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ABSTRACT

Atmospheric aerosols have a complex internal chemical composition and
optical properties. Therefore it is difficult to model their impact on redistribution
and absorption of solar radiation, and the consequent impact on atmospheric
dynamics and climate. The use in climate models of isolated aerosol parameters
retrieved from satellite data (e.g. optical thickness) may result in inconsistent
calculations, if the model assumptions differ from these of the satellite retrieval
schemes. Here we suggest a strategy to assess the direct impact of aerosol on the
radiation budget at the top and bottom of the atmosphere using satellite and ground
based measurements of the spectral solar radiation scattered by the aerosol. This

method ensures consistent use of the satellite data and increases its accuracy. For
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anthropogenic aerosol in the fine mode (e.g. biomass burning smoke and urban
pollution) consistent use of satellite derived optical thickness can yield the aerosol
impact on the spectral solar flux with accuracy an order of magnitude better than the

optical thickness itself. For example, a simulated monthly average smoke optical

thickness of 0.5 at 0.55 pm (forcing of 40-50 W/ mz) derived with an error of 20%,

while the forcing can be measured directly with an error of only 0-2 W/m?. Another
example, the effect of large dust particles on reflection of solar flux can be derived
three times better than retrievals of optical thickness. Since aerosol impacts not only
the top of the atmosphere but also the surface irradiation, a combination of satellite
and ground based measurements of the spectral flux, can be the most direct
mechanism to evaluate the aerosol effect on climate and assimilate it in climate
models. The strategy is applied to measurements from SCAR-B and the Tarfox

experiments. In SCAR-B aircraft spectral data are used to derive the 24 hour

radiative forcing of smoke at the top of the atmosphere of AF,, /AT = -25+5 w/m2.
Ground based data give forcing at the surface of AF, . /AT = -80+5 W/m2. In

TARFOX a mixture of maritime and regional pollution aerosol resulted in a varied
forcing at the top of the atmosphere, AF2 4hr/A1:, between -26 W/m2 and -50 W /m?2

depending on mixture of coarse and accumulation modes, for Angstrom exponents

of 1.0 and 0.2 respectively.
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1, Introduction

Aerosol impact on solar radiation at the top of the atmosphere is defined as
the change in the ability of the Earth system to reflect sunlight to space due to the
presence of aerosol. Aerosol impact at the surface is defined in a similar way but
refers to the change in the solar radiation reaching the surface. Aerosol direct
radiative forcing of climate is the change in the radiative impact due to change in
the concentration or properties of man-made aerosol. For simplicity we shall call the
change in the reflected or transmitted solar flux due to the presence of aerosol,
radiative forcing. Measurements in locations minimally affected by humans may
determine the background natural aerosol that can be used to deduce the
anthropogenic forcing [Kaufman et al., 2001]. In recent years, several studies pointed
to the potential of aerosol to counter balance some of the greenhouse forcing, at least
above the industrial regions, by reflecting solar radiation to space and changing the
radiation balance at the top of the atmosphere [e.g. Charlson et al., 1992; Hobbs et al
1997]. However, climate models [Hansen et al., 1997] and recent field measurements
[Satheesh and Ramanathan, 2000] show that understanding radiative forcing at the
top of the atmosphere is not enough to represent the aerosol effect on climate.
Absorbing aerosol, e.g. biomass burning [Martins et al., 1998], regional pollution
over the Indian Ocean [Satheesh et al., 1999] and dust [Alpert et al., 1998] can affect
atmospheric heating rates, evaporation and cloud formation; thus affecting climate
even without directly changing the energy balance at the top of the atmosphere. In
essence aerosol reduces surface insolation by reflecting radiation to space (forcing at

the top of the atmosphere) and by absorbing solar radiation in the atmospheric
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column. Thus determination of the aerosol forcing at the top of the atmosphere,
when combined with determination of radiative forcing at the surface, reveals the
aerosol effect on the energy redistribution in the atmosphere and at the surface
[Satheesh and Ramanathan, 2000].

Present assessments of the aerosol radiative forcing at the top of the
atmosphere are made with the help of global models that use knowledge of the
aerosol sources, properties and evolution in the atmosphere [e.g. Kiehl and Briegleb,
1993; Hansen et al., 1997; Tegen et al., 1996]. The models are evaluated against
satellite and ground based measurements of the global distribution of the aerosol
optical thickness [Tegen et al., 1996). However aerosol particles are very complex
chemical and physical constituents of the atmosphere. Every aerosol particle may
differ from another due to differences in the microchemical history of the particle.
Its complex internal structure and variable spatial distribution cannot be measured
with enough detail. Simplifying assumptions are needed to introduce aerosols in
the models. This introduces a significant error in modeling aerosol forcing. If the
models are initiated or evaluated using optical thickness maps derived from
satellites [Husar et al., 1997; Nakajima and Higurashi, 1998; Michshenko et al., 1999],
differences between the assumptions used to derive the optical thickness and the
aerosol description in the models can yield inconsistent flux calculations.

The global distribution of the aerosol spectral optical thickness and other
properties are derived, in the case of the MODIS instrument, launched on the Terra
satellite in Dec. 1999, from measurements of the spectral radiation field over the

ocean [Tanre et al., 1997, 1999] and land [Kaufman et al., 1997; Chu et al., 1998]. The
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derivation requires a set of assumptions and simplifications to derive the aerosol
properties. E.g. that particles are spherical and homogeneous, that the refractive
indices are known and that the size distribution can be described by a two modal log-
normal distribution. Similar assumptions are made in the analysis of data from
other satellites; see review by King et al., [1999]. Climate models, that compute the
aerosol radiative forcing, also supplement the present knowledge with set of
assumptions about the aerosol properties and their evolution. These two sets of
assumptions are not necessarily consistent. Thus large errors in the estimate of the
aerosol radiative forcing can be anticipated. A strategy that is based on a consistent
set of assumptions between the inversion of the aerosol properties from the satellite
data and climate models, can provide the best tool to assess the aerosol direct forcing
of climate. A direct method to achieve this consistency is to evaluate or assimilate
the climate models using measurements of the aerosol impact on the spectral
radiative fluxes reflected to space and reaching the surface. In this paper we present a
sensitivity study to investigate the accuracy in the use of satellite spectral radiances,
as available presently from MODIS instrument to derive the spectral flux reflected to
space. In a different paper we assess the use of AERONET sky measurements to

derive the aerosol effect on the surface irradiation.

2. M r I
The MODIS instrument was launched on the Terra mission for 10:30 am
global observations. It has 8 spectral channels in the solar region that can be used to

investigate the aerosol radiative impact: 0.41, 0.47, 0.55, 0.66, 0.86, 1.2, 1.65, 2.13 pm.
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The instrument is scanning the earth perpendicular to its polar orbit in a wide range
of observation view angles (+70°). Measurements of the spectral reflective properties
of the Earth and atmosphere are expected to be within accuracy of 2% and a better
spectral and temporal precision. Over the dark oceans the information is used to
derive the daily global aerosol spectral optical thickness and the aerosol size
distribution [Tanré et al., 1997; 1999]. The size distribution is derived assuming that
it is composed from an accumulation and coarse modes. The modes are selected
from a look-up table and their concentrations are adjusted to fit the spectral
radiance. The look-up table is constructed for (30) different combinations of aerosol
size distribution, assuming spherical homogeneous particles with preprescribed
refractive index. This strategy is based on the information content of the spectral
signal that allows no more than three independent pieces of information to be
derived from the MODIS data [Tanré et al., 1996], and extensive measurements of
the aerosol properties [Remer et al., 1998, Remer and Kaufman, 1998; Tanré et al.,
2000]. Errors in these assumptions, will result in errors in the derived optical
thickness, though note that preflight validation effort showed an excellent
performance [Tanré et al., 1999]. Since the scattered light is sensitive mainly to the
scattering optical thickness, the reported total aerosol optical thickness is affected by
uncertainty in the single scattering albedo. Presently no aerosol information is
derived over the bright glint region (glint angle <40°). Over the land the aerosol
optical thickness is derived in the red (0.66 um) and blue (0.47pm) channels where
vegetated land is dark, and the ratio of the accumulation to coarse mode is estimated

[Kaufman et al., 1997a; Chu et al., 1998]. New techniques to estimate the aerosol




Kaufman and Tanré: Strategy for aerosol direct forcing 3/19/01

single scattering albedo from multispectral data are being developed [Kaufman et al.,
2000] based on old principles [Fraser and Kaufman 1985; Kaufman, 1987], but they are

still in experimental stages of development.

Here we propose to use the MODIS measurements of the spectral radiances
not only to derive the aerosol optical thickness and size distribution, but also to
derive directly the aerosol impact on the spectral radiation flux. We shall show that
in many cases the flux can be derived even more accurately than the optical
thickness itself, due to its physical similarity to radiance. In essence, since the flux is
the two dimensional angular integral on the radiance, the aerosol properties are
needed only to extrapolate the radiance from a particular direction or set of

directions (in case of monthly means) to the integrated flux value.

3. Sensitivity study

How accurately can MODIS be used to derive the aerosol effect on the spectral
flux reflected to space? To answer this question we compute the error in the
derivation of the fluxes from the radiation field measured from space over the
ocean, in the presence of uncertainties in MODIS calibration, uncertainty in surface
reflectivity (error in wind speed of 2 m/s) and errors in the assumed aerosol model.
Monthly means are derived for each latitude zone. In each mean the range of view
angles that is observed by MODIS is used. Monthly averaging decreases the
sensitivity of the derived flux to the aerosol model and increases its accuracy, due to

averaging on a range of scattering angles. Figure 1 shows the range of scattering
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angles used in the analysis for each latitude zone. The calculations are for the Terra
orbit, over a period of one month during the equinox (sun located over the equator).
The maximal range of scattering angles is over the tropical regions, except of a
central range of angles that is missing due to the need to avoid the solar glint. The
wider the range of scattering angles used in the flux derivation, the less dependent
the angularly integrated flux is on the aerosol model. In the extreme case, if all
relevant scattering angles would have been presented, the measured radiation field
would have included all the scattering information, and the calculation of the flux
would be equivalent to a weighted integral on the measured radiation, with no

sensitivity to the aerosol model.

The main results of the sensitivity study for observations over the ocean are

shown in Fig. 2, 3 and Table 1. The error in the aerosol optical thickness, 1, at 0.55

pum and the derived impact of aerosol on the spectral flux, AF,,,, at 0.55 um, 0.86 ym
and 1.65 um are plotted in Fig. 2, for accumulation mode and coarse mode aerosol.

AF,, is the difference in the upward spectral flux with and without the aerosol. It is
normalized by the incoming solar radiation per unit area of the surface (F ),

where p is cosine of the solar zenith angle. The data points are sorted as a function

of latitude. Three kinds of errors are included:
- Spectral calibration errors (3% at 0.55 um, 2.5% at 0.66 pm, 2% at 0.86 pm, 1.5% at

1.24 pm, 1% at 1.64 pm, and 0% at 2.1 pm).
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. Aerosol model errors — difference between the simulated aerosol properties and
the look-up table used in the inversion scheme of Tanré et al. [1997] of modal
size (of ~10%) and refractive index (of 0.1).

. Error in the surface reflectance due to error in the wind speed of 2m/s.

Note that the spectral dependence of the calibration errors result in an error not

only in the absolute magnitude of the radiances and fluxes but also in the derived

aerosol size distribution. For the accumulation mode, the combined result of errors

in calibration, wind speed and model errors cause an order of magnitude smaller
error in AF,,, than in the optical thickness (top of Fig. 2 and Table 1). This is

important in the observation of the aerosol forcing since both in the case of urban
pollution and biomass burning aerosol, the main impacts on climate is from
particles in the accumulation mode (this is not the case for dust). The coarse mode
(e.g. in case of dust) shows a different behavior (bottom of Fig. 2). Here the impact of

inaccuracy in the model (mainly the refractive index) on the optical thickness and
on AF,,, are large, though the errors in the flux ~20% are much smaller than in the

optical thickness 50%. The error in the optical thickness in this simulation is much
larger than the actual errors found in validation of the MODIS aerosol products

(Tanre et al., 1999; Remer et al., 2001) and is used for illustration only.

What is the impact of these errors on the instantaneous solar radiative
budget at the top of the atmosphere? We estimate the aerosol impact on the
integrated solar flux for the 10:30 satellite equatorial crossing and a tropical

atmosphere model using the at 0.55, 0.86 and 1.64 um. The spectrum was
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subdivided and an amount of transmitted solar energy was associated with each
spectral wavelength. The resulting aerosol effect on reflection of the integrated
spectral radiation to space, and the errors in the estimate are plotted in Fig. 3 for

the accumulation mode and coarse mode aerosol. The accumulation mode
reflects 42-54 W/m? to space, depending on latitude, with an error of only 0-2

W/m? The coarse mode reflects 10-20 W/m? with an error of 4-7 W/m?.

Though we still have a maj’or problem of estimating the radiative forcing of
dust using this method, the ability to estimate the impact of regional pollution
aerosol or biomass burning smoke on climate can be done very accurately. We
did not include error in the single scattering albedo in the sensitivity study. But
since both the effect of aerosol on the radiance and the flux are to first order

proportional to the single scattering albedo, while the optical thickness is not

dependent on it, again the error in AF,,. will be much smaller than the error in

4. Analytical motivation

The small sensitivity of the derived spectral fluxes on the assumed
aerosol properties can be explained using single scattering approximation. The
aerosol contribution to the normalized radiance at the top of the atmosphere for
zero surface reflectance is given by:

b 3
P aer(T) = ©,TP/(4np,) (1)

10
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where, 0, is the aerosol single scattering albedo, 7 is the aerosol optical thickness, P the

scattering phase function, p and p,, cosines of the view and solar zenith angle

respectively.

The corresponding normalized fluxes are:

AF, (1) = 0B/ 1, (2)
where, f is the aerosol backscattering fraction. Therefore:

*
AF aer(T) /p aer(T) = 4pB/P (3)

Independent of the aerosol loading (1) and single scattering albedo, ®,. The

backscattering function, B, is an integral on part of the angular range of P. Therefore

averaging the ratio in (3) over the view direction, during a month of observations will

further decrease the dependence on the aerosol properties.

5. Strategy based on satellite measurements of the spectral fluxes

Are measurements of the spectral flux reflected to space the best approach for
assessment of the aerosol direct forcing? There are four main approaches that can be
used for the assessment of aerosol direct radiative forcing at the top and bottom of
the atmosphere. In the following we review the pros and cons of these approaches.
We discuss only aerosol forcing in cloud free conditions. Aerosol asserts also direct
radiative forcing when present above clouds [Boucher and Anderson 1995; Hansen

et al., 1997] and under thin clouds.

11
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1. Gﬂn&ml&mlg_tm_MQ_dﬂmgh The general circulation model is used to

compute transport of the aerosol and to compute the atmospheric conditions

that affect the aerosol properties. Aerosol sources or aerosol precursors are
introduced (e.g. SO, for sulfate aerosol — Kiehl and Briegleb, 1993) and the

radiative forcing is calculated (e.g. for dust Tegen et al., 1996).

The drawback of this approach is the complex chemical and physical
properties of every single aerosol particle, and the interaction between aerosol
precursors from different chemical sources. For example, the difference between
a mixture of 90% organic aerosol with10% of black carbon in an external mode
(the two are separate aerosol particles in the atmosphere) vs. internal mode (the
two are mixed inside the same particle) can generate a factor of 3 difference in the
ability of the aerosol to absorb solar radiation [Martins et al., 1998; Jacobson, 2001],
and therefore can change the magnitude and even the direction of the aerosol
forcing. The interaction of hygroscopic aerosol with water vapor depends on the
particle chemistry and on the spatial variability of humidity. Haywood et al.
[1997] studied this process using two climate models with different spatial
resolutions and concluded that the higher spatial resolution can increase the
direct forcing by some 80%, due to the nonlinear effect of relative humidity on
the particle growth. Another issue is the inclusion of realistic surface spectral
reflectance. The high spatial and temporal variation of the surface reflective
properties over the land is difficult to be captured by climate models. The aerosol

forcing over the land depends on the surface reflectivity. Over vegetation, that is

12
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dark in the visible part of the spectrum, the effect of aerosol in the accumulation
mode is strong. Over bright soils the effect is weak or negative (Fraser and
Kaufman 1985). Before we have detailed realistic models of the aerosol
formation and evolution and its interaction with the environment, global
circulation models have to be limited to sensitivity studies rather than real

assessment of the aerosol forcing.

2 Aerosol assimilation using direct aerosol measurements: A second approach can

build on the first one, but adjust the GCM calculated aerosol field using daily
measurements of the aerosol optical thickness. Optical thickness is derived from
satellite data and from the ground-based sunphotometer network. This approach
will work better than the first one, since the optical thickness is sensitive to the
aerosol composition and interaction with water vapor, and therefore will correct
for some of the inadequacies of the aerosol climatology in the climate model.
However the sensitivity of the optical thickness to the aerosol properties is not
the same as that of the radiative fluxes. Fluxes are the product of the aerosol
optical thickness with the backscattering ratio and the single scattering albedo (Eqg.
2). The later two parameters are sensitive to the aerosol properties differently
than the optical thickness.

3. Aerosol assimilation using spectral fluxes derived from remote sensing: Here we

overcome the last problem by deriving directly the spatially and temporally
variable impact of aerosol on the spectral solar energy redistribution. Therefore

take advantage of the fact that fluxes are better related to the physics of the

13
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problem. Fluxes are independent of the satellite orbit information, and therefore
easier to implement than radiance. The question arises: why to use MODIS
monthly averaged fluxes rather than CERES data. The CERES instruments on
the morning and afternoon EOS missions (Terra and Aqua) have a better angular
representation than MODIS to derive the changes in the reflected solar flux. Due
to the specific measurement technique CERES data have much better calibration
than MODIS, with an error of 0.2%. CERES provides flux integrated on the entire
solar spectrum. However CERES data mix the visible part of the spectrum, which
is very sensitive to the effects of accumulation mode aerosol and the near-IR part
of the solar spectrum that is not. Over land, which is much brighter in the near-

- IR than in the visible, this can generate substantial errors due to variability of
surface cover and water vapor absorption. Fig. 4 demonstrates this effect using
measurements by the AVIRIS spectrometer flown in the SCAR-B experiment in
a biomass burning region on the ER-2 (Kaufman et al., 1998). Here the apparent

reflectance of vegetation with smoke above it is plotted as a function of

wavelength (X). For A<0.7 the vegetation is dark and most of the signal is due to

aerosol. In this spectral range it is easier to derive the aerosol forcing. For A>0.7

the surface is bright, the aerosol signal is much smaller and depends on its single
scattering albedo (Fraser and Kaufman, 1985). Small variation in the surface
reflectance in the near-IR, may overshadow the aerosol impact on the integrated
reflected solar flux. Additional advantage of MODIS is the spatial resolution of
0.5 km in the solar spectrum vs. 20 km of CERES. The higher resolution will

help distinguish between broken clouds and aerosol to measure the aerosol

14
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forcing in partially cloudy conditions. The MODIS spectral measurements,
extending throughout the solar spectrum, with moderate spatial resolution, are
therefore most suitable to measure the aerosol radiative forcing. The need for
monthly averaging the MODIS data may be avoided if MODIS data are combined
with the along track measurements of MISR on Terra (Kahn et al., 1998) or the
two dimensional angular distribution of POLDER planned to fly in the same
orbit with MODIS on Aqua (Boucher and Tanré, 2000). The assimilated data can
be used to interpolate the aerosol field into cloudy regions to calculate the direct
forcing there and using data on the aerosol absorption derive the forcing at the
surface.

4. Combination of satellite and groun r t

The MODIS measurements at the top of the atmosphere can be

complemented by spectral flux measurements from the surface. A combination
of ground based and spaceborne measurements of the integrated reflected and
transmitted solar flux was published recently by Satheesh and Ramanathan
[2000]. The AERONET network of sky/sun radiometers [Holben et al., 1998; 2001]
can be used to derive the spectral flux reaching the surface [Kaufman et al.,
2000a]. An example is given in section 6. However ground based measurements
are limited in their spatial extent. Since the reduction in the spectral solar
radiation reaching the surface is due to backscattering to space (measured from
satellite) and due to absorption of sunlight, represented by the single scattering
albedo and total aerosol optical thickness, it may be estimated from the satellite

data. Methods to evaluated aerosol absorption with satellite data were published

15
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[Kaufman, 1987] and are being further developed [Kaufman et al., 2000b].
Therefore it may be possible to establish the aerosol effect on radiative budget at
the top and bottom of the atmosphere using satellite data alone, and more
accurately using a combination of satellite and ground based network of
radiometers in locations where these are available. Aerosol assimilation models
together with satellite measurements can be used to extend the result into cloud

regions

6. Example of implementation to biomass burning

To simulate the use of satellite data to estimate the effect of aerosol on
backscattering solar radiation to space, we use again the AVIRIS spectral data. The
method is based on two principles: (1) Smoke is visible in the short solar wavelengths
and transparent in the mid-IR (see Fig. 4). (2) Surface reflectance in the visible part of
the spectrum are highly correlated to the surface reflectance in the mid-IR [Kaufman et
al., 1997b]. Therefore images in the long wavelengths (1.65 and 2.1 um) can be used to
estimate the surface + molecular scattering contribution to the flux in the short
wavelengths: 0.4-0.7 pm range. We used smoke free locations to find the following
empirical relationship between the surface reflectance at 1.65 and 2.13 pm and the
AVIRIS radiance integrated on the AVIRIS spectrum in the 0.4-0.7 pm range (see Fig.

5):

ML g o7m = 19 +291-P - 44.P (W/m2) @)

1.65

16
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The aerosol effect on reflected sunlight TALg 4 7, is derived from the difference

between the actual integral on the measured spectral radiance from AVIRIS 7t 4.0 7um

and the estimated surface+molecular scattering contribution:

(7)

S
AL 4.0 7um = TL0.4:0.7um = L 0.4-0.7um

The results, indicating the aerosol radiative impact at nadir, are plotted in Fig. 6 (top

panel) for several locations. The data are fitted with a smoke aerosol model [Remer et

al., 1998] that is then used to convert the measured radiance difference AL 4 7, to the

instantaneous flux for unit optical thickness: AF; 4. 7,,/AT =70 W/ m?2. Note that since

AVIRIS observations are only at nadir, the choice of the model to convert from the
radiance to flux is much more important than in the case of MODIS with multiple

view directions of observations in a given month. Since this flux is of reflected solar

radiation, the corresponding radiative forcing is negative: -70 W/m?2. The forcing for

0.7-2.1 pm is insignificantly different from zero, due to a balance between an increase
in the backscattering to space for A<0.8 um and decrease for A >0.8 um (see bottom
panel of Fig. 6). For a wide range of solar zenith angles (Fig. 7) we found forcing of -50
to -70 W/m? 28°<8,<67°, and averaged on 24 hours: AF,, /At = -25+5 W/ m?2. We

assumed equal probability of solar zenith angles in the calculations. This is similar to

the measurements in INDOEX [Satheesh and Ramanathan 2000].

The effect of aerosol on diffuse solar radiation reaching the Earth surface is

derived from principal plane radiances measured by the AERONET federated global

17
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network of sun/sky radiometers. These autonomous instruments, measure the direct
transmission of sunlight to the surface and the sky brightness in the almucantar plane
and the principal plane passing through the sun [Holben et al., 1998]. Though the
principal plane is only one line in the sky, it contains all the scattering angles present
in the sky. Since all the physical and chemical parameters that determine the optical
properties of the aerosol and the sky radiance are only function of the scattering angle,
we should be able to reconstruct accurately the sky brightness from the principal plane
measurements. The advantage of fluxes derived from the radiance in the principal
plane, is that it is easier to avoid scattered clouds and derive the fluxes in their
presence. In a recent paper [Kaufman et al., 2000a] we showed that the diffuse flux can
be derived from the principal plane measurements with an additional error of 2.5%,

smaller than the calibration errors of 5% in the radiance.

To apply the method to measurements, a cloud screening technique was
developed based on the smoothness of the angular distribution of the sky data. Fig. 8
shows results of the measurements in Alta-Floresta, Brazil and compares them with
smoke model of Remer et al. (1998). Sky radiance increases with the smoke optical
thickness, reaching a maximum, then decreases due to the overwhelming effects of
smoke absorption and backscattering to space. The diffuse solar fluxes derived from the
AERONET radiometer fit the model for optical thickness less than 0.6 (for which the
model was derived) and are higher than the model for higher optical thicknesses.
AERONET data collected in Cuiaba, Brazil were compared with the model and with
shadow band fluxes. The results show that the model correlates very well with the

measurements (r=0.98). Aerosol forcing at the surface - the difference in the total solar

18
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flux reaching the surface for an atmosphere with and without aerosol, when integrated

on the solar spectrum, gives smoke forcing of AF,y /AT = -80+5 W/m?2, assuming

equal distribution of solar zenith angles across the day. This is also similar to the
INDOEX measurements, unsurprisingly since the aerosol single scattering albedo is

similar in both cases [Hobbs et al., 1997; Satheesh et al., 1999].

7 Example of implementation to regional pollution aerosol

In the Tarfox experiment (Russell et al., 1999) spectral imaging of the radiance
at the top of the atmosphere (20 km height) over the ocean was conducted using the
MODIS Airborne Simulator (MAS). The conditions included maritime air and
regional pollution aerosol. The spectral optical thicknesses derived from the spectral
MAS data are plotted in Fig. 9 (Tanré et al., 1999). The Angstrom exponent varied
from 0.2 (predominantly large particles) to 1.0 (mixed small and large particles). The
MAS spectral radiances are also used to derive the aerosol optical properties and to

calculate the corresponding flux at the top of the atmosphere. The spectral radiative
forcing due to the aerosol, normalized to the incoming solar flux F, and to unit
optical thickness at 0.55 pm:

Af/ Aty 55 = AF(M/(F 1Aty ss)

is plotted in Fig. 9. We used the spectral fluxes to integrate on the solar
spectrum and on the daily cycle. Since the measurements were conducted for
specific solar zenith angle of 67°, we assume that the reflected flux at any other

solar zenith angle can be expressed by:

19
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AF(A, u* )/AT, 55 = [Af(n,)/ ATy s sIE(Mp* [1-exp(-t,/n* )]/ [1-exp(-Ty/u,)]
Here we use the single scattering approximation that the scattered flux varies

with the solar zenith angle as p[1-exp(-1,/1,)]

where p*o is cosine of the new solar zenith angle and p, is cosine of 67°.
The 24 hour average aerosol radiative forcing, for the lowest Angstrom

expenent of 0.2 is AF,,, /AT = -50 W/ m?, significantly higher than the value

found from biomass burning. This is the result of the higher single scattering
albedo (0.96 instead of 0.86) and the small Angstrom exponent that results in

significant forcing for spectral range larger than 1 um. For Angstrom exponent

of 1.0, the radiative forcing of AF, 4hr/A'c =-26 W/ mz, similar to that of biomass

burning. For comparison on different days Hignett et al. (1999) and Russell et al.

(1999) measured the upward flux from the aircraft, indicating the difficulty of

doing so. They found AF, 4hr/A‘l: between -25 W/ m? and -60 W/ m?.

8. Conclusions

We showed that the use of aerosol effect on the spectral fluxes derived from
satellite data can be a more accurate determinant of the aerosol forcing at the top of
the atmosphere than the optical thickness. Combination of satellite data and ground
based measurements, or remote sensing of aerosol absorption from the satellite data
can be used to study the aerosol forcing at the surface and deduce the heating rates in
the atmosphere. A summary of the sensitivity study for five latitude zones is given

in Table 1. It demonstrates that the errors in the derived contribution of the aerosol
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fine mode to the flux is much smaller than the error in the optical thickness. Since

the fine mode is responsible for the anthropogenic impact on climate of urban

pollution and biomass burning, the small errors show that measurements of the
effect of aerosol on the flux is a good measure of its radiative forcing at the top of the
atmosphere. As an example, a strategy for the assessment of the aerosol direct
radiative forcing can include the following steps:

1. Using MODIS global spectral data determine the distribution of aerosol
loading and properties and the distribution of the aerosol contribution to the
reflection of the spectral flux at the top of the atmosphere.

2. Using ground based measurements of the sky irradiance, estimate the aerosol
impact on the spectral aerosol flux reaching the surface.

3. Using satellite derivation of the aerosol optical thickness and single scattering
albedo estimate the aerosol absorption of sunlight and the radiative forcing at
the surface. Evaluate and adjust the results using the ground based
measurements.

4. Simulate the aerosol global distribution and aerosol forcing using most
updated aerosol transport models.

5. Adjust the aerosol representation in the model and the aerosol radiative
impacts using the MODIS and ground based measurements of the aerosol
fluxes.

6. Use the model to interpolate the aerosol field and the aerosol forcing in the
cloudy regions. Use the models to extrapolate the aerosol field and forcing to

regions where the aerosol concentration is too small for reliable detection.
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7. Check for consistency against total monthly flux measurements at the top of
the atmosphere by CERES and at the ground by Pyranometers.
8. Subtract the contribution of the natural aerosol to the aerosol impact by

measuring the aerosol properties in remote undisturbed sites.

Remote sensing of the aerosol radiative forcing will be enhanced at the end of
2000 with the launch of EOS-Aqua with a second MODIS instrument for a second
daily measurement at 1:30 PM. It will be farther enhanced with the launch at 2003 of
the Picasso mission with a two channel lidar for measurements of the aerosol
profiles. Other missions, GLI on ADEOS and POLDER scheduled for launch in the
next few years will enhance to our ability to measure aerosol properties and forcing

using different view and spectral conditions.
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Table 1: Errors (%) in remote sensing of optical thickness (1) and aerosol impact on
the spectral flux (AF,,,) for 4 latitude zones over the ocean. The average solar zenith

angle (6,) and scattering angle () are given. The errors in the sensor calibration,
wind speed and aerosol model are computed for the accumulation mode and the
coarse mode (See fig. 2 for details). Error in AFSaer , the aerosol effect on the
integrated solar flux is also given for both size distributions. The bottom two lines

give the maximum and minimum values of AF,. and AFSaer for all the latitude

zones.
Average Error (%) in Accum. Mode Error (%) in Coarse mode
Lati- <_o> <_> _ _Fae _Fae Fae_FSae _ _Fae AF__ AF,_ AF°
tude r r r r r aer aer
) 086 1.64 N/m’
055 0.86 1.64 W/m 055 ym pm
pm pm pm 2 pm

0 19 127 14 3 -7 -28 14 48 51 21 -19 39
30 38 121 16 -1 -3 -17 12 47 43 18 -18 39

60 65 106 22 3 4 -38 14 49 162 34 -15 67

Maximum 0.5 0.15 0.09 0.02 54 0.5 0.02 005 009 20
value
Minimum 05 0.06 0.03 0.01 43 05 001 0.03 0.03 11
value
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Figure captions:

Fig 1:

Fig 2:

Distribution of the scattering angle for MODIS scans during a month around
the solar equinox, avoiding the glint region for glint angle 2 40°, Wider range
of the scattering angle provides smaller sensitivity of the derived aerosol

impact on the flux on the aerosol size distribution.

The error in the optical thickness (1) and aerosol impact on the flux (AF,.,)

over the ocean for an accumulation mode (top) and coarse mode (bottom),
plotted as a function of the latitude. Calibration errors are introduced by
multiplying the radiance by (1+f,/100) where f) is: fo 55=3%, £y 66=2.5%,
fo.86=2%, f1.24=1.5%, f; 64=1%, f, 1=0%. Model errors are introduced by

increasing the real part of the refractive index by 0.1, increase in the

accumulation mode (top) geometric radius Iy from rg =0.06 pm to rg =0.065

um, and decrease in the coarse mode (bottom) from 0.50 um to 0.45 pm. The
wind speed was decreased from 6 to 4 m/s. For the accumulation mode the
errors in the aerosol impact on the fluxes were significantly smaller for 0.55
and 0.86 pm than the errors in the optical thickness at 0.55 um. For the coarse
mode the errors in the aerosol effect on flux at 1.64 pm were significantly

smaller than in the optical thickness.

Fig. 3: Instantaneous aerosol radiative forcing at the top of the atmosphere over the

ocean, AFSaer - the difference in the reflected solar flux with and without the
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aerosol (top), and the errors in the radiative forcing (bottom). Calculations are
for solar zenith angle that corresponds to the local illumination conditions for
the 10:30 am equatorial crossing time, for optical thickness of 0.5. A solar flux is
assigned to each of the three MODIS bands used in the simulation of Fig. 2,

based on the spectrum of transmitted solar energy. Results are shown for both
the accumulation mode (r;=0.06 nm) and the coarse modes (r;=0.5 um). The

same uncertainties described in Fig 2 were applied to calculate the error in

forcing.

Fig. 4: Large fire near Cuiaba on Aug. 25, 1995 observed from the ER-2 AVIRIS
instrument (provided by Robert Green from JPL) during the SCAR-B
experiment. The image is 10x20 km with 20 m resolution. The solar zenith
angle is 36°. Top image: color composite that resembles the human vision (0.47
pm - blue, 0.55 um - green and 0.66 pm - red), showing heavy smoke emitted
from the fire. Bottom image — same, but for near-IR channels (2.1 um - blue,
1.2 pm - green and 1.65 pm - red), with almost transparent smoke. Plot on the

right: upward spectral radiance at the top of the atmosphere (normalized by

the solar extraterrestrial flux -F;) for several values of smoke optical thickness,

7. Smoke increases the radiance in the short wavelengths, (A<0.7 pm) and has

a mixed effect for longer wavelengths due to the vegetation brightness and

smoke absorption of sunlight.
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Fig. 5: Scatter plot of the measured spectrally integrated radiance reflected from the

surface at nadir in flux units of (W/m?Z) over the spectral range: 0.4-0.7 ym,
and the estimated radiance: nL(0.4-0.7 pm) = 19 + 291-P5 13 - 44-P1 65 (W/ m2),
where p is the apparent surface reflectance at the mid-IR channels. The zero

values of 19W/ m2 is due to atmospheric scattering. The standard deviation in

the error in F(0.4-0.7 um) is 2-3 W/ m2, indicating that the surface contribution

to the flux at the top of the atmosphere at 0.4-0.7 pm can be estimated from its

properties at 1.65 and 2.13 pm with an error of 2-3 W/m2

Fig. 6: Top: Integrated radiance over the spectral range of 0.4-0.7 um, expressed in

units of flux (W/ m2), as a function of the smoke optical thickness for Cuiaba,
Parana and Alta Floresta. The optical thickness is given for wavelength of 0.64

pum. The data sets are for high sun of 28°-31°. Smoke optical thickness of 1.0

corresponds to an increase in the integrate radiance of 50-60 W/m2. Bottom:
The effect of smoke on the integrated radiance in the near IR (0.7-2.5 um). The
effect of smoke is observed as a function of the smoke optical thickness. The
optical thickness is given for wavelength of 0.64 um. Note that variation in
the smoke optical thickness means also variation in the location and random

variation in the surface properties. Change in the optical thickness of 1.0

corresponds to an increase in the integrate radiance of 2-8 W/m?2, in the cases

shown.
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Fig. 7: The smoke radiative forcing at the top of the atmosphere for the spectral
range of 0.4-0.7 um. Results are given as a function of the square root of the

cosine of the solar zenith angle for three values of the smoke optical thickness.

Fig. 8: The solar diffuse spectral flux reaching the Earth surface at Alta Floresta,
Brazil, as a function of the smoke optical thickness. The sky flux F is
normalized by the solar extraterrestrial flux F_ and the cosine of the solar
zenith angle, p. Data are for the 1995 SCAR-B experiment. The symbols stand
for fluxes derived from the AERONET data and the lines for the smoke model

of Remer et al., (1998).

Fig. 9: The spectral optical thickness (top) and the corresponding spectral aerosol

radiative forcing, normalized to the incoming solar flux F,u,and to unit

optical thickness at 0.55 pm — AF(X)/F 1 ATy 55 . The data were collected by the

MODIS Airborne Instrument during the Tarfox experiment in July 26, 1996 for
solar zenith angle of 67° (Tanré et al., 1999). The different lines correspond to
measurements during the Tarfox experiment for different fractions of the

contribution of the accumulation mode to the optical thickness at 0.55 pm.
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Fig 2: The error in the optical thickness (1) and aerosol impact on the flux (AF,,,) over the ocean
for an accumulation mode (top) and coarse mode (bottom), plotted as a function of the latitude.
Calibration errors are introduced by multiplying the radiance by (1+f, /100) where f; is: f; 5s=3%,
fo.66=2.5%, fo.86=2%, f1 24=1.5%, f} 64=1%, f, =0%. Model errors are introduced by increasing the
real part of the refractive index by 0.1, increase in the accumulation mode (top) geometric radius
Ig from rg =0.06 ym to rg =0.065 pm, and decrease in the coarse mode (bottom) from 0.50 ym to
0.45 pm. The wind speed was decreased from 6 to 4 m/s. For the accumulation mode the errors in
the aerosol impact on the fluxes were significantly smaller for 0.55 and 0.86 pm than the errors in
the optical thickness at 0.55 pm. For the coarse mode the errors in the aerosol effect on flux at 1.64
pm were significantly smaller than in the optical thickness.
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Fig. 3: Instantaneous aerosol radiative forcing at the top of the atmosphere over the ocean,

AFSaer - the difference in the reflected solar flux with and without the aerosol (top), and

the errors in the radiative forcing (bottom). Calculations are for solar zenith angle that
corresponds to the local illumination conditions for the 10:30 am equatorial crossing time,
for optical thickness of 0.5. A solar flux is assigned to each of the three MODIS bands
used in the simulation of Fig. 2, based on the spectrum of transmitted solar energy.

Results are shown for both the accumulation mode (r,=0.06 pum) and the coarse modes

(r;=0.5 pm). The same uncertainties described in Fig 2 were applied to calculate the error
in forcing.
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Fig. 4: Large fire near Cuiaba on Aug. 25, 1995 observed from the ER-2 AVIRIS
instrument (provided by Robert Green from JPL) during the SCAR-B experiment. The
image is 10x20 km with 20 m resolution. The solar zenith angle is 36°. Top image: color
composite that resembles the human vision (0.47 pm - blue, 0.55 pm - green and 0.66 pm
- red), showing heavy smoke emitted from the fire. Bottom image — same, but for near-
IR channels (2.1 pym - blue, 1.2 pm - green and 1.65 um - red), with almost transparent
smoke. Plot on the right: upward spectral radiance at the top of the atmosphere

(normalized by the solar extraterrestrial flux -F,) for several values of smoke optical
thickness, T. Smoke increases the radiance in the short wavelengths, (A<0.7 um) and has

a mixed effect for longer wavelengths due to the vegetation brightness and smoke
absorption of sunlight.
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Fig. 5: Scatter plot of the measured spectrally integrated radiance reflected from the
surface at nadir in flux units of (W/m?2) over the spectral range: 0.4-0.7 um, and the
estimated radiance: nL(0.4-0.7 pm) = 19 + 291-P2 13 - 44-P165 (W/ m2), where p is the

apparent surface reflectance at the mid-IR channels. The zero values of 19W/m?2 is due
to atmospheric scattering. The standard deviation in the error in F(0.4-0.7 pm) is 2-3

w/m2, indicating that the surface contribution to the flux at the top of the atmosphere
at 0.4-0.7 ym can be estimated from its properties at 1.65 and 2.13 ym with an error of 2-

3w/m2






u  Parana 1 - Cuiaba high surface ref.
140 ¢ Parana2 O Modelw =0.9
i V-T_—F’T_—\'_T'_ﬁ'
o - ¢  Alta Floresta VvV  Model w =0.95 : -
E ; - Cuiaba : o
; 120 - -l .
= :
3 100 -
it a
—‘ i
ﬂ 80
Q
o
g 60~
© -
g
o 40
2
g 20
i) ;
R 0@4..,,.{‘..1... A EUU A SN
] 0.5 1 1.5 2 2.5 3 3.5 4
Aerosol optical thickness
o Cuiaba 6 =27° . Alta Floresta 0 _=28"
200 o Vilhenia 6 =50° e Alta Floresta ¢ =67"
— Parana e°=31 ° - -wv- - California, wild fire 9°=50°
s © .
§ 150 I = e — = 103 # 68X RE o-.354
ol : : 4
g AAQ‘\’/‘\ A D ——-“
R 4
—° ’ ray 4
2 S A‘zm?\hmtxév i
g M TUUR
. r AbememmmTT 7
B ¥ gk “%'% _____ - ; : v vy
= s AP ol {-..--Ty = 65 + 7.9x R= 0.45 5
o Yy g ; : :
[1o] i v
o 50 'v
E rv 1“ ‘ “ H 4
= ‘¥ Co e T i a :
L : y = 44+ 1.7x R= 017 4
o] 0.5 1 1.5 b 2.5 3 3.5 4

Aerosol optical thickness
Fig. 6: Top: Integrated radiance over the spectral range of 0.4-0.7 pm, expressed in units
of flux (W/ mz), as a function of the smoke optical thickness for Cuiaba, Parana and

Alta Floresta. The optical thickness is given for wavelength of 0.64 pm. The data sets
are for high sun of 28°-31°. Smoke optical thickness of 1.0 corresponds to an increase in

the integrate radiance of 50-60 W/ m2. Bottom: The effect of smoke on the integrated
radiance in the near IR (0.7-2.5 um). The effect of smoke is observed as a function of the
smoke optical thickness. The optical thickness is given for wavelength of 0.64 um. Note
that variation in the smoke optical thickness means also variation in the location and
random variation in the surface properties. Change in the optical thickness of 1.0

corresponds to an increase in the integrate radiance of 2-8 W/m?2, in the cases shown.
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Fig. 8: The solar diffuse spectral flux reaching the Earth surface at Alta Floresta, Brazil,
as a function of the smoke optical thickness. The sky flux F is normalized by the solar
extraterrestrial flux F, and the cosine of the solar zenith angle 1. Data are for the 1995
SCAR-B experiment. The symbols stand for fluxes derived from the AERONET data
and the lines for the smoke model of Remer et al., (1998).






04 —— —

fraction of

0.35]
0.36
» : . ,
(] 3 * :
S : .
© . :
S 0.15¢
o [ ‘
o [ ;
ot
0.4 .-
< 0.3l i
3° i
LLO
2 o0.2f ]
LL [ | m——.14
< [ [ —_—— ’ e, "'\.-
| ==0se S~
0.1 [|---04e * ]
[ |=—=-065
| {=—=-=-0.73
| | =—=0.78 3
0 " N N R FUN .
0.4 0.50.6 0.8 1 2

WAVELENGTH (um)

Fig. 9: The spectral optical thickness (top) and the corresponding spectral aerosol
radiative forcing, normalized to the incoming solar flux F,p,and to unit optical

thickness at 0.55 pm — AF(A)/F,u ATy 55 - The data were collected by the MODIS
Airborne Instrument during the Tarfox experiment in July 26, 1996 for solar zenith
angle of 67° (Tanré et al., 1999). The different lines correspond to measurements during
the Tarfox experiment for different fractions of the contribution of the accumulation
mode to the optical thickness at 0.55 pm.






