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Passive remote sensing of tropospheric aerosol and atmospheric 

correction for the aerosol effect 
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Abstract. The launch of ADEOS in August 1996 with POLDER, TOMS , and OCTS 
instruments on board and the future launch of EOS-AM 1 in mid-1998 with MODIS and 
MISR instruments on board start a new era in remote sensing of aerosol as part of a new 
remote sensing of the whole Earth system (see a list of the acronyms in the Notation 
section of the paper). These platforms will be followed by other international platforms 
with unique aerosol sensing capability, some still in this century (e.g., ENVISAT in 1999). 
These international spaceborne multispectral, multiangular, and polarization measurements, 
combined for the first time with international automatic, routine monitoring of aerosol 
from the ground, are expected to form a quantum leap in our ability to observe the highly 
variable global aerosol. This new capability is contrasted with present single-channel 
techniques for A VHRR, Meteosat, and GOES that although poorly calibrated and poorly 
characterized already generated important aerosol global maps and regional transport 
assessments. The new data wiIl improve significantly atmospheric corrections for the 
aerosol effect on remote sensing of the oceans and be used to generate first real-time 
atmospheric corrections over the land. This special issue summarizes the science behind 
this change in remote sensing, and the sensitivity studies and applications of the new 
algorithms to data from present satellite and aircraft instruments. Background information 
and a summary of a critical discussion that took place in a workshop devoted to this topic 
is given in this introductory paper. In the discussion it was concluded that the anticipated 
remote sensing of aerosol simultaneously from several space platforms with different 
observation strategies, together with continuous validations around the world, is expected 
to be of significant importance to test remote sensing approaches to characterize the 
complex and highly variable aerosol field. So far, we have only partial understanding of 
the information content and aωuracy of the radiative transfer inversion of aerosol 
information from the satellite data, due to lack of sufficient theoretical analysis and 
applications to proper field data. This limitation wiIl mak巴 the anticipated new data even 
more interesting and challenging. A main concern is the present inadequate ability to 
sense aerosol absorption, from space or from the ground. Absorption is 

1. Introduction 

The demand for detailed information on the aerosol spatial 
distribution and variation with time is increasing much faster 
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than any forese巴able future supply of such information. Aeroｭ
sols are liquid and solid particles suspended in the air from 
natural or man-made sources. Aerosol particles affect climat巴
dir巴ctly by interacting with solar and t巴rr巴strial radiation and 
indirectly by their effect on cloud microphysics, albedo, and 
precipitation (for r巴view， se巴 Andreae [1995] , Charlson and 
Heintzenberg [1995]). Tropospheric a巴rosol forcing is compaｭ
rable to global net cloud forcing of approximately -1 W m -2. 
However, on a regional basis the calculated mean aerosol 
direct radiative forcing caus巴d by mineral dust over the ocean 
amounts to about -10 W m-2 [Tegen et al. , 1996]. The relaｭ
tiv巴ly strong a巴rosol forcing is due to the far smaller compenｭ
sation of solar and t巴rrestrial radiation eff，巴cts by aerosols as 
compared to clouds. Th巴 effect of aerosol on clouds is caused 
by soluble submicron particles that s巴rveas cloud condensation 
nuclei and larg巴r dust particles that are efficient ice nuclei. In 
both cases the cloud microphysics and properties ar巴 affected.

The 巴ffectof man.噌madeaerosol on the planetary albedo can 
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Table 1. Present Major Satellite Sensors Applicable for Remote Sensing of Aerosol 

Spectral Channels 
Launch Pixel Size, 

Sensor此gency Date λ， μm 4λ， nm km2 Remote Sensing Application 

AVHRR庁オOAA

しmdsat-TM/NASA

Lantlsat -MSS/NASA 

V1SSR但GOES川OAA

SAGE l. ll/NASA 
TOMS-Nimbus 7/NASA 
OCTS-ADEOS/NASDA 

POLDER-ADEOS/ 
CNES-NASDA 

ERBE-CERES-EOS/ 
NASA 

smc巴 1979 4 bands 
[0.64) 
[0.83] 
[3.75] 

since 1982 

since 1971 

since 1975 
since 1979 
since 1978 
1996 

1996 

1984/1998 

[11.5] 
6 bands [0.47-2.20j 

4 bands [0.55-0.90j 

1 band [0.66] 
7 bands [0.38-1.08] 
2 bands [0.34]-[0.38] 
9 bands [0.41-0.86j 
and 3.9 
8 bands [0.44-0.9Ij 
3 polarized bands; 
multiview angles 

0.3-50μm 
0.3-5μ日1

8-12μm 

150 
200 

20 

100 

300 
2-20 

20-40 
330 
20 

delay or temporarily screen the pre日ence of greenhouse warmｭ

ing. ln fact , it is suspected to slow th巴 increase in the global 

temperature in the last century, to decrease the diurnal t巳m­
peratur巴 rang巳， and to d巴crease the anthropogenic warming in 

the northern hemisphere relative to th巴 southern hemispher巴

[Karl et al. , 1995; Hansen et al. , 1997]. Natural oceanic aerosol , 

originating from DMS emissions by phytoplankton, may form 
a feedback mechanism that can reduce future increases of 

ocean temp巴rature. Thus unc巳rtainty in a巴rosol scienc巴 isgenｭ
erating probably one of the larg巴st uncertainti巴s in predicting 

anthropogenic climate change. 

Our understanding of the importance of aerosol to atmoｭ

spheric and Earth processes is expanding beyond that of sulｭ

fate radiative forcing. It is recognized that smoke aerosol 
[Liousse et al. , 1996], black carbon from urban/industrial 
sources, and dust (natural and due to land use change) are j山t

as important. Aerosols absorb solar radiation, thereby changｭ
ing the t巴mperature vertical profile. Under som巴 conditions

they serve as the surfaces that enhance and change th巴 h巴ter­

ogeneous ch巳mistry of reactive gas巴s [Taylor et al. , 1983 J like 
tropospheric ozone. Either dissolved in precipitation, deposｭ
ited with snow, or directly deposited on surfaces, they form the 
major fertilizers for many 巴cosystems. Dust a巴rosol， originatｭ

ing also from land use change in Africa, and deposited into the 
Atlantic Ocean, is hypothesized to be a m勾or source of iron 

used by the phytoplankton that may capture 巴xcess COz 
[Young et al. , 1991]. It is also the source of topsoil in Atlantic 
islands [Prospero and Nees , 1986] and the Amazon Basin. The 
difference between the spatial and the vertical distribution of 
aerosol from gr巴巴nhouse gas回， resulting from their short life凶
time , is exp町民d to introduc巴 ev巴n more important climatic 

effects, from cooling in the North Atlantic r巴glon to po附ible

reduction of atmospheric mixing in the tropics. Recently, a 
comparison of the pattern of predicted global warming with 
t巴mperature measurements, including sulfate a巴rosol ， indiｭ
cated for the first time the detection of "fingerprints" of the 
anthropogenic climate change [Santer et al円 1996].

To und巴rstand these aerosol impacts, we need to know the 
variation of the spatial distribution of aerosol，巴xpressed by th巴

1.00 x 1.00 
or 
4.00 x 4.00 

0.03 X 0.03 

0.08 X 0.08 

1.00 X 1.00 
limb occultation 

0.70 X 0.70 

6.00 X 7.00 

<.!perational remote sensing of T" over oceans 
Angstr� coefficient over ocean 
Tυover land using dense vegetation or 
contrast effects 

ω() using spectral or spatial contrast 
7υov巴r ocean 
T" of dust ov巴r land using contrast eff，巴ct

Jhgsfrom C041ωnt 
T" 

aerosl予 1 extinct., N02, H20 and 03 pro自 les
presence of absorbing aeroso1s 
T" 

size distribution over water 
L 

入。ngström coefficient 
aerosol model 
aerosol radiative forcing 

optical thickness or mass concentration. We also need to know 

the aerosol absorption , their scattering properties, vertical proｭ
創出、 size distributions, compositions, and surface area. A巴ro­

sol ch巴mistry and interaction with water vapor also plays a 

major role. These properties can have an important diurnal 
cycle. Frequent global measur巴m巴nts of the variation of the 
aerosol spatial distribution and som巴 key properti巴s are only 

achievable by Earth observations from spac巴. Th巴 new multiｭ
national 巴xpanded series of Earth satellite systems, which is an 
unprecedented effort in human history, is a partial response to 
this growing demand for applications. It includes measureｭ
ments of dir巴ct relevance to aerosol research. 

We shall soon hav巴 an array of instruments repr目印tingnew 

technology of spaceborne precise monitoring of aerosol from 
space. Starting with th巴 succ巴ssful launch of the ADEOS sysｭ

tem in August 1996, with POLDER, TOMS , and OCTS on 

board, to the planned launch of EOS-AM 1 with MISR, MOｭ
DIS , and CERES in 1998, ENVISAT and ADEOS 2 in 1999, 

and EOS-PM 1 in 2000, w巴 shall have , still in thi呂 田ntury， an 

array of sensors, with new capability and precise onboard calｭ
ibration and registration devices, for multiplicative pathways of 
monitoring aerosol, their properties, and radiative forcing 
from space. The improved A VHRR and S巴aWiFS instruｭ

ments, with aerosol capability, are planned to be launched 
shortly. The g巴ostationary GOES and Meteosat satellites supｭ

plement the detailed diurnal a巴rosol cycle. Tables 1 and 2 
summarize, respectively, the present and future capability of 
these satellite systems for monitoring aerosol. Europeanヲ Jap­

anese, and U.S. sponsored teams of scientists from many counｭ
tries are working together in designing new techniques of ex 
tracting aerosol information from thes巳 data. The satellite 
platforms are accompani巴d by the first automatic neれ町ork that 
monitors aerosol remotely from the ground from tens of locaｭ

tions around the world, for validation of the satellite retrievals 
and supplementing them with vital information not obtainable 
from space [Holben et al. , 1997]. Plans for systematic measur巴­
ments from ground-based and spac巴borne lidar syst巴ms are on 
th巳 way， though not in this century. Lidars are needed to 

observe the vertical stratif�ation of th巴 a巴rosol. New technics 
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Table 2. Future Major Satellite Sensors Applicabl巴 for Remote Sensing of Aerosol 

Spcctral Channels 
Launch Pixcl Sizc司

Sensor/Agency Date λ‘ μm ムλ， nm km" Remote Sensing Application 

Sea WiFS-SeaStar/NASA this issue 8 bands [0.41-0.86] 20-40 1.00 x 1.00 
Aむngstr� coefficient every 4 km 

MODIS-EOS/NASA 1998 12 handぉ [0.41-2.10] 10-20 0.25 X 0.25 T" and size distribution ovcr water 
and 3.96 1.00 X 1.00 

100 T" and ω。 overland 
MISR-EOS/NASA 1998 4 bands [0.47-0.86j 10-20 0.25 X 0.25 T" , size distribution and phasc function 

1.00 X 1.00 over water 
9 view angles T" over land 

MERIS-ENVISATIESA 1998 15 bands [0.40-1.02] adjustable 0.25 X 0.25 T" and size distributio日
1.00 X 1.00 

GLI-ADEOS Il/NASDA 1999 12 bands [0.41-2.10] 10-20 0.25 X 0.25 T" and size distributio日
and 3.75 100 

T" , aerosol optical thickness;ω0' singlc-scattering albedo;λ， central wavelength; åλ， bandwidth 

to analyze previous r巴cords of satellite data, like the UV techｭ
nic applied to 15 years of TOMS data and A VHRR, are being 
developed. 
Parallel to the effort of remote sensing of aerosol from 

space, an effort to remove their influence from satellite data 
used for remote sensing of oceanic and land biota was deveト
oped. The use of satellite imagery over land for deriving quanｭ
tities such as bidirectional reflectance distribution function 
(BRDF), albedo, vegetation indices, leaf area index (LAI), and 
fraction of photosynthetically active radiation (FPAR) reｭ
quires that the signal measured at the top of the atmosphere be 
corrected for atmospheric effects and converted to surface 
reflectance. Atmospheric correction of image data requires 
inputs that describe the variable atmospheric constituents inｭ
fluencing surface reflectances as measured at satellite altitudes 
and a correct modeling of atmospheric scatt巴ring and absorpｭ
tion. Aerosols are among the most variable of these atmoｭ
spheric constituents. A more complex problem is atmospheric 
correction over oceans, where most of the signal measured at 
the top of the atmosphere is composed of photons that have 
not interacted with the water body. In the blue spectral band, 
where phytoplankton pigments absorb substantially, typically 
90% of the sat巴lIit巳 radiance originates from the atmosphere. 
In the red, where phytoplankton fluoresces, the figure becomes 
99.5 to 99.9%. Therefore performing accurate atmospheric 
correction of satellite radiances over ocean is a formidable 
challenge, all the more so because the satellite sensors cannot 
b巴 absolutely calibrated to better than a few percent in terms 
of measured radiance. It appears logically paradoxical to use 
the satellite data to derive the aerosol content (by assuming 
certain properties of the underlying surfa∞) and then to corｭ
rect the same satellite data for the aerosol effect, using the 
aerosol information. This paradox is circumvented by using th巴
multidimensionality of the data stream. Depending on the satｭ
ellite sensor司 the dimensions include the spatial dimensions, 
the spectral、 view angle, and optical dimensions. The optical 
dimension includes radiance and polarization. Several methｭ
ods have been developed to use these dimensions to separate 
the aerosol signal from the surface signal. The methods differ 
from land to ocean because of the difference in their optical 
propertles. 
This unp 

spring week in 1996. Some 50 international experts on remote 
sensing of aerosol and of atmospheric corrections, who are 
presently responsible for th巴 development of algorithms for 
interpretation of data from the new satellite systems and 
ground-based instrumentation, participat巴d in the workshop. 
Most of the papers presented in the workshop are given in this 
special issue. Summaries of the discussions that followed each 
session and which occurred during the lunches. dinners, and 
cruise are presented in this paper after a background section 
on the aerosol properties and th巴ir impact on remote sensing. 
The collection of papers in this special issue describes the 
di妊巴rent methodologies and technologies that are being us巴d to 
derive a巴rosol information from spa∞ and to correct th巴 spa∞

imagery for the aerosol effect on observations of the surface. 

2. Background Information on Aerosol 
Radiative Properties 

Sources and Types of Aerosols 

Aerosol particles originate from sources with different propｭ
erties [d'Almeida et al円 1991]: sea -salt particles from the ocean, 
wind-blown mineral particles, including desert dust, sulfate, 
and nitrate aerosols resulting from gas to particle conversion, 
organic material , carbonaceous substances from biomass burn司

ing, and industrial combustions. Th巴se particles are generally 
produced at the Earth's surface and remain located in the 
boundary layer, or rais巴dto higher altitudes during their transｭ
port. For example, th巴 Saharan desert dust observed around 
5-6 km above the Atlantic Ocean, or smoke from large f�es 
emitt巴d to 3-4 km height. 
A special category of aerosols are the sulfuric acid particles 
produced by oxidation of sulfur dioxide in the stratosph巴re. In 
unperturbed conditions, this so-called “ Junge layer" is very 
tenuous. However, after a strong volcanic eruption i吋ectmg a 
mass of S02' the amount of stratospheric aerosol can be inｭ
creased by 2 orders of magnitude, leading to a contribution to 
the total optical depth similar to that of tropospheric aerosols 
[Stowe et al. , 1992]. Retrieval of aerosols from remotely sensed 
data relies on the choic巴 of an “aerosol model"; dealing with 
同odifferent typ巴Sof a巴rosols(one in the troposphere and one 
in the stratosphere) complicates the problem. Fortunately, the 
stratospheric aerosol , which makes a rather homogeneous and 
stabl巴 layer， is monitored by spaceborne occultation experiｭ
ments [McCormick et al円 1979; Yue et al. , 1991J. A possible 
approach would be to introduce them as a known correction 
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term in the remote sensing of tropospheric aerosols, this corｭ
rection term being only important after volcanic eruptions , 

Aerosol characteristics 

The aerosol particles are characterized by their shape, their 
size‘ their chemical composition, and total amount, which in 
turn determines their radiative characteristics , Remote sensing 
relies on the impact of a巴rosols on backscattering and transｭ
mission of radiation by the Earth's atmosphere and therefore 
relies on the aerosol radiativ巴 characteristics [Lenoble , 1993] , 

Establishment of the c1imatology of these characteristics, for 
remot巴 sensing and c1imat巴 assessment is a m司or objective of 
the scientific community in the last several decades [Internaｭ
tional Aerosol Climatology Project (IACP) , 1991] , 

These characteristics, given for a wavelength λ， include the 
vertical profile of the scatteringσs and absorption σa coeffiｭ
cients and the scattering phase function , Instead ofσs and σ'l' 

one can use the extinction coefficientσσa + σ， and the 
single scattering albedo ω=σJσe; for nonabsorbing aerosols, 
ω= 1. The aerosol d巴pth is defined by 

z
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for extinction, scattering, and absorption , The angular distriｭ
bution of the scattered photons is characterized by the phase 
function p ( IJ ), where B is the scattering angle, between the 
incidence and the scattering directions , As p ( B) is normalized 
to 41T by integration over all directions, it does not depend on 
th巴 total amount of the particles , If one is interested in the 
polarization effect of scattering, the scalar function p ( B) has to 
be replac巴d by a 4 x 4 phase matrix P( IJ). 
The phase function (or phase matrix) and the scattering and 
absorption coefficients depend on the shape, composition, and 
size distribution of the particles and on the refractive index m 
(m m ,. - i mi) of the individual chemical components; if 
the particles are not absorbing, the refractive index m = m ,. is 
real; if they are absorbing, m is complex. The imaginary part 
mi describes the absorption of 巴ach chemical component. For 
a given aerosol model (shape, size, and refractive index)司 σa

and σs are proportional to the aerosol concentration. 
The liquid particles are general1y spherical and submicron, 
whereas the solid ones hav巴 various irregular shapes and are 
larger. A general assumption so far has been that irregular, 
randomly distributed particles behave similarly to spherical 
particles. The principal reason for this assumption was the 
convenience of using Mie theory. However, with the availabiト
ity of new methods as the T matrix, the scattering by nonｭ
spherical particles, with simple g巴ometry， is the subject of 
active research. Three papers in this issue are devoted to this 
topic [West et al., this issue; Mishchenko et al. , this issue; Kahn 
et al. , this issue]. A puzzling result is that spheroids, either 
oblate or prolat巴， scatter less than spheres in the backward 
direction and more between 800 and 1500 , and therefore ranｭ
domly oriented spheroids hav巴 aphase function different from 
spheres [Mishchenko et al. , this issue]. A similar result is obｭ
served for large hexagonal ice crystals. This finding questions 
the use of spherical particle models for dust-like aerosols. 
The particle size impact on radiation is easier to discuss for 
spherical particles, but the problem is fundamentally the same 
for other shapes. In this case, there is only one size parameter, 
the radius r, and the well-known Mie theory shows that the 
extinction coefficient is given by 

r' 
d
 

r' n
 

r' 
m
M
 m
 
x
 
Q
 

p
a
』

I
E
1
0

一
一

σ
 

(2) 

Q e is the Mie extinction efficiency factor, given in terms of the 
Mie size parameter x = 2 1Tr/λ ， and depending on the complex 
refractive index; n(r) = dN/dr is the number size distribution 
of the N particles. Although n(r) is generally used to define an 
aerosol model, it does not carry useful physical information; 
the surface size distribution dSldr = 4 1Tr2n(r) , related to the 
surface available for heterogeneous chemistry, or the volume 
size distribution dV/dr 41Tr3n (r)/3 , related to the total 
amount of particulate matt巴r ， are more informative. Note that 
in (2) the impact of a particle on extinction is weighted by its 
geometrical section 1Tr2 and therefore is represented by the 
surface size distribution. 
If some information can be gained from spac巴 observations

about the aerosol size distribution, it is obviously limited to the 
size range which influenc四 th巴 radiative charact巴ristics. From 
(2), one can gu巴ss that the very small particles, although nuｭ
merous, do not contribute much toσe; the large ones contribｭ

(1) ute more, but generally n(r) decreases faster than r- 2, and 
there is also a limit of detection for large r. Figure 1 shows, at 
0.4 and 1.0μm， the normalized kernels, which weight the 
volume size distribution in an equation similar to (2). It apｭ
pears that the contribution in this wavelength domain is apｭ
proximat巴Iy limited to particles between 0.08 and 2μm. 
The fine structure of the size distribution has a small effect 
on radiation; the usual approach in remote sensing is to adopt 
a simple mathematical form for n(r) , Wﾎth adjustabl巴 param­

eters, which are sought from observations. The most often used 
ar巴 th巴 Junge distribution, 

• 

n(r) = Cr-'" 

n(r) = 0 , 

rl < r く r2

r く r 1> r> r2 
(3) 

where v is the adjustable parameter, and C is a constant reｭ
lated to the total number of particles; and the lognormal disｭ
tribution (LND) 

N r In2 r/r", l 
n(r) = 一「一ーはpl 一 | ,/2 1Tr In σγ21nσ| 

(4) 

with two adjustable parameters r m and σ. 
More refined models use segmented Junge distributions, or 
bimodal LNDs. It is not easy to distinguish between th巴se
distributions from remote sensing observations. Tanr� et al. 
[this issue] state that the spectral radiance of an aerosol with a 
bi-LND size distribution can be v巴rywell simulated by a single 
LND with appropriate mean radius and width. Hansen and 
Hovenier [1974] have shown that the dominant parameter for 
the radiative effect of aerosols is the effective radius r cff, deｭ
fined as an average radius weighted by 1Tr2n (r) , 

ref = 100 r3n(r) 引市(r) dr (5) 

however, this may not be true when the size distribution is wide 
or bimodal. It is an open problem to c1arify how many paramｭ
巴ters of the size distribution ar巴 n巴eded to define the aerosoI 
radiative characteristics and how many can actually be reｭ
trieved from satellite observations alone. 
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Figure 1. Normalized kernel function for the volume size distribution, at 0.4 μm (solid curv巴) and at 1.0μm 
(dotted curve); the refractive index is 1.45. 
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published on the issue before 1989 can be found in the work of 
Stowe et al. [1990]. More recent work is reviewed by Kau，かwn
[1995]. 
The correction of the aerosol infiuence on the remote s巴nト
ing of ocean color was considered by Gordon [1978]. A major 
application of satellite observations is providing detailed im同
ages of th巴 land surface, and removing th巴 blurring effect of 
the atmosphere was the subject of s巴veral studies [Tanr� et al. , 
1979; Otterman et al. , 1980]; it opened the way to aerosol 
detection over land surfaces. 
Till recently, only data from instruments not at b巴stdesigned 
for aerosol studies were available. The present m勾or br巴ak­
through is the availability of new spac巴borne instruments de 
signed also fQr the r巴mote sensing of aerosol. A consequence 
is that not only the aerosol optical d叩th but also a more 
detailed charact巴rization of the aerosols can now be sought. 

a゚sic Principles of Aerosol Remote Sensing 

The simplest case is remote sensing above a black surface, 
where thそ observed radiance at the top of the atmosphere 
(TOA) LlUA is only due to photons backscattered by the 
atmospher巴. For the sake of simplici旬 we omit the wavelength 
subscript in what follows. We define the atmospheric re色町田
tance as 

RA™(μ， φ ， μ()， φ。) =πLTOA(μ ， φ ， μ0 ， φ。)/μ01'， (6) 

where f is the extraterrestrial irradianc巴; (μ0'φ。) refer to the 
Sun direction and (μ， φ) to the observation direction;μis the 
cosine of the zenith angle, and ゆ is an azimuth angle. The 
radianc巴 L(r; μ， φ) satisfies th巴 classicalequation of radiative 
transfer 

A Brief History of Aerosol Remote Sensing 

Aerosols can be observed and analyzed，巴ither in situ by 
impactors or particle counters, or from a distance by active 
(lidars) or passive remote sensing instruments. Passive remote 
sensing is based on the modification of the solar radiation field 
(or in some cases of the terrestriallongwave radiation) induced 
by the aerosol particles; it has been used for decades and is still 
used from ground-based stations. Extending these remote 
sensing techniques to satellite instruments was very appealing, 
with the objective of obtaining a global view of the atmosph巴nc
aerosols. 
The simplest ground-based observation is the extinction of 
the direct solar beam, and its satellite counterpart is the solar 
occultation method, unfortunately r巴stricted to the stratoｭ
sphere and high tropospher巴 a巴rosols [McCormick et al. , 1979]. 
The sky radiance and the sky polarization [Sekera , 1956] also 
contain information on the aerosols and are useful to compleｭ
ment the extinction m巴asurements.

It was early recognized that the solar radiation backscattered 
to space was infiuenc巴d by the aerosol and could be analyzed 
by methods similar to those used for the analysis of sky radiｭ
ance, although the surfac巴 refiectance introduces a further 
difficulty [Fraser, 1964]. The first applications of satellite reｭ
mote sensing of aerosols began in th巴 mid-1970s and conｭ
cerned the det巴ction of desert particles above the ocean 
[Fraser, 1976; Mekler et al. , 1977; Norton et al. , 1980; Griggs, 
1979; Carlson and Wendling, 1977); they used Landsat, GOES, 
and A VHRR data. Simulations were performed by Koepke and 
Quenzel [1979, 1981) in order to define the optimum viewing 
geometry and the optimum wavelengths. Referenc巴s ofpapers 
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dL(T; μ 『 φ)ω(T) 
μ ← d1十二 L(T; μ，ゆ) -4子

fy;i山川 φ )L( Tμ 川 dφ(7)

wher巴 T is the optical depth , above an altitllde z , dlle to the 
molecllles (Rayleigh scattering) and aerosol particles; 
p(T; μ ‘ φ;μ。司 φ。 is the phase function (molecules and 
aerosols) at the depth T for the scattering angle between the 

directions (μυ， φ。) and (μ，ゆ). We have omitted in (7) the 
parameters of the Sun direction. The bOllndary conditions are 
given by the incoming solar radiation at the top of the atmo 
sphere and by the black ground surface (no illumination at the 
bottom of the atmosphere). 
The molecular composition of the atmosphere is known , 
thlls if the aerosol radiative characteristici可 are also known at all 
lev巴 Is ， solving (7) gives the radiance as a function of altitude 
and direction, inclllding the upward radiance at the top of the 
atmosphere L TOA = L (T = 0:μ>0司ゆ). This is the 山direct"
。r "forward" problem. 

The observed quantity in remote sensing is the TOA radiｭ
ance 司 or the atmospheric r巳flectanc巳， and the sOllght parameｭ
ters are the aerosol characteristics. This is a much more comｭ
plex “ inverse" problem. Inverse problems are generally ill 
conditioned. and a lot of work has been devoted to this 
particular aspect of physical mathematics [Twomey喝 1977]. Not 
all the aerosol characteristics can be retrieved , and th巳re IS a 

hi巳rarchybetwecn the importance of the variolls parameters in 

the ohserved reikctance; the first parameter sought from lirrト
ited observations is the optical depth , assuming a given aerosol 
model. When multiangle and/or mllltiwavelcngth data are 

availahle , possibly with polarization司 one can hope to extend 
the retrieval to include also the size distribution , the refractive 
index司 or even the shape of th巴 particl己s.

Remote sensing of aerosol above the oceans in th巳 r巴d and 
near infrared illustrates the case of a black surface at the 
bottom of the atmosphere. The first maps of aerosol optical 

depth w巴re prodllced operationally above the oceans by 

NOAA using the 0.63μm channel of A VHRR. Stowe et al. 
[this issue] present the second-gene悶tion algorithm for 
AVHRR prodllcts and the improvement expected from a secｭ
ond channel in the near infrared. Nakのima and Higllrc/shi [this 
出ueJ show the oil fire smoke detected by AVHRR in the 
Persian Gulf region in 1991; with channels 1 and 2 of NOAA 
11 AVHRR , th巴y retrieve the aerosol optical depth and the 
size param巴ter of a Junge distriblltion; a comparison with 
ground-based rneasurernents leads 

RMEAS(μーの;μ("φ，，) = RA™(μ ， φ ， μo司 qJo)

+ TA™( μO)TA™(μ) RSURり (1 -RSURFRATM), (8) 

wherc TA1M (μ0) and TA™(μ) stand for the total tra附TIl t
tance (dirじct and diffllse) of the atmosphere frorn the Sun to 

the sllrface and from the surface to the instrurnent, respecｭ
tively; T̂ TM is computed frorn the downward radiance at the 

bottom of the atmospherc obtained frorn the sollltion of (7); 

RA™ is thc atmospheric reflectance integrated over both diｭ
rections. The factor l/( 1 -RSURFRATM) in the third term of 

(8) 巳xpresses the multiple reflections between the surface and 

the atmo叩herewhich converge as a geometric series; it can be 

neglected when both RA™ and RSURF are small. Decoupling 
the two contriblltions of the surface and of the atrnosphere is 

not easy, even if the surface reflectance is perfectly known , 
which is not generally the case. In the absence of acrosol the 

instrument measures the surface reflectance, and it is the difｭ
ference of rellectanc巳 between R MEAS, in the presenc巴 of
aerosols, and R札mF， which contains the required information 
about the aerosol loading. Because of compensating effects司

this difference is very small for bright surfaces [Fraser and 

Kallfman , 1985J. 
If the surface is non-Lambertian, its bidir巴ctional r巳自ectance

distribution fUllction (BRDF) a百ect呂 the interactions between 

the surface and the atmosphere [Lee and Kaufman 司 1986]. If it 

is nonuniform 、 the apparent reflectance of the target pixel 

contains a contriblltion from the surrounding pixels司 weighted

by th巴 ir distance from the target苛 and d巴pending on the atrnoｭ

spheric scatter川g; this leads to a blurring effect, reducing the 
contrasts弓 which can be used for detecting the aerosols [Tanr� 

et al. , 1988]. Equation (8) is no rnore valid in the general case 
of a nonuniform司 non-Lambertian surfac巴; the complete exｭ

pressions are given by Vermote et al. [this issue]. 

Remote sensing over land surfaces, which are generally not 
black, is much less advanced than above the ocean色、 óe"'V\te i.tち

importance. KlIu.f�an et al. [this issue] use MODIS midｭ
infrared channels (2.13 and 3.75μm) ， where the aerosol conｭ

tribution is small to identifシ dark pixels司 estimate their reflecｭ

tance at 0.47 and 0.66μrn ， and then derive the aerosol optical 

depth and an information on the aer・osol type. Herman et al. 

[this issue (b) I propose to use the polarized radiance from 
POLDER to observe aerosols over land surfaces; they base 

their argurnent on ground-based s匂 measurements， which are 

well repr 
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Atmospheric Corrections 

Atmospheric corrections are very different for oc巴an and 
land surfaces. Above the oceans the surface reftection consists 
of the surface specular Fresnel reftectance, dominant in the 
sunlight direction; foam or whitecap reftectance; and diffuse 
refiection du巳 tophotons backscattered by particles suspended 
in the water. The last term carries information about the water 
content. In the red and near infrared the water strong absorpｭ
tion allows almost no light penetration and no backscattering; 
th¥'!. -a\\ows, outside the glitter and the whit巴cap areas, the 
retrieval of aerosols above the ocean surface. The wat巴rdiffuse 
refiectance is maximum in the blue or green, depending on the 
water turbidity and chlorophyll concentration, resulting in the 
“ ocean color" used for marine biology studies. This water 
contribution to the reftectance observed at the top of the atｭ
mosphere has to be separated from the atmospheric contribuｭ
tion: the Rayleigh scattering and aerosol contributions. Rayｭ
leigh scattering is well known, and aerosol contribution 伺nbe 
obtained from the red and near-infrared channels. This should, 
in principl巴， solve the problem; unfortunately、 the aerosol reｭ
trieval is neither compl巴tenor perfect, and as the atmospheric 
correction is often much larger than the water reftectan∞， it 
needs to be evaluated quite accurately. The main question 
addr巴ssedin all the studies on atmospheric correction of ocean 
color is how to best extrapolate the near-infrared aerosol obｭ
servations to the short wavelengths and avoid pure surface 
contribution (Fresnel and foam reftectance). Gordon [this isｭ
sue] reviews the basic concepts of atmospheric correction over 
the 0田ans as they were first developed for CZCS; with the 
increased sensitivity of the new instruments, improved algoｭ
rithms are necessary; details of the algorithms currently develｭ
oped for S巴aWiFS ， MODIS, and MISR ar巴 presented and 
discussed. Fraser et al. [this issue] describe an oceanｭ
atmosphere model used to build lookup tables to derive the 
water-Ieaving radiance. Fukushima and Toratani [this issue] 
analyze the impact of Asian desert dust on CZCS data. 
Over the land th巴re is no straightforward method to s巴pa­
rate the surface and the atmospheric contributions to th巴 TOA
radiance. The algorithms propos巴d try to use the multiangle 
and multichannel data to retrieve simultan巴ously the atmoｭ
sph巴re and surface parameters. Lero. 

Network (AERONET) of ground“ based Sun/sky photometers 
[Holben et al., 1997] is used on a continuous basis for POLDER 
[Br駮n et al. , this issue] and MODIS validations [Kaufman et 
al叫 this issue]. 
Two papers concern directly with the validation of sea surｭ
face observations. Clark et al. [this issue] uses a complete set of 
ship-based and buoy-based instrumentation for MODIS valト
dation; b巴side Sun/sky photometers, they include measureｭ
ments of the water-Ieaving radiance, of in situ radiance or 
irradiance, and of phytoplankton pigments. Kishino et al. [this 
lSSU巴] describe a moored optical buoy system for ocrs valiｭ
dation; it comprises in situ radiance and phytoplankton meaｭ
surements. In the following we shall summarize the discussions 
conducted and conc¥usions reached in the workshop. 

3. Discussion on Remote Sensing of Aerosols 
Evaluation of the n巴w aerosol remote sensing techniques 
use radiativ巴 transfer simulations or analysis of r巴sults from 
pres巴nt sensors and aircraft data. However, this assessment is 
partially hampered by the lack of a full sensitivity study, using, 
for example, a principal component analysis [Tanr� et al. , 1996] 
for planned multiwavelength, multiangle, polarization detecｭ
tion sensors for upwelling solar radiation over land or ocean. 
The basic, unknown optical parameters of aerosols that should 
be determined are (1) aerosol column concentrations, (2) opｭ
tical thickness T" as a function of wavelengthλ， (3) aerosol 
phase function (or phase matrix) as a function of λ， and (4) 
single-scatt巴ring alb巴do as a function of λEquival巴ntly， th巴

following physical properti巳s may be determined: (1) siz巴 dis­

tribution, (2) refractive index or chemical composition, and (3) 
shape of particles. Other atmospheric ingredients, such as waｭ
ter vapor, may also have an effect on the retrieved parameters. 
Furthermore, the reftectiv巴 properties of the underlying surｭ
fa田 must be known. 

Status of Algorithms 

A11 the methods require some assumptions, to speci今 oneor 
more ofth巴 following: aerosol size distribution , aerosol height 
profile，出rosol composition/index of refraction, and surface 
re自民tivity properties. The required assumptions depend on 
what is being retrieved and what m巴asurements are made. A 
single measurement retrieval is limited to r巴trieving a singular 
paramet巴r; that is, the aerosol optical thickness and other 
required inputs must be assumed. Multiple measurem巴nt reｭ
trievals generally seek to obtain additional information, such as 
an estimate of the a巴rosol size distribution and/or the complex 
index of refraction or single-scattering albedo. 
Because of th巴句'pical size range of aerosol particles‘ the 
usable range of wavelengths of light for remote sensing of 
aerosol particles is mostly restricted to the solar radiation 
above 300 nm, due to ozone absorption at shorter wav巴lengths.
Gas巴ous absorption limits the choice of the sp巴ctral bands in 
the longer wavelengths. Four basic methodologies wer巴 iden­

tified to determin巴 one or more of the optical properties (see 
Tables 1 and 2): (1) a single measurement (present AVHRR, 
GLI-land, GOES司 Meteosat， MODIS-Iand, TOMS), (2) mulｭ
tispectral measurements (advanced AVHRR , GLI-ocean , 
MERIS, MISR, MODIS-ocean, OCTS, POLDER, SeaWiFS), 
(3) multiangle measurements (EOSP, MISR, POLDER), and 
(4) polarization (EOSP, POLDER). Various combinations of 
these basic techniques may also be used. The four measureｭ
ment techniques do not yield vertical profile information. This 
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mayb巴 obtainedfrom th巴 following measur巴m巴ntschemes: (5) 
active lidar, (6) Iimb scanni時， and (7) occultation. T巴chniques
6 and 7 are pr巴S巴ntlyoperational for stratosph巴ric aerosols , but 
their use is jimited in the tropospher巴 because th巴 extinction

along th巴 path b巴comesvery l arg巴，巴ven at high altitudes , and 
th巴 lower troposph巴re is g巴n巴rally blocked by clouds along the 
long slant path. Since the n巴xt generation of satellites, at least 
until 2001, do not include activ巴 sensors， the v巴rtica l profile in 
the troposphere is out of reach at pres巴n t.

Sensor Group 1: Multiwavelength Near Nadir View 

Th巴 retri巴vableaerosol param巴ters d巴pend in this cas巴 more

on the covered width of the entire sp巴ctral domain than on th巴

sp巴ctral r巴solution of the different chann巴Is . The dark巴r the 
surfac巴 th巴 higher the accuracy of the retrieved aerosol optical 

thickness T a. S巴V巴ral sensors, whose sp巴ci 自cat ion s are mainly 
driv巴n by th巴 application of water color measurements ov巴r
oceans, will soon be in space (MERIS , OCTS , Sea WiFS). 
While S巴aWiFS and MERIS are restricted to wavelengths <1 
μm ， th巴s巴 sensorswill be improvements of the CZCS for water 
color measurements and aerosol optical thickness 回tlmat巴s ，

with an 巴nvisaged accuracy of tl.Ta = 0.03-0.05. In order to 
improve aerosol information over land, MERIS has two addiｭ
tional narrowband (tl.λ= 2.5 nm) channels separated by only 
10 nm in the 0巧Igen-Aabsorption band (mainly used for cloud 
h巴ight) that will be used to 巴stimate the fraction of aerosol 
optical thickness residing in th巴 planetary boundary lay巴r
(PBL). Th巴 wav巴l巴時th dep巴ndence of aerosol optical thickｭ
ness in th巴 visibl 巴 and near infrared , which indicates th巴 a巴ro­

sol s iz巴 d istribution type , is r巴trievabl巴 overland by sensors like 
MODIS and GLI, having spectral channels up to 2.2μm. It 

山田 the fact that the v巴ry dark pixels over for巴山 (at 470 and 
670 nm) or lakes (at 670 and 865 nm) with spatial resolution 

(三250 m) contain mostly radiance backscattered by aerosols. 
Th巴 retrievable aerosol information is as follows: (1) total 
aerosol optical thickn巴ss estimates in the red (670 nm) ov巴r
land by all sensors with tl. T a 同 0.05 ::+:: 20 9も using the dark 
pix巴Iapproach; (2) total aerosol optical thickness estimates for 
λ 三 670 nm over ocean by all sensors with ム Ta 旬 0.03-0.05;

(3) wavelength depend巴町巴 ofextinction in the blue (470 nm) 

and red (670 nm) using chann巴ls in the mid-IR (λ と 2. 10μm)

for 巴stimatingthe land surfac巴 refiectance (example: MODIS); 
(4) a巴rosol siz巴 information over th巴 oceans; (5) PBL portion 

of aerosol optical thickn巴ss by sensors with more than two 
channels in O2 absorption bands (example: MERIS); (6) no 
detection of aerosol absorption is plann巴d， though some methｭ
ods w巴re sugg巴sted [Kaufman , 1987; Ferrare et αl . ， 1990] 

Sensor Group 2: Multiangle, Multiwavelength View 
The additional information by vi巴wing th巴 samesurface ar巴a

und巴rdifferent angles allows, in principle, the disentangling of 
surfac巴民自巴ction charact巴ristics and aerosol backscattering. 
Th巴 sensors MISR on EOS-AM 1 and POLDER (without i岱
polarization capability) on ADEOS can b巴 used to d巴nv巴， In

addition to the total aerosol optical thickn目s， i ts spectral deｭ
pendence if either surface refiection characteristics ar巴 well

known (巴ιover the ocean) or th巴 vIewmg geometly ∞vers 

large parts of th巴 aerosol-scattering function and th巴 bidir巴c­

tional reftectance function of the surfac巴. No thorough sensiｭ
tivity study has y巴t been performed. As shown by th巴巴valua­
tion of TOMS channels in th巴 UV-A portion of the spectrum 
[Herman et al., this issu巴 (a)] ， high-scattering optical thickness 
by molecules allows th巴 d巴tection of absorbing a巴rosol. The 

multiangle instruments, in their shortwav巴 chann e ls at very 
long slant paths (thus r巴aching high optical thickness), also 
contain information on aerosol absorption, which may be best 
r巴trievable from limb-dark巴ning effects. Th巴 τ巴tn巴vable aeroｭ
sol information is (1) spectral aerosol optical thickness in the 
visible and NIR, (2) aerosol size information, (3) aerosol abｭ
sorption might be retri巴vable in the blue portion of th巴 visible

sp巴ctrum (esp巴cia IIy important for min巴ral dust). 

Sensor Group 3: Multiangle, Multiwavelength With 
Polarization 

Th巴 capability to measur巴 th巴 degr巴巴 of polarization of 
upw巴lling radianc巴s facilitates the s巴paration of surface reftecｭ

tion and aerosol backscatt巴nng， sm∞ over land only Rayl巴 igh

scattering and aerosol backscattering in optically thin atmoｭ
sph巴r巴s contribute strongly to polarization. 

POLDER, in addition to its several viewi時 angl巴s(up to 14) 
and 9 spectral chann巴 ls from 443 to 910 mm , has also three 
channels with a polarizing filter in front. This off.巴rs ， in prinｭ
ciple, a signi自cant 巴nhancement over multiwavelength, mulｭ
tiangle scann巴rs alone. Whether th巴 stronglyvarying geometry 
and the d巴pend巴nce of the degr巴巴 ofpolarization on the nonｭ

sphericity of the particles allows the disentangling of aerosol 
information 巴ven for aspherical mineral dust remains op巴n.
However, th巴 total optical thickness of the aerosol plus an 
improved spectral d巴p巴ndence of optical thickness wiII enｭ
hance th巴 basic aerosol information d巴rivable over land surｭ
fac出. For c巴rtain angl巴 intervals the aerosol phas巴 function

can be retriev巴d for near-spherical particl巴s or small particles, 
thus size distribution information might 巴xist for certain latiｭ
tudes and seasons. The partial separation of surface r巴n巴ction

and aerosol backscatt巴ring achievab l巴 through the measureｭ

ment of polarization also might offer a way to retri巴ve aerosol 
absorption estimates at l ong巴r wavelengths than for the mulｭ
tiangle, multiwav巴length sensors. Th巴 retrievable aerosol inｭ
formation is (1) sp巴ctral aerosol optical thickness in th巴 vis ible

and NIR, (2) aerosol size information, (3) aerosol refractive 
index, (4) aerosol phase function for c巴rtain angle intervals 
depending on latitude and s巴ason ， (5) a巴rosol absorption 
might be J 巴trievable at long巴r wav巴length s than for sensors 
without polarization measurements. 

Issues and Concerns 

BeUer use of existing information. An ass巴ssmen t of th巴
aerosol radiative forcing ov巴rland requires a compl巴t巴 d巴scrip­

tion of the spatial and vertical distribution of their spectral 
extinction and absorption coeffici巴nts and of the phas巴 func­

tions. W巴 arefar from getting thes巴 observations 巴ntl r巴lyfrom 
satellite s巴nsors. Howev巴r， together with already known land 

us巴 characteristics and aerosol type information derived from 
ground-bas巴d remote s巴nsing， we should be soon able to exｭ
tract global aerosol information from satellites over land, exｭ
tending our understanding beyond that already d巴monstrated
over 0印ans by th巴 AVHRR. The immediat巴 task is therefore 
to conduct more compreh巴nsive s巴nsitivity studies for multiｭ
wavel巴ngth， multiangl巴 S巴nsors currently under construction , 

th巴r巴by including th巴 assessment of their potential to give 
information 011 absorption. 
Combined surface-aerosol retrievals. We should no longer 
try to separate atmospheric retrievals from corrections of surｭ
face reft巴ction eff，巴ctsbut rather 巴valuat巴 spectralradiances for 
a combin巴d surface refiection and a巴rosol charact巴ristics reｭ
trieval , applying invers巴 modeling techniqu巴sand using th巴 full
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knowledge already available for deriving these characteristics. 
This would soon lead to the buildup of a land reflection charｭ
acteristics data set so urgently needed for atmospheric correcｭ
tion for the larg巴 remote sensing community deriving land use 
c1assifications. 
lnternational etTort. The full information contained in th巴
different data sets from different sensors and satellites availｭ
able in the near future can only be retrieved by an international 
effort, led by a global change research program with coordiｭ
nation between spa回 measurements and surface-based netｭ
works. 
Synthesis data set. We propose to ∞nstruct a synthesis 
data set, a time series of spectral aerosol optical .thickness and 
other properties with global coverage. This data s巴t should, as 
demonstrated for other c1imate variables by th巴 GEWEX exｭ
periment, merge in situ networks like the spectral Sun pho司

tometers at GA W stations and the AERONET spectral Sun/ 
sky radiometers with several satellite sensors. The data set 
initiative should b巴 coordinatedby scientists from the Int巴rna­
tional Global Atmospheric Chemistry (IGAC) core pr句巴ct of 
IGBP and GEWEX of WCRP. 
Addition of an active sensor. The full aerosol information 
needed for c1imat巴 change assessments must com巴 from a 
combination of radiometers and a profiling active (lidar) aeroｭ
sol instrument. Knowledge of th巴 V巴rtical heating rate profile 
due to aerosols and thus the realistic forcing of c1imat巴 by

aerosols is accessible through a combination of passive and 
actlve a巴rosol sensors. There is an urgent need for the latt巴r.

4. Discussion on Atmospheric Corrections 
Over Land 

A major e任'ort in atmospheric correction is underway for 
several of the new satellite instruments (POLDER, MISR, and 
MODIS) for retrieval of atmospheric aerosol parameters that 
will facilitate atmospheric corr巴ctions in near-real-time [Verｭ
mote et al. , this issue; Kau・fman and Tanré , 1996; Martonchik , 
this issu巴].The availability of aerosol information over much of 
the globe on a n巴arlydaily basis also holds considerable promｭ
ise for the routine atmospheric correction of other sensors that 
will retrieve surface reflectances but not aerosol parameters. 
Routine atmospheric corrections have th巴 potentialto increase 
signif�antly the mass-market uses of quantitative Earth obserｭ
vation products from a wide variety of sensors [Teillet, 1995]. 
Progress in atmospheric correction over land has also led to 
the inc1usion of the atmospheric point spread function (for 
higher spatial resolution imagery) and the ∞upling of surface 
reflectance anisotropies and atmospheric 巴妊ects.

Status of Algorithms 

Choice of radiative transfer code. Although there is presｭ
ently no standardization as to which atmospheric radiative 
transfer code should be used, most of the predominantly used 
codes tend to disagree significantly only for large aerosol opｭ
tical thicknesses and large off-nadir angles [Lenoble , 1985; 
Royer et al., 1988]. The proper us巴 ofa given atmosph巴riccode 
should therefore be of greater concern than which code to use. 
The choice of code is a factor in th巴 correction of imaging 
spectrometer data for atmospheric gas absorption [Staenz et 
al., 1994]. 
Computation issues. Radiometric and atmospheric correcｭ
tions typically require complex, pixel specific computations. 
Consequently, software algorithms usually inc1ude simplifying 

approximations and extensive use of lookup tables for more 
rapid computations. Thus decisions have to be made with reｭ
spect to input/output/interpolation implications in addition to 
the standard trade-off between greater aαuracy and CPU 
time. Special attention needs to be devoted to the interplay 
between the different data sets involved in atmospheric corｭ
rection, inc1uding th巴 atmosph巴ric， the bidirectional refl巴c­
tance distribution function (BRDF), and surface reflectance 
products, as well as ancilIary data sets such as c10ud masks, 
land ∞ver， average c1imatologies, and digital terrain elevation 
models. The key issu回巴n∞mpass product level, data flow, 
timeliness, differences in spatial resolution, girding, and forｭ
matting. 
Filling aerosol product gaps. The main processing issue 
concerns the f�ling of spatial and temporal gaps in the aerosol 
products needed for atmospheric correction over land. Inter司
polations of available a巴rosol data sets will be used to f�l 
smalIer gaps (up to 50 km), and aerosol parameters based on 
c1imatological averages will be used to drive atmosph巴ric corｭ
r巴ctionsin larger gaps. Thus there is a def�ite requirement for 
∞mprehensive， up-to-date, and readily accessible global c1iｭ
matologies for aerosols. Accuracy assessment or fìgure-of・
merit products should also a∞ompany both the aerosol and 
the surface reflectance products. 
Consistency of assumptions. Atmospheric correction inｭ
volves assumptions in th巴 absenceof sp巴cificknowledge about 
aerosol model characteristics. These assumptions ar巴 needed

for the satellite-based aerosol retrievals, the ground-based 
aerosol r巴trievals us巴d for validation, and the atmospheric 
computations in th巴 image correction itself. Some 1巴V巴1 of 
consistency in these assumptions should be sought; for examｭ
ple, the same aerosol model should be used to d巴rive the 
optical thickness T a from satellite data and for actual correc・

tion. It is recognized that a lot can be learned from the use of 
a diversity of methods for the different instruments. 

Issues and Concerns 

BRDF -atmosphere coupling. The surface of the Earth proｭ
vides a lower boundary for the atmospheric radiation f�ld. 
This lower boundary is characterized by the directional behavｭ
ior of its reflectance, usually described in terms of the bidirecｭ
tional refl巴ctanc巴 distribution function of the surface. The 
BRDF function can only b巴 derivedfrom atmosph巴ricallycorｭ
rected reflectance data, but performing that correction reｭ
quires knowl巴dge of the surface BRDF. Studies conducted by 
the MODIS, MISR, and POLDER science teams show that 
BRDF effects are large enough to require their inc1usion in 
accurate atmospheric correction algorithms [Leroy et al., this 
issue; Vermote et al., this issu巴;陥nneret al. , this issue]. 
In practice, the multiangular information ne巴ded to conｭ
struct the BRDF is seldom available in a timely mann巴r. Reｭ
mote sensing observations sampling different regions of th巴
viewing and illumination hemispheres have to be accumulated 
over 2-4 weeks. If atmosph巴ric correction is to proceed in 
near-real-time fashion, a decision has to be made as to how to 
supply the necessary BRDF information. In deciding upon a 
method, timeliness, the amount of ancillary data required, and 
the accuracy of the resulting coupling paramet巴rs have to be 
considered [Vermote et al. , this issue; 陥nneret al. , this issue]. 
Either the current BRDF has to be approximated using a 
recent retri巴val or th巴 information about surface physÍ印1 and 
optical properti回 ne巴ds to be available to allow reliable physｭ
ical modeling of the BRDF from a limited number of sampl巴S.
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The situation is partiaIly aIleviated som巴:what for sensors such 
as POLDER and MISR that ac司uire strings of multiangular 
data almost simultaneously. 
Adjacency effecls. 百1巴 atmospheric point spread function 
leads to adjacency effects, especially for sateIlit巴 and aircraft 
imagety a叫uired at spatial resolutions of 250 m or finer. Perｭ
forming an atmospheric correction on such high-resolution 
imagery with high spatial contrast (e.g., scenes containing 
coastlines, spotty vegetation，巴tc.) and ignoring adjacency efｭ
fects can produce surface reflectance 巴rrors that are even 
larger than errors due to uncertainties in the aerosol properties 
[Diner et al. , 1989]. For resolutions of 1 km and coars巴r， howｭ
ever, uncertainties in the aerosol properties tend to be the 
dominant error source in th巴 correction procedure. 
Single-scattering albedo. The single most important aeroｭ
sol parameter that will not be weIl captured by planned satelｭ
lite systems is the single-scattering albedo. Since this parameｭ
ter is intimately coupled to th巴 aerosolphase function , MISR, 
in particular, with its wid巴 coverage of scattering angle in the 
span of a few minutes, has the potential to at least discriminate 
between strongly absorbing and relativ巴ly nonabsorbing a巴ro­
sols. These indirect determinations of the single司scattering alｭ
bedo are probably adequate for most atmosph巴ric correction 
applications but may not be accurate enough for other disciｭ
plines such as radiative balance and atmosph巴ric heating 
studies. 
Cirrus clouds. The new 1.38μm spectral chann巴lon
MODIS [Gao and Kaufman , 1986] will aIlow the identification 
of thin cirrus clouds not detectable in other spectral bands. 
Consequently, MODIS algorithms ar巴 being dev巴lopedto corｭ
rect for thin cirrus and flag the relevant pixels as having unｭ
dergone an experimental correction. 百lis cirrus capability will 
undoubtedly b巴 added to future Earth observation satellites 
whenever possible 作品 GLI).

5. Discussion on Atmospheric Corrections 
Over Ocean 

Satellite oc巴an color imagery is contaminated by atmoｭ
spheric scattering!absorption and surfac巴 r巴flection. This conｭ
tamination must be removed to retrieve water-Ieaving radiｭ
ance , the signal that contains information on water 
composition, and in particular, biomass ∞ntent. The pro∞ss is 
called atmospheric ∞rrection， even though it corrects also for 
surface eff，巴cts.Atmospheric corr巴ctionis a prerequisit巴 toany 
quantitative utilization of the satellite data in biogeoch巴mistry
applications and global chang巴 studies.

Status of A1gorithms 

Despite difficulties and inherent limitations, CZCS, the first 
O田an color sensor to fly aboard a satellite, demonstrated, 
using atmospheric corrections, the feasibility of m巴asuringphyｭ
toplankton pigments from space on a global scale. Since the 
CZCS, several sensors with improved ocean color capabilities 
have been designed, and som巴 ar巴 now orbiting the Earth. 
They include OCTS and POLDER on ADEOS, SeaWiFS on 
SeaStar, MODIS and MISR on EOS-AM 1, MERIS on ENｭ
VISAT, and GLI on ADEOS 2. Thes巴 sensorshave characterｭ
istics that will allow large-scale, long-term views of phytoplankｭ
ton abundance and, for some s巴nsors， other variables such as 
the ∞ncentration of color巴d dissolved organic material, an 
important carbon pool. 
Compared with CZCS, the new sensors have more spectral 

bands , reduced radiometric noise , and for most of the sensors, 

improved calibration capabilities. The additional bands in the 
near infrared, where the ocean may be considered black, wiII 
he1p extrapolation of the atmospheric radiance to the blue and 
green channels. The directional and polarization measureｭ
ments of the POLDER instrument and only directional of 
MISR will improve determination of the aerosol model. The 
new algorithms developed for th巴sesensors include better hanｭ
dling of multiple scattering [Frlω'er， this issue; Gordon , this 
issue]. One expects therefore that a more accurat巴 atmo­

spheric correction will be possible with these new sensors. 
Wang and Gordon [1994] e却loit the new angular informaｭ
tion in their proposed algorithm for MISR, using radiance at 
865 nm to select the aerosol models. Gordon [this issue] indiｭ
cates that this single-wavelength approach, is more attractive 
than the two-wavelength SeaWiFS or MODIS approach, since 
it does not require assuming a phytoplankton pigment concenｭ
tration less than 0.5 mg m-3. Compared with the twoｭ
wavel巴ngth approach, the single-wavelength approach app巴ars
to perform similarly, except in winter geometrical conditions, 
for which the two-band correction is significantly better. 
For the POLDER instrument, anoth巴ruse of angular inforｭ
mation in atmospheric correction is d巴scribed. In the so-caIled 
“class 1" algorithm [Deschamps , workshop communication] the 
aerosol path radiance at 670, 765, and 865 nm is first computed 
from th巴 sateIlite radiance at the respective wavelengths by 
subtracting molecule , glitter, and foam contributions, as w巴11as 
coupling terms (foam-molecul巴， glitt巴r-molecule). This r巴­
quires a first guess of the aerosol optical thickn巴55(to estimate 
atmosph巴ric transmittance) and the phytoplankton pigment 
concentration (to estimate oc巴an reflectance at 670 nm). An 
average sp巴ctraI dep巴nd巴nce of the aerosol path radiance beｭ
tween 670 and 865 nm is then determined for the various 
vi巴wing g巴ometries (the same target can be viewed by the 
POLDER instrument in up to 14 directions) and compared to 
precalculated values, allowing a determination of the a巴rosol
typ巴. In the n巴xt step, knowing the a巴rosol type , an average r a 
at 865 nm is obtained for the various viewing geometries as 
weIl as a dispersion coefficient (ratio of standard deviation and 
average valu巴). The dispersion coefficient is minimized b 

Issues and Concerns 

Despit巴 (1) progress mad巴 during recent years in algor凶m
development, most notably th巴 inclusionof multiple-scattering 
effects, additional spectral channels for a better determination 
of the aerosol type, (2) the availability of new data on the 
optical properties of the ocean, surface, and aerosoIs , and (3) 
the improved characteristics of the new satellite sensors, a 
number of issues must be addressed before the atmospheric 
correction can be qualified as generaIly accurate over the range 
of atmospheric and oceanic conditions expected to be encoun-

. 
‘ー
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tered. They include the effects of absorbing aerosols , the imｭ
pact of aerosol vertical structure, the influence of thin clouds in 
the sensor's field of view, the effects of stratospheric aerosols, 
the validity of the aerosol models, the in日uenc巴 ofwhitecaps 
on the ocean surface, the sensor s巳nsitivity to polarization, the 
influence of instrument stray light, the impact of angular disｭ
tribution of water-leaving and glitter radiance払 the separation 
of case 1 and case 2 waters, the effects of sensor calibration 
errors, and the validation of the retrieved water-leaving radiｭ
ances. Most of these issues have been examined by Gordon 
[this issue] and are summarized here with recommendations 
based on workshop discussions. 
Absorbing aerosols. In th巴 presence of absorbing aerosols 

(e.g. , dust or black carbon particles) the current atmospheric 
correction schemes do not perform adequately. The aerosol 
path radiance in th巴 r巴d and near infrared cannot be r巴adily
extrapolated to shorter wavel巴ngths ， even with the addition of 
specific aerosol models. Gordon [this issue 1 shows that to imｭ
píO'可ethe atmospheric correction in the presence of absorbing 
aerosols , the candidate models must have single-scattering aト
bedos similar to that of the actual aerosols. It is not easy, 
unfortunately, to detect the pr巴sence of absorbing aerosols, 
furthermore , optical properties of dust, which are nonspheri 
cal, are poorly known, and more observations (ground based, 
aircraft) are needed of the optical properties of absorbing 
aerosols. 
Fuk川hima and Toratanﾎ [this issue] propose using the ﾄngｭ
str� expon巴nt between 550 and 670 nm to det巴ct absorbing 
aerosols , but their assumption that the ocean reflectance is 
known at 550 nm may not hold in many cases. Gordon [this 
issue] suggests that MODIS observations atλ> 1.2μm maybe 
useful , since the spectral dependence of the aerosol path r品目
diance between 865 nm and these wavelengths is mllch lower 
for dust than for nonabsorbing aerosols. Onc promising apｭ
proach、 however ， might be to use ultraviolet data from TOMS. 
Ultraviolet wavelengths might also improve the atmospheric 
correction more directly, by constraining the aerosol path raｭ
diance extrapolated from red and near-infrared wavelengths. 
SlIch an approach has been suggested by Lee et al. [1995]. GLI 
will have a spectral band centered at 380 nm , which can be 
used for this purpose; but the water-le 

More in sitll measurements of whitecaps are in order, to 
determine their optical properties (spectral司 bidirectional ， and 
polarization) and how these properties depend on environｭ
mental factors (wind spe巳d ， atmospheric stability, ocean stratｭ
ificationラ and composition). Methods for retrieval of the effecｭ
tJv巴 whitecap rcl1ectance (i .e. , th巴 product of fract削
c∞ov叩er悶ag酔巳 and r印efle民cta叩n凹c∞巳吋) should be d由巳V児elop戸3児巴d for MODlS 
and GLI using additional wavelengths in the near・ infrared.

Therefore large errors may occur in using satellite observations 
that are potential1y affected by an e首巳ctivewhitecap reflectance 
三0.001 ， i.e. 司 corr凶ponding to wind speeds above 8-9 m s一
Aerosol vertical structure. Current atmosph巴nccorrectlon 
algorithms assllme that aerosols are located either in the 
boundary layer, below molecules, or distributed vertically acｭ
cording to some climatology. As long as the aerosols are not 
absorbing or weak1y absorbing , the influence of vertica1 strucｭ
ture is negligible, but the 巴ffect cannot be neglected for aeroｭ
soJs located above 7-8 km [Ding and Gordon , 1995]. As the 
single-scattering albedo decreasesラ however，the error becomes 
progressively larger. In the pr凶巴nce of uniformly mixed urban 
type aerosols , for instanc巴ぅ the Gordon and Wa噌 [1994] algo 
rithm, which assumes a two-layered atmosphere, will overesti 
mat巴 the aerosol path radiance in the blue by more than 0.01 
in reflectance units [Gordon , this issue] , well beyond the acｭ
ceptable 巴rror limit (0.001). Thus for absorbi時 aerosols， inｭ
formation on the vertical profile is important. The use of meaｭ
surements sensitive to th巴 atmospheric profiles, for example, 
lidars, TOMS, instrum巴nts with the 765 nm 0勾gen band 
(MERIS and GLI) should be 巴xplor巴d.

Cirrus clouds. Thin cirrus cloudsラ transparent in most of 
the visible and near刊fraredspectral range, may go undetected 
in ocean color imagcry obtained from sensors such as SeaWｭ
iFS. If und巴tected、 these c10uds may be interpretcd as tropoｭ
spheric a巴rosols in atmospheric correction a1gorithms, possibly 
leading to unacceptabl巴 errors in aerosol path radiance. More 
stlldy is required for a quantitative assessment of the impact of 
cirrus clouds on the atmospheric corrections. The use of therｭ
mal infrared channeJs, or the new cirrlls 1.38μm channel , may 
help their detection. OCTS, MODIS , and GLI have these 
channels (e 
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more, th巳 charact巴risticsof dust are poorly known [Sokolik and 
Toon , 1996], and measurements (ground bas巴d， aircraft) are 
needed to develop realistic models. Errors in pigment concenｭ
trations, usuaIIy in the 15% error range, become unacceptable 
in the presence of dust. 
Validation of the aerosol models can be accomplished by 
using instruments such as the AERONET Sun/sky radiometers 
[Holben et al. , 1997], which measures spectral solar transmisｭ
sion and sky radiance (incIuding solar aureole) in the almuｭ
cantar and principal plane. The AERONET measurements 
can be inverted to retrieve aerosol size distribution , phas巴
function , and single-scattering albedo [e.g., Nakajima et al. , 
1986; Kaゆwn et al. , 1994; Wang αnd Gordon , 1993], but th巴y
also provide, almost dir巴ctly，巳stimates of th巴“pseudo" phase 
function (product of phase function and single-scattering albeｭ
do). These radiometers cannot be easily operated onboard 
ships, because they require accurate positioning, aIthough a 
Japanese version of the Sun/sky radiometer has been succ巴ss­

fuIIy used at sea (T. Nakajima, personal communication, 1997). 
The AERONET international network has been put in place 
over land, by Holben and Tanré, and is b巴ing expanded to 
incIude oceanic stations (coastal regions, islands). 
A f�st effort to validate the aerosol models sel巴cted by 
Gordonand 砂匂ng[1994] was made by Schwindling [1995] , who 
coIIected Sun/sky radiometer data at the Scripps Institution of 
Oceanography (SIO) Pier, California, during the winters of 
1993 and 1994. He found that for the low-aerosol optical thickｭ
ness (0.1 at 870 nm), a unique aerosol model, representative of 
stratospheric and tropospheric backgrounds, might be suff�
cient to operate atmospheric corr巴ction algorithms. Estimates 
of the “pseudo" aerosol phase function and the Angstr舂 
exponent were found to f� the models of Shettle and Fenn 
[1979] , which thus app巴ared to be representativ巳 of the SIO 
Pier site. Schwindling [1995] also derived relationships between 
“ pseudo" phase function and ﾅngstr� exponent, suggesting 
that measurements of spectral optical thickness might be sufｭ
f�ient in many cases to identify the aerosol type. 
Atmospheric transmittance and Sun glint effects. Atmoｭ
spheric correction algorithms assume that photons specularly 
reflected by the surfac巴 are directly transmitted through the 
atmosphere. In a scattering atmosphere 

water vapor absorption in th巴 visible ， not only due to absorpｭ
tion lines but also due to a continuum. The ocean color specｭ
tral bands generaIIy avoid water vapor absorption lines, but 
th巴yare affected by the continuum (1-2% transmittance effect 
in the visibl巴). Even though water vapor is located low in th巴
troposphere mostly under the mol巴cular scattering, the effect 
may be signif�ant for remote sensing of ocean color. Th巴
POLDER “cIass 1" algorithm takes into account absorption by 
the water vapor continuum, which requires an estimate of the 
water vapor amount (also provided by the POLDER instruｭ
ment). More study is n巴eded ， however, to assess the impact of 
this type of absorption on water-Ieaving radiance retrievals. 
Instrument polarization. SateIIite ocean color sensors, esｭ
peciaIIy scanners, are sensitive to the polarization of the radiｭ
ance they are trying to measure. The sensitivity varies with the 
typ巴 of sensor. SeaWiFS, for example, has a very good polarｭ
ization toleranc巴 (afraction of a percent), due 同 thep'íebelì回

of a polarization scrambler. MODIS, on the other hand, is 
trying to achieve a 2% polarization tolerance. If one consid巴rs
the extreme case of a mol巴cular atmosph巴re and solar and 
viewing angles giving a scattering angle of 900 , the incident 
radiance at the entrance of the s巴nsor wiII be completely poｭ
larized. A 2% polarization tolerance for the sensor wiII transｭ
lat巴 into a maximum error of 2% on the radiance measureｭ
ment, which typicaIIy corresponds to a 20% error on the waterｭ
leaving radiance in the blue. This error is unacceptable, 5% 
being th巳 limitfor biological applications. Thus for sensors Iik巴
MODIS, polarization effects must be removed or weIl characｭ
terized if on巴 wants to use the data quantitatively. A realistic 
atmosphere , how巴ver， contains not only molecules but also 
aerosols, and aerosols are less effective at polarizing incident 
radiance. Sensor polarization effects th巴refor巴 wiIl be smaIler 
in actuality, but the polarization characteristics of the m己a­

sured radiance are unknown in the presence of aerosols, comｭ
plicating the removal procedure. Gordon [this issue] suggests 
that sensor polarization effects can be estimated with suff�ient 
accuracy for ocean color remote sensing by assuming a pure 
molecular atmosphere. 
Stray light/adjacency. Detectors of large fìeld四of-vi巳wsenｭ
sors are affected by stray light of diverse origins (refl巴ction by 
diopters, le 

• 
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soI properties). StiII, the two types of adjacency effects, instruｭ
mentaI and atmospheric, may not be easiIy separated. This emｭ
phasizes the compIexity of the atmospheric corr巳ctionproblem in 
coastal regions, where , furthermore , the water body may not be 
considered black in the red (th巴 basis of curr巴nt aIgorithms). 

6. Discussion on Validation 

VaIidation of gIobaI sateIIite data sets requires a two-tiered 
approach consisting of both (1) networks of long-term surface 
monitoring sites and (2) short-t巴rm ， yet comprehensive，自己ld
experiments to understand the process巴sand assumptions used 
in the sateIIite retrievals. In the case of atmospheric aerosoI 
appIications focused on aerosol radiative forcing, the most 
important field experiment is a coIumn closure exp巴riment， in 
which sateIIite overpasses are coordinated with surface meaｭ
surements of column aerosol and water vapor properties, toｭ
gether wﾌth a comprehensive set of in situ aircraft observations 
of aerosol microphysics (size distribution, single-scattering aト
bedo), radiation (both spectral and broadband) , and chemistry. 
These observations should characterize the vertical column 
beれ町巴en the surface and the upper troposphere, so the samｭ
pIing strategy consists of both horizontaI fiight Iegs as weII as 
verticaI profiIes. 

Long-Term Network of Surface Sites 

In order to vaIidate sateIIite-derived opticaI thickness estiｭ
mates worIdwide, it is 巴ssentiaI to have a weII-caIibrated, and 
characterized, surface n巴twork of Sun and sky radiometers. 
For a巴rosoI validation purposes it is extremely important that 
this network of quality-controlled radiometers be Iocated in 
m吋or ， and distinctive, aerosol regimes of the world. In particｭ
ular , we recommend that such a surface network be located in 
the following m句oraerosoI regimes: (1) urban/industrial a巴ro田

sol (e.g. , East Coast of the United States, Japan , and/or 
Europe and num巴rous city environments worldwide)、 (2) bio血

mass burning (eιBrazil司 centraI Africa, and Indonesia) , (3) 
Asian absorbing aerosol (e.g. , China or Hong Kong) , (4) Arctic 
haze (e.g. , Greenland, Spitsbergen, Barrow) , (5) marine aeroｭ
soI (e.g. , Hawaii, Bermuda, Canary IsIands), (6) mineraI dust 
(e.g. , Sahelian dust from the continent of Africa) , and (7) 
yellow sand from China. 
To maximize economic value , it is further recommended 
that this network be collocated with other surface networks 
wherever possible (巴・ g. ， ARM, BSRN, GA W) and that there 
bew巴II-establish巴d quaIity assurance/quaIity control protocols 
and procedures established. This necessitates locations where 
there is a responsible site manager with good network com伺

munications and that there is adequate logistics support for 
visiting or shipping of instrument components. 
The workshop aIso endorsed a two田tiered approach to long >

term surface networks: (1) a basic site and (2) a super site. For 
the basic sit巴 the minimum set of m巴asurements and condiｭ
tions should include a Sun/sky radiometer (such as tho日e in 
AERONET [Holben et al. , 1997]) for a巴rosol optical thickness 
and columnar size distribution and “ uniform" surfac巴 condi】

tions. The super sit巴， which would b巴 a subset of the Iarger 
network, should hav巴 one repr巴sentative in each aerosoI reｭ
gime identified above , should include the basic sit巴 system and 
surface conditions and, in addition , inc¥ude some or all of the 
following 巴山a即ements: (1) surface radiation budget mea同

surements (both shortwave and longwav巴)， (2) in situ measure司

ments of singIe-scattering albedo, (3) skylight polarization 

measurements, (4) monostatic or scanning lidar (巴・ g. ， mlcroｭ
pulse lidar such as that described by Spinhirne [1993]), (5) 
chemical composition of aerosoI, (6) col¥ocation with radioｭ
sonde, and (7) extended waveIength range of Sun and sky 
radiom巴ter (shouId include measurements to 1.6 and 2.2 μm). 

The basic sites could lik巴wise incorporate some of these addiｭ
tionaI measurement capabilities (巴 .g. ， poIarization, which curｭ
rently exists in many of the Sun/sky radiometers in AERONET, at 
Ieast at 0.86μm). 

Sun and Sky Radiometer Standards 

The workshop participants discussed the need to identify 
and veriか that the surface suit巴 of Sun/sky radiometers (e.g. , 
AERONET) meet certain mllllmum standards. It was aIso 
r巴cogniz巴d that a different set of criteria couId be justifiabIy 
placed on the basic sites which wouId be less stringent than for 
the super sites. 
For the basic sites (perhaps 60-80 sites) it is necessary for 
the uncertainty in th巴 aerosol opticaI thickness l:1Ta < 0.02 at 
any single waveIength (with a muItiwaveIength precision of 
0.01). For th巴 sky radiance measurements to be of vaIue, they 
must be measured with an accuracy of 5%, requiring careful 
att巴ntion to periodic calibration at a high也Ititude mountain 
Iocation and intercomparisons with “ standard" instruments. 
The Sun/sky radiometers at the super sites shouId perform 
even better, with Lha < 0.01 at any singIe waveIength (with a 
muItiwavelength pr巴cisionof 0.005) and sky radianc巴 measure­

ments made with a goal of 2.5% absolute accuracy 

Atmospheric Corrections 

For this purpose as well as for charact巴rizing th巴 aerosol

optical thickn巴ss retrievaIs, it is necessary to have a compI巴te
set of comprehensive validation measurements acquired at a 
few super sites if at all possible. These efforts can be suppleｭ
mented by participation in intensive, focused field campaigns, 
such as column closure experiments or other national or inter同

national intensiv巴自己Id campaigns. Core validation of specific 
aspects of atmospheric correction should take place at numerｭ
ous sites as part of core EOS validation activiti回. FinalIy, 
globaI statistics can be used to monitor the health of the atｭ
mosph巴ric correction algorithms over time. The possibility of 
deploying basic instrument packages on numerous truckｭ
mounted, airborne, or ship pIatforms was also discussed. 
Another indispensable validation measurement for atmoｭ

sph巴ric correction is the upwelling radiance or surface reflecｭ
tance for a variety of target types in different ocean regions as 
well as land cover and climatological zones. An important issue 
in this respect is that of scaling surface-based measurements at 
specific locations up to the siz巴 ofseveral satellite pixels. Since 
this scaling usually involv自己ither homogeneous sites and/or 
multialtitud巴 aircraft measurements, validation of the surface 
signal is necessarily constrained and focused. The validation of 
higher-IeveI products based on surface refiectance and albedo 
is aIso important but beyond the scop巴 of this discussion. 
For atmosph巴ric correction over th巴 ocean， the ocean scト
ence community has dev巴loped marine optical buoys for meaｭ
suring downw巴lling irradiance and upw巴lIing radiance, both at 
the ocean surface and in the subsurfac巴 waters. At the present 
time, there are two such marin巴 optical buoys [Clark et al円
1996; Kishino et al. , 1996]. One is located in case 1 waters off 
the coast of Lanai, Hawaii, while the s巴cond is located in case 
1 and, occasionally, case 2 waters off the Sea of Japan. Th巴
gIobal biological ocean community will rely on these two sites 
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for ground truth and validation of water-leaving radiances deｭ

rived from various ocean color sensors (e.g. , Sea WiFS、 MO

DIS, OCTS, MERIS, and GLI). As a consequence of the key 
role that these two validation sites play in ocean color valida 
tlOn‘ it is exceedingly important that the atmosphere also be 
well characterized at these locations by using Sun and sky 

radiometers such as those in the AERONET. 

Issues and Concerns 

Because of the necessity of making aerosol measurements 

during clear-sky (or low cloudiness) conditions, there is a disｭ
tinct possibility that the satellite and surface n巴twork-derived

aerosol optical thickness will be biased to clear-sky conditions 

(low optical thickness or low humidity conditions). This is 
unavoidable but important to recognize. We were also conｭ

cerned as to whether we may have overlooked some valuable 
auxiliary measurements, not identified above 目 For all surface 

networks it is essential that the site reflectance be characterｭ

ized, as the sat巳llite radiom巴ters will be retrieving aerosol 

optical thickness looking down at the site. 

7. ConcIusions 

The general consensus of the remote sensing community 
represented in the workshop was that we can measure reｭ

motely the aerosol optical thickness to within 0.03 to 0.05. 
Some information on aerosol size distribution and singleｭ

scattering albedo may also be derived but to within uncertain 

accuracies. No estimates were made as to the accuracies of 

other retri巴ved parameters although the consensus was that 

they had significant errors. 

The main sources of uncertainty in the optical thickness 

determinations were considered to be surface reflectivity, in 
strument calibration and instability for low optical thickness, 
and aerosol mod巴 assumptions for high optical thickness. 
Main sources of uncertainty for other parameters were not 

determined but appear to be related to uncertainties in the 

assumed quantities and , to some extent ‘ to the numerical proｭ
cedures used. It was generally agreed that aerosol optical thickｭ

ness is the easiest parameter to determine and that all other 

properties are more difficult and also less accurate. Significant 

improvement over present capabilities is expected with the new 
instrumentation, which will include poωla剖r噌匂a剖tiぬon measure口mηlentωs 4 

aωsw己ell as angu叫lar and wav巴length scanners. A new and proll1田

ising approach was presented which involv己d near-ultraviolet 

measurements, utilizing the aerosol absorption. This technique 
promises to provide a long sequence of aerosol data over land 

and a measure of aerosol absorption. Quantitative application 

depends on knowledge of aerosol vertical distribution and opｭ

tical properties in the UV. 
Regarding atmosph巴ric corrections, new algorithms differ 

巴nt in philosophy are now b巴ing developed. Over land, the 
availability of aerosol inforll1ation holds considerabl巴 promlse

for routine corrections; more sophisticated effects such as the 
atmospheric poﾌnt spread function and the coupling of surface 
and atmospheric BRDFs can be corrected for. Over ocean, 
instead of considering the atmosphere and the surface as perｭ
turbing water-leaving radiance (the signal of interest) , new 

algorithms view the atmosphere , surface, and water body as 
forming a coupled system, and they attempt to r巴tri巴ve simul 
taneously the geophysical variables that affect the sat巴lI ite raｭ
diances in a single step. The chief advantage of this approach 

is that the inforll1ation from all the sens 

to perform the atmospheric correction, not only the informaｭ
tion in the red and near infrared、 where the ocean reflectance 

is negligibly small. 
SOll1e unanswered questions that were raised are as follows: 

ト How can w己 measure single-scattering albedo over 
oceans? What could be the accuracy when the best we can do 

in the laboratory is :!:::30% ワ

2. What is the best second parameter to try to determine 
with a two-channel or ll1ultichannel instrull1ent? Some sugg邸周

tions w巴re the effectiv巴 radius， the Angstr� wav巴length exｭ

ponent, and the ratio between the accumulation and the coarse 
particle modes. 

3. Can ultraviolet absorption provide quantitative aerosol 
inforll1ation? 

4. How may aerosol climatology be used to help derive 

aerosol properties from satellite observations? 
5. How can we correct for whitecap 巴ff巴ct over the oceanワ

Finally, the workshop made the following recommendations: 
1. Implementation of ground > basedand airborne measureｭ
ments to augment sateIIite observations is essential. 

2. Intercomparison of the different observational techｭ

I1lqu巴s is vital. 

3. lnitiation of sensitivity studies to determine information 

content 111 r巴mote sensing and the effects of uncertainties in aIl 
the various parameters on the derived properties is important. 

4. Ranking of parameters by their impact on measure 
m巴nts should be inv巴stigated

5. Further study of the proposed UV method for deterｭ

ll1ining aerosol presence and absorption is necessary. 

6. Extending a巳rosol climatology should be done as soon 
as is practicable 

7. Development of techniques to measure aerosol absorpｭ

tion and single-scattering albedo and to derive realistic models 

for absorbing aerosols should be encouraged 
8. Studies of the usefulness of other techniques such as 

occultation, limb scatter, lidar, and two-band measurements 
for r巴trieving the vertical profile are urgently needed. 

9. Further study of whitecap optical properties and how 

they vary with environmental factors is needed. 

Notation 

AERONET Aerosol Robotic Network. 

A VHRR advanced very high r巴solution radiometer. 
CERES clouds and the Earth's radiant energy system. 

CZCS coastal zone color scanner. 
ERBE Earth Radiative Budget Experiment. 

GA W Global Atmosphere Watch. 

GEWEX Global Energy and Water Cycle Experiment. 
GLI global ill1ager. 
GOES Geostationary Operational Environmental 
Satellite 

IGAC International Global Atmospheric Chemistry 
MODIS moderate resolution imaging spectroradiometer. 
MERIS medium resolution imaging spectrometer. 
MISR Multiangle imaging spectroradiometer. 
MSS multispectral scanner 
OCTS ocean color and temperature scanner 
POLDER Polarization and Directionality of the Earth's 

Reflectance. 
SAGE Stratospheric Aerosol and Gas Experiment 
Sea WiFS sea-viewing wide field-of-vi巴w sensor. 
TM Thematic Mapper. 

• 
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TOMS total ozone mapping spectrometer. 

WCRP World Climate Res巴arch Program 

Acknowledgment. This workshop was sponsored by the EOS 
Project ScienαOffic巴， NASA Goddard Space Flight Center. 
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