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Abstract

We discuss the theoretical basis of a recently described method of detecting UV -absorbing
aerosols using satellite-measured radiation in near-ultraviolet (330-400 nm). We show that the
interaction between these aerosols with the strong molecular scattering in ultraviolet produces
wavel ength-dependent variations that can be used to separate aerosol absorption effects from those
due to aerosol scattering. This alows positive identification of several different types of aerosols
found inthe Earth’ satmosphere, ranging from non-absorbing sulfatesto highly UV -absorbing mineral
dust. It isshown that in the near-ultraviolet aerosols of al types can be reliably detected over both
land and water, and that absorbing aerosols can be detected over snow/ice-covered surfaces and
clouds, and even in amixed scene containing sub-pixel clouds. However, in order to reliably estimate
aerosol column optical depths, the scenes must be cloud-free, and for the absorbing aerosols, itisalso
necessary to know their atitude. We present a senditivity analysis of various error sources
contributing to the estimation of optical depth, and demonstrate the technique by applying it to the
datataken by NASA’s Total Ozone Mapping Spectrometer (TOMS) instrument.

1. Introduction

Aerosols affect the radiation budget of the earth-atmosphere system directly by the scattering
and absorption of solar and thermal radiation and, as cloud condensation nuclel, they also have an
indirect effect by modifying the optical properties and lifetimes of clouds. The net effect on the
radiative budget depends upon aerosol composition and physical properties, reflectivity of the
underlying surface and altitude of the aerosol layers. Aerosol effects on climate have been the focus
of scientificinterest for decades. Therole of stratospheric aerosol of volcanic origin hastraditionally
received most of the attention (e.g., El Chichon and Mt. Pinatubo eruptions), because of the large
climate modification potential associated with the long lifetime of injected sulfate aerosols.
Tropospheric aerosols, on the other hand, have only intermitently been the subject of research inthe
context of its potential climatic effects. In the last few years there has been a great dedl of interest
about theimportance of tropospheric aerosols of anthropogenic origin from industrial pollution and
biomass burning.

The consequent aerosol effect on climate is usually quantified in terms of radiative forcing, i.e.,
the net flux change at the top of the atmosphere due solely to the direct aerosol radiative effects.
Although there are uncertainties in the estimates of aerosol radiative forcing, it isgeneraly agreed
that the averaged global direct effects of anthropogenic sulfate aerosols are not negligible and are
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probably similar in magnitude but in opposite direction to anthropogenic greenhouse gas forcing
[Penner et al., 1992; Charlson et al., 1991]. Unlike the greenhouse gases, aerosol physical-chemical
properties and abundances exhibit large variability in both time and space that result in large
uncertainties on the role of aerosols on climate. Because of this, cooling effects from aerosols do not
necessarily result in the cancellation of the greenhouse gases warming effect.

In addition to the well documented cooling effect of aerosols particles by backscattering of solar
radiation, some aerosol types also absorb solar radiation reducing their cooling effect. For instance,
absorption by both elemental and organic carbon aerosols from biomass burning and industria
pollution may affect the thermodynamics of the atmosphere by changing its thermal structure and
perturbing convection and mixing processes in the planetary boundary layer. Silicaceous aerosols,
such as desert dust, absorb solar and infrared radiation so that their direct effect on the climate may
be significant. The role of anthropogenic sources of mineral aerosols as a climate forcing factor has
been examined [Tegen et. al. , 1996] and found to be of importance when included in climate change
studies. Because of the lack of data on absorbing aerosol physical properties and their spatial and
temporal distributions, the heating effects of aerosol s particles may not have been adequately included
inmodel calculations. In an effort to improve on the current understanding of the role of aerosols
on climate, it hasbeen suggested [National Research Council, 1993] that acombination of activities
including satellite measurements be undertaken.

Theeffect of aerosolsintheultraviolet radiation field hastraditionally been studied in the context
of ozoneretrieval from space based measurements of backscattered ultraviolet radiation (buv). The
wavel ength dependance caused by absorbing and non-absorbing aerosols on the buv radiance was
first documented by Dave [1978] in hisanalysis of aerosol related errorsin the ozoneretrieval from
buv measurements. Additional wavelength and angular dependencies have been discussed that arise
from the presence of polar stratospheric clouds[Torres et al 1992] and stratospheric sulfate aerosols
[Bhartia et. al., 1993, Torres et. al., 1995] on TOMS (Total Ozone Mapping Spectrometer) ozone
measurements. Torres and Bhartia [1995] considered the artifacts introduced by stratospheric
aerosols on ozone profileretrieval by the SBUV family of instruments. Torres et al. [1995] used the
strong angular dependance of the aerosol effect on the TOMS buv measurements to infer optical
depth and particle size of the Mt Pinatubo aerosol layer in the tropics. Severa works have been
recently published onthedetectability by the TOM Sinstrument of tropospheric absorbing particulate
matter such as carbonaceous aerosols [Hsu et al, 1996, Herman et al, 1997] and ash aerosols from
volcanic eruptions [ Seftor et al, 1997, Krotkov et al, 1997]. These papers discuss the sources and
geographic distribution of absorbing aerosols based on an aerosol index from which optical depth can
be derived.

In this paper we present the theoretical basis of aerosol detection using satellite measurements
of backscattered radiation and the method used to obtain optical depth. First, we describe how the
aerosol modelsthat we have used in thisstudy were selected. Thisisfollowed by adetailed discussion
of the effects of these aerosols on the backscattered radiation in the near-UV (320-400 nm), where
the ozone absorption isweak and does not affect the interaction between aerosols and the molecular
atmosphere. Next, we discuss alternative methods of detecting these aerosol sfrom the measurements
at two UV wavelengths (340 and 380 nm) and present the sensitivity of these methods to various
error sources in estimating the aerosol optical depth. Finally, we demonstrate the application of our
proposed techniques by applying it to the data taken by the Total Ozone Mapping Spectrometer
(TOMYS) instrument



2. Aerosol Models

Theatmospheric aerosol distribution exhibitslargespatial and temporal variability incomposition,
size and concentration, related to the geographic locations of emission sources, type of emission,
diffusive transfer and removal processes. The fluctuations of meteorological parameters (humidity,
temperature, wind speed and direction) have a direct effect on the aerosol vertical and horizontal
distributions as well as on the processes of diffusion, sedimentation and coagulation of aerosols. A
comprehensive discussion of the variability of aerosols characteristics is presented by d'Almeida et
al [1991] . The optica and microphysical propertiesof thedifferent typesof atmospheric aerosols
gpan awide range of values. A theoretical analysis of al possible aerosol typesis very complicated
and impractical. Thus, to carry out asensitivity analysisit isnecessary to smplify the problem by
selecting aset microphysical models representative of the most commonly observed aerosol types.
A brief discussion on the rationale used in the selection of the aerosol models is presented next.

Non- absorbing aerosols

Suspended sea-salt particles and sulfate aerosols are the most common type of non-absorbing
aerosols. Seasalt aerosolsareentirely of natural origin whereas the sources of sulfate aerosol include
both natural and anthropogenic mechanisms. Two non-absorbing aerosol models covering a wide
particle sizerange are used in this study. A small particle size model, representative of troposheric
sulfate aerosols of anthropogenic origin, S1, and alarge particle model representative of other non-
absorbing aerosol types such as sea-salt aerosols and stratospheric sulfuric acid aerosols, S2.

Carbonaceous Aerosols

Carbonaceous aerosols generated by biomass combustion consist of a mixture of materia with
varying radiative properties, both absorbing and nonabsorbing. Among these, the group of volatile
organic or inorganic componentsisrel atively non-absorbing. Much of the absorption of carbonaceous
particles is due to the fraction of elemental or graphitic carbon [Rosen et. al, 1978]. Thus, the
absorption of smoke aerosol particles depends on the relative amounts of each aerosol constituent.
The single microphysical property directly related to the absorptivity of a given materia is the
imaginary component of its refractive index. The single scattering albedo, a macrophysical
measurement of aerosol absorption, is defined as the ratio of the coefficients for scattering and
extinction (i.e.,, the summation of scattering and absorption coefficients).The relation between
imaginary refractive index and single scattering albedo is not direct since w, also depends on the
absorption cross-section of the particles.

Smoke components are produced from four fire stages: pre-ignition, flaming, smoldering and
glowing[McMahon, 1983]. Therelativeamount of elemental carbon and consequently the absorption
properties of the resulting smoke vary through the combustion process. Analysis of laboratory fires
[Patterson and McMahon, 1984] showed significantly larger absorption during flaming combustion
than during the smouldering phase of the fire. Radke et al. [1991] measured the single scattering
albedo of prescribed fires as a function of smoke age at atitudes between 2 to 2.5 km in North
Americain September and October 1987. The observed single scattering albedo rose from aninitial
value of 0.7 and stabilized at about 0.9 over an hour after the onset of the fire. Westphal and Toon
[1991] discussed the dependance of smoke optical properties on the particle size distribution



parameters and examined the time dependance of smoke particle size. Their detailed analysis of
direct measurements of sizedistribution and optical depth in several events of aged forest fire smoke
indicates that the size of smoke aerosol particles increases systematicaly with time reaching
geometric mean radii between about 0.10 to 0.14uin 48 to 90 hours. This range of smoke particle
sizeisconsistent with airborne volume density size distributions measurements over Brazilian and
African smoke source regions during the TRACE A experiment in September-October 1992
[Anderson, et. al., 1996]. The observed sizedistributionsover both areas show awell defined mode
diameter at about 0.25u characteristic of the accumulation mode aerosols which are a primary
combustion product [Radke et al., 1991]. As reported by Anderson et al. [1991], the observed
aerosol size showed only adlight tendency to increase with smoke age, and no appreciable differences
in size distribution were observed between the source areas and the outflow regions. Particle radii
derived from sky spectral radiancesmeasured by sun/sky radiometersin Brazil [Holben etal., 1996],
also clearly showsthe accumulation mode with awell defined maximum volume distribution for radii
in the vicinity of 0.1 .

It thus appears, that the variability of biomass burning smoke single-scattering abedo over a
given areaismore likely to be dueto the variability of the fraction of elemental carbon in the smoke
than to changesin particle size distribution. Based on the documented physical nature of the evolution
of biomass burning smoke optical properties, we have selected two carbonaceous aerosol models
(C1 and C2). Both models have the same particle size distribution, but differ in the magnitude of the
imaginary component of therefractiveindex. Theform of the assumed sizedistributionisalognormal
function with mode radius 0.12u and width 1.5. These parameters were found to adequately
represent the nucleation mode of the observed size distribution over Brazilian and African sources
asdepicted in Figures 4, 8 and 9 of Anderson et al. [1996]. Model C1, representative of weakly
absorbing smoke aerosols away from the source area, has an imaginary refractive index of 0.02.
Model C2, representative of fresh, more absorbing, smoke in the vicinity of the source areahas an
imaginary refractiveindex of 0.04. These aretypical vaues within therange of recommended values
based on experimental work [Patterson and McMahon, 1984].

Mineral Aerosols

Mineral or dust aerosol is acommon type of atmospheric suspended matter characteristic of the
earth’s arid and semi-arid regions accounting for about one-third of the land-surface area. Because
of the high insolation levels and strong convective processes characteristic of arid regions, fine dust
particlesareeasily lifted to high dtitudes and horizontally transported by synoptic-scale atmospheric
disturbancesto areasthousands of kilometersaway fromtheir sourceregions[Carlson and Prospero,
1972]. Measurements of desert dust aerosol composition indicate a mixture of different kinds of
materials with calcium, silicon (in the form of quartz), and iron (in the form of hematite), identified
asthemain elemental components[Levin and Lindberg, 1979]. Although desert dust from the same
source region exhibits relatively uniform physical and chemical properties over large aress, there is
considerable variability in aerosol properties associated with the nature of the crustal material from
different source regions [Gomes and Gillette, 1993].

The complex refractive index of desert dust is largely determined by the volume fraction of
hematite presentinthe mixture. Empirically-computed aerosol dust refractiveindex values[Longtin
et al , 1988] at 400 nm based on aweighted mixing of measured refractive indices of quartz and
hematite vary between 1.56 - Oi (for 0% hematite concentration) and 1.66 - .0335i (for 10% hematite



concentration). Real refractive index values of about 1.5 are generally used in the visible based on
the measurements of Saharan aerosols by Patterson et al, [1977] at 550 and 633 nm. No direct
measurementsin the near ultraviolet are available. Measured values of theimaginary refractive index
at 400 nm at a variety of locations [Deluisi et. al, 1976; Levin et al, 1980; Lindberg et al, 1976;
Lindberg and Laude, 1974; Patterson et al, 1977; Andronova et. al, 1993, Sokolik et al., 1993] vary
from about 0.005 to about 0.02. While part of the observed variability may result from the use of
different measuring techniques[Sokolik et al., 1993], these measurementsal so reflect thedifferences
in composition of desert aerosols from the different regions of the world where the sampling was
made.

The size of desert dust aerosol particles shows significant variability over several orders of
magnitude, from Aitken nuclel ( aerosol radii lessthan 0.14) to ultra-giant particles with radii larger
than 30. Since the atmospheric aerosol load over deserts is the direct result of the wind's lifting
ability, the airborne particle size distribution is closely related to wind speed. Commonly used dust
particle size distributions include the three-model representation for background, wind-carried dust
and sandstorm conditions developed by d'Almeida (1987), and the wind-speed dependent model of
Longtin et al. (1988) . Model representations of long-range transport mineral aerosols have been
developed by Schiitz [1980] to represent aerosol dust mobilized to maritime environments and by
Shaw [1979] and Parungo et al. [1981] for poleward transport.

We have selected three aerosol lognormal particle size distributions models representative of
desert dust to account for the large variability in particle size. A small particle model (D1)
representative of the nucleation mode[d'Almeida, 1987], andtwo long range transport models (D2
and D3) representative of larger particles[ Schitz ,1980] . The complex refractiveindex for thethree
modelsis set to be 1.58 -.02i, considered to be representative of the composition of Saharan dust
Patterson et al, [1977].

In order to calculate the aerosol scattering phase function making use of Mie theory, it has been
assumed that the particles are spherical. The problem of accurately accounting for particle shape in
remote sensing is twofold. First, observations are needed to determine the actual shape of the
particles. Once, actual shapes are known, the analytical toolsto represent distributions of irregularly
shaped particles are not always available. For the sulfate aerosol models, the spherical assumption
iseasly justified since surface tension forcesfor liquid sulfuric acid particles resulting from the gas-
to-particle transformation process tend to produce spherical shapes.

Carbonaceous aerosols, on the other hand, are generally a mixture of spherical, non-spherical
and chain aggregates depending on the type of burning matter, combustion phase and the age of the
smoke. Hallett et. al. [1988], used electron microscopy to determine the shape of forest fire smoke
aerosols and found the particles to be mostly spherical. The actual shapes and sizes of combustion
aerosols were measured by means of scanning electron microscopy (SEM) during the SCAR-B
(Smoke, Clouds and Radiation - Brazil) experiment. Asreported by Martins et. al. [1996], the SEM
analysis showed high variability in particle shape during the flaming phase of the fire and nearly
spherical particlesin the smoldering phase. They also determined the asymmetry of the particles by
measuring the percent changein theintegrated light scattering asthe particles orient themselvesaong
an applied dectricfiddd [Weiss et al., 1992]. The measured asymmetry factor during SCAR-B was
always less than 11% [Martins et. al., 1996]. Thus, based on observational evidence, the
representation of carbonaceous aerosols as spherical particles seems to be a reasonably good
approximation.



For desert dust aerosols, the sphericity assumptionisdifficult tojustify sincedry aerosol particles
are seldom spheres. Model calculations [Wiscombe and Mugnai, 1988; Koepke and Hess, 1988;
Mishchenko et. al., 1995] show that the phase function of non-spherical particles significantly
deviates from that of spherical aerosols. Modeling results of the effects of non-spherical particleson
phase function, single scattering albedo and asymmetry parameter are available in the literature
[Mishchenko et. al., 1995]. The phase function departure from the spherica model is particle size
and scattering angle dependent with the biggest effect at scattering angles between 90° and 140°
for particles of effective radii larger than about 0.5 . The non-sphericity of the particles produces
only asmall effect in the single scattering albedo and asymmetry parameter. Although the particle
shape is important in most of the range of scattering angles relevant to satellite remote sensing, the
phase function deviation from sphericity isminimum in therange 150°-160°. Depending on the actual
particle shape and viewing geometry, space retrievals of aerosol optical depth at visible wavelengths
may be underestimated at backscattering geometries and overestimated at side-scattering angular
configurations [Mishchenko et al.,1995].

Modeling the effect of non-sphericity of aerosol particlesinthenear uvisrequiredtofully assess
the limitations of the spherical approximation of mineral aerosols used in this work. Because of the
large multiple scattering contribution to the total backscattered intensity in the near UV the use of
the spherical particle approximation to retrieve optical depth from measurementsin the 320-400 nm
range may produce smaller errors than a similar estimate in the visible region. For near UV-
measurements of absorbing aerosols, the non-spherical particle phase function effect decreases with
increasing absorption. Since the desert dust imaginary refractiveindex inthe UV isalmost an order
of magnitude larger than at 630 nm, the phase function effect and, therefore, the particle shape may
also be lessimportant in the UV than in the visible.

Thesemodels(S1, S2, C1, C2, D1, D2, and D3) approximate the most common types of aerosols
found in the Earth's atmosphere, i.e., non-absorbing sulfate aerosols, organic carbon aerosols and
desert dust aerosols. The effect of volcanic ash aerosolsis not considered in thisanalysissinceit is
only rarely present in the atmosphere. The effects of volcanic ash in the backscattered UV radiation
are reported by Krotkov et. al. (1997). The effect of each aerosol model is considered separately,
i.e.,, no aerosol mixtures are considered. The physical properties of the above described aerosol
models are summarized in Table 1. In order to have radiatively equivalent models, the optical depth
at 380 nm has been set to unity for all six models. The resulting scattering phase functions for all
models are depicted in Figure 1 for the range of scattering angles relevant to space measurements.
Notice that in spite of the fact that the wavelength dependance of the refractive index has been
ignored, the computed optical thickness and single scattering albedo are spectrally dependent dueto
the incident light-aerosol particle interaction.

3. Effect of aerosols on near ultraviolet radiances

At wavelengths longer than 320 nm, where ozone absorption is weak, the net aerosol effect on the
backscattered radiation at the top of the atmosphereistheresult of the complex interaction of severa
competing radiative transfer processes. Rayleigh and Mie multiple scattering, aerosol absorption of
both Rayleigh and Mie scattered radiation as well as scattering and absorption of radiation reflected
by the underlying surface. Thus, the resulting backscattered radiance may increase or decrease with
respect to apurely molecular atmosphere depending on the aerosol physical properties, i.e., complex
refractive index, particle shape, particle size distribution and total aerosol optical depth. In addition,



thelocation in the atmosphere of the aerosol layer and the reflectivity of the underlying surface also
affect the resulting impact of aerosols. In the remainder of this section we examine the sengitivity
of the bUV (backscattered ultraviolet) radiance at the top of the atmosphere to changes in the
physical propertiesof both absorbing and non-absorbing aerosols.

The sensitivity of thebUV radiance at the top of the atmosphere to changesin aerosol properties,
asrepresented by the assumed array of aerosol models, wasexamined by meansof detailed radiative
transfer calculations. The radiative transfer model we have used in this study is a modified version
of the Vector Program D (VPD) developed by Dave [1972]. It fully accounts for all orders of
scattering, including the effects of polarization. Though the effect of the Earth's sphericity is taken
into account for the incoming radiation, higher order scattering is assumed to take place in a plane
parale atmosphere. Comparitive analysis of this pseudo-spherical approximation to resultsusing a
fully spherical code [Caudill et. al, 1997] suggest that errorsin the approximation used in the VPD
code are small (< 1%) at solar zenith anglesless than 80°.

In addition to the aerosol models, input data on surface reflectivity, aerosol profileand viewing
geometry are required. Although, the sensitivity analysis to changes in those parameters was
examined, a set of baseline values of reflectivity, aerosol altitude and solar zenith angle was sel ected.
The wavelength independent surfacereflectivity (5%) is based onthelong-term analysisof the 380
nmminimum reflectivity measured by the Nimbus7-TOM Sinstrument [Herman and Celarier, 1997].
The neglect of the spectral dependance agrees with the observational work of McKenzie and
Kotkamp [1996]. The vertical distribution of mineral and carbonaceous aerosols isrepresented by
agaussian profile with maximum at 3 km and awidth of 1km. This vertical distribution is assumed
to be representative of an average profile since lidar measurements of both smoke and dust layers
indicate that the aerosol layerstypicaly reside between 2 and 5 km. The baseline values of solar and
satellite zenith angles are 40° and 0° respectively, corresponding to a scattering angle of 140°.
Calculations at 320, 340, 360, 380 and 400 nm were carried out. A general analysis of the spectral
dependance of the aerosol effect isfirst presented followed by a detailed account of the sensitivity
of the 380 nm intensity to changes in aerosol and other related parameters.

The spectral dependance of the aerosol effect, presented as the percent change in backscattered
radiance relative to the Rayleigh scattering limit, isshownin Figure 2 for the seven aerosol models.
The transition from aradiance increase at al wavelengths for non-absorbing aerosols to aradiance
decrease for highly absorbing aerosols is due to the competing effects of aerosol scattering and
absorption. Since the aerosols have a strong forward scattering, the non-absorbing aerosols do not
sgnificantly alter the background radiation generated by molecular scattering and surface reflection,
but add aweakly wavel ength-dependent component to the strongly wavel ength-dependent molecul ar
scattering. Therefore, for such aerosols (models S1 and S2), the percent change in the radiance from
the background is positive and increases with wavelength. By contrast, highly absorbing aerosols
(model D3) scatter weakly (particularly at the 140 degree scattering angle assumed for the plot), but
they strongly absorb the background radiation. Since this absorption varies slowly with wavelength,
there is a net, nearly wavelength-independent, decrease in radiation.

The previous argument also explains the effect of aerosol atitude on the backscattered radiation, as
shown in Figure 3. Lack of altitude dependence for models S1 and S2 supports the observation that
non-absorbing aerosols interfere little with the background radiation, whereas the increased
absorption with height for model D3 reflectsthefact that these aerosol s strongly absorb the molecul ar
radiation coming from below. That is, the higher the absorbing aerosol atitude the greater is the



fraction of affected molecular radiation. The proportionality of Rayleigh scattering to pressure and
the log-linear relationship between atmospheric pressure and atitude a so explains why the effect of
absorbing aerosols varies non-linearly with height.

SinceFigures2 and 3illustrate the basis of detecting aerosolsfrom the measurementsin near UV,
itisworth summarizing their findings. In near- UV, aerosol s producetwo effects onthe backscattered
radiation: they produce a wavelength-dependent increase in the background radiation proportional
to aerosol scattering, to which is added a wavelength-independent decrease in the radiation
proportional to aerosol absorption. The former effect isindependent of aerosol height, but the latter
is not. It is important to note that the Rayleigh scattering plays an important role in creating the
effect; it makesthe backscattered radiation highly sensitiveto aerosol absorption, and imparts?color”
(i.e. introduces spectral dependence) to the otherwise ?gray” aerosols, thus making them more easily
detectable. That is, for gray absorbing aerosols, i.e., aerosols with wavelength invariant optical
properties, the wavel ength dependance of the backscattered radiance from an atmosphere containing
absorbing aerosol particles deviates significantly from that of an aerosol-free atmosphere.

Theangular dependance of the aerosol effect isplotted in Figure 4 asafunction of both scattering
and solar zenith angles. In the single scattering approximation, the percent change in backscattered
radiance due to the presence of aerosols would be strictly proportional to the ratio of aerosol- to-
Rayleigh scattering phase functions. For small optical depths that are usually associated with
scattering angles larger than about 140° (i.e., solar zenith angles smaller than about 40°), the
radiance contribution from aerosols is highly correlated with the aerosol scattering phase function.
The structure of the agrosol effect in the backscatter direction isrelated to the glory feature present
in the phase function of large particles. At larger solar zenith angles, where the slant optical path
through the aerosols approaches unity, the correlation smears out due to the enhancement of the
multiple particle scattering.

The effect of thereflectivity of the underlying surface on the bUV radiance when the atmosphere
contains aerosols is depicted in Figure 5. As before, the non-absorbing aerosols act to increase the
bUV radiance. Asthe surface reflectivity increases, the Rayleigh backscatter of upward radianceto
the surface also increases causing the percentage increase in excess radiance amount over Rayleigh
scattering to become smaller. Thus, for extremely high reflectivity (fresh snow), the non-absorbing
aerosol effect becomes negligible. The presence of low UV-reflectivity over most land surfaces
enables non-absorbing aerosols to be detected in the UV (e.g., from TOMYS), but not in the visible
wavelengths (e.g., from AVHRR).

Theinteraction between the reflecting surface and absorbing aerosols ismore complex. For low
values of surface reflectivity and weak to moderate aerosol absorption, aerosol scattering
predominates over absorption so that thereisanet increase in the amount of bUV radiance at the top
of the atmosphere. At some critical value of the surface reflectivity, there is a near balance between
scattering back to the surface and absorption by the aerosol. Such a critical reflectivity value is a
function of aerosol single scattering albedo [Kaufman, 1987]. For higher values of surface
reflectivity, the radiance increase caused by aerosol scattering is overcome by absorption within the
aerosol layer and backscattering of the reflected radiance to the surface so that one observes a net
reduction of the backscattered radiation. For strongly absorbing aerosols, absorption may dominate
over scattering even at low reflectivities.



4. Retrieval of Aerosol Properties from near ultraviolet measurements

Remote-sensing of aerosols, whether from space or the ground, presents formidable challenges.
Even for the smpler case of spherical particles, there arefive aerosol parametersthat affect what one
measures from aremote-sensing instrument: Real and imaginary component of the refractive index,
size distribution, particle density, and vertical distribution. Additional parameters are needed to
characterize non-spherical particles. Measurements made by remote-sensing instruments obtaining
1 or 2 independent pieces of information simultaneously depend on several (5 or more) aerosol
parameters. In order to derive the 1 or 2 quantities of interest it is necessary to assume an aerosol
model incorporating the other parameters. For space-based remote-sensing there is additional
problem of knowing the background reflectivity accurately and of identifying cloud-free scenes.
Because of the highly variable background reflectivity for wavelengths longer than 420 nm,
measurements in the visible wavelengths have been largely restricted to the dark ocean aress.

As discussed earlier, the near-UV technique can provide at most 2 pieces of information about
the aerosols: The spectral dependence of the change in radiances from their background values, that
isproportional to aerosol scattering; and the magnitude of this change, that is proportional to aerosol
absorption. The strength of the UV techniqueis that thisinformation can often uniquely identify the
type of aerosol present in a scene, thus helping one to choose the correct model for the retrieval of
aerosol parameters. We have found two distinctly different ways of using the information contained
in the UV radiances. Both have their strengths and weaknesses; the choice of a particular method
depends upon the intended application.

3.1 Residue Method

The residue method, more descriptively called the spectral contrast anomay method, emerged
as aby-product of the most recent improvement (Version 7) inthe TOM S ozonerretrieval algorithm
(ref). As originaly proposed (ref), the backscattered ultraviolet (bUV) technique uses a pair of
wavelengths, one ozone-sensitive the other insensitive, to derive total ozone. To do this succesfully,
one is required to separate accurately the spectral contrast (ratio of radiances at the selected
wavelengths) caused by ozone absorption from that caused by all other effects, including molecular
scattering, surface reflection, aerosols, and clouds. The Lambert-Equivalent Reflectivity (LER)
method was proposed by Dave (XXX) to solve this problem. In this method (ref), the spectral
variation of bUV radiancesis predicted by assuming that the amosphere consists only of molecular
scatterers and absorbers (primarily ozone), bounded by a Lambertian surface. With this assumption,
one can construct an accurate radiative transfer model (ref) that accountsfor polarization, al orders
of molecular scattering and Earth’ s sphericity effects (ref). The reflectivity of the surface is selected
to be the value that predicts the measured radiances at one UV wavelength (typically 380 nm).

Although detailed radiative transfer calculations that included the effects of aerosols and cloud
scattering (ref), aswell as non-lambertian surfaces (ref), had confirmed the theoretical validity of the
LER technique for the retrieval of ozone amounts, the method was not directly validated using
measurements until the development of the TOMS V7 agorithm. Nimbus-7 TOMS had 4
wavelengths (331, 340, 360, 380) where the ozone absorption is weak, so the validity of the LER
method to reproduce the spectral dependence of the measured radiances at these wavelengths could
be directly tested. The residue, as defined in equation 1, provides a measure of error in predicting
the spectral contrast using the LER method. (It is very nearly equal to the percentage difference



between the measured spectral contrast and that predicted using the LER method, divided by -2.3.
The actua definition is in terms of ?N-values’, historically used by the ground-based Dobson
network, and adopted by NASA’s buv team. 1 unit of N-value is equal to 2.3% change in radiance.)

r;, ==100[10g(l;/1350) eas ~ 109 (IA(Q’ R380)/1380(R3g0))carc] - (1)

An analysis of the residuals revealed that the LER method, though it works well in large number of
cases, doesnot correctly reproduce the measured spectral contrast in several notableinstances. These
include scenes containing broken or thin clouds, sun-glint from water and UV -absorbing aerosols.
All these effects are now well understood. Here we shall concentrate on just the aerosols.

Figure 6 shows the 340 nm residues for the 7 aerosol models that we introduced earlier.
Absorbing aerosols produce positive residues that increase with the aerosol optical depth, with the
dope being roughly proportional to the single scattering albedo (w,) of the aerosols. In addition to
w,, the aerosol size distribution can aso change the slope, as seen in the slope difference between
models S1 and S2. One also notes that the model S2, which also mimics the behavior of thin clouds,
produces amost zero residue. These results are consistent with actual observationsby Herman et al.,
1997, who have shown that UV -absorbing aerosols, particularly smoke from biomass burning and
desert dust produce positiveresidues. Treating the residues as an aerosol index assumed proportional
to optical depth, they have been able to track these aerosols with high degree of fidelity, identifying
their sourcesover land and tracking them asthey aretransported under prevailing winds. Unpublished
results show that sulfate aerosols do produce negative residues as predicted by the S1 model, and are
located in the region of high industria activity.

Qualitatively theability of theresidue method to distinguish absorbing aerosol s can be understood
by noting that the effect of clouds and large sulfate particles (model S2) on bUV radiances gives
nearly zero residues, very similar to asimpleincrease in surface abedo. Other types of non-absorbing
small-particle aerosol s produce wavel ength dependenciesthat do not match that predicted by the LER
model and thus produce residues.

The principa strength of the residue method isthat the clouds are automatically eliminated from
the data. Only the UV -absorbing aerosols are seen when the positive residues are mapped (Herman
et a., 1997). The method works over snow/ice surfaces, or when underlying clouds are present, and
even when the sceneis mixed, contai ning absorbing aerosols and clouds. However, weakly absorbing
aerosols (models S1, S2, C1 and D1) are harder to detect over the background noise, which is
roughly ~0.2 N-units.

The principal limitation of the residue method is that one needs to know which aerosol model to
use in order to derive the optical thickness. Selection of a wrong model can give errors of afactor
4 or more. In addition, as shown in Table 1, one needs to accurately know the height of the aerosol
layer, particularly for highly absorbing aerosols. From Table 1, one also notes a unique feature of the
residue method: It correctly underestimates the optical thickness when the aerosols are obscured by
sub-pixel clouds, even though the clouds themsel ves are much brighter than the aerosols. Most other
methods would overestimate the aerosols by a large amount. However, the method overcorrects
highly absorbing aerosols, because of non-linearities in the agorithm.



To summarize, the residue method is a useful way to make maps UV -absorbing aerosols over
both land and water, without the clouds or sulfate aerosols showing up in the map. However, it
cannot be used to make quantitative estimates of optical thicknessunlessthereisexterna information
about the type and atitude of aerosol present at particular geographic locations. The dtitude may be
inferred by tracking the observed movement of aerosols from one day to next in comparison with
parcel model predictions using known wind fields.

3.2 Direct Method

In the direct method the radiances are used to derive two pieces of information about aerosols
(e.0., optical depth and single scattering albedo). Figure 7 shows the relationship between the
340/380 nm radiance ratios and the 380 nm radiances for our 7 aerosol models. Within the domain
of these 7 models, one can identify the different aerosol types or mixtures (except for differentiating
between the C1 and D1 models). As shown in Table 2, the primary sources of error are aerosol
height and cloud contamination. Unlike the residue method, the direct method cannot distinguish
clouds from aerosols, and therefore overestimates the aerosol amount when sub-pixel clouds are
present. However, the direct method is sensitive to al aerosol types, including the weakly absorbing
ones, which do not show up in the residue maps.

4. Results

The aerosol detection techniques discussed in this paper have been applied to the measurements
of backscattered UV radiation by the Total Ozone Mapping Spectrometer (TOMS). The TOMS
sensor measuresthe backscattered ultraviolet (buv) radiance at six wavelengths (313, 318, 331, 340,
360 and 380 nm). The N7-TOMS instrument on board the Nimbus-7 spacecraft measured bUV
radiances during the 1979-1993 period. A second instrument, on the Russian Meteor-3 satellite,
collected data from 1991 to 1994. Two more TOMS sensors, on the Earth Probe and ADEOS
platforms started routine operation on August 1 and November 1 of 1996, respectively. Results of
the application of the residue method to map the global distribution of absorbing aerosols have been
adequately covered elsewhere [Herman et. al., 1997, Seftor et. al., 1997, Hsu et. al., 1996].

For the retrieval of aerosol parameters using the TOMS data, we will take advantage of the
capabilitiesof theresidue method for detecting clouds, by eliminating all scenesfor whichtheresidues
are within the range 0 + 0.5 N-units. (Along with clouds, this process also removes large particle
sulfate aerosols and weakly-absorbing aerosols, but may not completely eliminate mixed scenes
containing strongly-absorbing aerosols and sub-pixel clouds). In addition, we also eliminate scenes
over water within the sun-glint viewing geometry, and scenes with reflectivities greater than 0.2, to
eliminate bright clouds (at large solar zenith angles bright clouds can produce large negative residues)
and snow/ice covered surfaces. For the remaining scenes we apply the direct method to compute the
optical depth by assuming, for this example, that al aerosols are at 2.9 km altitude. The surface
reflectivities used in the calculation are obtained from the available climatology of minimum 380 nm
TOMS reflectivity [Herman and Celarier, 1997].

Figure 8 provides a one day map of the 380nm aerosol optical depth for August 23 1985 over
both land and water surfaces where most of the cloud contamination has been screened out by
processing only those sceneswith reflectivitieslessthan 0.2. The geographical distribution of optical
depth clearly showslarge aerosol concentrations over the smoke sourceregionsof Brazil and Central



Africa. The large values over the Saharan desert and off the western shore of northern Africa are
associated with the dust outbreaks known to take place in this area athistime of the year. Figure 9
provides a coded map of the aerosol model that was selected by the direct method. A detailed
comparison of TOMS derived aerosol optical depth with ground based measurements will be
published separately.

5. Summary and Conclusions

We have presented the basis of anew method for aerosol detection using the strong wavelength
dependance of backscattered radiance in the near ultraviolet. By means of an inversion procedure
using radiativetransfer calculationsand realistic aerosol models, it hasbeen shown that the 340-380
nm spectral contrast can be used to derive aerosol optical thickness and identify the aerosol type
provided that the aerosol height and surface reflectivity are known or prescribed. Because the UV-
reflectivity of most land typesand water isvery low, the technique presented here can be applied over
both water and land areas. Thisisamgor advantage over visible methods that are mostly restricted
to aerosol retrieval over dark water surfaces.

The approach discussed here has been applied to measurements of bUV radiance by the TOMS
instrument. The results indicate that the TOM S measured 340 nm - 380 nm backscattered spectral
contrast and 380 nm radiance can beinverted to provide aglobal picture of aerosol optica depth and
aerosol typefor nearly cloud free pixels. Aswith most methods of aerosol retrieval from space, away
to identify cloud contaminated pixelsisrequired. Due to the absence of an spectrally based internal
technique to screen for cloud contamination, areflectivity threshold is used above which no retrieval
is done. The method can be applied to cloud free scenes (low reflectivity) or to areas where the
aerosol layer is above a bright surface (clouds, ice or snow) provided that the reflectivity of the
underlying surface is known.

Because of the low spatial resolution of the TOMS footprint (50 km nadir and 100 km average
for N7-TOMS and ADEOS-TOMS, and 25 km nadir and 50 km average for Earth-Probe TOMYS),
the aerosol retrieval method is best applied to large scale events such as continental scale biomass
burning, desert dust outbreaks and ash clouds of volcanic origin [Krotkov et. al, 1997] that are likely
to have cloud free pixels. Validation of the TOMS aerosol retrievals have been discussed in terms
of distribution and frequency of occurrence [Herman et al., 1997; Hsu et al, 1996] by comparison
with ground based sun photometer data and AVHRR satellite data. Quantitative comparisons with
sun photometer optical depths will be published separately.

The availability of data on aerosol optical depth and single scattering albedo is of paramount
importancein order to account for the scattering and absorption effects of atmospheric particul ates
on the earth's radiation budget and climate. In spite of the difficulties inherent with satellite based
sensing, spaceborne measurements remain the most convenient method to characterize aerosol
particlesand determinetheir time and space distribution on aglobal basis. Currently available satellite
data setson aerosol propertiesdo not provide afull description of the atmospheric aerosol load. The
AVHRR aerosol data set provides information on optical depth only over the water surfaces of the
earth because of the difficulties associated with the variable high reflectivity of land surfacesin the
visble region of the spectrum. The SAM and SAGE family of sensors were specifically designed to
retrieve information on stratospheric aerosols and do not function well in the lower troposphere. In
addition, because of the nature of the solar occultation observing technique, both time and space
coverage are very sparse.



The long-term TOM S data record on backscattered ultraviolet radiation makes an important
contribution to the global observational aerosol data base required in climate studies. The currently
available Aerosol Index (Al) product [Herman et al., 1997] isauseful tool to map the temporal and
gpatial variability of absorbing aerosols of natural and anthropogenic origin. For a given aerosol
event, the Al isapproximately proportiona to the optical depth. Although the Al can not be directly
interpreted as a measure of any microphysical aerosol property, it is an efficient way to identify the
sources and monitor the transport of different kinds of absorbing aerosol particles. Dueto the time
and space variability of aerosol properties, the inversion of the TOMS spectral contrast cannot be
done using just one aerosol model. For that reason, the conversion of spectral contrast to optical
depth and single scattering albedo islimited to specific casesin which information on aerosol particle
Size and vertical distribution is available.

Asindicated intheerror analysis section, the main shortcomings in the application of thismethod
to infer aerosol properties are the presence of sub-pixel clouds and the uncertainty on the height of
the aerosol layer. For the TOM Sinstruments, neither of these obstacles can be overcome without the
use of external information. Given the large TOMS footprint, sub-pixel cloud contamination is by
far the biggest problem when converting the Al to optical depth. The use of a reflectivity threshold
helps to eliminate the obvious cloud contamination cases, but optically thin clouds may not be
screened out with this technique. Moreover, areflectivity based screening method may result in the
rejection of aerosol-containing scenes with reflectivities larger than the threshold, even though the
high reflectivity value may be produced by aerosol scattering effects. Asaconsequence of any cloud
screening method, the spatial coverage of adaily product is significantly reduced. The problem of
aerosol layer altitude may be addressed with the use of a climatological data base compiled from
airbornelidar measurements. Severd field experiments (TRACE-A, ABLE, SCAR-B) havecollected
a large amount aerosol backscatter profiles over the main biomass burning regions of the world.
Parcel trgjectory modeling of observed aerosol motions can determine the plume height relative to
known wind-shear regions. (Elaborate on the possible used of Raman scattering to help in the
detection of aerosol height using GOME data).

The choice of wavelengths for aerosol sensing from space is driven by the need to avoid the
ultraviolet region of the spectrum (less than 330 nm) where ozone absorption is the main attenuation
process of the incoming solar radiation. The use of wavelengths longer than about 450 nm reduces
the need of accurately accounting for the multiple Rayleigh scattering component of the upwelling
radiation and simplifies the inversion process. However, as a result of interest in the study of the
ozone layer during the last three decades, radiative transfer models in the ultraviolet that include
molecular multiple scattering [Herman and Browning, 1965; Dave, 1968] as well as particle
scattering [Dave and Gazdag, 1970] have achieved ahigh degree of accuracy. The need to include
multiple scattering effects is no longer a constraint in inversion algorithms.

In this work it was shown that the strong wavelength dependance of the molecular scattering
process in the near ultraviolet is a useful tool to detect and characterize aerosols. The detection
capability for absorbing aerosols is enhanced in the near ultraviolet since the absorbing suspended
matter acts not only on the Mie scattered radiation but also on the Rayleigh component. Asaresult,
the strong molecular scattering in the ultraviolet becomes an advantage since it effectively acts to
increase the spectral contrast in the presence of absorbing aerosols. I1n addition, the low reflectivity
of most surface types allows aerosol detection and inversion into optical depth over both water and
land surfaces. Because of these unique advantages, it is recommended that in the planning of future
aerosol sensing experiments, the choice of wavelengths be expanded to include the 330-390 nm



range to aid in the detection and characterization of absorbing aerosols.
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Mode Parameters Reference Refractive W, T
() o Index 340 380 340 380
S1 0.07 203 Shaw (1979) 1.43-.00i 1.00 1.00 1.031.00
2 04 143 Torres et a. (1995) 1.43- .00i 1.00 1.00 0.98 1.00
C1 0.14 145 | Anderson et a (1996) 1.55-.02i 0.92 0.93 1.04 1.00
Cc2 0.14 145 | Anderson et al(1996) 1.55-.04i 0.84 0.85 1.04 1.00
D1 0.07 195 d'Almeida (1987) 1.57 -.02i 0.90 0.91 1.06 1.00
D2 025 220 Schiitz (1980) 1.57 -.02i 0.72 0.74 0.99 1.00
D3 050 220 Schiitz (1980) 1.57 -.02i 0.63 0.65 1.00
1.00

Table 1. Aerosol models used in the sengitivity analysis.




s1 S2 c1 C2 D1 D2 D3
R (+ 1%) +5% +1% +29% +0% +0%
Z (+1 km) 1015 | 2555 | -10 15 | -30 65 | -40 70
Cld (10%) -10% -10% -10% 20% | -20%

Table 2. Error analysis for the retrieval of optical depth using the residue method




S1 S2 Cl C2 D1 D2 D3
R (x 1%) +0.10 +0.10 +0.10 +0.10 +0.10 +0.05 +0.02
Z (x1 km) -2 2 2 2 5% 9 |[-18%45 | -510 -25 60 | -35 65
Cld (10%) 20% 20% 20% 25% 20% 30% 40%

Table 3. Error analysis for the retrieval of optical depth using the direct method




s1 . Cc1 C2 D1 D2 D3
R(+1%) | +0.003 | +0.003 | +0.004 | +0.006 | +0.002 | +0.018 | +0.030
Z (+1 km) +0.012 | #0015 | +0.010 | +0.025 | +0.040
Cld (10%) 015 02 010 0.10 0.15

Table 4. Error analysis for the retrieval of single scattering albedo using the direct method




Figure Captions

Figure 1. Scattering phase functions (at 380 nm) for the aerosol models in Table 1. The phase
functions are plotted only for the range of scattering angles relevant to satellite remote sensing.

Figure 2. Spectral dependance of the change in backscattered radiance, with respect to a
molecular aimosphere, for the seven aerosol models used in this study (see Table 1). The results
in thisfigure are for solar zenith angle 40° and nadir view. The reflectivity of the surface is 0.05
and the aerosol layer atitudeis 2.9 km. The 380 nm optical depthis1.0.

Figure 3. Effect of aerosol layer atitude on the 380 nm backscattered radiance for the array of
aerosol models used in this analysis. The results shown correspond to computations at three
dtitudes: 1.4, 2.9 and 5.8 km. Other conditions are: solar zenith angle 40°, nadir view, surface
reflectivity 0.05 and aerosol optical depth (380 nm) 1.0

Figure 4. Angular dependance of the backscattered 380 nm radiance. Other conditions are: nadir
view, surface reflectivity 0.05, aerosol height 2.9 km and aerosol optical depth (380 nm) 1.0.

Figure 5. Sensitivity of the backscattered 380 nm radiance to surface reflectivity. Other
conditions are: solar zenith angle 40°, nadir view, aerosol layer height 2.9 km and aerosol optical
depth (380 nm) 1.0.

Figure 6. Relationship between the Aerosol Index and 380 nm optical depth for the seven
aerosol models. Other conditions are: solar zenith angle 40°, nadir view, surface reflectivity 0.05
and aerosol layer height 2.9 km.

Figure 7. Ratio of the backscattered radiance at 340 and 380 nm as a function of 380 nm
radiance for the aerosol models assumed in thiswork. Other conditions as in Figure 6.

Figure 8. Map of retrieved 380 nm optical depth on August 23 1985.

Figure 9. Map of the distribution of aerosol types selected for the optical depth retrieval.



