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ABSTRACT

Tropospheric aerosol particles originate from man-made sources such as urban/industrial activities, biomass burning
associated with land use processes, wind-blown dust, and natural sources. Their interaction with sunlight and their effect on
cloud microphysics form a major uncertainty in predicting climate change. Furthermore, the lifetime of only a few days
causes high spatial variability in aerosol optical and radiative properties that requires global observations from space.

Remote sensing of tropospheric aerosol properties from space is reviewed both for present and planned national
and international satellite sensors. Techniques that are being used to enhance our ability to characterize the global distri-
bution of aerosol properties include well-calibrated multispectral radiometers, multispectral polarimeters, and multiangle
spectroradiometers. Though most of these sensor systems rely primarily on visible to near-infrared spectral channels,
the availability of thermal channels to aid in cloud screening is an important additional piece of information that is not
always incorporated into the sensor design. In this paper, the various satellite sensor systems being developed by Eu-
rope, Japan, and the United States are described, and the advantages and disadvantages of each of these systems for
aerosol applications are highlighted. An important underlying theme is that the remote sensing of aerosol properties,
especially aerosol size distribution and single scattering albedo, is exceedingly difficult. As a consequence, no one sen-
sor system is capable of providing totally unambiguous information, and hence a careful intercomparison of derived
products from different sensors, together with a comprehensive network of ground-based sunphotometer and sky radi-
ometer systems, is required to advance our quantitative understanding of global aerosol characteristics.

1. Introduction of solar and longwave radiation alters the atmospheric
heating rate, which in turn may result in changes to
Tropospheric aerosols are important componetrtitee atmospheric circulation. Second, indirect radiative
of the earth—atmosphere—ocean system, affecting @ircing results when enhanced concentrations of aero-
mate through three primary mechanisms. First, direstil particles modify cloud properties, resulting in more
radiative forcing results when radiation is scattered doud drops, albeit smaller in size, that generally in-
absorbed by the aerosol itself. Scattering of shortwasrease the albedo of clouds in the earth’s atmosphere.
radiation enhances the radiation reflected back Adlditional cloud properties beyond cloud droplet con-
space, therefore increasing the reflectance (albedogehtration and particle size, such as enhanced liquid
the earth and cooling the climate system. Absorptigrater content and increased cloud lifetime, have also
been observed under certain circumstances. Finally,
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Charlson et al. 1992). In comparison to the radiatiatbedo as aerosol source strengths vary, or by compar-
forcing of greenhouse gases of 23 W m?, the ing continental and maritime regions in both the
aerosol forcing through direct interaction with surNorthern and Southern Hemispheres).
light and indirectly through cloud modification is The intent of this paper is to describe the various
—-1.4+1.5 W m? for sulfates (Houghton et al. 1996)national and international satellite sensors that will
and perhaps as large as —25W n1? once organic enable the remote sensing of tropospheric aerosols
aerosols are introduced. This effect and its uncertaifrtigm space. These sensors include U.S., Japanese, and
are large and have to be resolved before climate méadiropean sensors, ranging from the National Oceanic
els can be used reliably to predict climate changeatid Atmospheric Administration’s (NOAA's) Geosta-
is exceedingly difficult to link changes in the earth’sonary Operational Environmental Satellite (GOES),
radiation budget of 1 W ) or changes in cloud re-first used for regional aerosol studies in 1980 (Fraser
flectance of 0.01, to changes in aerosol concentratienal. 1984), to the NOAA Advanced Very High Reso-
It is even more difficult to estimate the changes Iation Radiometer (AVHRR), first used for aerosol
climate that occurred in the last century due to aesiudies in 1981, and finally to sophisticated sensors
sol particles, since accurate measurements have d#ing developed as part of NASA'’s Earth Observing
begun to emerge in the last couple of decades. Siggestem (EOS), the National Space Development
the aerosol lifetime is at most a few days, heterogkgency of Japan’'s (NASDA) ADEOS (Advanced
neous patterns of radiative forcing are generated, wihrth Observing Satellite) series of satellites, and the
large variations in optical thickness and radiative forEuropean Space Agency’s (ESA) Envisat-1 program.
ing of the order of tens of Watts per square meter After briefly outlining the various concepts that have
a regional scale [e.g., Tegen et al. (1996) for dubgen developed for the determination of the optical,
Christopher et al. (1996) for smoke]. These variationscrophysical, and physical properties of aerosol par-
give rise to the 1-2 W thforcing on a global scale.ticles, we will summarize the advantages, disadvan-
Preliminary estimates based on aerosol simulaticgages, and unique characteristics of 12 unique satellite
show that for biomass burning aerosol about 70% s#nsor systems. The appendix contains the expansions
the aerosol direct radiative forcing comes from region§acronyms used in this paper.
with enhanced optical thickness in excess of 0.1
(Remer et al. 1999, in preparation). Therefore, remote
sensing methods that can derive the aerosol radiat«cRetrieval methods
forcing with a precision of the order of 1 Wanwith
corresponding changes in optical thickness for opti- The shortwave spectral reflectance detected by a
cal thicknesses greater than 0.1, are useful for asseasellite radiometer is composed of solar radiation re-
ing the present aerosol effect. flected from the earth’s surface as well as radiation
Due to the growing recognition of the importancscattered by the atmosphere in the direction of the sen-
of aerosol properties for climate and global changer. Light reflected from the surface also interacts with
studies, it is indeed fortunate that a number of vettye atmosphere, and thus its spectral and angular prop-
significant and much enhanced satellite systems arées are affected both by the atmosphere and the sur-
being developed for launch in the next few yearfce. Light can be scattered to the sensor through single
These sensors will enable the quantitative analysishaickscattering by an aerosol particle or by a series of
tropospheric aerosol optical properties, especiafigrward and/or backward scattering events in the at-
aerosol optical thickness, and will provide additionahosphere. Absorption by gases and aerosol particles
information on aerosol size distribution, single scat generally spectrally and angularly dependent.
tering albedo, and refractive index. They will also pro- Though aerosol can be located in both the strato-
vide information on the global distribution, includingsphere and troposphere, stratospheric concentrations
seasonal and interannual variation, of (i) sourcesa®e generally quite small. Except following major
aerosols (e.g., forest fires, desert dust, and aerosol faamcanic eruptions, such as Mount Pinatubo (cf.
oxidation of SQ emissions from industrial regions)McCormick et al. 1995), the stratospheric aerosol op-
(ii) aerosol loading and optical properties, (iii) diredical thickness is typically an order of magnitude
radiative forcing (through a combination of spectraimaller than the tropospheric optical thickness. It can
and broadband sensors), and (iv) indirect radiatitee assessed and corrected for using limb occultation
forcing (through a measurement of the change of clooasurements from the Stratospheric Aerosol and Gas
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Experiment (SAGE) (Kent et al. 1995). Some of these The relative effects of aerosol optical thickness and
measurements can penetrate to the upper troposplsergle scattering albedo on satellite reflection function
and can thus be used to derive profiles of the aeros@asurements is illustrated in Fig. 1, which shows the
extinction in the upper troposphere. difference between the reflection function and surface
How do we retrieve aerosol properties from this correflectance as a function of surface reflectance for four
posite of pocesses? The diffusely reflected radiatioralues of aerosol optical thickness% 0.0, 0.2, 0.4,
at the top of the atmosphere can be expressed in teamd 0.6) and two values of single scattering albeglo (
of the reflection functioiR(r,, w,; u, i, @, defined as = 0.81 and 0.96). This figure is the basis for remote
sensing of aerosol optical thickness and single scat-

nI(O —u qo) tering albedo from reflected solar radiation measure-
R(Ta, Wy Uy Uy, (p) = LA (1) ments. The maximum sensitivity to aerosol optical
HoFy thickness occurs over dark surfaces. For surfaces

brighter tharA = 0.1, the sensitivity is much reduced

In this expressiori (0, -, ¢) is the reflected intensity and depends on aerosol absorption. Therefore, mea-
(radiance);r, the aerosol optical thickness; the surements over ocean surfaces or dark targets over land
single scattering albedo (ratio of the scattering opéire most frequently used to detect aerosol optical thick-
cal thickness to the total optical thicknegs)he ab- ness from space-based sensors (Griggs 1975) and a
solute value of the cosine of the zenith an@le combination of dark and bright surfaces are used to
measured with respect to the positivelownward) detect aerosol single scattering albedo (Kaufman and
direction;gthe relative azimuth angle between the diloseph 1982).
rection of propagation of the emerging radiation and Measurements of the radiative and microphysical
the incident solar direction; ang the cosine of the properties of aerosols can be derived using many dif-
solar zenith anglé,. The function®, 7, w,, F,, andl  ferent methods, including single- and multiple-channel
are all implicitly functions of wavelength This defi- reflectance, multiangle reflectance, contrast reduction,
nition of the reflection function, which normalizes thand polarization. A summary of these techniques is
emerging radiance by the incident solar figx is outlined below.
equivalent to the albedo of the earth—atmosphere sys-
tem for isotropic radiation. o

The reflection function of a cloud-free and verti- b= 1000
cally homogeneous earth—atmosphere system overy- °*[ L=osom wes ]
ing aLambertian surface with reflectanée can be T e mine ot ]
written as (cf. Chandrasekhar 1960)
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whereR, (7, w; u, K, ¢ is the reflection function, Surface Reflectance (Ag)

ratm(Ta’ wo) th(—?* SPhe”C?" albedo, a't_]aqm(ra’ Wy uo)_the Fic. 1. Difference between the reflection function and surface
total transmission (dlf‘fu_se pIu-s_dlreCt) ngp‘ 0. reflectance at 0.6 as a function of surface reflectance for
Each of these functions is explicitly a function of aer@arious values of the aerosol optical thicknesand single

sol optical thickness and single scattering albedo agudttering albeday,. The solid and dashed lines correspond to an
implicitly a function of aerosol size distribution. |n@erosol-ladened atmosphere having a Junge size distribution of
practice, the bidirectional reflectance properties of tffi§ formn(r) U r**. Resuilts apply to nadir observatiops< 1)

. . wheny, = 0.766 @, = 40°). For surface reflectance below a given
surface are substituted for the Lambertian reflectange % aie &), the aerosol effect is positivage 0.25 fora,

A, when applying this expression to satellite observag.g6) and above this value the effect is negative (adapted from
tions (Lee and Kaufman 1986). Fraser and Kaufman 1985).
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a. Single-channel reflectance When the surface reflectance is small, the first term
An increase in the earth’s reflectance is the mast the right-hand side of Eq. (2) dominates, thus yield-
distinctive feature in satellite imagery for detectinong sensitivity to the reflection function of the atmo-
particulate matter, and has been observed since ghhere alone. This term, in turn, is primarily a function
earliest days of satellite use. A thick aerosol layer suatthe aerosol optical thickness with a reduced, though
as from large-scale dust storms or forest fire evestsl important, sensitivity to aerosol size distribution
can easily be detected by an enhanced reflectancard optical properties (i.e., single scattering albedo).
a visible channel as noted by many investigatofggure 2 illustrates the reflection function at Ot
(Griggs 1975; Fraser 1976; Mekler et al. 197&s a function of aerosol optical thickness for an atmo-
Quenzel and Koepke 1984; Takayama and Takashispdnere consisting of Rayleigh (molecular) scattering
1986; Kaufman et al. 1990a). The NOAA operationét, = 0.066), 0zone absorptiory (= 0.021), and aero-
one-channel algorithm has been successful at depstit scattering and absorption, where the aerosol size
ing global optical thickness distributions of stratadistribution is assumed to be a Junge distribution of
spheric and tropospheric aerosols over the ocee formn(r) O r* (Fraser and Kaufman 1985). These
(Stowe et al. 1992; Long and Stowe 1994; Husar ete@dmputations, which include all orders of multiple
1997). Moulin et al. (1997) recently showed a systerseattering, apply t6, = 40° and four different values
atic long-term change in the Saharan dust optia#lthe surface reflectancéa (= 0.0, 0.1, 0.2 and 0.4).
thickness from a 12-yr time series of aerosol optidaigures 2a and 2b show tghe sensitivity of the reflec-
thickness obtained using a Meteosat one-chantieh function tor, andA whené = 60° andp = 0°,
algorithm. while Figs. 2c and 2d apply to nadir observatidgirs (
0°). Figures 2b and 2d illustrate conditions where the
aerosol single scattering albedp= 0.81, and contrast

A P T e T sharply with cond.itions where aeros.ol gbsorption is
g o =0.96 0.4 wp = 0.81 weak , = 0.96, Figs. 2a and 2c). This figure clearly
& o4 — ] L a, | illustrates the underlying principle behind the remote
‘Z’ sl 0.2 | \ o4 | sensing of aerosol optical thickness over low reflec-
: / 0.1 .| tance surfaces, namely, the reflection function in-
T o2 0.0 L o414 cCreases almost linearly as the optical thickness
‘é / / oo | increases, and is the most sensitive for low reflectance
2 o1 7 r 1 surfaces. Figure 2, with its extension to all solar and
* wol o v . . ., . . .| viewing conditions, can easily be represented in look-
' up tables (LUTSs) that can readily be searched for the
-t 3 aerosol optical thickness that best matches the reflec-
S ose o083 tion function observed by a satellite sensor. This is the
- method that has been implemented in the NOAA op-
% o5 7 i 1 erational algorithm described by Stowe et al. (1997).
s ol :‘fw i 1 The p_hysics behind the remote sensing of aerosol
s ——— ° \ a; | optical thickness over a dark target can be understood
L% 0ah i L 04 using the single scattering approximation:
8 b 02
g o 7 T — 027 _ _
S R=R-Ry-R =R +0(r7). @
o1r 0.0 I 0.0 |
/ —//———
I e e e R_ = w,T,p,(0)/(4u,), 4)
Aerosol Optical Thickness Aerosol Optical Thickness

Fic. 2. The reflection function as a function of aerosol opticgyhereR . R | andR are the contributions from aero-
a’  mol’

thickness and surface reflectance for a Junge size distributj ; ; _
given byn(r) 1, where) = 0.61um andg, = 40°. Panels (a) £ scattering, molelcula(; sgattehrlng, and s_urfac:(:1 reflec
and (b) apply to@ = 60° andg = 0° but for different single tancg, reSpeCt“_/e ypa( ) is t_ e scattering phase
scattering albedos; (c) and (d) to nadir observatiéhs ¢°) function, a function of scattering angde andO(r?)

(adapted from Fraser and Kaufman 1985). denotes terms of ordef or higher. Itis, therefore, the
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aerosol optical thickness that can be retrieved from tien for the underlying surface, which is tuned for the
residual in the reflection function, provided one sulecean surface; some use a flat ocean surface approxi-
tracts the effects of molecular scattering and the unation for multiple scattering contributions (Gordon
derlying surface, and that one assumes an appropratd Wang 1994; Stowe et al. 1997); others adopt more
aerosol model. With nonabsorbing aerosols, the lingorous boundary conditions of roughened water sur-
earity betweeR_ andr, is remarkably well maintained,faces (Nakajima and Higurashi 1997; Higurashi and
even for large optical thicknesses for which multiplHakajima 1999; Tanré et al. 1997). Some of these
scattering cannot be ignored (cf. Gordon and Wangethods are distinctly better than others, and a
1994). In other words, multiple scatteriRg is nearly Lambertian assumption for aerosol retrievals over
proportional to the linearized single scattering contwcean is not recommended.
bution expressed as Since the aerosol optical thickness is generally less
than unity, a good calibration of the radiometer is es-
_ _ 5 sential for the successful retrieval of aerosol optical
Rm =R ~Ry =CRy +O(R-s' ) ®) thickness from space (Griggs 1975). With consider-
able progress in ground-based instrumentation for
whereO(R_?) denotes terms of order Ror higher. deriving aerosol optical properties, such as fully au-
This fact eases the situation of determining the aetomatic sun/sky radiometers, vicarious calibration of
sol optical thickness from spaceborne reflected sotatellite-borne radiometers has become more reliable
radiation measurements. For absorbing aerosols than in the past (Vermote and Kaufman 1995).
higher-order dependence on aerosol optical thickness
becomes important (cf. Fig. 2). Higurashi and. Multichannel reflectance
Nakajima (1999) discuss the accuracy of various Two-channel and multichannel algorithms are
expansion algorithms for constructing look-up tablggomising for extracting not only aerosol optical thick-
required to implement the algorithm defined bgess but also aerosol size distribution information. In
Egs. (3)-(5). two-channel methods the following color ratio is fre-
It is essential that one assumes reasonable aergs@ntly used (Gordon and Wang 1994; Durkee et al.
optical properties for constraining the problem whet986, 1991):
using a single-channel algorithm. Most investigators
assume spherical particles (Mie scattering) and a Junge R
power law (Rao et al. 1989), a monomodal size distri- E,72, (6)
bution (Kaufman et al. 1990a; Ferrare et al. 1990), or R
a bimodal size distribution (Tanré et al. 1997;
Kaufman et al. 1997a). Assumptions on the aerosol vehereR andR, denote measured reflection functions
fractive index are also important (Koepke and Quenztlwavelengtha, andA,, respectively.
1981). From Egs. (4) and (5) we obtain the following re-
The most delicate part of the one channel algiationship for the color ratio in the single scattering
rithm for retrieving aerosol optical thickness is sulapproximation:
traction of the surface reflectance signature from the

satellite reflectance measurement. Pixels with cone

: . . w,T,P(O)
angles, defined as the emergent zenith angle relative €, = . 7)
to the specular reflection angle, of less than 40° must wZTZPZ(@)

be omitted for large sun glint regions over the ocean

(Stowe et al. 1997). A tilt angle mechanism has beBurkee et al. (1991) estimated the color ratio as well as
adopted for recent ocean color sensors, such asttieeaerosol optical thickness from AVHRR measure-
Ocean Color and Temperature Scanner (OCTS) andnts in channel 1 (0.636n) and channel 2 (0.83Mn).
Sea-viewing Wide Field-of-view Sensor (SeaWiFSY,hey found that the color ratio is widely variable over
in order to increase the cone angle for better covére globe, where they further assumed the two-term
age of the retrievable region. Whitecap contributiotenyey—Greenstein phase function (Kattawar 1975).
cannot be ignored for surface wind speed above Another choice for the index of aerosol color is the
15 m st over the ocean (Koepke 1984). Some algdngstrom wavelength exponert)(defined in the
rithms (Rao et al. 1989) use a Lambertian approximaxpression
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a Multichannel reflectance algorithms for retrieving
__ bad aerosol optical properties both over ocean and land
T, =T , 8) .

A Ao %EE ( surfaces have been developed and tested for various
satellite sensors currently in operation, examples of
which will be shown in section 5 (below). These re-

where) is a reference wavelength (0.5-Lrf), de- trievals can be much improved for the next generation
pending on sensor). Nakajima and Higurashi (19931 satellite imagers such as the Moderate Resolution
assumed a Mie solution and a power law size distiinaging Spectroradiometer (MODIS) and Global
bution to estimate the optical thickness and Angstrdmager (GLI) due in part to the enhanced number of
exponent from channel 1 and 2 AVHRR radiancesarrow and well-chosen spectral channels and an im-
Nakajima and Higurashi (1998) subsequently analyzpved ability to diagnose and identify clouds in the
both AVHRR and OCTS data assuming a bimodféld of view of the radiometer. Tanré et al. (1997) have
lognormal size distribution, rather than a power laadopted the characteristic component method that con-
distribution. The lognormal distribution is more accusists of selecting a reasonable combination of aerosol
rate in representing the aerosol size distribution ovgze modes and concentrations from a prescribed li-
the globe. Using AVHRR channel 2 radiances, lardpeary of physical aerosol models.
absorption by water vapor in this relatively broad band
easily affects the accuracy of the aerosol retrieval Dark targets over dense, dark vegetation
(Ignatov et al. 1998). Green vegetation, and some soils, are dark in the
There are also methods that have been developed (0.6-0.7um) and blue (0.4-0.5m) spectral re-
for extracting information on light absorption by aeragions. Mixed vegetation and soils can be dark or bright
sols from reflected solar radiation measurementiepending on the fraction of vegetation cover, vegeta-
Suppose aerosol absorption coefficients are largely dién greenness, and soil optical properties. In order to
ferent at two different channels of a radiometer. Tlestimate the aerosol optical thickness over |trad,
color ratio can thereby be used as an index of singl&face reflectance of these dark pixels must be esti-
scattering albedo. mated to an uncertainfyA, = 0.005-0.01. This un-
Fukushima and Toratani (1997) assurmgd 1 for certainty translates to an error in optical thickness of
channel 4 (0.5m) of the Coastal Zone Color Scan®.05-0.10. We therefore need a method to assess the
ner (CZCS) to estimate the single scattering albedasatface reflectance through an aerosol layer of un-
shorter wavelength channels for Asian dust particlésmown optical thickness. To overcome this uncertainty
Asian dust particles have strong absorption in the bidee to aerosol-surface interaction, it is necessary to
channel. In an analogous manner, J. R. Herman efraorporate an additional dimension to the problem,
(1997) defined the following index for UV absorbingnamely, the spectral dimension whereby the surface
aerosols: is observed at a wavelength for which minimal aero-
sol contamination occurs.
This method of deriving aerosol optical thickness
AN = 100 IR0 OR,0 O over dark targets and dense dark vegetation can be
- 0G0 %Rj E _ERs H 5 (9) understood as follows. First, with the exception of
obs % e dust, the aerosol optical thickness typically decreases
with wavelength according to Eq. (8), where d< 2
where they compared the observed color ratio betwdiaufman 1993). Thereforg is 3-30 times smaller
the 340- and 380-nm channels of the Total Ozomethe shortwave-infrared (SWIR; 24#h) region than
Mapping Spectrometer (TOMS) with that calculateish the visible (0.47 and 0.66m). Second, surface
with the assumption that there is no change in absorgflectance across the solar spectrum is well correlated.
tivity between 340 and 380 nm. In this applicatiorgoils usually have a reflectance that increases as a
cloud contamination is less important, in spite of tHanction of wavelength, with a correlation that slowly
fact that TOMS has a large instantaneous field of vielecreases as the wavelength span increases (Kaufman
(40 km), since cloud reflectance does not depeatal. 1997b). Parallel processes affect the surface re-
strongly on wavelength. Clouds do, however, have soffectance between 0.47 and 066 and between 2.1
impact on aerosol retrievals by virtue of being primand 3.8:m. Vegetation decreases the reflectivity in the
rily above the majority of the tropospheric aerosol. visible region due to chlorophyll absorption and in the
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SWIR region due to absorption by liquid water. Weitncertainty in the correction for thermal emission and

soil has a lower reflectance in the visible region dtieerefore is selected as the second choice. Tha.1-

to trapping of light, and in the 2.1- and 3@ regions thresholds extend the technique to partial vegetation

due to liquid water absorption. Surface roughnessver or grasslands that are partially green. The cor-

shadows, and inclinations decrease the reflectamesponding reflectance in the visible is estimated as

across the entire solar spectrum (Kaufman and Rerfalows:

1994; Kaufman et al. 1997b).

Figure 3 shows an example of the relationship be- Ag(0.47um) = O.5Ag(0.66um)

tween surface reflectance at 0.49 and Qu&6com- =0.2%,(2.1um), (20)

pared to that at 2 /@m. The brighter surface reflection

at 2.2 ym, and the overall smaller aerosol single scatienA (2.1 um) < 0.05. If this criterion is not met, a

tering albedo at longer wavelengths (Hobbs et abcon(f, slightly less accurate, criterion is used to esti-

1997; Eck et al. 1998), decrease further the aerosuite surface reflectance:

effect on the detected radiance at this wavelength.

Therefore the effect of aerosol (smoke and urban/in- A (0.47um) = 0.3A (0.66um) = 0.01,  (11)

dustrial aerosol but not dust) is expected to be 15-30

times smaller in the SWIR (2.1 or 3u.én) than in WhenAg(3.8um)s 0.025. Finally, if neither criterion

the visible (0.47 and 0.66m) and can, therefore, bes satisfied, a third criterion is tested that is the same

neglected. as Eq. (10), but used Whégtz.lum) <0.10. These

The MODIS operational algorithm for the remotgimple relationships, incorporated into the operational

sensing of aerosol over land is an example of the #ODIS algorithm for remote sensing of aerosol opti-

plication of these principles. Surface targets that aral thickness over vegetated land surfaces, is currently

expected to be dark in the visible channels (0.47 amging examined as a function of observational view-

0.66um) are determined using the 2.1- or giBchan- ing conditions using measured bidirectional reflec-

nels. MODIS uses a cascade of thresholds, starttagce measurements (Tsay et al. 1998; Soulen et al.

with A (2.1 um) = 0.05, followed byA (3.8 um) = 1999 Arnold et al. 1999, manuscript submittedrto

0.025, and finallyA (2.1 um) = 0.10 if too few pixels J. Remote Ser)s.

made the 3.84m threshold (Holben et al. 1992; The aerosol optical thickness is derived from the

Kaufman et al. 1997a). The 3u8a threshold corre- difference between the apparent reflectance at the top

sponds to the lowest reflectance in the visible, for eaf the atmospher®, and the surface reflecta

ample, dense dark green forest, but suffers frorhis difference, the aerosol signal, is available in the
blue and red channels. The spectral dependence of the
aerosol signal can be used to derive the ratio between

0.20 (T the influence of coarse patrticles (e.g., dust) and accu-
[ 008 Forest v ] mulation mode particles (e.g., smoke or urban/indus-
O m  Vegetation - 1 trial pollution). This spectral information is used in
g 0151 oy Umen 1 the following manner. First, a given aerosol model is
,§ v v Sand 1 assumed in order to derive an estimate of the optical
= 010 o 1 thickness and of the surface componeR [second
s L ° + 1 termon the right-hand side of Eq. (2)]. This term is
8 .~ 1 subtracted fronR and the spectral path radiangg,,
B 505l o e - 1 isobtained. The ratio &, between the blue and the
i Y e " 1 red channelis used to estimate the aerosol model and
| o b . . .
p ° . 1 thusto derive the correct aerosol optical thickness. A
- - e B . . .
000l high ratio corresponds to a dominance of small par-
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

ticles and a small ratio to a dominance of coarse par-
, ticles. Though the derivation of path radiance using
Fic. 3.Scatter diagram between the surface reflectanceﬂeﬁS technique does not depend significantly on the

0.49 um (solid symbols) and 0.68m (open symbols) to that d | del. thi d .
at 2.2um, for several surface types. The average relationshfﬂésume aerosol model, this procegure IS new.

A, JA, = 0.25 andA /A = 0.5 are also plotted (dashed and This retrieval algorithm for remote sensing of aero-
solid lines, respectively) (adapted from Kaufman et al. 1997tg0l optical thickness over dark land surfaces will first

Surface Reflectance (2.2 pm)
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be applied to global satellite observations followingriori that dense vegetation pixels were present in the
the launch of MODIS on the Terra spacecraft in latenage (Soufflet et al. 1997). The multiangle data to be
1999. In testing this algorithm using data from thebtained from the Multi-angle Imaging Spectroradi-
MODIS Airborne Simulator (MAS) (King et al. 1996)ometer (MISR) instrument, discussed later in this pa-
aboard the NASA ER-2 aircraft, two possible sourcesr, also do not have SWIR channels. MISR does plan,
of error have been identified: (i) inland turbidhowever, to use a similar technique for identification
subpixel water bodies that may be dark enough in thiedark pixels, though, as will be shown later, they take
SWIR but more reflective than anticipated in the vigdvantage of the multiangle observations to circum-
ible, and (ii) subpixel snow and ice, where the snovent this feedback loop.
is relatively dark in the SWIR but quite reflective in  This is illustrated in Airborne Visible and Infrared
the visible. A few percent of subpixel snow cover mdynaging Spectrometer (AVIRIS) (Vane et al. 1993)
generate large errors in the estimation of surface m@ages acquired on 25 August 1995 near Cuiab4, Bra-
flectance in the visible channels and hence in the dé; wheng = 28.7° (Fig. 4). Figure 4a was constructed
rived optical thickness. from a red—green—blue composite of 0.66-, 0.55-, and
To overcome these problems in the MODIS alg8-46-um images, while Figs. 4b—d show images for in-
rithm, several provisions have been implemented. Ttiwidual bands at 0.46, 0.66, and 2;48. For all in-
main one is a careful selection of dark pixels witthividual bands, the images were stretched over a fixed
which to apply the algorithm, and is based on the fingrayscale from 0.8 R< 0.3, showing not only the de-
ing that most sources of contamination tend to genereasing influence of aerosol optical thickness as the
ate higher optical thickness. On a grid oD pixels wavelength increases, but also the increasing reflec-
(10 kmx 10 km at nadir), the selected dark pixels atance of land surfaces at 2 /118 relative to that at 0.46
sorted as a function of reflectance in the blue and read 0.66um (discussed in the previous subsection).
and only the average of the 10th to 40th percentileSise smoke is seen primarily at the shortest two wave-
used in each band, respectively, in the derivationlehgths, and fire and bright land at 2/48. This fig-
aerosol optical thickness. In this way, even if 60% afe demonstrates how the 2.43 image, which is
the dark pixels are contaminated by turbid water argely free of any smoke aerosol effect, can be used
snow, they will not affect the derived aerosol opticéb detect surface features and predict their reflectance
thickness. Shadows in the field of view of the radat 0.46 and 0.66m.
ometer are identified as an essential component of theThe dense dark vegetation mask was also run on
cloud mask algorithm that is run prior to the applic#his scene (Fig. 4e), where all pixels for which the sur-
tion of the aerosol optical thickness retrieval (Kinface reflectancé (2.13um)< 0.10 are shown in green
et al. 1998; Ackerman et al. 1998), and are theref@mrd pixels for which 0.1& Ag(2.13um) < 0.15 are
not a significant source of error for MODIS. shown in yellow. The background image on which the
The original application of the dark target approaatark vegetation pixels are overlaid is the AVIRIS im-
to aerosol remote sensing over land was to Landsatg® at 0.8Gm, for which vegetation is bright and burn
Multispectral Scanner (MSS) data that do not hasgears dark. A second criteridk&(o.86um)>0.10, was
SWIR channels (Kaufman and Sendra 1988). It wakso applied to assure that water and burn scars were
based on detecting green forests using dark pixels diéminated as dense dark vegetation surfaces.
rived from the normalized difference vegetation index
(NDVI) and reflectance at 0.§8n. Dark vegetation d. Reduction in contrast over land
was determined by a combination of high NDVI and As noted above, pixels covered by dense dark veg-
low reflectance. For these pixels, the reflectance in thiation (DDV) are very suitable for interpreting the
red channel is assumed to/bg(aO.GGum) =0.020.01 satellite signal in terms of an atmospheric contribution,
and used to derive the aerosol optical thickness, reshlit, unfortunately, there are regions where very dark
ing in a very good agreement with sunphotometpixels do not exist and where the method cannot be
measurements in the mid-Atlantic region of the Unitexpplied. In addition, there are regions such as the Sa-
States (Kaufman and Sendra 1988). Determinationhafra and Sahelian regions of Africa, where the surface
dark pixels using the vegetation index is, however, @lbedo is close to the critical value, defined as the sur-
fected by the sensitivity of the vegetation index itseffice reflectance for which the radiance at the top of
to aerosols. To avoid this feedback loop the methtitk atmosphere is not directly related to the aerosol
was applied only to images for which it was knownaptical thickness (cf. Fig. 1). As a consequence, alter-
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Fic. 4. AVIRIS images acquired near Cuiaba, Brazil, on 25 Aug 1995. (a) A red—green—blue composite of 0.66, 0.55=nd 0.46
bands; (b)—(d) images for individual bands. Panel (b) applies tqh4®@hich is especially sensitive to smoke, (c) to ué6 also
sensitive to smoke but with brighter surface reflectance, and (d) tprd,38hich shows both hot ground and bright land. (e) Location
of all dense dark vegetation within this scene, defined as pixels for which the surface refle¢andgm) < 0.10 (green pixels) or
0.10< Ag(2.13ym) < 0.15 (yellow pixels). The background image on which the dark vegetation pixels are overlaid is the AVIRIS
image at 0.8@/im, for which vegetation is bright and burn scars dark.

native methods, such as contrast reduction, have beerProvided the ground reflectance featumego can
developed. This method is still being investigated, abé determined, the transmission functigifr,, w,; 1)
thus it is difficult to draw final conclusions on its apt, (7., w,; 4,) can be derived from the satellite mea-
plicability on a global scale. Nevertheless, preliminagurements and then related to aerosol optical thick-
results are quite promising and hence it is worth exess. Therefore, the determinationmg is a
ploring further. necessary condition for the application of this tech-
Schematically, the method is based primarily arique. For this reason, the method has only been ap-
the second term on the right-hand side of Eq. (2), wlied to groups of images. If one of these images was
like the DDV approach that is based primarily on thabtained on a clear day, the actual ground reflectance
first term. Briefly, the difference in reflection functiordifferenceAAg can be estimated and, as long as the
AR, between two adjacent pixels i and j (called cosurface target is invariant, variations in the transmis-
trast) decreases as the optical thickness increasesioih function can be attributed to variations in the
can be related to the actual ground reflectance diffaerosol content. The selection of a clear day from a

enceAAl=A —- Al by sequence of satellite images is itself not an easy task
and has, therefore, been based on visual inspection of
AR(1, wy ty Hy @ =DAIT, (T, @, H) the “sharpness” of the image. More rational, ground

xt, (T, @, 1) (12) optical thickness measurements can be performed for
a day and this specific day used as the reference clear
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day for a group of images; results can then be scatedt (Holben et al. 1992; Tanré et al. 1992). The pro-
accordingly. Sincé Ag may be affected by surfacecedure needs to be applied to more cases before it can
bidirectional reflectance characteristics, the deterntie concluded that the concept is widely applicable.
nation ofr_ has to be made for a pair of images with
similar viewing conditions, when bidirectional reflece. Thermal contrast
tance effects are ignored. With the advent of MODIS, An early study (Shenk and Curran 1974) showed
MISR, and POLDER (Polarization and Directionalthe potential of using thermal infrared data to detect
ity of the Earth’s Reflectances), surface bidirection8aharan dust over land. More recent studies have
reflectance will be derived to a much higher degredown that the Meteosat infrared channel (10.5-
of accuracy than in the past, thereby allowing the r&2.5um) (Legrand et al. 1988), as well as the 3.7- and
duction in contrast method to be extended to any gdd-um channels of AVHRR (Ackerman 1989), are af-
metrical condition. fected by the presence of dust and that quantitative
This method has been successfully applied to Thestimates of the aerosol optical thickness are possible
matic Mapper (TM) (Tanré et al. 1988) and AVHRRising brightness temperature differences between 8.5,
(Holben et al. 1992) images taken over arid regiofh%, and 12im (Legrand et al. 1989; Ackerman 1997).
where the concept of an invariant target is largely This method is based on observing outgoing ther-
valid. Figure 4b clearly points out the reduction imal radiation (10—-12m) emitted by the same scene
contrast that occurs when the optical thickness iover the course of several days, during which time the
creases from smoke-free to smoke-filled regions. Thisrosol content of the atmosphere has changed. The
was also demonstrated by observations of optigaincipal assumptions behind this method are (i) the
thickness in smoke-free regions using nearly simultadiance emitted by the surface is constant or linearly
neous ground-based sunphotometer measuremevesying over the time period of the observations, and
Also, results of sunphotometer measurements show@done of the days is aerosol free. In the presence of
that7,(0.46 um) = 0.30, decreasing t(0.86um) = aerosols, the outgoing longwave radiation is attenu-
0.10. In the upper part of these images there is a rivated along its path through the aerosol layer, resulting
bed that emphasizes the relationship between thea reduction in outgoing longwave radiation when
wavelengths. This riverbed, identified in Fig. 4a, isompared to a clear day. Furthermore, the solar flux
dark at 0.66 and 2.%3n. available to heat the surface is reduced by the presence
The optical thickness derivation depends on tlo¢ aerosols due to enhanced scattering of shortwave
single scattering albedo and asymmetry parameter kadiation, which in turn leads to a drop in the surface
is largely independent of aerosol phase function, sinteenperature. Both of these effects reduce the thermal
the total transmission functian (z,, w,; ) has little infrared radiation emitted to space, thereby increasing
sensitivity to details of the single scattering phasiee contrast between observations obtained during
function. The reduction in contrast is also a functiariear and hazy conditions. This thermal contrast can
of the instantaneous field of view of the sensor. Theturn be related to aerosol content.
sensitivity of the transmission function to optical Obviously, this method works best when aerosols
thickness is larger for higher spatial resolution dataave an impact in the thermal infrared, and it is for this
since only photons directly transmitted to the sens@ason that it has been applied solely to the case of
contribute appreciably to the reflected solar radiati@aharan dust. Since the spectral optical thickness of
signal (Tanré and Legrand 1991). For example, thst aerosol layers varies according to Eq. (8) with
contrast reduction is 40% lower for the AVHRR resd-< a < 2, it is almost negligible in the thermal infra-
lution (1 km) than for TM resolution (30 m), but iged window region (10.5-12;8n). This is not the case
still large enough to be applied to hazy or dusty cofor dust that, due to the presence of large particles, has
ditions where large variations in the aerosol conteant optical thickness that is quite appreciable in the
are expected. thermal infrared. In addition, in arid and semiarid re-
The remaining problem is the determination of thgions, the surface temperature is generally high and
invariant target from satellite observations. Progreseg relative humidity low, which leads in turn to suf-
in this aspect is currently being made. In particularfiaient thermal contrast to enable the aerosol optical
procedure based on the structure function derived froinickness to be inferred.
the satellite image itself has been developed to deter-This concept is illustrated in Fig. 5, adapted from
mine whether conditions for applying the method ateegrand et al. (1988). It shows the temporal variation
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of surface temperature measured by thermocoupleaatMODIS (Kaufman and Gao 1992) and POLDER
a location near the Niamey airport, Niger, during th@ouffies et al. 1997), are able to derive this param-
Etude de la Couche Limité Atmosphérique Tropicaker over land from space on a global scale.
Seche (ECLATS) experiment for clear and dusty con-
ditions. The dusty days were selected from days hdv- Land—ocean contrast
ing ground visibility measured at the airport of less While the satellite-detected radiance for low sur-
than 10 km. During the daytime, since there is lefce reflectance depends primarily on aerosol optical
solar energy reaching the surface due to the presetindekness and single scattering phase function, the
of dust, there is a decrease of about 2°C in the surfdependence of radiance on surface reflectance is af-
temperature. At nighttime, the presence of dust reduéested primarily by the aerosol single scattering albedo
the diurnal temperature range because the aerosol I§gkrFig. 1). Therefore measurements of the radiance
acts like a greenhouse gas. The impact of dust is l&sstwo contrasting surface reflectances and for two
at night than during the daytime, with an increase different aerosol loadings (a “clear” and a “hazy” day
about 1°C being all that is observed. are required) can be used to derive the aerosol single
From space, because of the additional attenuatgrattering albedo (Fraser and Kaufman 1985). Such
through the aerosol layer, very large reductions dontrast methods have been applied to high-resolution
brightness temperature of up to 25°C have been shitellite images (MSS; 80 m) between two different
served during the day in the 10.5-12r8-channel of surface types (e.g., a seashore). The aerosol single scat-
Meteosat for major dust events. Usually, the reductitering albedo and optical thickness can then be derived
in the brightness temperature decrease at night is tygimultaneously (Kaufman and Joseph 1982). A simi-
cally half as large as the daytime decrease. A quatdi-method has been applied to 1-km AVHRR data for
tative comparison of satellite data with groungmoke and industrial pollution (Kaufman 1987).
photometric measurements in Niamey, Niger (Legrand A sensitivity study shows that the aerosol single
et al. 1989), and in M'Bour, Sénégal (Tanré argtattering albedo can be derived with an erra0dbs.
Legrand 1991), have demonstrated the capability The error can be much smaller for larger aerosol load-
this method to derive aerosol optical thickness ovielg over bright land if the size distribution is well
desert environments. known. Validation of this technique is difficult be-
There are other effects that can affect the therntaluse columnar in situ measurements of aerosol ab-
infrared radiance detected by a satellite, namely, tharption are not readily available. Since the derivation
water vapor content, surface winds, or presencedffsingle scattering albedo depends on patrticle size,
clouds. Assuming the images are correctly clowhd particle size can be retrieved from spectral reflec-
screened, the variations of satellite radiance can em-
pirically be accounted for by variations in the aerosol 5
content and atmospheric moisture alone; other atmo-
spheric parameters, like winds and boundary Iay@
height, do not have a significant impact on the mea, 40
surements. Moreover, the possible feedback effects
that could be introduced by cloudiness are not detecﬁ—
able (Legrand et al. 1989). There is also the annu%l 30r
cycle of surface heating due to variations in the solét
ilumination, but this effect can easily be accounted fd§
©
(Legrand et al. 1989). s | —e— Dust-free Conditions |
Finally, the sensitivity of the infrared radiance tan | o o ; F’fesenlce of DlIJSt
var_lat_lons_ln water vapor content is comparab_le _to 100 — 4 — 8 — '12' ' '16' ' '20' ' '24
variations md_uced by th_e_presence of dust; a variation Time (Hours)
Au =1 gcm?in the precipitable water corresponds to
a variationAra(O.SS um) = 1 (Tanré and Legrand Fic. 5. Temporal variation (_)fsurface_ tempera_ture mea§ured by
1991). Therefore, the determination of precipitab]:Bglr_rX;’;O“p'es. near the Niamey airport, Niger, during the
. . L . . experiment for both clear and dusty conditions. The
Water is required for appI'C.aUC)n _Of this teChr_"qu'(_a mjsty days have been selected when the ground visibility
sites where the atmospheric moisture has significafasured at the airport was less than 10 km (adapted from Legrand
day-to-day fluctuations. Several satellite sensors, suthl. 1989).
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tance measurements over the water, an iteratpm@vide routine global multiangle observations of the
method for simultaneous remote sensing of aerogalrth using arrays of detectors. Though also restricted
optical thickness, single scattering albedo, and efféc-spectral coverage (four bands between 0.44 and
tive particle size was developed (Kaufman et &@.86um), it views the earth from nine different view
1990a). This method was then applied to AVHRR dad&ections, including nadir, four forward directions and
containing smoke from a large fire in Canada thédur aft directions along the spacecraft track (Diner
spread across the eastern United States (Ferrare adtall. 1989). The Along-Track Scanning Radiometer-
1990). In this iterative scheme the particle size wagATSR-2) aboard the second Earth Remote Sensing
first derived from the spectral radiance over the watgatellite ERS-2 has seven spectral bands that simul-
and subsequently used to derive the single scatteriageously view nadir and 55° forward of the velocity
albedo from the land—water contrast and optical thickector of the spacecraft (Veefkind and de Leeuw 1997;
ness from the reflected radiance over the water avidefkind et al. 1999). In this case, the four bands used
dark land surfaces. Since, in order to derive partider aerosol remote sensing are 0.56, 0.66, 0.87, and
size, it is first necessary to assume values of optidab um, all of which have a spatial resolution of 1 km.
thickness and single scattering albedo, a secondlTbe Earth Observing Scanning Polarimeter (EOSP),
third iteration may be required in order to adjust tldesigned for launch on the second EOS AM platform
initial assumptions. This method can be significantly 2004, takes advantage of a fuller spectral coverage
improved if, instead of the two visible and relativel{0.41-2.25.m), together with polarization and along-
broadband AVHRR channels, together with uncertairack angular information, but only for a single pixel
water vapor absorption properties, a wider range fath along track. EOSP replaces global coverage
narrowband channels is used, such as will be availabégjuired over 6—9 days with powerful statistical infor-

on MODIS and GLI. mation. To demonstrate the use of angular informa-
tion, we review here the algorithms used for MISR and
g. Angular distribution of reflectance ATSR-2, since they do not make use of polarization.

Remote sensing of aerosol over land using a single Martonchik and Diner (1992) developed an algo-
view direction, as is common practice for the vagthm for deriving aerosol optical properties using
majority of satellite sensors, has limited informatiokISR multiangle observations. Over land the algo-
content even when a large number of spectral bamilsm uses two distinct pathways. If dense vegetation
are available. Over ocean, a wide spectral range, sigpresent, the algorithm uses the low reflectance of
as available on MODIS and GLI, can be used to déense vegetation, together with multiangle measure-
rive the aerosol size distribution quite successfullgnents, to derive aerosol optical thickness and the best
Over land, on the other hand, the surface is darkfitttng aerosol model. If dense vegetation pixels are ab-
typically two nearby spectral bands (red and blusgnt, the algorithm uses the angular dependence of
which does not permit such detailed inversion to Ispectral contrasts in the reflection function measure-
performed. Recently, remote sensing of aerosol prapents to determine the aerosol optical thickness and
erties from space has been enhanced by the devebmrosol model.
ment of four new satellite sensors, all of which use In a similar fashion to Kaufman and Sendra (1988),
multiangle measurement strategies to increase thethre MISR approach uses the vegetation index to de-
formation content of satellite data over both land atefmine the pixels in the image that correspond to
ocean. dense dark vegetation. With the help of the angular de-

On the ADEOS spacecraft, launched in Augupendence of vegetation index, however, the MISR al-
1996, POLDER (Deschamps et al. 1994) providepbrithm avoids the feedback between vegetation index
observations of the same location on the earth’s sand aerosol opacity that was encountered by Kaufman
face at multiple observation angles, albeit for a linand Sendra (1988). The detection of dark pixels is
ited spectral range (0.44-0.9Mn) and only at based on the assumption that the vegetation index is
moderate spatial resolution (6 kn¥ km). It also in- more influenced by atmospheric effects than by any
cluded, for the first time, measurements of polarizencertainty in the angular dependence of the vegeta-
tion at three of its eight spectral bands. Remote sendiiog index, an assumption that is valid as long as the
over land from POLDER emphasizes the use of paew direction is not too great (Martonchik 1997). An
larization and is discussed later in this section. @malytical function is fit to the dependence of vegeta-
Terra, the MISR, scheduled for launch in 1999, wifion index on air mass (1Y, using both forward- and
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aft-viewing cameras. Since the slant optical thicknefes the nadir and off-nadir views show that for the

is proportional to air mass, the slope of this functiddouth Atlantic and South Pacific, the results agree to

is used to extrapolate the vegetation index to a hypuathin Az (0.56um) =+0.01 ,= 0.08). For the south-

thetical value of 3/ = 0, corresponding to no atmo-ern Indian Ocean the two agree to withrY0.56um)

spheric effect. This is analogous to Langley plet+0.02 (r,= 0.11).

methods of deriving aerosol optical thickness from

ground-based sunphotometers. An average valuenofPolarization

the extrapolation in the forward and backward direc- The principle behind the use of polarization for the

tions is used to further reduce the residual effectsrefote sensing of aerosol properties from space is the

any angular dependence of surface reflectance. Egtreme sensitivity that polarization has to the micro-

these pixels, a given bidirectional reflectance functiguinysical properties of the aerosol particles, especially

is assumed and, together with the measured angttereffective particle radius and refractive index. When

and spectral radiance, used to determine the aeras#d in combination with the total reflection function,

optical thickness in all spectral bands for which vegither at one or multiple view angles (as with POLDER

etation is dark. Through this process an appropriated EOSP), there is nearly a complete orthogonality

aerosol model that describes the scattering phase fundhe simultaneous retrieval of aerosol optical thick-

tion and spectral single scattering albedo is determinegks and effective radiug thereby leading to a much

from the angular dependence of reflected radianceore accurate solution for both parameters (cf.

Over oceans, the multiangle pointing enables the déviishchenko and Travis 1997). Further advantages of

vation of the angular dependence of the aerosol sqadlarization include the fact that polarized radiai@e (

tering phase function if the along-track direction is less sensitive to surface reflectance than total radi-

close to the principal plane (Wang and Gordon 1994)ce () alone, as shown in section 5.

provided one excludes angles close to the direction of For EOSP, which measures three elements of the

sun glint. This information is sufficiently accurate t&tokes vectorl( Q, andU) at 12 wavelengths while

enable aerosol nonspherical scattering properties tasbanningt65° along track, the following two criteria

determined (Kahn et al. 1997). are used simultaneously to determine aerosol optical
For ATSR-2, and later for the Advanced Alongthickness and effective radius:

Track Scanning Radiometer (AATSR) to be flown on

Envisat-1 in 2000, aerosol optical thickness is retrieved || — |

separately for nadir and off-nadir measurements and [mes adel < 0,04 (14)

the subsequent results intercompared (Veefkind and calc

de Leeuw 1997). The spectral radiance is inverted us-

ing an LUT for two aerosol types, anthropogenic arashd

sea-salt aerosol, based on the Navy Oceanic Vertical

Aerosol Model (Gathman and Davidson 1993). The

LUT was generated far = 0.0 and 0.1, and the inver- = (|qmeas = Oeate] *[Unnees = ucalc|) <0.002, (15)

sion optimized by fitting the four spectral radiances 2

with two free parameterg k) from a mixing model

as follows: whereq = Q/I, u = U/I, and the indices “meas” and
“calc” denote measured and calculated (look-up table)
R=R_,+k[nR .+ (1 -nR_]. (13) models, respectively. Mishchenko and Travis (1997)

showed that Eqg. (14), the traditional approach for
This is based on the Wang and Gordon (1994) cosingle-channel, single look-angle retrievals (e.g.,
position approximation and their findings that the eXAVHRR), leads to ambiguous solutions foandr . In
act roles of each aerosol type on the composition is nottrast, Eq. (15) leads to very accurate retrievals of
important as long as one of the modes does not hayand a much-improved retrievalgfFinally, when used
w, significantly less than the other. It is also based twgether, errors in optical thickness/of = +0.015,
a linear dependence of the radiance on aerosol optifé¢ctive radius ofdr, = +£0.03um, and the real part
thickness for small optical thicknesses (cf. Fig. 2). Thig the refractive index ain =+0.01 appear possible.
approach has been applied to the Southern Hemispherd he value of polarization for the quantitative re-
quite successfully. Comparisons between the resuttste sensing of aerosol properties from space has been

Bulletin of the American Meteorological Society 2241



demonstrated using POLDER data. This techniqueiisn has to be restricted using available aerosol mod-
nevertheless hampered by two primary difficulties: @ls (Tanré et al. 1997).
the polarization properties of realistic aerosols, many The main uncertainty affecting remote sensing of
of which are nonspherical and inhomogeneous, magpospheric aerosols is the uncertainty in the aerosol
differ from simple models of homogeneous sphericsize distribution, single scattering albedo, and corre-
particles, and (ii) the underlying ground surface is isponding single scattering phase function. Therefore,
self polarized, and must therefore be characterized amdextensive aerosol robotic network (AERONET;
removed from the satellite signal. Both of these coHeolben et al. 1998) of autonomous sun/sky radiom-
cerns have been carefully examined and discussecetgrs was deployed in Brazil during intense biomass
M. Herman et al. (1997), who show that polarized ligburning periods (Holben et al. 1996), in Africa and
is much more sensitive to the radiative properties lsfael during dust events, and in the eastern United
aerosols than to the surface, especially over vegetatidtates in the presence of industrial and urban pollu-
The operational algorithm used by POLDER to detdien (Remer et al. 1996). The aerosol properties re-
mine surface and aerosol properties is describedthigved from these optical thickness and sky radiance
Leroy et al. (1997). With the relatively large spatiaheasurements include the spectral optical thickness,
resolution of POLDER (6 kmx 7 km) and EOSP aerosol size distribution, phase function, and single
(10 km), coupled with the lack of thermal channelscattering albedo (King et al. 1978; Nakajima et al.
the first problem in applying these data to routinE986; Kaufman et al. 1994; Dubovik et al. 1998).
analysis of aerosol properties from space is the defEhese results have been used to derive a new clima-
mination of a cloud mask that distinguishes the cle#w]ogy for the columnar aerosol size distribution.
unobstructed scenes to which the algorithm may be Results of this analysis for urban/industrial aero-
applied. sol from the mid-Atlantic of the United States and for
biomass burning aerosol from Brazil are summarized
by Remer et al. (1996). Analysis of the size distribu-
3. Aerosol models tion shows that part of the variability in the particle
size can be stratified as a function of aerosol optical
Once the surface reflectance properties have bélickness (cf. Fig. 6). This stratification is an advan-
accounted for, the optical thickness can be deriviatje for remote sensing of aerosol from space, since
from the measured radiance and/or polarization usifog any aerosol optical thickness an appropriate size
one of the many techniques outlined in the previodsstribution can be used. For the urban/industrial aero-
section, provided the necessary supplemental infornsat, 60% of the variance is accounted for by variations
tion on aerosol properties is available, namely, tiveoptical thickness, where the high optical thickness
aerosol scattering phase function and single scatterimgresponds to hazy stagnant air that has had time to
albedo. This means that a single view of a given pixaje through cloud processes and thus to increase in
over land cannot be used to identify these aerosol sjze (Hoppel et al. 1990; Kaufman et al. 1997a). It also
tical properties unambiguously, and hence they has@responds to higher humidity conditions that act to
to be assumed based on the best possible aerdsmrease the particle size. Biomass burning aerosol, on
model. the other hand, does not show any regular dependence
The aerosol single scattering albedo and phasfeparticle size on optical thickness, due presumably
function are typically estimated from aerosol climde the fact that these particles are emitted during the
tology for a given location. The aerosol climatologglry season, have low humidity, are generated a short
that has most frequently been used is that compiledtige after the smoke leaves the fire, and the cloud frac-
d’Almeida et al. (1991). It includes average properti¢i®n is low.
of the dominant type of tropospheric aerosols as a A combination of this dynamic model, together
function of latitude, longitude, and season. Since megth single scattering albedo and refractive index de-
measurements of aerosol size distribution are obtaimaed from present climatologies (Remer and Kaufman
at the ground or using in situ observations from ait998; Remer et al. 1998), is used to retrieve aerosol
craft, they do not typically represent the whole atmproperties over land from spaceborne MODIS mea-
spheric column or the ambient aerosol. Over ocean, $orements (Kaufman et al. 1997a). New techniques
example, even though the aerosol size is being have recently been developed to derive the single scat-
trieved, the possible selection of aerosol size distriltering albedo and refractive indices of the total aero-
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sol column under ambient conditions from ground- 105
based and satellite remote sensing (Yamasoe et al. | a o
1998; Martins et al. 1998; Dubovik et al. 1998). i ] —— 010
Following careful evaluation of the accuracy of these~ [ 7 - o
retrievals, they could potentially replace the preserﬁ 10°F 7 TN
climatology of these parameters. b £/ )

dv/dinr (cm

4, Satellite sensors

; ; ; Biomass Burning
Remote sensing of aerosol optical properties from  + s i

space has, in the past, been accomplished using satel-,2L. ..., N
lite data not explicitly designed with this application T T T
in mind. This has included AVHRR data, whose pri- ;¢4 :
mary purpose has been the determination of sea sur- |
face temperature and vegetation index, and TOMS

data, whose primary purpose has been the derivati&n
of total ozone content. Table 1 shows a timeline 8§

satellite-based tropospheric aerosol optical thickness, 3|
observations from 1981 to 2005. A summary of somg |
of the salient features of these sensor systems is o@t-
lined below.

Urban/Industrial
(Mid Atlantic US)

a. Past (1981-98) 102 A

0.1 1 10

The most frequently used satellite sensor for aero- Radius (um)

sol optical thickness retrievals is AVHRR, a five-band
cross-track scanning radiometer flown on NOAA po- Fic. 6. Aerosol models derived from AERONET measurements
lar orbiting satellites since 1978. Since this sensor H&%‘;ﬂi’ﬁéggf%ﬁ;ﬂgﬁ a"s:rgj?' rggf’rz ?gdrgfﬁﬂzgfggufﬂage
.no onboard calibration of .the visible bands, those mglégtinguished: (i) accumulation mode < 0.3 um) of mostly
important for aerosol retrievals over the ocean, extQi?gjanic smoke particles or sulfates in the urban/industrial aerosol,
sive effort has been required to assess and monitor(ﬁ)\ﬂhrgely aerosol-free troposphere plus stratospheric aerosol
calibration of each individual sensor in this overlage.3 um < r < 0.8 um), (i) maritime salt particles in the mid-
ping time series. NOAA has routinely retrieved aerddlantic region (0.8um <r < 2.5um), and (iv) coarse particles
sol optical thickness over the ocean since 1981 usfhg 2-5#m) (adapted from Remer et al. 1996).
the afternoon polar orbiting satellites onNGAA-7,
-9, -11, -14, where their single-band algorithm was
applied only to the backscattering half of the scamoblem, and uncertainties in the height of the aero-
swath in order to avoid sun glint. In spite of these shaostl layer (Torres et al. 1998).
comings, most of what we know about aerosol prop- In 1995 ESA launched a new type of multiangle
erties over the ocean (Husar et al. 1997) has bemsor, again for the purpose of improving the accu-
derived from this sensor using a single wavelength edcy of sea surface temperature determination rather
gorithm (Rao et al. 1989; Stowe et al. 1997). than for aerosol retrievals per se. This conically scan-
The other long-term sensor used recently for aering sensor, ATSR-2, was launcheds®S-2n April
sol characterization is TOMS, initially launched i1995. With a time difference of 2 min between its for-
1978 orNimbus-7and extensively used for total ozongvard scan and its near-nadir scan, aerosol retrievals
content derivation. This ultraviolet scanning mon@an in principle be achieved (Veefkind et al. 1998,
chromator has a large field of view (50 km). It is €4:999). This sensor has yet to be applied to global re-
pecially sensitive to absorbing aerosol particles, bdtievals of aerosol optical properties but, given the
over land and ocean, but is hampered in doing quasimilarity of its bands to those of AVHRR and with
tative aerosol analysis by its large footprint, whicits two different look angles, the potential for improved
makes subpixel cloud contamination by far its largesérosol retrievals from this sensor exists.

Bulletin of the American Meteorological Society 2243



TasLe 1. Time line of instruments and spacecraft used to derive aerosol properties from space.

1980
1985
1990
1995
2000
2005

Instrument Spacecraft

AVHRR NOAA-7 -9, -11, -14, -L, Metop-1
TOMS Nimbus-7 Meteor, EP, ADEOS, QuikTOMS
ATSR-2 ERS-2

OCTS ADEOS

POLDER ADEOQOS, ADEOS I
SeaWiFS OrbView-2

MISR Terra

MODIS Terra, EOS PM
AATSR Envisat-1

MERIS Envisat-1

GLI ADEOS I

OMI EOS CHEM

The Japanese launched the first of their ADEQSally difficult, and the need to do careful postlaunch
satellites in 1996. It contained both POLDER, ealibration monitoring using solar and lunar views of
polarization-sensitive charge-coupled device (CCEHe sensor.
camera from the Centre National d’Etudes Spatiales Table 2 summarizes the primary sensors that have
(CNES), the French Space Agency, and OCTS, pheen used for the derivation of aerosol optical proper-
vided by NASDA. POLDER is the first space sensoies from space, and describes a number of key distin-
designed with aerosol retrievals in mind, and this seguishing features of each instrument, including swath
sor has been used both for aerosol retrievals ovedth, pixel size, sensor characteristics, and advan-
ocean and over land, where the polarized radiartages and limitations. Figure 7 illustrates the spectral
alone has been used to derive aerosol properties dvansmission of the atmosphere from 0.3 touQ
land. OCTS was designed primarily for ocean colbased on MODTRAN calculations for a midlatitude
and sea surface temperature purposes, but has lseEnmer atmosphere when the sun is overhead and the
successfully applied to aerosol retrievals over tlspacecraft is viewing toward nadir. Superimposed on
ocean. Neither of these sensors had onboard calilthés figure are the locations and bandwidths of all chan-
tion for the shortwave channels, and thus relied on preels of the 12 instruments discussed in this paper,
flight calibration as well as postflight vicariousvhere we have indicated what bands are used for aero-
calibration using ground-based measurements. Dustbretrievals over ocean and land, and what bands are
a failure in the solar panel assembly on the ADEQfSed for cloud mask determination. It is clear from this
spacecraft, this mission was limited to only 8 montliigure that early sensors like AVHRR had broad bands
of data acquisition. for enhanced signal to noise, whereas TOMS used a

In 1997 NASA and Orblmage launched theombination of narrow bandwidth and large footprint
SeaWiFS sensor, a commercial partnership aimedaaccomplish high signal-to-noise levels.
obtaining ocean color data globally for use by fisher-
man worldwide. This very capable sensor, which, like Future (1999-2005)

OCTS, has the ability to tilt to avoid sun glint in the A major improvement in tropospheric aerosol re-
Tropics, has been used to retrieve aerosol optical thiohkete sensing capabilities will continue with the launch
ness over the ocean. Since it has no thermal bandsairitie NASA Terra satellite in 1999. This spacecraft
no onboard calibrators, its primary drawbacks are #arries two sensors specifically designed with aerosol
limited spectral range making cloud screening espemote sensing in mind, MODIS and MISR. MODIS
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is a 36-band spectroradiometer ~ [T T T T AR T T

Land Polarization EJ Hyperspectral

with moderate spatial resolution = o ean P e
(250-1000 m) and sophisticated = Cloud Mask = NotUsed for Aerosols
onboard calibrators. The aerosol
retrieval algorithms use six ..., |
bands over ocean and six bands"™* - - -

OCTS  — i — |  — . — |  — | | — —
over land (cf. Fig. 7). A particu- __ = o o = o g o
lar strength of MODIS over its __,.. = e o - — —
predecessors is the availability, . = = - —
of 17 bands for discriminating ,oos e - o =" = =
clouds, shadows, heavy aerosolgxs |= o 8 oBEE g =
and fires (Ackerman et al. 1998 I e R —————
King et al. 1998). This sensitiv-om == —

I

ity includes the ability to detect T T T T
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cirrus clouds using both the
CQ, slicing channels and the
1.38um channel, as well as

Transmission

improved resolution of bound- oz 3
ary layer cellular cloud fields S E— Y EE— I — T E— — T T
(250 m—1 km spatial resolution). T AT
MISR, on board the same spacev s jm "™ = S
craft, will use nine CCD-based" i - = o=
pushbroom cameras to viewecrs = . —
multiple angles (four forward, vevs et ‘ 7 seonnen g

o

| Y e | o | e
[

four backward, and nadir) at four- pmE s ===
wavelengths. Throughtheuse of [~ e
multiple wavelengths and mul- i
tiple view angles, MISR should

be able to retrieve aerosol opti-
cal thickness and aerosol type
over both land and ocean. With

the focal length of its nine cam- . I .

. . Fic. 7. Spectral transmission of the midlatitude summer atmosphere as a function of
eras, it has a Swath_ width Of\NaveIength from 0.3 to 2Am. Computations were performed using MODTRAN for
360 km and thus requires 9 daysverhead sun and nadir observations from space. The location and bandwidths of 12 satellite
to cover the globe. sensors are also shown in the figure. We have identified the purpose to which the bands are

Envisat-1 is ESA’s advancedapplied for aerosol retrieval over the ocean, land, or both, and what bands are used for cloud
environmental satellite and isScreening.
scheduled for launch in 2000. It
will carry an AATSR, identical
to ATSR-2 (described above) except for procedursgectroradiometer in many ways similar to MODIS.
used to calibrate the sensors, and MERIS (Medidtrcontains six 250-m bands, but is unable to record
Resolution Imaging Spectrometer). MERIS will makthem globally due to data rate limitations on board the
use of daytime cloud heights derived using the oxgpacecraft. GLI will have considerable capability to do
gen A-band in order to screen for cloud-free pixels.derosol retrievals over ocean and land and will make
has no thermal infrared capability for determining ase of a very similar cloud mask to that developed for
cloud mask and, hence, will have to rely on the oxMODIS. It lacks the CQslicing bands of MODIS
gen A-band absorption characteristics, together wittioud-top altitude bands) but has oxygen A-band and
radiance threshold techniques. ultraviolet bands that will make cloud screening and
NASDA is planning to launch the ADEOS Il sataerosol retrievals robust.
ellite in 2000. This spacecraft carries, in addition to The Netherlands Agency for Aerospace Programs
POLDER, the GLI (Nakajima et al. 1998), a 36-band planning to provide the Ozone Monitoring Instru-

Transmission

15 2.0 3.0 4.0 6.0 10.0 15.0 20.0
Wavelength (um)

Bulletin of the American Meteorological Society 2245



TaBLE 2. Instruments, spacecraft, and principal characteristics of sensors used for the remote sensing of aerosol properties fromr

space.
Spatial Swath Sensor
Instrument Spacecraft  resolution (km)  width (km) characteristics Comments
AVHRR NOAA-7,-9, 1.1 (local mode); 2800 Cross-track scanner with five  Relatively long-term dataset
-11, -14-L, 4.4 (global) spectral bands (since 1979); limited
Metop-1 calibration accuracy (no
internal calibration); near-
infrared band influenced by
water vapor absorption
TOMS Nimbus-7, 50 3000 Fixed-grating monochromator  Relatively long-term dataset
Meteor-3, resolves incoming light into (since 1978); sensitive to
ADEOS, six bands absorbing aerosols over land
Earth Probe, and ocean; lower spatial
QuikTOMS resolution than comparable
imaging radiometers
ATSR-2 ERS-2 1 500 Conical scanner with two Multi-look-angle sensor not
views of the earth (forward specifically designed for
look angle of 55°, and near aerosol retrievals; narrow
nadir), separated in time by swath width, taking 6 days
2 min; seven spectral bands for global coverage
OCTS ADEOQOS 0.7 1400 Cross-track scanning radiom-  Has three thermal channels
eter with 12 spectral bands; that can be used for cloud
tilt capability @20°) to avoid  screening; no onboard
sun glint calibrators; requires
resampling for registration
of bands
POLDER ADEQOS, ™6 2200 Bidimensional CCD matrix Polarization more sensitive
ADEOS I and rotating wheel that carries  to aerosol refractive index
filters and polarizers with a than radiance; observes
large field-of-view (114°) lens earth targets from 12
directions; uses A-band,
reflectance thresholds, and
spatial coherence for cloud
screening; no onboard
calibrators
SeaWiFS OrbView-2 1.1 (local mode); 2800 Cross-track scanning radiom-  Has no thermal channels for

4.5 (global)

eter with eight spectral bands;

tilt capability &20°) to avoid
sun glint

cloud screening; solar and
lunar maneuvers for
calibration

ment (OMI) for NASA’s EOS CHEM satellite in 2002.mode for the purpose of detecting and tracking urban-
This instrument is a 740-band hyperspectral imagisgale pollution sources. OMI will have considerable
grating spectrometer in pushbroom mode, with spexapability to do aerosol retrievals over ocean and land
tral bands extending from 270 to 500 nm. Each pix@llowing the approach adopted by TOMS, but at
in its 2600-km-wide swath has an instantaneous figttich enhanced spatial resolution.

Table 3 summarizes the principal techniques that
mode and, on occasion, to 13 k3 km in local have or will be applied to the remote sensing of global

of view of 3 km, binned to 13 km 24 km for global
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TasLE 2. Continued

Spatial Swath Sensor
Instrument Spacecraft  resolution (km)  width (km) characteristics Comments
MISR Terra 11 360 Nine CCD-based pushbroom  Has no thermal channels for
cameras viewing nadir and cloud screening; uses high
fore and aft up to 70.5°; four guantum efficiency diodes
visible and near-infrared for in-flight calibration;
bands takes 9 days for global
coverage
MODIS Terra, 0.25-1 2330 Cross-track scanning spectro-  High calibration accuracy
EOS PM radiometer with 36 spectral with many onboard
bands calibrators and wide spectral
range; ability to detect
clouds, shadows, and heavy
aerosol
AATSR Envisat-1 1 500 Conical scanner with two Multi-look-angle sensor not
views of the earth (forward specifically designed for
look angle of 55°, and near aerosol retrievals; no
nadir), separated in time by onboard calibrators
2 min; seven spectral bands
MERIS Envisat-1 0.3-1.2 1150 Cross-track scanner with tilt Oxygen A-band capability
capability; 15 bands acquired  for cloud top altitude
and transmitted in flight determination; no SWIR or
thermal bands
GLlI ADEOS I 0.25-1 1600 Cross-track scanning spectro-  Wide spectral coverage with
radiometer with 36 spectral many bands at 250 m
bands (locally available); ability to
detect clouds, shadows, and
heavy aerosol; inclusion of
absorbing aerosol bands in
the UV
OoMI EOS CHEM 13 (local mode); 2600 Wide field telescope feeding High calibration accuracy

13 x 24 (global)

two hyperspectral pushbroom  with many onboard

grating spectrometers with
740 spectral bands from 270
to 500 nm

calibrators; no thermal
channels for cloud screening

aerosol properties from space, identifying both the nal thickness at 0.62m (channel 1) retrieved for the
jor approaches that are applicable to a particular sensmmth of April 1997. High aerosol concentrations in
and the principal assumptions behind each technigtle Northern Hemisphere—especially off the east

5. Aerosol retrievals from existing

satellite systems

coast of the United States, China, and the Indian
Ocean—large aerosol plumes off the Sahelian region
of northern Africa, and low concentrations of aerosol
in the Southern Hemisphere, are all quite apparent.
The TOMS inversion procedure uses the ratio of

The most frequently used satellite sensor for dgre reflectance®,, /R, and theR_ reflectance to
riving aerosol optical thickness over the ocean fisrm calculated tables of aerosol optical thickness and
NOAA'’s AVHRR. Figure 8a shows the aerosol optisingle scattering albedo (Torres et al. 1998), as de-
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TasLe 3. Techniques for remote sensing of global aerosol properties from space, tiemetes aerosol optical thicknessthe
single scattering albedo, the aerosol particle effective radius, an(d) the columnar aerosol size distribution.

Aerosol Relevant Principal
Technique property satellite sensors assumptions References
Ocean

reflectance— T, AVHRR Size distribution, ocean Griggs (1975); Mekler et al.

one channel reflectance, whitecaps, (1977); Quenzel and Koepke
calibration,w, (1984); Fraser et al. (1984);

Stowe et al. (1997)

reflectance— 1, n(r) GLI, MERIS, MISR, Type of size distribution, Durkee et al. (1986, 1991);

multiple MODIS, OCTS, ocean reflectance, whitecaps, Tanré et al. (1997);

channels POLDER, SeaWiFsS, calibratios), J. R. Herman et al. (1997);

AVHRR, TOMS, Fukushima and Toratani
OMI (1997); Higurashi and
Nakajima (1999)
Land

reflectance T, AVHRR, TOMS, OMI Size distribution, no change Fraser et al. (1984);
in surface reflectancey, Kaufman et al. (1990a,b);
(to deriver) Fraser (1993)

reduction in T, AVHRR, GLI, MODIS, No change in surface

contrast POLDER reflectance, bidirectional Tanré et al. (1988b);
reflectance,, asymmetry Tanré and Legrand (1991);
factor Holben et al. (1992)

dark targets T AVHRR, GLI, MERIS, Reflectance of dark targets, Kaufman and Sendra (1988);

over dense

dark vegetation

MISR, MODIS,
POLDER, SeaWiFS

size distributian,

King et al. (1992);
Kaufman et al. (1997a,b)

thermal contrast 1,

AVHRR, GLI, MODIS

Legrand et al. (1989);
Tanré and Legrand (1991);
Ackerman (1997);

Land—ocean

AVHRR, GLI, MODIS,

Size distribution and surface

Kaufman and Joseph (1982);

0 e
contrast POLDER bidirectional reflectance Fraser and Kaufman (1985);
Kaufman et al. (1990a);
Nakajima and Higurashi
(21997)
Angular T, n(r ATSR-2, AATSR, Surface bidirectional Martonchik and Diner
distribution MISR, POLDER reflectance (1992); Wang and Gordon
of reflectance (1994); Veefkind and
de Leeuw (1997)
Polarization T, n(r POLDER Reflectance and polarization Leroy et al. (1997);
of underlying surface, Mishchenko and Travis
spherical particles (1997); M. Herman et al.
(1997)
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scribed in Eq. (9). Figure 8ba AVHRR April 1997

shows the optical thickness at /,__,6(4(/
0.380um derived from TOMS = of
data for April 1997, assuming Py
the aerosol layer was at 3 km ¢ A
and the ultraviolet surface re- W 4

flectivity was based on the cli- A S vt .';,L\N
matology developed by Hermanis e ;}

and Celarier (1997). As dis- (i e
cussed by Torres et al., the GEE ; 4
derived optical thickness is sen-
sitive to aerosol layer height
only when aerosols are highly
absorbing, but not otherwise.
Uncertainty due to surface re-

flectivity is about 0.1 in optical o ¢ 01 02 03 04 05
thickness. Cloud contamination Data Aerosol Optical Thickness (0.63 pm)

effects were reduced by setting

an upper limit on th&,, reflec- b TOMS

tance. In comparison to Fig. 8a,
the aerosol optical thickness
from TOMS (Fig. 8b) shows
larger optical thickness due to y
the shorter wavelength, as ex-

A

pected (note different color scalef; ¢ #%4¢
in Fig. 8b). In addition to the f&=
high aerosol optical thickness \&§
regions evident in Fig. 8a, the
TOMS aerosol retrieval in-
cludes aerosol optical thickness
over the land, and shows quite
clearly the large optical thick-
ness in the wind-blown dust re-
gions of Sahelian Africa, the , 00 01 02 03 04 05 06 07
Arab,ian Peninsula, Ama;onasﬁetrieval Aerosol Optical Thickness (0.38 pm)
Brazil, and Southeast Asia.

The use of polarization for Fic. 8. (a) Aerosol optical thickness (0.681) from AVHRR data and (b) TOMS data
the remote sensing of aerosoﬁossym) In Apr 1997.
from space is demonstrated in
Fig. 9, which shows a POLDER image acquired oveglated to the scattering properties of the atmosphere.
France on 10 March 1997. The left-hand image i€mly in the case of sun glint to the west of Corsica
red (0.865um), green (0.67@m), blue (0.443um) and Sardinia does the polarized radiation exhibit
composite of the total radiance, and the right-hand istrong features of the underlying surface. Quantitative
age the corresponding red—green-blue (RGB) coanalysis of images such as these requires a correction
posite of polarized radiance (Stokes ved®r As for molecular scattering, which affects the outgoing
expected (Deuzé et al. 1993; M. Herman et al. 19973diance and polarization, primarily in the blue.
the polarized radiance resulting from the reflection dfonvegetated surfaces such as bare soils in desert re-
light from the surface is small compared with the pgions contribute to a larger extent to the satellite sig-
larized radiance due to aerosol and molecular scatteat than do vegetated surfaces, but the concept is valid
ing. As a result, the boundaries of the continentser most land surfaces. For low aerosol content, cor-
largely disappear and the polarized signal can thusrbetion of the surface contribution must be applied, but
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(b)

Fic. 9. First false-color images (10 Mar 1997) acquired by the POLDER instrument aboard the Japanese ADEOS platform (CNES/
NASDA), where (a) is the total radiance and (b) is the polarized radiance. Both images were formed from red—green—bl@s composit
of the 865-, 670-, and 443-nm channels.

it is easier than for the total radiance since surfaite Angstrém exponent can be derived from space and
polarization features are more uniform and constamged to discriminate aerosol type; large dust particles
over time (Nadal and Bréon 1999). corresponding to small values @bff the west coast
Characterization of aerosol optical properties ovef Africa and biomass burning aerosols associated
the ocean is improved with POLDER through the uséth large values of, off the coast of central America,
of spectral information for deriving aerosol size digan clearly be identified.
tribution in addition to the angular ability to avoid sun Figure 11 shows a corresponding composite of re-
glint. The determination of the Angstrém exponeitieved aerosol optical thickness (at Qu%) and
(from the 0.670- and 0.86%n channels) allows a bet-Angstrém exponent derived from global OCTS data
ter estimate of the aerosol optical thickness througfoa April 1997 (adapted from Nakajima and Higurashi
better estimation of the aerosol phase functid®98). Again we have restricted our Angstrém expo-
(Deuzé et al. 1999). The resulting optical thicknesent analysis ta (0.5 um) > 0.1. BothOCTS and
accuracy has been estimated to be of the akder POLDER show similar features for optical thickness
0 0.05, whereas comparisons of the retrievehd Angstrém exponent. These features include (i)
Angstrém exponent with ground-based measurdust transport over the tropical Atlantic Ocean be-
ments indicate a systematic underestimate of the tween the Sahel and the Lesser Antilles, (ii) biomass
der of 30% from POLDERGoloub et al. 1999). This burning aerosols in Central America, and (iii) small
underestimate has not yet been explained and, for shifate particles off the east coast of the United States,
moment, there is no strong evidence of any possilestern Europe, and Asia. All of these regions are
physical processes that are missing from the analysigracterized by having small particles, and the
and which would improve the relationship. The optAngstréom exponent is more sensitive to aerosol char-
cal thickness at 0.868m and the Angstrém exponentcteristics than optical thickness. Large aerosol par-
averaged for the month of April 1997 are shown ticles (low a) with low optical thickness were the
Fig. 10 (adapted from Deuzé et al. 1999). Thadominant feature over most of the world’s oceans.
Angstrom exponent (Fig. 10b) is derived only wheNevertheless, the retrieved values of optical thickness
the aerosol optical thickness is larger than 0.1. Famd Angstrém exponent tend to be larger for OCTS
small aerosol content (< 0.1), its value is prescribedthan from POLDER for both aerosol parameters.
(a = 0.0) for matching a maritime aerosol model ex- There are several possible explanations for these
pected in these conditions. These results confirm tllifterences, among which are (i) wavelength—OCTS

2250 Vol. 80, No. 11, November 1999



uses a smaller wavelength (QuBn) than POLDER et al. 1999). The TARFOX campaign (Russell et al.
(0.865um), which results in larger values of optical 999a) was conducted from 10 to 31 July 1996 off the
thickness for OCTS but no difference in Angstrém exaid-Atlantic coast of the United States and was de-
ponent; (ii) calibration of the sensors (Hagolle et aigned to reduce uncertainties in aerosol radiative ef-
1999), where calibration errors result in biases in dects. The NASA ER-2 flew several times during the
rived aerosol optical thickness (cf. Fig. 2); and (ii@xperiment above the University of Washington's C-
cloud mask (Bréon and Colzy 1999), where undetek31A research aircraft on which the six-channel Ames
ted subpixel clouds result in an overestimation of aerdirborne Tracking Sunphotometer (AATS-6) was
sol optical thickness and an underestimation ofounted (Russell et al. 1999b). The retrieved aerosol
Angstrém exponent. For the OCTS aerosol retrievagisoperties could thus be tested against column aero-
presented in Fig. 11, thermal infrared channels wesal optical thickness values derived from a low-flying
not yet available for use in cloud detection. This shoitsitu aircraft. The MAS optical thickness derived at
coming led in turn to some cloud contamination in tt®550um and its spectral dependence computed from
aerosol retrievals, especially evident in retrievals ovidre retrieved aerosol model is compared with the
the Southern Ocean. AATS-6 measurements in Fig. 12 for 25 July 1996.
Figures 10 and 11 represent
the first time that different instru-
ments on the same spacecraft have
been used to provide similar in-
formation on aerosol optical
properties and composition, and
both of these were analyzeder
the ocean only. These prelimary
results are quite encouraging and
the above explanations will be
further explored to more fully
understand the origin of the
present discrepancies that we
have identified. Analyses such
as these highlight the impor-
tance of a robust validation pro-

POLDER
April 1997
,Mﬂﬂn' =

gram to independently assess the
accuracy, precision, and biases
of satellite retrievals of aerosol
optical properties. AERONET
provides the best such global
network for the evaluation of the
accuracy of retrievals of aerosol
optical thickness and size distri-
bution parameters from space-
borne radiometers.

6. Future capabilities

The MODIS ocean algorithm

was tested using MAS data ac-D ]

quired from the NASA ER-2
during the Tropospheric Aerosol
Radiative Forcing Observational

Retrieval

0.4 0.5

No 0.0 0.1 0.2 0.3

Data Aerosol Optical Thickness (0.865 pm)

b

I |

No 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Data

Angstrém Exponent

Fic. 10. (a) Aerosol optical thickness (0.868) and (b) Angstrém exponent derived

Experiment (TARFOX) (Tanré from POLDER data in Apr 1997 (adapted from Deuzé et al. 1999).
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OCTS age was constructed fopntrast

April 1997 stretching and combining three
: spectral bands into RGB dis-

plays, where the RGB assign-
ment was 0.66m (red), 0.55
um (green), and 0.4@m (blue).
The aerosol optical thickness
retrieved from these data using
the MODIS ocean algorithm is
illustrated to the right of the true-
color composite image. Note the
skillful avoidance of clouds in
the analyzed field, which ran fol-
lowing the MAS cloud mask al-
gorithm. A scatter diagram of all
intercomparisons with the sun-
photometer onboard the C-131A
during TARFOX is shown un-
der the color panels. The error
bars in the figure correspond to
spatial and temporal variation in
aerosol optical thickness ob-
served by the MAS-derived
aerosol field and the sunphotom-
eter, respectively.

The right-hand side of Fig. 13
shows an application of the algo-
rithm developed for MODIS
over land to data acquired from
No No 0.0 01 0.2 03 04 05 0.6 0.7 ) ) . MAS aboard the NASA ER-2
aircraft during the Smoke,
Clouds, and Radiation-Brazil

. Fic. 11_. As in Fig. 10 except for OCTS data at 0.p60(adapted from Nakajima and (SCAR-B) experiment (Chu et
Higurashi 1998). al. 1998). The SCAR-B cam-

paign was conducted from Au-

The agreement is very good (i.e., the optical thicknegsst to September 1995 in the Brazilian cerrado and
at 0.55Qum is very close to the sunphotometer valughin forest regions, and was designed to monitor the
Furthermore, the derived spectral dependence of opdiative and microphysical properties of smoke aris-
tical thickness also matches the measurements qiitg from biomass burning. For SCAR-B, the MAS
well, which means that the aerosol model derived fraznlor composite image was constructed as an RGB
the ER-2 remote sensing measurements uses the figlatge with assignments of 2.18n (red), 0.87um
optical properties. (green), and 0.6Bm (blue), which highlight the haze

The accuracy of the MODIS ocean and land algand smoke that appear blue, burn scars brown, un-
rithms are further demonstrated in Fig. 13, where tharned vegetation green, clouds white, and fires red.
ocean algorithm is demonstrated on the left-hand sitlee aerosol optical thickness retrieved from these data
of the figure and the land algorithm on the right-hanging the MODIS land algorithm is illustrated to the
side.In both cases, the data used to test these algght of this false-color image. Once again, these data
rithms were MAS data of haze-filled boundary layesdelded aerosol retrievals over most of this image,
150 km in length and 37 km in width, where the ER&voiding clouds, shadows on the ground, burn scars,
was flying from top to bottom down the center of thesand fire, as first identified by the MAS cloud mask
images. For TARFOX, the MAS color caasite im- applied to this scene (King et al. 1998).

Retrieval Data B
Angstrém Exponent
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During SCAR-B, most ER-2 flights included roube used to discriminate and correct for the effect of thin
tine overpasses of ground-based AERONET sunploirrus clouds on aerosol measurements (Gao and
tometer sites (Kaufman et al. 1998b). A total of 2Qaufman 1995).
overpasses of the ER-2 over six sunphotometer sites,
including both rain forest and cerrado sites, were ob-
tained with a good temporal match. Figure 13 shoWs Conclusions
a comparison between the aerosol optical thickness
retrieved from MAS images and that obtained from The recently rediscovered importance of tropo-
coincident and concurrent ground-based sunphotospheric aerosol as a major source of uncertainty in the
eter measurements, both at 0.66 um (see scatterpdiative forcing of climate and hence the prediction
beneath the color panels). These results, adapted fafralimate change has fueled a resurgence of interest
Chu et al. (1998), show excellent agreement oveimathe remote sensing of tropospheric aerosols from
wide dynamic range (04 7, < 2.1), with a slope of space. In the past we have primarily been restricted to
0.97, an intercept of 0.03, and a correlation coefficieising uncalibrated sensors that were not designed for
of 0.98. Note that all the retrieved aerosol opticttie remote sensing of tropospheric aerosols, or to large
thickness values fall within the anticipated range &éld-of-view ultraviolet spectrometers that provide a
retrieval errors (shown as the dotted—dashed lineseful aerosol index not easily converted to an aero-
(Kaufman et al. 1997a). The vertical and horizontabl optical thickness needed by climate models. Since
error bars represent, respectively, the standard deif96, however, with the launch of the ADEOS satel-
tion of the spatial average of the MAS retrievals (typlite with the POLDER and OCTS instruments on
cally within a 10x 10 — 25x 25 knt area surrounding board, we entered a new era in the remote sensing of
the sunphotometer sites) and the temporal averagéropospheric aerosols from space. In the near future,
the sunphotometer observatioa8@ min of the ER- with EOS, Envisat-1, and ADEOS I, we will have an
2 overpass time). unprecedented array of spaceborne sensors with

Although the present results need to be confirmadique characteristics that will enable quantitative
for other aerosol types (e.g., dust and smoke), the perosol observations on a global scale. These enhanced
tential of MODIS data for retrieving aerosol parancapabilities include much improved onboard calibra-
eters is clearly demonstrated. The error can ben, use of deep space and lunar viewing for calibra-
described byAr, = 0.01+0.05r, over the ocean for thetion and sensor degradation analysis, vigorous
aerosol type encountered during TARFOX; concemaicarious calibration using ground-based and airborne
ing the effective particle radius, comparisons confirgsensors, narrow spectral bands that avoid uncertain
our previous accuracy estimate/of = 0.3, (Tanré gaseous absorption, multispectral and multiangle ob-
et al. 1997). Over the land, the error can be described
by Ar, = 0.05+0.15r, for the aerosol type encountered 1 g - : _
in Brazil. In both cases the results are better than the | 25 July 1996 ]
theoretical predictions (Kaufman et al. 1997a; Tanr@ [ o ]
et al. 1997). The advanced capabilities demonstratéd | *
in Figs. 12 and 13 will routinely be applied to MODIS= I o
data to be acquired from the Terra satellite in 199% . | ¢ _
These capabilities, together with the more advancéd "~ | ]
MODIS cloud mask (Ackerman et al. 1998), will per® % ]
mit enhanced capabilities that will lead to routine re®
trievals of aerosol optical thickness over land and oceg,-n
as well as aerosol size parameters over the ocean. Siti- |
lar capabilities are possible with GLI, to be launchedon Q> 62 o6 o810 30
ADEOS Il in 2000, as well as MODIS on EOS PM. Wavelength (pm)

Both MODIS and GLI have the unique ability to

o

MAS/Track 13
o AATS-6

PRI : _ Fic. 12. Aerosol optical thickness measured by the sunphotom-
discriminate small low clouds using global observa (AATS-6) aboard the University of Washington C-131A air-

. . .. er
tions at a few 250-m resolution bands. In addition, bcﬁb:\ft and derived from MAS data as a function of wavelength
sensors have the added feature of a narrow band@hg the TARFOX experiment on 25 Jul 1996 (adapted from

1.375um, in a water vapor absorption band, that willanré et al. 1999).
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TARFOX SCAR-B
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Fic. 13. MAS images and corresponding aerosol optical thickness retrievals for a £37 lkm section of flight during TARFOX
(ocean scene) and SCAR-B (land scene). The bottom two panels are the validation of the retrieved aerosol optical thickness in
comparison to sunphotometer observations at BFTARFOX; University of Washington C-131A measurements) and 66
(SCAR-B; ground-based AERONET measurements).
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servations, and polarization. These spaceborne instri» 0.1, values that are the most easily measured from
ments, when coupled with the AERONET network afpace. Furthermore, the addition of active sensors
sun/sky radiometers for the validation of the satelli{such as lidars) makes it possible to measure thin aero-
data, derivation of aerosol models, and statistical chaol layers not easily observed using multispectral
acterization of aerosol in remote pristine envirorscanners. This is important because aerosol vertical
ments, should make possible a much improvedstribution, critical to understanding aerosol interac-
analysis of aerosol forcing of the earth—atmospheréen with clouds and with the radiation field around
ocean system. These satellite and ground-based deltayds, is impossible to infer any other way. Well-
taken simultaneously with spaceborne observationscafibrated radiometers that, together with lidar mea-
clouds, water vapor, trace gases, land cover, and shheements, observe the same spot from different
oceans, should enable an assessment of aerosol pdopetions and over a wide spectral range, can increase
erties and their distribution in space and time, pltise accuracy of tropospheric aerosol measurements,
their interaction with clouds and the radiation field.especially for low optical thickness conditions.
So far, analysis of satellite data on a global scdelarization can further help in defining the aerosol
has been performed only for a single instrument at ardractive index. Finally, these measurements can be
time. Even the analysis of MODIS and MISR data willsed to derive, on a statistical basis, the aerosol opti-
be performed separately, though they are both on ttat properties in remote regions. This is an exciting
same spacecraft (Terra). With anticipated advan@ra of aerosol research, and we have tried to share this
ments in computer capability, as well as in our undexxcitement with you in this paper.
standing of the remote sensing of aerosol properties
from space, we anticipate that future algorithms will Acknowledgment&he authors are grateful to Jason Li and
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aerosol physical and optical properties, permit one to

couple the spaceborne measurements with ground-

based and airborne measurements of the siAppendix: Acronyms

dependent aerosol chemical composition and hence to

describe the impact of aerosols on climate. But WANATS

we be able to use the satellite data to assess the §I6TSR

bal aerosol direct and indirect forcing of climate and

reduce the uncertainty in predicting climate chang@DEOS

While spaceborne instruments have been designedERONET

Ames Airborne Tracking Sunphotometer
Advanced Along-Track Scanning Radi-
ometer

Advanced Earth Observing Satellite
Aerosol robotic network

measure accurately the regional changes of aero8d5R
loading for optical thicknesseg> 0.1, they are likely AVHRR
to do a relatively poor job in remote locations far from

major sources, such as the central Pacific and solAMIRIS
ern Indian Oceans (cf. Figs. 8, 10, and 11). In regions
such as these, the environment still contains sm@iCD
concentrations of aerosol that are widespread but SEINES
relevant to the global radiative forcing of the earthsZCS
atmosphere—ocean system by aerosols. PresentlyDv/
do not know what fraction of the anthropogenic aer&CLATS
sol forcing comes from regions with optical thickness
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Along-Track Scanning Radiometer
Advanced Very High Resolution Radi-
ometer

Airborne Visible and Infrared Imaging
Spectrometer

Charge-coupled device

Centre National d’Etudes Spatiales
Coastal Zone Color Scanner

Dense Dark Vegetation

Etude de la Couche Limité Atmo-
sphérique Tropical Séche
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