 0.55 um

using the following equation:

@o .- (550nm)

a)s.» 4) = m Q) (

where wg2()) represents the oo value at wavelength A for the scaled curve, and

wo.1(~) represents the wg value at wavelength A for the curve in Figure 4.7(b).

In the smoke ADM calculations, a standard tropical atmosphere
(McClatchey et al. 1972) is assumed, and the surface is assumed to be
Lambertian. [n this study, we refer to the calculated ADM for smoke aerosols as
the “smoke ADM"”. The smoke ADM is a function of t, wo, broadband surface
albedo (as), 60, 6, and ¢. The t and g values are specified at a wavelength of
0.64 um unless otherwise stated. The aerosol values of t are calculated in the
range from 0.36 to 3.6 in steps of 0.36. There are four o values used in the
calculations: 0.70, 0.79, 0.82, and 0.85, respectively. There are 10 solar zenith
angles used in the calculations with cosine of the angles decreasing from 0.90 to
0.45 in steps of 0.05. Likewise, there are 15 satellite zenith angles with cosines
of the angles decreasing from 1.0 to 0.3 in steps of 0.05. Values of ¢ range from
0° to 180° in intervals of 22.5°. There are four assumed values of as: 0.10, 0.15,
0.20, and 0.25, covering the range for the surface types found in the biomass

burning regions.
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Figures 4.8a—d show the calculated ADMs for aerosol values of t of 0.36,
1.1, 1.8, and 2.5, respectively. In these calculations, the aerosol wg value is
assumed to be 0.85, us is assumed to be 0.15, and the solar zenith angle is
assumed to be 36.9°. The relative azimuth angle of 0° represents the forward
direction of scattering. From Figures 4.8a—d, the ADM value increases with
increasing satellite zenith angle. Consider the case when the t value is 0.36;
then the ADM values in the forward scattering direction (¢=0°) increase from 0.87
to 1.34 and values in the backward scattering direction (¢=180°) increase from
0.87 to 1.11 as 6 values increase from 0° to 69.5°. Now consider the case when
the t value increases from 0.36 to 2.5; then the ADM values in the forward
direction increase from 0.83 to 1.49 and values in the backward direction
increase from 0.83 to 0.96 as 6 values increase from 0° to 69.5°. Therefore, with
increasing value of 1, the range of ADM values in the forward direction increases
and values in the backward direction decrease. Comparison of Figures 4.8c and
4.8d shows no significant difference between the two ADMs, indicating that the
smoke ADM is not sensitive to the value of t when t is larger than 1.8 (heavy
smoke concentration). Figures 4.8e and 4.8f show smoke ADMs the with same
values of wg and solar zenith angle as in Figure 4.8a and 4.8c, but with the value
of as increased from 0.15 to 0.20. The t values for Figures 4.8e and 4.8f are
0.36 and 1.8, respectively. Comparison of Figures 4.8f and 4.8c, with t = 1.8,
shows no large difference between the two ADMs, indicating that when aerosol t

is large, the smoke ADM is less dependent on the surface albedo (surface type).
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and (h) t=1.8, ©00=0.85, a,=0.15, s2a=60.0°
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Comparison of Figures 4.8e and 4.8a, with t = 0.36, shows large
differences in the smoke ADMs. I[n the forward and backward scattering
directions, the ADM values in Figure 4.8e range from 0.91 to 1.28 and from 0.91
to 1.07, respectively. Comparing to Figure 4.8a, the range of ADM values
decreases in both the forward and backward scattering directions. The reason is
that for small values of aerosol t, the surface albedo has a greater impact on the
smoke ADM. Holding the t, wp and as values the same as in Figures 4.8e and
4.8f, Figures 4.8g and 4.8h show smoke ADMs with solar zenith angle increased
from 36.9° to 60°. In Figure 4.8h, the ADM values range from 0.73 to 2.12 in the
forward scattering direction and from 0.73 to 0.90 in the backward scattering
directions as 0 values increase from 0° to 69.5°. Comparison of Figures 4.8f and
4.8h shows that the range of smoke ADM values in the forward scattering
direction significantly increases with increasing solar zenith angle. That is, at

larger solar zenith angle, the smoke ADM is less isotropic.

4.3.2 Sensitivity study

Since the smoke ADM is a function of t, wg, as, uncertainties in these
values cause uncertainties of the smoke ADM values. Since the TOA clear-sky
albedo is directly related to os in clear-sky conditions, the sensitivity of the smoke
ADM to the parameters of 1, wg, and TOA clear-sky albedo is examined. Figure

4 .9a shows the ADM value as the function of smoke t value. In this case, the oq,
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as and 6 values are 0.85, 0.15 and 40°, respectively, and the solar zenith angles
are assumed to be 30° and 60°, respectively. The relative azimuth angles are
assumed to be 45° (forward scattering) and 135° (backward scattering),

respectively.

From Figure 4.9a, it is seen that the ADM values are not sensitive to the
values of t when t is larger than 1.7. When t is less than 1.7, the ADM values
become more sensitive to the t values, especially at the larger solar zenith
angles. When ¢ is 60°, the ADM values vary from 0.97 to 1.04 as the t values
vary from 0.35 to 1.5, an increase of about 7%. Figure 4.9b shows the ADM
values as a function of wo. In this case, the t value is 1.1, and TOA clear-sky
albedo and solar and satellite viewing geometry are identical to the ones in
Figure 4.9a. The ADM values are relatively insensitive to values of g when the
wo values are less than 0.81, becoming more sensitive to the values of v as the
wg values become larger than 0.81. Note that the ADM values vary by less than
3% when the wg value varies from 0.76 to 0.85. Figure 4.9c shows the ADM
values as a function of TOA clear-sky albedo. In this case, the o, value is 0.85
and the tvalue is 1.1. The solar zenith angle, satellite angle and relative azimuth
angle are identical to those in Figures 4.9a and 4.9b. From Figure 4.9c, it is seen
that the ADM values are slightly more sensitive to TOA clear-sky albedo in the
backward scattering direction than in the forward scattering direction. The ADM
value varies from 0.92 to 0.97 as clear-sky albedo changes from 0.10 to 0.24, a

change of about 5%.
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In general, we conclude that the smoke ADMs are relatively insensitive to
the smoke optical properties and TOA clear-sky albedos. For most cases, the
uncertainty of smoke ADM is expected to be less than 10% due to the

uncertainties of these parameters.

4.4 Modified 5-4 stream broadband model for smoke aerosols

While the global earth radiation budget can be directly obtained from
satellite measurements such as ERBE and CERES, it is typical to use radiative
transfer models (Pinker and Laszlo 1992; Zhang and Rossow 1995) or model-
derived relationships between the TOA and surface SW fluxes (Li et al 1993) to
estimate the Solar Surface Radiation Budget (SSRB) from satellite observations.
As mentioned in Chapter 1, although the model-estimated surface SW radiation
budget is in reasonably good agreement with the observations, significant
discrepancies between model results and surface observations exist over regions
where biomass burning prevails (Konzeimann et al. 1996; Li 1998). The large
discrepancies are most probably due to the improper characterization of smoke
aerosols in the model calculations. For example, the aerosols in the Global
Energy and Water cycle Experiment (GEWEX) Surface Radiation Budget (SRB)
SW radiative transfer model (Pinker and Laszlo 1992) are assumed to be either
marine or continental types. The reason that biomass burning aerosols have not

been properly treated in the models is that little information has been available
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concerning their optical properties. The 3-four-stream plane-parallel broadband
radiative transfer model (Fu and Liou 1993), as presented in Chapter 3, is a
popular model that is used by the CERES Surface and Atmosphere Radiation
Budget (SARB) team to estimate the SW and longwave (LW) fluxes at both the
TOA and the surface as well as in the atmosphere. Using this model, the
diurnally averaged radiative impact of dust aerosols has been simulated (Liao
and Seinfeld 1998). However, smoke aerosols have not been characterized in
this model. In the present study, the 5-four-stream model is modified to account
for the smoke aerosol effect using the optical properties obtained during SCAR-B
so that it can be used to estimate surface SW radiation budget over biomass

burning regions.

4.4.1 Characterization of smoke aerosolis

One of the standard techniques for computing the optical 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;
Lenoble 1991). The smoke aerosol particles are assumed to be spherical, and
Mie calculations are performed, providing the phase functions, single scattering
albedos (ap), asymmetry parameters (g) and extinction coefficients. These
values then are used to computa the TOA and surface irradiance values. In this

section, the wavelength-dependent oy and g parameters are taken from the
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SCAR-B experiment (Ross et al. 1998). The wavelength-dependent extinction
coefficient (which can be scaled to obtain wavelength-dependent t parameter) is
obtained by a different approach. Since the sunphotometers measure t values at
seven wavelengths from 0.34 um to 1.02 um, the wavelength-dependent <
parameter for smoke aerosols at 0.34 — 1.02 um is obtained based on the
observed t values over 12 sunphotometer sites during SCAR-B. The wavelength
dependency of the t value between any of the two observed wavelengths is
obtained by the linear interpolation of the mean values of t at the two
wavelengths. The wavelength-dependency of t between 1.02 and 4.0 um, as
required in the model, is obtained by extrapolation of the mean values of t at
0.87 um and 1.02 um. The uncertainty in characterizing smoke aerosols due to
the uncertainty of the assumed wavelength-dependent t value at wavelength
larger than 1.02 um is less significant due to the fact that 1) smoke optical
thickness decreases significantly with increasing wavelength and 2) solar energy
decreases significantly at wavelengths larger than 1.0 ym. As a result, the
extrapolation of wavelength-dependent t values is not expected to significantly
affect the accuracy of the parameterization of the smoke radiative impact. The
wavelength dependency of the t value is categorized into seven curves based on
the observed t values at a wavelength of 0.50 um: =< 0.5, 0.5-1.0, 1.0-1.5, 1.5-
2.0, 2.0-2.5, 2.5-3.0, and t > 3.0. Figure 4.10 shows the seven curves obtained
from the sunphotometer measurements during SCAR-B. For the sake of

comparison, the wavelength-dependent t curve based on Mie calculations (Ross
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et al. 1998) is also shown in Figure 4.10. From Figure 4.10, it is seen that the t
curves derived from the sunphotometer measurements are similar to the one

obtained from Mie calculations.

The four-stream broadband radiative transfer model requires values of t,
wo and g at wavelengths between 0.2-4.0 um in six discrete intervals. Based on
Figures 4.7 and 4.10, the energy-weighted values of ay, g and r for each band
(Pinker and Laszlo 1992) are obtained by using the LOWTRAN incoming solar
energy spectrum and are characterized in the four-stream model. For the water-
soluble aerosols, including the smoke particles, the light scattering coefficient
(os) increases as ambient relative humidity (RH) increases. The humidification
factor, which is a measure of this increase, is defined as the light-scattering
coefficient at 80% relative humidity divided by the light-scattering coefficient of
the dry aerosol (Kotchenruther and Hobbs 1998). The light scattering
coefficients of smoke particles from various types of fires as a function of relative
humidity were estimated from these measurements, and the single scattering

albedos used in the calculation account for this humidification factor.

The aerosol t and «yp values at 0.55 um are required as input to
characterize the radiative impact of smoke aerosols in the modified model. This
model is validated using the observational data during SCAR-B and results as

discussed in Chapter 5.
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4.4.2 Sensitivity of TOA and surface SW fluxes to aerosol and ambient

parameters

The sensitivity of several model parameters to TOA and surface SW
fluxes are examined using the four-stream radiative transfer calculations. The
following model parameters are examined: 1) aerosol optical thickness, 2) single-
scattering albedo, 3) asymmetry parameter, 4) surface albedo, 5) column water

vapor amount, and 6) column ozone amount.

As a first test, the sensitivity of downward shortwave irradiances (DSWis)
to a range of aerosol optical thicknesses at 0.55 um is examined as a function of
solar zenith angle. To perform these calculations,ay, surface albedo, g, column
water vapor and ozone amounts are fixed. The column ap (at 0.55 um) for
smoke aerosols between 0-4 km is assumed to be 0.823, the mean value of UW
C-131A airborne measurements during SCAR-B, and the column g value is 0.55.
The surface albedo is set to be 0.12. The standard tropical vertical profiles of
water vapor and ozone are assumed. By varying the t values, while holding all
other parameters constant, the sensitivity of the DSWI values to t can be
estimated. Figure 4.11(a) shows that the calculated values of DSWI are
extremely sensitive to the assumed values of t. As t increases at a given solar
zenith angie (8o), the amount of SW energy at the surface decreases. Also, for a
constant value of t, a larger solar zenith angle produces lower DSWI values. For

example, at 8g = 31.7° (cos(8g) = 0.85), as t varies from 0.5 to 1.0 the DSWI
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value changes from 750-600 W m. The radiative transfer calculations show that
an uncertainty of 0.1 in T (and for the range of smoke optical thickness and solar
zenith angles that are considered here) yields an uncertainty of about 20-30

Wm?in DSWI, assuming that all other variables (e.g. g, ay) are known.

Figure 4.11(b) shows the sensitivity of the calculated DSWI values to wg at
different solar zenith angles. The column t is assumed to be 0.9 at 0.55 um. At
a given 0o, the DSWI values increase with increasing wo values due to the less
absorption of smoke particles. At a 6o of 31.7°, a change in wg from 0.80 to 0.85
produces an increase in DSWI of about 25 Wm™. Figure 4.11(c)-(f) shows that
only small changes in DSWI occur as g, surface albedo, column water vapor and
column ozone are varied. A change in g of 10% (between 0.55-0.60) produces a
change in DSWI! of less than 10 Wm™. Likewise, a 40% change in surface
albedo (from 10-14%) produces a DSWI change of less than 10W m™. Similar
changes can be seen in Figure 4.11(e) and (f) as column water vapor and

column ozone values are changed. From Figure 4.11 we conclude that the
DSWI calculations are sensitive primarily to the assumed values of t and wo.
Indeed, values of both t and wg must be estimated to within 10-12% to obtain
DSWI values within 20 Wm™, which means that t and o, must be estimated to
within 0.1 and 0.05, respectively. Therefore, if global retrievals of DSWI are to be
done on a routine basis using the combination of satellite and radiative transfer
calculations, new methodologies must be developed to estimate t and wo

accurately.
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The sensitivity of TOA upward SW flux (TUSWF) to these six parameters
also is examined, and results are shown in Figure 4.12. In Figure 4.12(a), values
of ayp, surface albedo, g, column water vapor and ozone amounts are fixed. The
value of column axp (at 0.55 um) for smoke aerosols between heights of 0-4 km is
assumed to be 0.89, and the column g value is 0.55. Once again, these are
typical values from SCAR-B. The surface albedo is assumed to be 0.12. Figure
4.12(a) shows that the calculated values of USWF are extremely sensitive to the
assumed values of t. The value of TUSWF increases with increasing value of t
at a given 69. Also, for a constant value of t, a larger solar zenith angle produces
larger values of TUSWF. For example, at 6 = 31.7°, as t varies from 0.5 to 1.0
the value of TUSWF increases from 248 to 261 Wm™, an increase of 13 Wm?.
The radiative transfer calculations show that an uncertainty of 0.1 in t (and for
the range of smoke optical thickness and solar zenith angles that are considered
here) will yield an uncertainty of about 2-3 Wm?2 in TUSWF, assuming that all
other variables (e.g. g, ap) are known. However, the sensitivity of TUSWF to the
column t value also is dependent upon the oo value. For example, when the
value of g is 0.823, the TUSWF value changes from 228.9 to 228.5 Wm™? as t
increases from 0.5 to 1.0. This is due to the balance between the brightening of
the surface by atmospheric scattering and the darkening by aerosol absorption
for smoke aerosols (Kaufman 1987). Figure 4.12(b) shows the sensitivity of the
calculated TUSWF values to values of wg at different solar zenith angles. The
value of column t is assumed to be 0.9 at 0.55 um. For a given 0¢, the values of

TUSWEF increase with increasing values of wo due to the decrease of absorption
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for smoke aerosols. At a 6o of 31.7°, a change in &g from 0.80 to 0.85 produces
an increase from 223 to 238 Wm™. Figure 4.12(c) shows that the TUSWF also is
sensitive to the asymmetry factor which is related to the particle size distribution.
With other parameters fixed, at a 6, of 31.7°, an increase of g value from 0.60 to
0.62 results in a decrease in TUSWF from 220 to 216 Wm™. From Figure 4.12
(a)-(c), it is clear that the value of TUSWEF is sensitive to t, ®g, and g of smoke
aerosols, although it is most sensitive to t and wg. As expected, the value of
TUSWEF also is strongly dependent upon the surface albedo, as shown in Figure
4.12(d). With other parameters fixed, at a 6o of 31.7°, an increase of surface
albedo value from 0.110 to 0.135 increases the value of TUSWF from 219 to 237
Wm™. Figures 4.12(e)-(f) show only small changes in TUSWF as column water
vapor and column ozone amounts are varied. A change in water vapor amount
from 20 to 37 kgm™? causes a decrease of TUSWF from 230 to 226 Wm™. A
change in column ozone amount from 1.5 to 2.7 gm™ causes a decrease of
TUSWF from 228 to 227 Wm™. From Figure 4.12 we conclude that the TOA
upward SW flux calculations are sensitive primarily to the assumed values of <
and g as well as to the surface albedo. The surface albedo must be determined
to within 5-6% to obtain TUSWF values within 5 Wm™2. The values of T must be
estimated to within 0.2 and values of wg must be estimated to within 0.02 to

obtain TUSWF values within 5 Wm™.
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4.5 Instantaneous Shortwave Aerosol Radiative Forcing (SWARF)

The term “radiative forcing” was first used to describe the radiative impact
of clouds on the earth radiation budget (Ramanathan et al. 1989; Hartmann et al.
1986). The TOA radiative forcing of clouds at a specific location is defined as the
difference of TOA fluxes that occur between clear-sky condition and the case
when clouds are found. Therefore, radiative forcing is a measure of how clouds
directly change the TOA fluxes compared to clear-sky conditions. ERBE
measurements also have been used to estimate the radiative impact of volcanic
aerosols (Minnis et al. 1993) and biomass burning aerosols (Christopher et al.
1998). The TOA shortwave radiative forcing (SWARF) of aerosols was defined

by Christopher et al. (1998) and are expressed here as:

SWARF (TOA) = So™* [ cter. oA - Caer.ToA ] (4.3),
where

So'?* =incoming solar flux at the TOA,
aarToA = clear-sky albedo at the TOA, and

OaerToA = @erosol-sky albedo at the TOA.

Similarly, the downward shortwave aerosol radiative forcing at the surface (SFC)

is defined as:

SWARF (SFC, downward) = F,SF¢SW _ F_, SFC-SW (4.4),
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where

Faro W = clear-sky downward SW flux at the surface,

Faero ©SW = aerosol-sky downward SW flux at the surface:;

The net downward shortwave aerosol radiative forcing at the surface is defined
as:

SWARF (SFC, net) = (Fa >TSS - FaeSFOSW) [ 1 - agec] (4.5),
where

asec = surface albedo.

These definitions of radiative forcings for smoke aerosols will be used

throughout this study.
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CHAPTER 5

RESULTS AND DISCUSSIONS

This chapter presents the results and discussions of several areas
investigated in this study. Section 5.1 presents the retrieval of wp values of
smoke aerosols over the locations where smoke t values were obtained from the
sunphotometer measurements. Section 5.2 presents the effect of the angular
distribution model on the estimation of smoke radiative forcing by examining the
difference between the values of instantaneous smoke TOA SWARFs estimated
using the SW fluxes from smoke ADMs produced in this study and those
estimated using the CERES ES-8 ERBE-like data product in which the SW fluxes
are obtained using the ERBE ADMs. Section 5.3 shows the comparison results
of surface DSWis estimated using the modified &-four stream model with
observations during SCAR-B for a limited number of cases. The accuracy of the
estimated values of surface DSWI is examined as a function of value of wo.
Section 5.4 shows the estimated TOA and surface SWARF values of smoke

aerosols during the 1998 burning season over South America and Africa.
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5.1 Retrieval of oy of smoke aerosols during SCAR-B

Values of wg of smoke aerosols from the AVHRR channel 1 images are
retrieved over sites where t values are available from the sunphotometer
measurements during the SCAR-B project in 1995 in South America and the
Zambian International Biomass Burning Emission Experiment (ZIBBEE) project
in 1997 in Africa. The retrieved values of wo are compared with those obtained
from in situ measurements and the ground-based measurements wherever they
are available. The results are presented in Section 5.1.1. Using the mean
values of the retrieved wo over several sites in Brazil and in Africa, the surface
DSWIs are estimated using the 3-four stream model and results are comparec
with the ground-based Eppley pyranometer measurements. The results are

shown in Section 5.1.2.

5.1.1 Satellite Retrieval of oy

During SCAR-B and ZIBBEE, the loading of smoke aerosols was
monitored over several isolated locations using the sunphotometers. By
collocating the sunphotometer measurements with the AVHRR measurements
over these locations, the wo values of smoke aerosols are retrieved. For a
collocated sample, the time difference between the sunphotometer measurement

and the AVHRR observation is within 15 minutes and the spatial difference is
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within 0.02° in latitude and longitude. Table 5.1 shows the 9 sites over South

America and Africa, including the latitude and longitude.

In the retrieval process, to minimize the effects of navigational errors, a 3 x
3 array of AVHRR pixels surrounding these sites is used. Three wg values for a
given location are calculated using the mean value (u) and the mean + standard
deviation (utc) of the observed channel 1 reflectances in the 3 x 3 array. The
smoke o values are retrieved for each set of collocated AVHRR and
sunphotometer measurements over all sites. Due to the difference in spatial
resolution between satellite and ground-based instruments, the scene identified
by the ground-based instruments may be different from the one inferred from the
satellite. For example, while the sunphotometer, due to its narrow field of view,

may report a value of aerosol optical thickness, the satellite pixel, due to its larger

Table 5.1 The latitude, longitude and continent for each site where sunphotometer
instrument locates.

Site Continent Location
(Latitude, Longitude)
Alta Folresta South America (-9.92, -56.00)
Arigiums South America (-9.89, -63.00)
Cuiaba South America (-15.50, -56.00)
El_Refugio South America (-14.75, -62.03)
GORDE rest South America {-15.40, -55.98)
Ji_Parana South America (-10.85, -61.79)
Pantanal South America (-16.38, -56.62)
Potosi Mine South America (-9.27, -62.86)
Uberlandia South America (-18.89, -48.27)
Mongu Africa (-15.25,23.15)
Sananga Africa (-16.11, 23.30)
Zambe Africa (-13.53, 23.10)
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footprint may be partially filled with clouds. Since cloud reflectances are usually
larger than the reflectances for smoke aerosols, the observed refiectance for a
partially cloudy scene will most probably be larger than that for smoke aerosols.
As a result, the retrieved oo value for smoke aerosols will be over-estimated. |If
the reflectance from the cloud contribution is significant, we may fail to retrieve

the wg value for the pixel.

Figures 5.1(a) and (b) show the time series of retrieved wg at 0.64 um over
Alta Floresta and Cuiaba Brazil, respectively, during SCAR-B. Figures 5.1(a)
and (b) also show as vertical line the range of retrieved o values corresponding
to the (utc) values in the 3 x 3 array. For a total of 17 out of 27 days over Alta
Floresta and 10 out of 33 days over Cuiaba, the values of g are retrieved within
the range of 0.66 to 1.0, with most of the values being in between 0.76 and 0.91,
a typical range for aged smoke aerosols obtained during SCAR-B (Reid et al.
1998a, 1999). The mean wo values over Alta Floresta and Cuiaba are 0.87 and
0.84, respectively, as shown by the horizontal lines. Except for several points in
Figures 5.1(a) and (b), the retrieved values of wg are consistent and within 0.04
of the mean values, indicating that the wo values of smoke aerosols do not
change significantly during the burning season. This is consistent with the
findings of Reid et al. (1999). However, for about 35% of the days over Alta
Floresta and 70% of the days over Cuiaba, the algorithm fails to retrieve the wq
values. For most of these days, the observed AVHRR channel 1 reflectances

are over 0.30, which are probably due to cloudy conditions. The failure to

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-uoIssiwiad noypm papqiyoid uononpoidal JoYyuUng "ISUMO WBLAdOD ayy Jo uoissiwiad Yyim psonpoiday

6L

"‘ (0)

10— - T K
q.

(Yo}

o 0.90 ﬁ\ /\,,*__.//\\q
il

ook e

3°

B

¢ 0.70

o

160.60 . . . — —— ——— .
o

0 227 229 230 231 234 236 237 238 241 243 248 249 250 251 252 253 254 255
Julian Day

0.64um)

0=

0.70
0.60

B

1.00 y " v " v — v v v
0.90
E ~. ‘ 4 /\ f/'
0

Retrieved w

229 238 240 244 249 250 254 257
Julian Day

Figure 5.1 AVHRR retrieved w, over (a) Alto Floresta and (b) Cuioba Brazil during SCAR-B. The
vertical lines represent the range of w, retrieved using u+0 ond u—o values. The horizontol
lines represent the mean w, values



retrieve oo on these days is probably caused by navigational errors and/or
differences in spatial resolution between the collocated sunphotometer
measurements and satellite measurements, since sunphotometer measurements
indicate that the sun is unobscured by clouds for these cases while satellite
measurements suggest cloud-contamination. For example, on Julian day 259
(September 18) over Alta Floresta, the channel 1 albedo is 0.45, suggesting that
the AVHRR pixel is cloudy. The mean t values over Alta Floresta and Cuiaba
are 1.56 and 0.83, respectively. As shown in Section 4.3, when t values are
small, the retrieval of wg is sensitive to TOA clear sky albedo and observed
albedo, as well as t. The uncertainties in these parameters may cause errors in

the retrieval process when t is small.

The uncertainties in retrieved oo values depend upon the uniformity of the
scene, as indicated by the o value of the 3 x 3 array. For example, over the Alta
Floresta on day 229, the u and o values of channel 1 reflectance are 0.127 and
0.015, respectively. For the observed t value of 0.5, the retrieved values of wg
range from 0.67 to 0.79. An uncertainty in channel 1 reflectances of 0.03 causes
uncertainties in retrieved wq values of 0.12 for t of 0.5. Uncertainties in retrieved
wo values also are a function of aerosol optical thickness. On day 254, the u and
c values of channei 1 reflectances are 0.187 and 0.033, respectively. For an
observed t value of 1.7, the retrieved values of wg range from 0.81 to 0.91. An
uncertainty in channel 1 reflectance of 0.066 causes an uncertainty in retrieved

wo value of 0.10 for t value of 1.7. The larger the t, the smaller the uncertainty in
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the retrieved oo value. Therefore, with the same value of o, the retrieved «q

value is more reliable when the t value is larger.

During SCAR-B, the UW C131-A aircraft made measurements over
Brasilia, Cuiaba, Porto Velho, and Maraba, and aerosol values of wg at 0.55 um
were obtained using three different methods (Reid et al. 1998c). The values of
wo at 0.55 um also were retrieved from the ground-based photosynthetically
active radiation (PAR) measurements together with sunphotometer measured t
over selected sites (Eck et al. 1998). For Cuiaba on August 27, the satellite
retrieved value of wg at 0.55 um is compared to g values obtained from in situ
measurements (Reid et al. 1998c) and from ground-based PAR measurements
(Eck et al. 1998). However, there exists a lack of exact time coincidences for the
three measurements. The AVHRR measurement was obtained at 1644 UTC and
the in situ measurements were taken at about 2000 UTC. The satellite retrieved
value of wo was 0.85, while the value of wg from the in situ measurement was
0.83 and ground-based measurement also provided a value of 0.83. The
satellite retrieved mean value of oo at 0.55 um over Cuiaba is 0.85, averaged
over a total of 10 days, and the mean value of wo obtained from the series of
C131-A measurements was also 0.85. However, the standard deviation of wo
retrieved from satellite observations is 0.07, as compared to only 0.02 from the in
situ measurements. The values of wg retrieved from PAR measurements ranges

between 0.82 and 0.84.
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Since Porto Velho(9°S, 64°W) is geographically close to Potosi Mine
(9.27°S, 62.86°W), and the two sites have the same surface scene type of forest,
the retrieved wo values in Potosi Mine were compared with those obtained from
the in situ measurements over Porto Velho, even though there are only three
satellite retrieved oy values available at this site from September 4 to 6. The
AVHRR retrieved mean value of og at 0.55 um is 0.93 with standard deviation of
0.05, while the mean in situ retrieved o, value over Porto Velho is only 0.86 with
standard deviation of 0.05 from a total of 21 measurements. Therefore the
average value retrieved from the satellite observations is about 0.07 higher than
that obtained from in situ measurements. For a t of 0.7 (0.64 um), this
discrepancy may cause the values of instantaneous DSWI to be overestimated
by about 20 to 30 Wm™ compared to the ones using w, values derived from the
in situ measurements (Christopher et al. 2000). In terms of possible errors, note
that the comparisons of o are not for exactly the same geographical locations
and dates. Comparisons of retrieved oo values between satellite observations
and ground-based observations are done over Potosi Mine. The retrieved wg
values from ground-based PAR measurements range from 0.85 to 0.92 during
the time period from September 4 to 7 (Eck et al. 1998). The mean value of
retrieved wo from AVHRR is 0.93, about 0.04 larger than that obtained from

ground-based measurements.

Table 5.2 summarizes results of the retrieved values of @y over 6 selected

sites in South America and Africa. Results are not shown in Table 5.2 for the
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Table 5.2 Statistics of the aerosol optical thicknesses from sunphotometer measurements and
AVHRR retrieved oo at 0.64 um over 6 sites. The values of w, at 0.55 um are also given which are
scaled from the retrieved values of wg at 0.64 um using wavelength dependency of w, from the
MIE calculation.

{ Site Sample t (0.64 um) Retrieved w, (0.64 um) | Scaled wo (0.55 um)
S u c n o u G

Alta_Fioresta 17 1.55 0.56 0.87 0.07 0.88 0.07
Cuiaba 10 0.83 0.31 0.84 0.07 0.85 0.07
El_Refugio 9 1.22 0.40 0.86 0.08 0.87 0.08
Ji_Parana 5 1.99 0.28 0.91 0.01 0.92 0.01
Mongu 7 0.64 0.22 0.84 0.05 0.85 0.05
Zambe 9 0.58 0.12 0.81 0.07 0.82 0.07

other sites due to small sample size (less than 4). For 56 out of 111 sets of data
over the 6 sites, the wg values are successfully retrieved. For each site, the total
number of retrieved wg values, the mean and standard deviations of the observed
aerosol values of 1, and the mean and standard deviations of the retrieved wo
values at 0.64 um are given in Table 5.2. To facilitate comparisons with wg
values obtained from the in situ and ground-based measurements during SCAR-
B, AVHRR retrieved values of wg at 0.64 um are scaled to values at 0.55 um,
also shown in Table 5.2. The mean »¢ value ranges from 0.82 to 0.92 at 0.55

pm over the 6 sites, with standard deviations being within 0.08.

In situ aircraft measurements during SCAR-B show that the physical and
optical properties of smoke particles are correlated so that if one physical or
optical property of smoke aerosols is determined, other properties can be derived

(Reid et al. 1999). The relationship is established between the multi-wavelength
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Angstrom exponents (a) determined from the sunphotometer measurements and
the wo obtained from insitu aircraft measurements during SCAR-B (Reid et al.
1999). The wo values retrieved from AVHRR are compared with those derived
from sunphotometer measurements using the relationship between a and .
From Table 5.2, the mean value of wg (0.55 um) is 0.88+0.07 for a total of 17
samples over Alta Floresta. The mean value of wg (0.55 um) derived from
sunphotometer measurements is 0.86+0.02 for this site (Reid et al. 1999). The
retrieved value of og from AVHRR is slightly larger than that derived from
sunphotometer measurements with larger standard deviation. Over Cuiaba, the
mean value of og is 0.85+0.07 for a total of 10 samples and the mean value of &g
derived from sunphotometer measurements is 0.85+0.02. The retrieved mean
value of wg from AVHRR matches with that from sunphotometer measurements
with larger standard deviation. Over Ji Parana, the mean value of «g is
0.92+0.01 for a total of 5 samples and the mean value of ©¢ derived from
sunphotometer measurements is 0.87+0.01. The retrieved mean value of wg
from AVHRR is over-estimated by 0.05 compared to the value from
sunphotometer measurements. Note that in this study, the value of vy decreases
with increasing wavelength, based on Mie calculations. For the case that wg of
smoke aerosols increases with wavelength, the retrieved og value will be smaller

than that retrieved using the look-up table.
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5.1.2 Aerosol attenuation of solar flux at surface

The radiative impact of biomass burning aerosols is determined by their
optical properties. One of the most important applications of retrieved smoke
optical properties is to estimate shortwave radiation budgets, especially at the
surface, over the biomass burning regions. [n this section, the &-four stream
radiative transfer model is used to calculate the DSWIs using the retrieved »o and
observed t values at the sunphotometer sites. The model calculated DSWIs
then are compared with ground-based Eppley pyronometer measurements.
There are total of 14 cases from which such comparisons can be made. Eight of
them are in Africa, and the rest of them are in South America. Note that the -
four stream radiative transfer model was discussed in Chapter 3.2. Both wgand t

values are required as input parameters for estimating DSWIs over smoke areas.

Figures 5.2 and 5.3 show the results of model-estimated and observed
DSWI comparisons over South America and Africa, respectively. Since the g
values over a site do not change significantly during a burning season (Reid et al.
1999), the mean wq value for a site is used to calculate surface DSWIs. Figures
5.2(a) and (b) show the results over Cuiaba on August 27 and September 1,
1995, respectively. The mean wg value over Cuiaba at 0.64 um is 0.84 (0.85 at
0.55 um) as shown in Table 5.2. As a result, the root mean square (RMS) errors
of surface DSWis between observations and the model calculations are 11.0 and

17.3 Wm™, respectively. The mean and standard deviation of the errors
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between observed fluxes and model estimated fluxes are —8.9+6.4 and 17.3£2.7
Wm2, respectively. Fig. 5.2(c) shows the results over Pantanal on August 30.
The mean retrieved og value at 0.64 um over Pantanal is 0.89 (0.90 at 0.55 um)
with standard deviation of 0.06 using a total of 3 samples. In this case, model
calculations consistently underestimate the values of DSWI. The mean and
standard deviation of the errors between observations and model calculations
are 50.6+2.7 Wm™, and the RMS error is 50.6 Wm™. However, increasing the
assumed value of o from 0.89 to 0.92 narrows the mean error to within 20 Wm™.
The mean values of t at 0.64 um for Figures 5.2(a), (b) and (c) are 0.57, 0.80

and 1.38, respectively.

Figures 5.2(d), (e) and (f) show the results over Potosi Mine on September
4, 5, and 6, respectively. The mean retrieved oo value at 0.64 um over Potosi
Mine is 0.92 (0.93 at 0.55 um) with standard deviation of 0.05 using a total of 3
samples. From Fig. 5.2(d), the model underestimates the surface DSWis
consistently, with the mean and standard deviation of errors being 21.4+14.1
Wm?, with the RMS error being 25.6 Wm™. An increase of the assumed value of
wo from 0.92 to 0.93 narrows the mean error to within 20 Wm™. In this case, a
small change in wo of only 0.01 causes a surface DSWI error of about 6 Wm™;
this is the result of the large mean aerosol optical thickness of 1.80. Figure 5.2(e)
also shows the underestimation of surface DSWIs by the model. The mean and
standard deviation of errors are 48.9+16.8 Wm™. An increase of the assumed

value of wg from 0.92 to 0.95 narrows the mean error to within 20 Wm™, due to
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the large mean aerosol optical thickness. In this case, the mean value of t is
1.95, so an error of wg = 0.03 can cause a surface DSW!| error by about 30 Wm™.
In Figure 5.2(f), the model underestimates the surface DSWis; the RMS error is
25.8 Wm? and the mean and standard deviation of errors are 23.5+10.7 Wm™,
The mean value of tis 1.23. From Figures 5.2(d), (e) and (f), a mean « value of
0.95 at 0.64 um can make the model calculations of surface DSWIs match well
with observations. Note that a less steeply decreasing trend of wg withi A will also
result in agreement between calculated DSWIs and measured DSWis. The
retrieved mean wo value at 0.64 um is 0.92 (0.93 at 0.55 um), about 3-4%

smaller than the one indicated from the surface DSWI| measurements.

Figures 5.3(a)-(h) show the comparison of results on August 25-28,
August 30-31, September 1, and September 3, respectively, over Mongu, Africa
during the ZIBBEE experiment. The mean retrieved oo values at 0.64 um are
0.84 (0.85 at 0.55 um), as shown in Table 5.2. The RMS errors for the eight
days are 40.7, 31.6, 24.2, 19.7, 19.8, 27.1, 18.2, and 14.1 Wm™?, respectively,
and the mean and standard deviation of errors are 39.9+7.8, 27.4+10.6,
21.7£#10.7, 17.9+8.2, 18.2+7.8, 26.2+6.7, 16.9+6.9, and 13.0+54 Wm?
respectively, for these eight days. The corresponding mean values of t for the
eight days are 0.15, 0.15, 0.34, 0.36, 0.44, 0.84, 0.83, and 0.57, respectively.
From Figure 5.3, the largest RMS error is about 40 Wm™, with the mean RMS

error for the 8 cases being about 25 Wm™. The radiative transfer calculations, as
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shown in Figures 5.3 (a)-(h), suggest that the mean wq value for smoke aerosols

retrieved over Mongu from AVHRR images is slightly underestimated.

Through the comparisons of surface DSWIs between model calculations
and observations, as shown in Figures 5.2 and 5.3, it is seen that for 10 out of 14
cases, the mean errors between observations and model calculations are within
30 Wm™, with the largest error of 51 Wm™. The model can either underestimate
or overestimate the surface DSWIs, depending on the accuracy of the retrieved

wg values.

Figures 5.2 and 5.3 suggest that retrieved oo values from AVHRR are
slightly underestimated. The errors of estimated surface DSWiIs also are strongly
dependent on the aerosol optical thicknesses. These comparisons suggest that
the retrieved wo values from AVHRR measurements can be used to estimate the
instantaneous surface DSWIs over biomass burning regions to within an

accuracy of about 30 Wm™.

5.2 Smoke ADM and the estimated instantaneous smoke SWARF

The smoke ADM is calculated using the SBDART model, as described in

Section 4.3. This smoke ADM then is used to convert the CERES measured SW

radiances into the TOA SW fluxes for smoke footprints. The selected Level 1B
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VIRS images listed in Table 4.1 are collocated with the corresponding CERES
ES8 products for August 1998, and then the CERES SW radiances are
converted into the TOA SW fluxes using the smoke ADM for all smoke samples
{a collocated sample is labeled as smoke sample if the percentage of the
identified VIRS smoke pixels within the CERES footprint is larger than 90%).
The collocation procedures are discussed in Section 2.4. The converted SW
fluxes for smoke samples then are compared with the TOA SW fluxes from the
CERES ES8 ERBE-like data product. Differences in the estimated
instantaneous SWARF of smoke aerosols using these SW fluxes also are
examined. Section 5.2.1 shows the comparison resuits and discussions. The
smoke ADM is also compared with the ERBE ADM, and the results are shown in

Section 5.2.2.

5.2.1 TOA SW fluxes from the smoke and ERBE ADMs

For the smoke pixels detected from the VIRS images, aerosol optical
thicknesses are retricved from the VIRS channel 1 images using the table look-
up approach presented in Section 4.2. The t values are retrieved from the VIRS
channel 1 images using the same procedure as the ones retrieved from the
AVHRR channel 1 images (Li et al. 1999). To retrieve t, the aerosol oy values
are assumed, based on the surface types defined in the International Geosphere-

Biosphere Programme (IGBP). The IGBP has a total of 18 surface types,
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covering different vegetation surfaces over land, ocean, and ice (Belward and
Loveland 1996). The instantaneous SWARF of smoke aerosols over the surface
types of forest, savanna, grassland, wetland, mixed forest and cropland are
examined in this section. The «o values at the wavelength of 0.55 um for the
surface types of forest, savanna, grassland, and wetland are assumed to be
0.88, 0.86, 0.92 and 0.89, respectively, which are the mean wo values for the
corresponding surface types retrieved from the AVHRR imagery during SCAR-B
(Li et al. 1999). For the other surface types, the wg value of 0.88 at 0.55 um is

assumed, a typical value obtained during SCAR-B (Reid et al. 1998b).

Surface albedo is a key parameter in both the look-up table for the smoke
T retrieval and in the application of the smoke ADM. Since the clear-sky albedo
at the TOA can be directly estimated from the satellite observations, the
SBDART model is used to calculate the relation between TOA albedo and
surface albedo under clear-sky conditions assuming the standard tropical
atmosphere (McClatchey et al. 1972). The result is that the TOA clear-sky

albedo determined from satellite measurements can be directly used.

The VIRS channel 1 TOA clear-sky albedo map is determined as
following. The study area is first divided into 4 x 4 km grids. The clear sky
albedo is determined by assigning the minimum R1 value obtained from all pixels
falling into this grid. All VIRS data files in August 1998 are used to obtain this

clear-sky albedo map.
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The broadband TOA clear-sky albedo map is determined in three steps.
First, the study area is also divided into 20 x 20 km sections. If the percentage of
clear-sky pixels for a collocated VIRS-CERES sample is greater than 90%, we
assume that this collocated sample is a clear-sky sample. The broadband TOA
clear-sky albedo for a grid is determined to be the minimum value of broadband
TOA albedos for all clear-sky samples in August which fall into this grid. The
broadband TOA albedo for a sample is determined as the ratio of CERES ES8
ERBE-like SW fluxes to the downward broadband SW fluxes at this solar zenith
angle. Second, if there are no clear-sky samples available for a grid, the TOA
albedo for the grid is obtained by averaging the TOA clear-sky albedo at the four
neighbors of this grid. Third, if the clear-sky albedos are not available for the four
neighbors, the TOA clear-sky albedo for the grid is assigned as a value based on
the IGBP surface type. The mean clear-sky albedo for each of the IGBP surface
types is calculated from all clear-sky samples detected in August, 1998. The
broadband TOA clear-sky albedos for the 6 surface types of forest, savanna,

grassland, and wetland, mixed forest and cropland are shown in Table 5.3.

For each of the collocated samples, the smoke, cloud and clear-sky
percentages are calculated. A sample is labeled as a smoke sample if the
smoke percentage is over 90% within the CERES footprint, and the smoke t
value is retrieved using the mean value of VIRS channel 1 reflectance for this
footprint. A total of 23783 collocated data samples are labeled as smoke

samples from the 14 VIRS images investigated, and 20156 of the samples are
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Tabie 5.3 The mean broadband TOA clear-sky albedo, the statistics for the retrieved t, estimated
smoke TOA SWARF using smoke ADMs and ERBE ADMs, and TOA SWARF per optical
thickness, and the number of samples for the statistics for the 6 surface IGBP types. Flux unit:

wm?,
Surface Mean | # of | ¢t (0.64um) Model CERES SWARF / t
types aroa | Samp SWARF SWARF
le u c N c u o Mode | CERE
| S
Forest 0.145 { 6211 | 151 |0.64 |-54.1 | 230 | 495 22.7 |-358 |-32.8

M Forest 0.159 | 476 098 |0.56 |-355 |233 |-41.1 19.8 | -36.2 | -41.9
Savanna 0.144 | 7234 1136 [ 070 | -405 | 242 | -384 20.7 | -29.8 | -28.2
Grassland 10.144 [ 3454 | 0.75 1046 | -32.5 | 28.7 | -343 260 | -43.3 | 457
Wetland 0.149 1 1125 |080 (034 | 466 (245 | -479 278 | -51.8 | -53.2
Cropland 0.159 | 365 062 (032 |-351 |239 | -443 236 | -56.6 | -71.5

"M Forest stands for mixed forest in the IGBP surface map.
Model SWARF means the TOA SWARF calculated using smoke ADMs
CERES SWARF means the TOA SWARF calculated using CERES ERBE-like data product.

retrieved with t values between 0.1 to 3.5, which is the range of our look-up
table. For the total of 23783 smoke samples, over 58% of the samples are
identified as clear over land in the CERES ES8 ERBE-like data product and over
39% are identified as partly cloudy over land. Therefore, almost all smoke
samples are identified as clear and partly cloudy, and the corresponding ERBE
ADMs are used to convert the measured radiance into TOA fluxes in the CERES

ES8 ERBE-like product.

Using the assumed g values based on the ecosystem and the retrieved
values, the TOA upward SW fluxes are calculated for each of the smoke samples

using the SBDART model. The smoke optical properties used in the model are
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the same as the ones shown in Section 4.4. The model-estimated values then
are compared with the values measured from the CERES instrument. Figure 5.4
shows the scatter plot of the CERES radiances versus the model-estimated TOA
upward radiances for smoke samples. From Figure 5.4, it is seen that with the
retrieved t values and assumed oo values, the model-cailculated TOA upward
radiances are in good agreement with the observations. The correlation between
model values and observed values is 93%. The mean and standard deviation of
the absolute difference are 2.5 and 5.5 Wm™, respectively. The mean and
standard deviation of the relative difference ((model — observation) / observation)
are 8.5% and 15.3%, respectively, and the RMS error is 6.1 Wm™. This result
suggests that smoke optical properties are properly characterized in the
SBDART model for broadband radiative transfer, as presented in Section 4.5. As
a result, the smoke ADM produced using this model is expected to be properly

estimated.

For each smoke sample, the TOA SW flux also is estimated using the
measured CERES SW radiances and the smoke ADM. Figure 5.5 shows the
scatter plot of the ES8 ERBE-like SW fluxes versus the SW fluxes converted
using the smoke ADM. From Figure 5.5, the correlation is over 96%. The mean
difference between the model-estimated fluxes and the ERBE-like fluxes is 0.48
Wm™ with standard deviation of 12.7 Wm?2. The RMS error is 12.7 Wm™, and
the relative mean difference is 15%. Therefore, based on the 14 VIRS data files,

there is almost no bias between the model-estimated TOA SW fluxes and the
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ERBE-like SW fluxes. This result suggests that on the average, the ERBE ADMs

work well in the conversion from measured radiances to TOA SW fluxes.

For all the smoke samples, values of instantaneous smoke SWARF are
calculated and grouped, based upon the IGBP surface types. The definition of
TOA SWARF of smoke aerosols was given in Section 4.5. Table 5.3 shows the
instantaneous smoke TOA SWARFs for the major surface types over the area of
study. The TOA SWARF values estimated using the SW fluxes converted from
the ERBE ADMs and smoke ADMs for each surface type are given. The mean
and standard values of retrieved t, and the TOA SWARF per unit optical
thickness also are given in Table 5.3. For the forest surface type, the mean
value of the TOA SWARF using the smoke ADMs is about 5 Wm™ larger than
that using the ERBE ADMs. The relative difference is about 9%. For the
grassland surface type, the mean value of the TOA SWARF using the smoke
ADMs is about 2 Wm™ smaller than that using the ERBE ADMs. The relative
difference is about 6%. For the cropland surface type, the mean value of the
TOA SWARF using the smoke ADMs is about 9 Wm™ smaller than that using the
ERBE ADMs, and the relative difference is over 20%. The TOA SWARFs over
the six surface types range from -32 Wm™ to =55 Wm™, showing that smoke
aerosols have a cooling effect. These results are in good agreement with
previous studies (Christopher et al. 1996, 1998). The ratio of TOA SWARFs to t

ranges from —29 Wm™ to -57 Wm™. In general, differences of smoke TOA
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SWARF values estimated using the smoke ADM and using the ERBE ADMs are

within 10 Wm™. The relative differences are within 10%.

5.2.2 Comparison of Smoke ADM with ERBE ADM

Since most of smoke-occupied CERES footprints are classified as either
clear or partly cloudy in the ES8 ERBE-like data product, we compare the smoke
ADMs with two ERBE ADMSs: for solar zenith angle of 60° clear over land as
shown in Figure 5.6(c), and partly cloudy over land as shown in Figure 5.6(d).

Figures 5.6(a) and (b) are calculated smoke ADMs assumed t values of 0.36 and

1.8, respectively. The assumed value of wo at 0.64 um is 0.85 and the assumed
surface albedo is 0.15. Although the ranges of ADM values are similar between
smoke ADMs and ERBE ADMs, the patterns of the two types of ADMs are
different. The ERBE ADMs are more sensitive to azimuth-angle. The ERBE
clear ADM (Figure 5.6(c)) has larger ranges of values in the forward and
backward scattering angles than that for smoke ADM at t value of 0.36.
Comparison of Figures 5.6(b) and 5.6(d) shows that the range of smoke ADM
values is larger than that of the ERBE ADM in the forward scattering direction,
and is smaller than that of the ERBE ADM in the backward scattering direction.
The mean absolute difference between the ADMs in Figures 5.6(a) and 5.6(c) is

0.102, and the relative difference is 10.3%. The mean absolute difference
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Figure 5.6 (a) Smoke ADM with t =0.36, 0,=0.85, and a,=0.15, (b) Smoke ADM with
T =1.8, 0;=0.85, and ,=0.15, (c) ERBE ADM with clear over land and (d) ERBE
ADM with partly cloudy over land. Solar zenith angle is 60°
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between the ADMs in Figures 5.6(b) and 5.6(d) is 0.101, the relative difference is

9.8%.

5.3 Validation of modified 5-4 stream model for smoke aerosols

In Section 5.3.1, the modified 5-4 stream model is validated using two
cases in which both t and oo values of smoke aerosols are available from the
observations during SCAR-B (these are called the “control cases”). There are
another five cases in which t values are available but », values have to be
assumed to estimate the surface DSWis. These are called “validation cases”.
Table 5.4 lists the locations and times for the case studies. The model-estimated
DSWIs are compared with the surface observations during the SCAR-B
experiment, and results are shown in Section 5.3.1. Section 5.3.2 shows how

the assumed wg values can affect the estimated surface DSWI estimations.

5.3.1 Comparison between measured and calculated DSWI values

There are two cases during SCAR-B in which the observed DSW! values
from the Eppley pyranometer, column optical thicknesses at seven wavelengths
from the sunphotometer, as well as profiles of temperature, pressure, dew point

temperature, potential temperature, smoke extinction coefficient and vertical
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profiles of wg are available. These are called the “control cases” because the two
most important parameters (t and wg) are available for surface DSW!I estimation
and comparison with ground-based observations. The two cases are on August
27 and September 1, 1995 at Cuiaba. However for September 1, 1995 the in situ

measurements of wg are from Pantanal which is about 100 km from Cuiaba.

Figures 5.7(a) and 5.7(b) show the calculated values of DSW! from the
four-stream radiative transfer model and the observed DSWI values from the
Eppley pyranometer for August 27 and September 1, 1995, over Cuiaba. The
open circles represent the measured DSWI values and the ‘+' symbols denote

the model calculated values. Also shown by the solid circles are the measured

Table 5.4 Details of locations and times for the case studies. See Figure 1 for location of sites.
Surface measurements denote both the sunphotometer and the Eppley pyranometer

measurements
No Location Date C131-A C-131A Profile Surface
1995 | Flight Number Time (UTC) measurements (UTC)
1 Cuiaba 08/27 1694(Cuiaba) 1633-2027 1500-2000
2 Cuiaba 09/01 | 1697(Pantanal) 1206-1445 1300-1430
3 Pantanal 08/30 | Not applicable Not applicable 1200-1800
4 Potosi Mine 09/04 | Not applicable Not applicable 1200-2000
5 Potosi Mine 09/05 Not applicable Not applicable 1200-2000
6 Potosi Mine 09/06 Not applicable Not applicable 1600-1800
7 Potosi Mine 09/07 | Not applicable Not applicable 1300-1600
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values of t at 0.55 um. Figure 5.7a shows that on August 27 over Cuiaba the
DSWI values change between 800 to about 200 W m™ from 1500 UTC to 2000
UTC. Note that on this day, the C-131A measurements were made between
1633-2027 UTC. Six overpasses were made over the sunphotometer site, and
uniform thick smoke was observed during the time of the C131-A measurements
(Kaufman et al. 1998). During this day, fires and smoke were also observed from
sateilite measurements over much of this region (Prins et al. 1998). Figure 5.7a
shows that during this time the sunphotometer measured t values at 0.55 um
(solid circles) that varied from 0.6 to 0.8, with peak values between 19 - 20 UTC.
The calculated DSWI values are in excellent agreement with the pyranometer
measurements for this day. The root-mean-square (RMS) difference between
observed and calculated values for 25 sets of measurements is 6.2 W m™ for
August 27, and the mean bias error (observed-calculated) is =1.9 W m™. Figure
5.7b shows similar results over Cuiaba for September 1, 1995. The C-131A
measurements were made between 1206-1445 UTC when a thick uniform haze
was present (Prins et al. 1998). The sunphotometer and Eppley cloud-free
measurements are available only between 1300-1430 UTC. Note the
consistently large aerosol optical thickness values around 1.15 compared to
values of 0.6-0.8 shown in Figure 5.8a. For the 33 instantaneous
measurements, on September 1, 1995, the DSW! values are between 500-650
W m?2  The RMS error between the measured and calculated values is 27.4
Wm? and the bias error is 27.3 W m™. From these two cases it is inferred that,

given adequate information about the optical and radiative properties of biomass-
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burning aerosols, the DSWI values can be calculated to within 30 W m2. The
differences between the measurements and calculations are probably due to: 1)
the temporal lack of collocation between the UW C-131A measurements and the
sunphotometer measurements; 2) assumptions concerning the wavelength
dependency of ey and g; and, 3) the assumption that the C131-A measurements
made during a particular time and location are representative of the entire time

period.

For the validation cases, only the observed t and the DSWI
measurements are available. Therefore, average values of ayp and g are used to
calculate the DSWI from the four-stream radiative transfer model. The purpose
here 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 ap at 0.55 um is

0.823 and g is 0.553; the wavelength dependence of these values is shown in

Figure 4.7 (b). Figure 5.8 shows the relationship between observed minus
calculated DSWI values as a function of the measured t at 0.55 um for all seven
days, which includes the both the control and the validation cases. Also shown
in Figure 5.8 are the standard deviations in t and the DSWI values. Table 5.5
shows the RMS errors for each day. The measured t (0.55 um) ranges from 0.5
to 2.6 over these sites. As t increases the differences between the measured
and calculated values get larger, with a limiting value of about 150 W m2. For

the two control cases (8/27, 9/01) over Cuiaba where single scattering albedo
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Table 5.5 Bias (Observed -Calculated) in W m and root mean square errors in
W m? for the study

Location Date Mean 14 (0.55 um) RMS error Bias
Cuiaba 08/27/1995 0.76 6.17 -1.86
Cuiaba 09/01/1995 1.13 27.43 27.29

Pantanal 08/30/1995 1.86 69.50 69.44

Potosi Mine 09/04/1995 2.54 67.90 65.78
Potosi Mine 09/05/1995 2.34 113.82 111.1
Potosi Mine 09/06/1995 1.75 80.87 77.60
Potosi Mine 09/07/1995 1.60 54 51 52.08

values were available from in situ measurements, the RMS errors are 6.17 and
27.43 W m™ respectively. For the five days when measured values of v 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 (at 0.55 um) increases the RMS errors also increase. In Section 4.2 we
show that to decrease the differences between measured and calculated values,
the aerosols would have to be less absorptive (i.e. larger «p values) which would
increase the values of DSWI. Therefore, the strategy of assuming average

aerosol wp values may not be suitable for radiative transfer studies.
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Next we examine the impact of biomass burning aerosols at the TOA from
radiative transfer caiculations. Unfortunately no broadband measurements were
made at the TOA to validate the results. The difference between clear and
aerosol conditions is defined as the shortwave aerosol radiative forcing (SWARF)
(Christopher et al. 1998). The results shown in Fig. 5.9 are for four major
ecosystems in Brazil. The four different ecosystems and their corresponding
broadband shortwave clear sky albedos are 1) Forest (10.6 %), b) Mixed Forest
(12.9%), c) Savanna (16.6 %) and d) Grassland (14.9%). The SWARF resulits
are shown as a function of aerosol optical thickness at 0.55 uym. These
calculations are performed at a solar zenith angle of 45 for a tropical atmosphere.
The o values are assumed to be 0.88 for all ecosystems that are average
conditions for regional and aged smoke (Reid et al. 1998b). The wavelength
dependence of single scattering albedo is obtained from Figure 2. As =
increases, the SWARF also increases due to the increased reflection from
aerosols. For a unit change in aerosol optical thickness (from 0 to 1), the
changes in SWARF for the forest, mixed forest, savanna, and grassland
ecosystems are about -60, -55, -37, and -43 W m™, respectively. These changes
in SWAREF for a unit change in aerosol optical thickness are different for different
solar zenith angles, and values of the assumed single-scattering albedo and

surface albedo.

Since t and wg are the two major parameters that affect the calculation of

DSWI, as shown in Section 4.4, the assumption of wg has a large impact on the
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DSWI values. We will now further examine the data from Potosi Mine on
September 5, 1995, where the RMS errors between the measured and
calculated values were the largest (113.8 W m?, see Table 5.5). Since the t
values are obtained from sunphotometer measurements which have a small
uncertainty (~0.01), we will assume that wo is the only variable that needs to be
adjusted to reduce the RMS errors since the other variables as shown in Fig.
4.11 play a minor role. Figure 5.10a (solid line) shows the w¢ values as a function
of wavelength that produce a RMS error of 113.8 W m?. The DSWI values at the
surface corresponding to this set of wg values are shown in Figure 5.10b (as the
‘+’' symbois). Note that the model underestimates the DSWI values; therefore the
wp values need to be increased (to make the aerosols less absorptive and
increase scattering) to produce higher DSWI values at the surface. This is
accomplished by adjusting the entire wo curve, instead of changing a value at a
particular wavelength. Figure 5.10a (dotted lines) shows the results of a 10%
increase (from 0.823-0.906) in wo and in Figure 5.10b the ‘X’ symbols show the
corresponding changes in DSWI values; the RMS errors now are decreased from
113.8 to 55.2 W m2. A 15% increase in ap (from 0.823 to 0.943) results in a
decrease in RMS errors from 113.8 to 17.9 W m™2. This is an extreme case
where the RMS errors were rather large (113.8 W m™) to begin with. This range
of single scattering albedo is consistent with other SCAR-B studies (e.g. Dubovik
et al. 1998). While changes to wq alone can reduce the RMS errors between the

measured and calculated DSWI values, in an operational algorithm t values may

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~
(o]
~

1.0 & v v v v
., C
~ i :} . — — — w(0.55um)=0.943 -
3 o ‘m L
S o8 } ........ w(0.55um)=0.906 -
® - ) 1
2 ! we(0.55um)=0.823 4
o g <
< 06f -
L s 4
‘6' -
(8] L
Y ]
g‘ o4 T s -
(=4 3
L
0.2 A A a )
0 1 2 3 4 )
Wavelength (um)
(b)
700 v v v v
. Model, RMS: 113.8 Wwm™ c
— (]
= 600F- = Model, RMS: 55.2 Wm™ ¢ S o ° °
k-4
% o Model, RMS: 17.9 wm™ § 8 . u " -
¢ S00 c Measured o . . -
2 - . - o+
A . '
*
5 400 g =
x
2 s "
= 300 ..
n
*
200 A A a N
12 13 14 15 16 17

uTC

Figure 5.10 Tuning single—scattering albedo to match measured
and calculated values for Potosi Mine on September 5 1995.

a) wavelength dependence of the single scattering albedo and
b) calculated DSW! volues
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also have to be simuitaneously adjusted to provide the desired accuracy in the
estimation of DSWI values. Note that a change in the dependency of wg with A

will also cause the change of calculated DSWiIs.

5.4 Biomass burning season over South America and Africa in 1998

The investigation of the radiative impact of smoke aerosols at both the
TOA and the surface over South America and Africa are presented in this
section. The study area over South America is between 30°S and 0° in latitude
and 70°W and 40°W in longitude. The study area over Africa is between 30°S
and 5°S in latitude and 10°E and 40°E in longitude. In this study, both the
instantaneous and the daily-averaged smoke radiative forcings are investigated.
The instantaneous direct SWARFs for smoke aerosols at the TOA and surface
are presented in Section 5.4.1. The diurnally averaged SWARFs at the TOA and

surface are presented in Section 5.4.2.

5.4.1 Instantaneous direct SWARF of smoke aerosols

The instantaneous SWARFs of smoke aerosols are estimated using the
collocated VIRS and CERES samples. The collocation procedure is presented in
Section 2.3. The biomass burning events prevail during the dry season in
August-September over South America and Africa. Due to the lack of availability

CERES data in September 1998, only the VIRS and CERES data in August 1998
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are used to investigate the smoke radiative forcings during the 1998 burning

season.

The instantaneous direct SWARFs of smoke aerosols are estimated using
the following approach. First, the smoke detection algorithm described in Section
4.1 is applied to all VIRS data in August 1998 to separate smoke, cloud and
clear-sky pixels in the images. Then the collocation procedure is applied to the
VIRS and the CERES data. For each collocated sample corresponding to a
CERES footprint, the smoke, ciloud and clear-sky fractions for the sample are
calculated based on the number of identified VIRS pixels in each of the three
types within the footprint. The collocated samples for which the clear-sky fraction
is larger than 90% are considered as clear samples, and the samples for which
the smoke fraction is larger than 90% are considered as smoke samples. Only
the smoke and clear samples are used to investigate the smoke radiative impact.
For a smoke sample, assuming a value of wg (0.64 um) of 0.89 that is typical for
smoke aerosols (Reid et al. 1998), the t value is retrieved using the table look-up
approach introduced in Chapter 4. From the clear-sky samples obtained in that
month, the broadband TOA clear-sky albedo map is produced using the
procedure described in Chapter 4. The broadband TOA clear-sky albedo is
directly used in the calculation of TOA SWARFs. Using the SBDART model, the
broadband surface albedo then is estimated from the observed TOA albedo
assuming standard tropical vertical profiles (McChatchey et al 1972) under clear-

sky conditions.
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The TOA SW flux for a collocated smoke sample is obtained by applying
the observed CERES radiance to the smoke ADM with the values of assumed wq
and retrieved 1. The TOA SW flux for a clear-sky sample is directly obtained
from the CERES ES8 ERBE-like product. Assuming the standard tropical
profiles (McChatchey et al. 1972), both the upward and downward SW fluxes at
the TOA and surface are calculated using the 3-four stream model with the
assumed oo and retrieved t values. The spectral surface albedos required as the
input to the d-four stream model are the ones parameterized as the function of
the IGBP ecosystems. These parameterized spectral surface albedos are
calculated and used in the CERES SARB project (http.//tanalo.larc.nasa.gov:
8080/Surf_htmis/SARB_Surf.html). In these calculations, the parameterized
spectral surface albedos are scaled so that the broadband surface albedos equal
the surface albedos estimated from the CERES observations. The calculated
TOA and surface SW fluxes from the 5-four stream model are referred to as
model TOA and surface SW fluxes, respectively. Accordingly, the SWARFs
calculated using the model SW fluxes are referred to as model SWARFs. Figure
5.11 (a) shows the number of detected smoke pixels from the VIRS images in
August 1998, and Figure 5.11 (b) shows the IGBP surface ecosystem map over
South America. The spatial resolutions of the grid in Figure 5.11 (a) and (b) are
0.5° x 0.5° degree. From Figure 5.11 (a), the smoke aerosols prevailed mostly
over the Amazon region in Brazil where the major surface ecosystems are

savanna, forest, and grassland. This is consistent with the findings during the
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Figure 5.11 (a) The number of smoke pixels detected
from the VIRS images in August 1998 over South
America. (b) IGBP surface ecosystem map over
South America
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SCAR-B experiment as well as in earlier studies (Christopher et al. 1998; Prins et
al. 1998). Other areas where smoke aerosols prevailed are in Southwest Bolivia
and Northwest Argentina where the major surface ecosystem type is grassiand.
The surface sunphotometer measurements also show that large aerosol optical
thicknesses (1(0.67um) > 0.3) have been observed over these regions (hitp./

aeronet.gsfc.nasa.gov:8080/).

Figures 5.12 (a) and (b) show the broadband TOA clear-sky albedos and
TOA albedos for smoke aerosols over South America obtained from the
collocated clear-sky and smoke samples, respectively, in August 1998. The
procedure to obtain clear-sky albedos is mentioned earlier in this section. The
TOA albedo for smoke aerosols at a particular grid is the mean value of all the
smoke samples falling into the grid during the month. The grid resolution is 0.2°x
0.2° for clear-sky albedos and 0.5°x 0.5° for smoke albedos. The mean
broadband clear-sky albedo is about 0.16 and the mean broadband smoke
albedo is about 0.21. Since the smoke albedo is larger than the clear-sky
albedo, based on the definition of smoke radiative forcing in section 4.5, smoke
aerosols have cooling effect on the earth system. At a solar zenith angle of 0°
and assuming a solar constant of 1368 Wm, the average instantaneous direct

TOA SWARF for smoke aerosols is about -70 Wm™.

Figure 5.13 shows the monthly-averaged grid-mean values of the

retrieved t (0.64 um) of smoke aerosols over the study area in South America.
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Figure 5.12 (a) Broadband TOA clear-sky aibedo
and (b) mean TOA albedo for smoke aerosols in
August 1998 over South America obtained from the

CERES Measurements.
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Figure 5.13 (a) monthly-mean optical thickness of
smoke aerosols retrieved from the collocated smoke
samples in August 1998 over study area in South
America. The grid resoiution is 0.5x0.5 degree. (b)
frequency of occurrence of retrieved smoke optical
thicknesses corresponding to (a).
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The spatial resolution of this grid is 0.5° x 0.5°. Over the Amazon region (in the
middie of the figure), the retrieved values of t range between 0.7 and 1.4,
indicating that strong biomass burmning events occurred in 1998. Over the
Southwest Bolivia and Northwest Argentina areas where the second peak of
smoke pixels is identified from Figure 5.11(a), most of the t values range
between 0.7 and 1.0, also indicating strong aerosol loading over the region.

From Figure 5.11(b), most of the retrieved t values for smoke aerosols are within

the range of 0.4 to 2.1.

Figure 5.14 (a) shows the number of detected smoke pixels from the VIRS
images and Figure 5.14 (b) shows the IGBP surface ecosystem map over the
study area in Africa. The spatial resolutions of the grid in Figure 5.14 (a) and (b)
are 0.5° x 0.5°. Note that in contrast to the biomass burning season in South
America in which there exists two regions (Amazon region and Bolivia-Argentina
region) where smoke pixels are heavily identified, there is only a long strip area
in Namibia (Southwest of the study area) where large number of smoke pixels
( >2000 ) are detected from the VIRS images. The surface ecosystem over this
area is grassland. There are two other small areas where the total detected
smoke pixels is greater than 1500. One such area is in Zaire (middle top of the
study area) with surface type of savanna and forest and another in South Africa
(middle bottom of the study area) with surface type of grassiand. There are two
regions in the bottom left of the study area in which no smoke pixels are

identified. One area is in Namibia and another one is in Botswana. The surface
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Figure 5.14 (a) The number of smoke pixels
detected from the VIRS images in August 1998
over Africa. (b) IGBP surface ecosystem map over

Africa

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



types over these two areas are barren land (labeled as other) and shrubs. One
reason no smoke pixels are identified from the VIRS images in these areas is
that barren land and shrubs are much less likely to be ecosystems in which
biomass burning events occur. Also, due to the significantly larger surface
albedos of these surface types (shown in Figure 5.15(a)), the smoke detection
algorithm may not function well, since the algorithm is developed in the Amazon
region where the dominant surface types are forest, savanna and grassland. For
most of the areas (grids) in Africa, the number of identified smoke pixels is less
than 1000, as compared with those in South America where the number of
smoke pixels over many grids is over 1500. This suggests that the biomass
burning events in South America during 1998 burmning season occurs more
frequently or are more intense than those in Africa. As a result, it is expected

that radiative forcing is larger over South America than over Africa.

Figures 5.15 (a) and (b) show broadband TOA clear-sky albedos and TOA
albedos for smoke aerosols over Africa obtained from the collocated clear-sky
and smoke samples, respectively, in August 1998. From Figure 5.15 (a), the
broadband TOA clear-sky albedos for most of the grids are between 0.12 and
0.18, similar to those obtained in South America. However, over the bottom-left
region of the study area, the TOA clear-sky albedo is over 0.24. These large
TOA clear-sky albedos are caused by the barren ground and shrubs ecosystems

which are the dominant surface types over that area. No smoke samples are
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Figure 5.15 (a) Broadband TOA clear-sky albedo and (b)
mean TOA albedo for smoke aerosols in August 1998 over
Africa obtained from the CERES measurements.
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obtained over this area. The mean broadband smoke albedo over Africa is about

0.21, similar to that found in South America.

Figure 5.16 shows the monthly-averaged grid-mean values of retrieved t
(0.64 um) of smoke aerosols over the study area in Africa. The spatial resolution
of the grid is 0.5° x 0.5°. From Figure 5.16 (a), it is seen that the mean t values
are less than 0.7 over 80% of the grids, as compared with those in South
America where the retrieved values of t range between 0.7 and 1.4. This
suggests that the biomass buming is more intense in South America than in

Africa.

The relationship between aerosol optical thickness and the observed TOA
SWAREF is examined using the collocated smoke samples over both South
America and Africa. The retrieved t values of smoke aerosols at 0.64 um are
divided into 10 intervals: 0.2-0.55, 0.55-0.90, 0.90-1.25, 1.25-1.60, 1.60-1.95,
1.956-2.30, 2.30-2.65, 2.65-3.0, 3.0-3.35, and > 3.35. The statistics of
instantaneous direct radiative forcings of smoke aerosols is obtained for each <
interval, including the means and standard deviations of aerosol t values, and
the TOA and surface downward SWAREFs. If the number of samples in an interval
is less than 1% of the total number of samples, the calculated mean and

standard deviation of the radiative forcings are omitted due to the lack of enough
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Figure 5.16 (a) monthly-mean optical thickness of smoke aerosols
retrieved from the collocated smoke samples in August 1998 over
study area in South America. The grid resolution is 0.5x0.5 degree.
(b) frequency of occurrence of retrieved smoke optical thicknesses

corresponding to (a).
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samples. In addition, the mean values of model-estimated TOA SWARFs are

also calculated.

Figure 5.17 (a) shows the observed (solid line) and model-estimated (dot
line) instantaneous direct TOA SWARF versus 1 at 0.64um obtained from 28780
smoke samples over South America. Also shown as the horizontal and vertical
lines are the standard deviations of the observed TOA SWARF and t values for
each interval of t. From Figure 5.17 (a), it is seen that the magnitude of TOA
SWAREF increases with increasing t. When t increases from 0.40 to 1.80, the
magnitude of TOA SWARF increases from -19 Wm™ to —=70 Wm™, the ratio of
TOA SWARF per t being about —-36.4 Wm™2. However, when  is larger than 2.3,
the magnitude of the TOA SWARF value does not increase significantly with
increasing value of . From Figure 5.17 (a), it is seen that in each t interval, the
standard deviation of TOA SWAREF is larger than 25 Wm™, indicating large
variation. This is expected since the TOA SWARF value is a function not only of
t but also of solar zenith angle and TOA clear-sky albedo. Comparison of the
observed TOA SWARF values with model-estimated TOA SWARF values shows
that the model TOA SWARFs are more than 20 Wm™ larger than those of
observed TOA SWARFs when t is smaller than 1.2. This difference may be
caused by the over-estimation of TOA clear-sky albedo due to cloud
contamination. At solar zenith angle of 0°, an over-estimation of TOA clear-sky
albedo by about 0.015 would decrease the magnitude of the observed TOA

SWARF by 20 Wm™. When smoke loading is light (r values smaller than 0.5), an
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Figure 5.17 (a) the observed instantaneous direct TOA SWARF (thick
solid line) and the modeil-estimated direct TOA SWAREF (thick dash
line) versus 1(0.64um). (b) the instantaneous direct surface downward
SWARF versus 1(0.64um). The horizontal and vertical lines represent
the standard deviations of SWARF and t variables. The study area is in
South America.
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over-estimation of TOA clear-sky albedo is more significant in affecting the TOA
SWARF estimation since the scattering effect of smoke aerosols does not

significantly dominate over the surface reflectance.

Figure 5.17 (b) shows the model surface downward values of SWARF
versus t at 0.64um. It is seen that values of surface downward SWARF increase
with increasing aerosol t value. Based on the definition of surface downward
SWAREF in section 4.5, if surface downward SW fluxes decrease at the presence
of smoke aerosols as compared to the smocke-free ccnditions, the values of
surface downward SWARF are positive. As a result, the positive value of surface
downward SWARF indicates smoke “cooling effect” on the surface radiation
budget. When t increases from 0.40 to 1.80, the surface SWAREF increases from
110 Wm™ to 380 Wm, the ratio of TOA SWARF per t being about 190 Wm™.
However, when t is larger than 2.3, the surface SWARF values increase less
significantly with increasing t. With a t value of 3.2, the surface downward
SWAREF value reaches 510 Wm™2. From Figure 5.17 (b), the standard deviation
of surface downward SWARFs increases with increasing t. Also from Figure
5.17, it is seen that smoke aerosols have a larger impact on the surface radiation
budget than on the TOA radiation budget. It will be shown in the next section
that both TOA and surface SWARFs are affected by the aerosol single scattering

albedo, as expected.
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Figure 5.18 (a) shows the observed (solid line) and model-estimated
(dotted line) instantaneous direct TOA SWARF versus t at 0.64um obtained from
8457 smoke samples over Africa. Also shown as the horizontal and vertical lines
are the standard deviations of the observed TOA SWARF and t values for each
interval of t. For the t intervals of 1.25-1.60, 1.60-1.95 and 1.95-2.30, the
numbers of smoke samples are 270, 140 and 88, respectively. The relative
percentages are about 3.2%, 1.7% and 1%, respectively. [n contrast from the
results shown in Figure 5.17(a), Figure 5.18(a) shows that compared to the
observed TOA SWARFs, the model TOA SWARFs are over-estimated when t
values are smaller than 1.0 and are under-estimated when t values are larger
than 1.4. Again, the under-estimations of the observed TOA SWARFs compared
to the model estimations may be caused by the over-estimation of TOA clear-sky
albedo due to cloud and smoke contamination. Note that the smoke samples
with t values larger than 1.4 have a greater probability of being contaminated by
clouds. As a result, the TOA SW fluxes are larger and the corresponding TOA
SWAREFs also increase. This may be one reason why model TOA SWARFs are
under-estimated when t values are larger than 1.4. Also note that for the three
intervals where t values are larger than 1.4 the number of smoke samples are
less than 6% of the total smoke samples, so that interpretation of the results in
these intervals should be made with caution. Figure 5.18 (a) shows that as t
increases from 0.40 to 1.80, the magnitude of TOA SWARF values increase from
—~20 Wm to -90 Wm, the ratio of TOA SWARF per t being about -50 Wm,

about 14 Wm™ larger than that obtained over South America. This difference can
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be caused by the differences in surface albedo as well as the physical and

optical properties of smoke aerosols.

Figure 5.18 (b) shows model surface downward SWARF values versus t
at 0.64um. Similar to Figure 5.17 (b), the surface downward SWARF values
increase with increasing aerosol t value. As the value of t increases from 0.40 to
1.80, the surface downward SWARF values increase from 100 Wm™ to 360
Wm=, the ratio of TOA SWARF per t being about 186 Wm™, close to that
obtained in South America. At a t value of 2.16, the surface downward SWARF

value reaches 390 Wm™.

The results derived from the burning season in South America and Africa
shows that smoke aerosols have “cooling effect” both at the TOA and at the
surface and that the instantaneous smoke radiative impact is large at both the
TOA and at surface. The TOA SWARF values can be over —100 Wm™, and the
surface downward SWARF values can be over 600 Wm™. The ratio of TOA
SWARF per optical thickness ranges between -35 to -50 Wm™, and the surface

SWARF per optical thickness is about 190 Wm™.

One of the limitations in the estimation of instantaneous direct SWARFs is
the assumption that the oo value of smoke aerosols is known (Li et al., 1999).

Clearly, the assumption of wo is an important uncertainty factor which strongly
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affects both the retrieval of T and estimates of SWARF values. Figure 5.19 shows
retrieved values of Tt and SWARFs as a function of values of wq. In Figure 5.19,
the solar zenith angle, viewing angle and relative azimuth angles are set to be
31°, 31°, and 45°, respectively. Surface albedo is 10%. Assuming aerosol t of
0.78 and wg of 0.825, the calculated upward TOA SW flux and DSWI value are
176.2 and 692.8 Wm™, respectively. If oo value decreases to 0.795, the retrieved
T increases to 1.06, while the upward TOA SW flux is unchanged at 176.6 Wm™
and the DSWI value decreases to 615.3 Wm™. On the other hand, increasing
the value of g to 0.854, the retrieved T decreases to 0.599, the upward TOA SW
flux is relatively unchanged at 175.7 Wm™ and the DSWI value increases to
752.1 Wm. Clearly the assumed value of wg has very little influence on the TOA
SW flux values. However, it does have a large influence on the surface flux
estimation. An uncertainty of wo by 0.03 causes an error in the surface SW flux
estimation to be over 60 Wm™. Also, the error caused by the assumption of oy is
asymmetric. Underestimation of wo causes larger errors in DWSI values. Figure
5.19 demonstrates the importance of accurate wg in the estimation of surface

radiation budgets.

5.4.2 Diurnally-averaged radiative forcings of smoke aerosols

While the investigation of the instantaneous radiative forcings of smoke

aerosols is essential to a detailed understanding of the smoke radiative impact
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and the relationship between smoke optical properties and smoke radiative
forcings, diurnally-averaged smoke radiative forcings are the more appropriate
parameters to characterize the smoke radiative impact on earth radiation budget
and their influence in global climate models. In this section, the daily-averaged
smoke radiative forcings at both the TOA and surface are estimated, and the
relationship between smoke optical properties and their radiative forcings are

investigated.

The diurnally-averaged smoke radiative forcings for each grid are
estimated in the following approach. On each day, the smoke mean t value for a
grid is obtained by averaging the retrieved t values of all the smoke samples
falling into the grid. For grids in which there are no smoke samples, the mean <
values are not available and smoke radiative forcings are not estimated.
Assuming that smoke loading (optical thickness) does not change significantly
during a day, the mean t value over a grid is considered to represent the average
aerosol loading of that grid during the day. Then, the smoke TOA and surface
SW fluxes as well as the TOA and surface SWARFs are calculated using the &-
four stream model. The daily-mean radiative forcings at both TOA and surface

are calculated using following equations:

SWARF ™" (daily _mean) = 2SWA RF ™)/ 24.c......... (5.1,
SWARF’™ (daily _mean) = i SWARF ™ @)/ 24............. (5.2),
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where SWARFT94(i) and SWARFSFC(i) are the TOA and surface radiative forcings

of smoke aerosols at the ith UTC hour.

During burning season, smoke optical thickness may change significantly
during a day due to advection of well-mixed uniform smoke from regional fires
and/or production of smoke from local fires (Holben et al. 1996). As a resulit, the
estimated daily-mean TOA and surface SWARFs may be either under-estimated
or over-estimated using the retrieved smoke optical thicknesses, depending on
the deviations of the retrieved t values from the equivalent t values during the
day. Over Cuiaba and Alta Floresta in 1994, the mean values and standard
deviations of smoke optical depth at 0.44 uym are 1.39+0.51 and 1.73+0.62,

respectively, for a total of 50 days (Holben et al. 1996).

Figure 5.20 shows the time-series of model-calculated instantaneous TOA
and surface downward SWARFs. The wp value at 0.64um and TOA broadband

clear-sky albedo are 0.88 and 0.16, respectively. The t values at 0.64um are
0.90, 1.38 and 0.86, respectively. Figures 5.20 (a) shows that the absolute value
of TOA SWARF decreases with decreasing solar zenith angle (The local noon is
at about 15 UTC). Although the incoming solar irradiance decreases with
increasing solar zenith angle, at large solar zenith angie the optical depth of

smoke aerosols is much larger than that at nadir assuming daily-constant optical
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Figure 5.20 diurnal variation of (a) TOA SWARFs and
(b) surface downward SWARFs as a function of universal
time. we(0.64pm) =0.88 and TOA albedo =0.16.
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thickness. Since the TOA SWARF increases with increasing solar zenith angle,
the effect of variation of smoke T on the TOA SWARF due to the change of solar
zenith angle dominates over that of variation of incoming solar energy. Figure
5.20 (b) shows that the surface downward SWARF increases with decreasing
solar zenith angle due to the increasing of incoming solar energy at smaller solar
zenith angles. For the surface downward SWAREF, variations of incoming solar
energy on the surface SWARF due to the changes in solar zenith angle
dominates variations of smoke optical depth. The daily-mean values of TOA
SWARF are -15.7, —19.1, and -21.1 Wm™, respectively, for t values of 0.90,
1.38 and 1.86. The corresponding daily-mean values of surface downward

SWARFs are 84.0, 112.7 and 138.2 Wm, respectively.

Figure 5.21 shows the daily-mean smoke optical thickness, TOA SWARF
and surface SWARF on August 29 1998 over the study area in South America.
The retrieved t(0.64um) values reach a maximum of 3.4, with most values
between 0.5 and 2.0. The maximum values of TOA SWARF reach 44 Wm™,
with most of the values between —10 and ~30 Wm™. The maximum values of
surface downward SWARF reach 223 Wm?, with most of the values between 60
and 180 Wm™. With the mean aerosol optical thickness of about 1.5, Figure 5.21
shows that the daily-mean TOA SWARFs are about ~20 to —25 Wm™ and the
surface downward SWARFs are about 90 to 120 Wm™. Positive values of
surface downward SWARF mean that under the smoky conditions, the shortwave

fluxes reaching the surface decrease as compared to clear-sky conditions.
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Figure 5.21 The daily-mean grid-averaged smoke optical thickness, TOA
SWAREF and surface downward SWARF as well as the frequency of
occurrence of optical thickness, TOA SWARF and surface downward
SWARF on August 29 1998 over South America.
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Figure 5.22 shows the daily-mean smoke optical thickness, the TOA
SWARF and the surface SWARF on August 10 1998 over the study area in
Africa. The retrieved values of t(0.64um) range up to 3.53. Correspondingly, the
TOA SWARFs range up to <44 Wm™, and the surface downward SWARFs range
up to 216 Wm™. Since most of the retrieved t values are within a value of 1.0,
most of the TOA SWARFs are less than 18 Wm™? and most of the surface
downward SWARFs are less than 60 Wm™. Looking at the frequency of
occurrence diagrams in both Figure 5.20 and 5.21, it is seen that the histogram
of surface SWARF values is better correlated to the histogram for smoke optical
thickness, while the histogram for TOA SWARF is less correlated to the
histogram for smoke optical thickness. The reason is that the surface downward
SWARFs are mainly determined by the smoke optical thickness, while the TOA
SWARFs are a function of both smoke optical thickness and broadband surface

albedo.

Figure 5.23 shows the model-calculated daily-mean TOA and surface
SWARF values as function of t (0.64 um). The relationship between the
SWARFs and aerosol optical thickness is shown for different combinations of g
values and TOA clear-sky albedos, and two TOA clear-sky albedos are selected:
0.13, and 0.19. Two wq values are selected: 0.85 and 0.90. Indeed, Figure

5.23(a) shows that the diurnally-mean TOA SWARF value is affected by t, «o
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Figure 5.22 The daily-mean grid-averaged smoke optical thickness,
TOA SWARF and surface downward SWARF as well as the frequency
of occurrence of optical thickness, TOA SWARF and surface downward
SWARF on August 10 1998 over Africa.
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and TOA clear-sky albedo (related to surface albedo). Fixing values of wo and

TOA clear-sky albedo, TOA SWAREF values increase with increasing values of t.

For a t value of 0.9 and TOA clear-sky albedo of 0.13, the TOA SWARFs
are —-18.7, and —25.0 Wm™ for wo values of 0.85 and 0.90, respectively. When
the t value increases to 1.8, the TOA SWARFs are —24.8, and -34.3 Wm?,
respectively. At a large oo value of 0.90, the TOA SWARF value increases by
about 9 Wm™ as 1 value increases from 0.9 to 1.8 due to the increase of smoke
scattering. When the TOA clear-sky albedo increases to 0.19 and w¢ value is
0.90, the daily-mean TOA SWARF value is —13.0 Wm, a decrease of 12 Wm™
compared to that for TOA clear-sky albefo of 0.13. From Figure 5.23, it is seen
that fixing t value, the TOA SWARF increases with increasing wo and with
decreasing TOA clear-sky albedo. This is expected since the larger the g value,
the more reflective are the smoke aerosols. Also, the darker the surface (the
smaller the TOA clear-sky albedo), the larger is the contribution of smoke
aerosols on the reflected shortwave flux at the TOA and the larger is the smoke

TOA SWAREF.

Finally, Figure 5.23 (b) shows the relationship between smoke optical
thickness and surface downward SWARF for smoke aerosols. Figure 5.23 (b)

shows that the values of surface downward SWARF is basically not affected by
the surface albedo (TOA clear-sky albedo). As expected, increasing t values

and decreasing wo values increase the surface downward SWARF values. The
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smaller the oq value, the more absorptive the smoke aerosols and less SW flux
reaches the surface. An increase of t, in general, leads to greater reflection of
SW energy back to space, and less solar energy reaches the ground. Note that
positive values of surface downward SWARF indicates a cooling effect (reducing
solar energy) of smoke aerosols on the surface radiation budget. When t (0.64
um) is 0.9, the surface downward SWARF values are about 80 to 100 Wm?,
depending on the aerosol single scattering albedo. When the t value increases
to 1.8, the surface downward SWARF increases to about 140 Wm™ for a w, value
of 0.90. The surface downward SWARF values increase with increasing value of

7, although the rate of change of surface SWARF becomes slower with

increasing t values.
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CHAPTER 6

CONCLUSIONS AND SUMMARIES

The impact of biomass buming aerosols on the shortwave radiation
budget at both the TOA and at surface has been investigated in this study. With
the knowledge of microphysical and optical properties of smoke aerosols
obtained during SCAR-B, three major issues involved in the estimation of smoke
radiative forcings at the TOA and at surface using satellite measurements are
addressed. First, a table look-up approach to retrieve the optical properties of
smoke aerosols from the AVHRR and the VIRS images is developed. Second,
the angular distribution model, used to convert the measured ERBE and CERES
radiances into TOA shortwave fluxes, is estimated using a discrete-ordinate
radiative transfer model. Third, a broadband 3-four stream radiative transfer
model is modified to account for the smoke aerosols in the atmospheric radiative
transfer process. This model is necessary to estimate the surface shortwave
fluxes from the observed shortwave fluxes at the TOA. Finally, one month of
VIRS and CERES data in August 1998 over the biomass burning regions both in

South America and in Africa have been processed and analyzed to study the

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



radiative impact of smoke aerosols. The following are the conclusions and

summaries of this study.

Using the look-up table approach developed in this study, the single
scattering albedos of smoke aerosols have been retrieved using AVHRR channel
1 reflectances over nine sunphotometer sites in South America during SCAR-B.
The retrieved mean oo values at 0.64 um are between 0.83 to 0.92, which is in
good agreement (within 0.04) with the results from in situ and ground-based
remote sensing measurements during SCAR-B, suggesting that this retrieval
scheme is practical in estimating oo values from AVHRR/VIRS observations.
Using this approach, with the combination of ground-based sunphotometer
measurements and satellite measurements such as AVHRR and GOES, the
seasonally averaged single scattering albedo of smoke aerosols can be

obtained.

Over Cuiaba Brazil, for a total of ten samples, the retrieved mean value of
wo at 0.64 um is 0.84 (0.85 at 0.55 um), in excellent agreement with the values
obtained from the in situ measurements and retrieved from ground-based
measurements, although the standard deviation of wg from satellite retrieval is

larger than that from the in situ measurements.

For ten out of fourteen cases, the RMS errors of DSWI between

observations and model estimates using retrieved wo values and the observed t
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values are within 30 Wm, with maximum error of 51 Wm2. This indicates that
the wg values retrieved from AVHRR can be used to calculate the surface DSWis

over biomass burning regions.

The retrieval of wg is sensitive to the accuracy of TOA clear sky albedo
when aerosol optical thickness is smaller than 0.7. When < is larger than 1.4,
retrieval of wp is much less sensitive to the TOA clear sky albedo. When t is
smaller than 0.5, one percent uncertainty in clear sky albedo can cause an error
in retrieved wo of 0.04. When <t is larger than 1.2, the error of retrieved v values
is reduced to less than 0.01. On the other hand, in the retrieval of t from the

AVHRR visible channel, the results are less uncertain at the smaller values of <.

The calculated smoke ADMs in this study are a function of aerosol t and
wo values, surface albedo, solar zenith angle, satellite zenith angle, and the
relative azimuth angle between sun and satellte. The smoke ADMs are
relatively insensitive to the aerosol t and oo values and to the surface albedo.
Uncertainties in the smoke ADM values due to uncertainties in these parameters

are generally within 10%.

Comparisons of smoke ADMs with the ERBE clear-over-land and partly-
cloudy-over-land ADMs show that although the range of the ADM values is
similar between the two types of ADM models, the fine structures are different.

The ERBE ADMs are more azimuth-angle sensitive compared to the smoke
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ADMs. The relative differences of the ADM values between the two types of
models is about 10% on average.

Using collocated VIRS and CERES ES8 data products over fourteen VIRS
images in South America in August 1998, comparisons are made between the
CERES ES8 ERBE-like TOA SW fluxes and those TOA SW fluxes converted
from the observed TOA radiances using the smoke ADM. The correlation
between the two data sets is about 96%, and the mean difference between the
CERES TOA fluxes and model-estimated fluxes is 0.48 Wm2. However, the
RMS error between the two data sets is 12.7 Wm™, showing that there exists
discrepancies between CERES TOA SW fluxes and model-estimated TOA SW

fluxes.

The TOA SWARF values for smoke aerosols are calculated, based on the
surface types. The TOA SWARFs range from —32 Wm™ to —-55 Wm, indicating
that smoke aerosols have a cooling effect. The ratios of TOA SWARFs per unit
optical thickness range from —29 Wm™ to -57 Wm™, depending on surface
albedos and aerosol optical thicknesses. The difference of estimated TOA
SWARFs using CERES SW fluxes and SW fluxes from smoke ADMs are within
10 Wm™, and the relative differences are generally less than 10%. From this
study, it is concluded that the smoke ADMs improve the accuracy of the TOA SW

fluxes and smoke aerosol radiative forcing estimates.
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Using the modified 5-four stream radiative transfer model, the downward
shortwave irradiances are calculated for two days over Cuiaba and Pantanal,
where near-coincident aircraft and sunphotometer measurements were available.
The calculated DSWI values are then compared with broadband Eppley
pyranometer DSWI measurements at the surface. For these two cases, it is
shown that the RMS errors are less than 20 W/m?2. This indicates that the
radiative effect of smoke aerosols have been properly characterized in the 5-four
stream model. This model now can be used to calculate atmospheric radiative

transfer for smoke aerosols.

When single scattering albedo values have to be assumed, the RMS
errors for six other days range from 45-95 W/m2. This indicates the importance
of w, value in the surface shortwave flux estimation. It is concluded that v, must
be known to within 0.05 and ts must be known within 0.1 to estimate DSWI
values to within 20 W/m2. When aerosol optical thickness data are available, a

simple first-order tuning of ap can reduce the RMS errors from 95 W/m? to within

15 W/m2.

Analysis of one month of VIRS and CERES data in August 1998 over
South America and Africa show that the biomass burming season over South
America is stronger than that over Africa. This is indicated by both the detected
number of smoke samples and by the retrieved values of smoke optical

thicknesses. Over South America, there are two major regions where smoke
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prevails: in the Amazon basin and over Bolivia-Argentina border regions. These
satellite observations are also supported by the ground-based sunphotometer

measurements during the month.

Analysis of one month of VIRS and CERES data also shows that smoke
aerosols have “cooling effect” at both the TOA and at surface. This is in
agreement with the previous studies. The instantaneous direct smoke shortwave
radiative forcing at surface is much larger than that at the TOA. The smoke
forcing at the TOA can reach over -100 Wm™ and smoke forcing at the surface
can be over 600 Wm, depending on the smoke optical thickness, solar zenith
angle and surface albedo. From the month of data, the TOA smoke forcing per
7(0.64um) ranges from —35 Wm™ to -50 Wm, and surface downward smoke
forcing per t(0.64um) is about 190 Wm™. The rate of change of smoke forcing

with t slightly decreases with increasing t. When t is larger than 2.0, the smoke

SWARF does not increase as rapidly as that when t is smaller than 1.0.

Analysis of data on August 29 over South America shows that most of the
retrieved values of t range between 0.5 and 2.0 and are located in Amazon,
indicating strong aerosol loading in this area. Assuming that the aerosol loadings
do not change during the day, the estimated daily-averaged smoke TOA forcings
range from —5 to —48 Wm, with most of the values between —19 and -25 Wm™.
The estimated daily-averaged smoke surface downward forcing ranges from 0 to

up to 220 Wm, with most of the values between 60 to 150 Wm2. This analysis
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shows that strong radiative impact of smoke aerosols on the radiation budget,

especially at the surface.

Model simulations show that when t(0.64 um) is 1.0 and TOA clear-sky
albedo is 0.16, the diurnally-mean TOA SWARF changes range from -13 to —20
Wm2 when o, value ranges from 0.85 to 0.90. When t increases to 2.0, the
smoke forcing ranges from —-15 to —25 Wm™?. The TOA SWARF of smoke
aerosols is the function of aerosol optical thickness, single scattering albedo,
surface albedo and solar zenith angle. At the surface, the downward smoke
forcing is about 80-100 Wm™ when < is 1.0, and the downward smoke forcing

increases to 1770 Wm™ when t is 2.0.

One of the limitations in the estimation of smoke radiative forcing over the
two study areas is the assumption of single scattering albedo of smoke aerosols.
Sensitivity studies show that an uncertainty in the o, value by 0.03 causes an
error of surface SW flux estimation to be over 60 Wm™, thereby causing a
significant error in surface radiative forcing estimation. This indicates the
importance of obtaining accurate o, values. One limitation of the present study is
that estimated surface downward shortwave forcings cannot be validated due to
the lack of observational surface shortwave flux measurements over the study

areas.
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Based on the definition of smoke radiative forcing, the accuracy of TOA
clear-sky albedo directly determines the accuracy of the estimated TOA SWARF.
The other major uncertainty of smoke radiative forcing can be caused by the
incorrect identification of smoke pixels from satellite images. Misidentification of
cloud pixels for smoke pixels will over-estimate the smoke TOA and surface
radiative forcings. The high spatial resolution and multi-channels in the visible
spectrum will make the MODIS measurements a better satellite observational
dataset in the estimation of smoke radiative impacts. The MODIS data are
expected to improve smoke identification and to obtain a simuitaneous retrieval
of smoke optical thickness and single scattering albedo with multi-channel data.
As a result, an improvement in the accuracy of the estimated smoke radiative

forcings is expected.
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CHAPTER 7

FUTURE WORK

The global radiative impact of biomass burning aerosols on the radiation
budget at both the TOA and surface will be one of the promising areas in future
research, and satellite measurements are the essential way to estimate the
global smoke radiative forcings at both the TOA and at surface. This research
work addresses several major issues for estimating the smoke radiative forcings
using satellite measurements, including smoke identification using a multi-
spectral thresholding technique, the retrieval of optical thicknesses of smoke
aerosols, development of a smoke angular distribution model, and construction of
a o-four stream model to estimate surface shortwave fluxes. Several future
studies are expected to improve our understanding of smoke optical properties

and their radiative impact.

With higher spatial resolution and more spectral channels available in the
visible and near-infrared spectrum, satellite measurements from the MODIS

instrument on board the Terra satellite will improve the smoke identification
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scheme and accuracy of the smoke optical property retrievals. Due to the
spectral dependency of smoke optical thickness in the visible and near-infrared
spectral interval, muiti-channel observations from MODIS in these spectral
intervals will be very helpful in separating the smoke from clouds whose optical
thicknesses are very less spectrally dependent. With the available muiltiple
channels in this spectral interval, the smoke optical thickness and other smoke
optical and microphysical properties can be estimated simultaneously. This will

improve the estimation of smoke radiative forcing at both the TOA and at surface.

Due to excellent temporal coverage, the GOES data provide a better
opportunity to study the diumally-averaged smoke radiative impact. The
combination of the GOES data with the MODIS and the CERES data from Terra
platform will improve both the instantaneous and diumally-averaged smoke

radiative forcings at both the TOA and at surface.

Due to the lack of CERES data in September 1998, only one month of
VIRS and CERES data in August 1998 are used to investigate the smoke
radiative impact over South America and Africa. With the availability of
coincident CERES and MODIS data, more data can be analyzed in the future
work. The study area can be extended to Indonesia and other biomass buming

aeras.
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APPENDIX A

Figure A.1 Schematic diagram showing the objectives and models used in this
research work. Mie model is used to calculate wavelength-dependent optical
properties of smoke aerosols. SBDART model is used to produce a table look-up
table for the satellite retrieval of smoke optical properties. SBDART model is
also used to produce Angular Distribution Model for smoke aerosols which then
is used to convert CERES SW radiances to CERES SW fluxes for smoke
aerosols. 4-stream model is used to calculate surface downward SW irradiances
at smoke condition.
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Appendix B

When solar radiation propagates through an aerosol layer and interacts
with aerosol particles, some amount of incident solar energy will be removed
from its path due to the scattering and absorption effects of aerosols. For a
single spherical aerosol particle with known refractive index, the extinction cross
section (cex) @and scattering cross section (osc) of the aerosol can be calculated
using Mie theory (Liou 1980). Then, the extinction efficiency (Qex) and scattering

efficiency (Qsca) Of the particle are defined as:

_ O
0,2 A
and
- 0..\1‘[1
Qv\‘(‘a - ”az ? A'2

where a is the radius of the aerosol particle. The refractive index, extinction

efficiency and scattering efficiency are wavelength dependent.

The extinction and scattering effects for a number of aerosol particles can
be characterized by the bulk optical properties such as extinction coefficient (Bext)

and scattering coefficient (Bsca) given aerosol size distribution. Bexx and Psca
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at some wavelength A, are defined as:

B~ [nrer' Q_ar A3
’ 0
and
ﬂSL‘D A = ]n(r)” rz Qsca dr’ A.4
A

where n(r) is the particle size distribution and r is the radius of particles. These
equations show how the bulk extinction and scattering coefficients are related to
the extinction and scattering efficiencies for a single particle derived from the Mie

theory.

The column aerosol optical thickness, t, is then defined as the vertical

integral of Bex (Liou 1980):

£

[ 2% J'ﬂal,;dz A.S
0

The single scattering albedo, wo, which represents the percentage of
radiation that will under go scattering in a single scattering event, is then defined

as (Liou 1980):

l sca A

ext A
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=
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