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The Interrelationship of Atmospheric
Correction of Reflectances and Surface
BRDF Retrieval: A Sensitivity Study

Baoxin Hu, Wolfgang Lucht, and Alan H. Strahlevember, IEEE

Abstract—This paper systematically studies the interrelation- move atmospheric effects in most land surface remote-sensing
ship between surface bidirectional reflectance distribution func- applications. Atmospheric effects on upward radiance for a
tion (BRDF) retrieval and atmospheric correction. The study o dless sky can be computed as the solution to a well-known

uses the atmospheric correction scheme of the Moderate Resolu- - L .
tion Imaging Spectroradiometer (MODIS) and angular sampling atmospheric radiative transfer (RT) equation (see, for example,

expected for MODIS and the Multiangle Imaging SpectroRa- [1] for an introduction). The reflectance properties of the
diometer (MISR) for different land cover types and optical depths  surface provide a lower boundary condition for this equation
of aerosols. The results show the following two points. and are thus required for solving it. In the most general case,
1) Even for a nonturbid atmosphere, the assumption of a a nonuniform and non-Lambertian boundary surface has to
Lambertian surface in atmospheric correction causes rela- be assumed. Work by Casa al. [2] indicates that, if the

tive errors in the retrieved surface reflectances that average b d dition i iatel ified. at heric RT
from 2 to 7% in the red and near-infrared bands, with Oundary condition Is appropriately Specinied, aimospheric

worst cases showing errors of up to about 15% for tur- May be rigorously decoupled from the transfer within the
bid conditions. Consequently, it is necessary for improved surface objects.

accuracy to consider surface anisotropy in atmospheric  However, the required reflectance properties of the boundary
Correction. surface can, in turn, only be retrieved from remotely sensed

2) Surface BRDF retrieval and atmospheric correction can be data after th | of at heric effects. i fter th
coupled in a converging iteration loop that improves the ala after the removal of atmospneric efiects, 1.€., aiter the

quality of atmospheric correction and subsequent BRDF atmospheric transfer problem has been solved. This poses an
retrievals. For example, performing two steps of the itera- interdependence problem for surface reflectance retrieval and
tion loop is already sufficient to obtain mean relative errors  atmospheric correction of remotely sensed data, which is the
of less than 1% i_n the retrieve_d surface reflectances even topic of this paper.
for an atmospheric aerosol optical depth of 0.4. . .
. L L . For example, when the data acquired by a remote-sensing
As BRDF retrieval accuracies improve, so do bihemispherical . . .
albedo retrieval accuracies, with mean relative errors being 1-5% satellite are atmosphen_cally corrgcted for studies of the sur-
when using a Lambertian assumption and less than 1% after two face, the following questions require an answer. Can a Lamber-
iteration steps. tian surface be assumed in atmospheric correction? What error
Index Terms—Atmospheric correction, bidirectional reflect- IS.InCUH’ed if the Lambertian as;umptlon is made? How does
ance distribution function, Earth Observing System (EOS), land this error depend on aerosol optical depth, land cover type, and
surface albedo, moderate resolution imaging spectroradiometer observation geometry? If the instrument in question does not
(MODIS). have multiangular capabilities, and a non-Lambertian surface
is to be assumed, is it sufficient to work with approximate
bidirectional reflectance distribution functions (BRDF’s)? In
, , applications in which bidirectional reflectance models are
T HE SIGNALS received by a space-based or airbornyerted to derive land surface albedo, and the atmospheric
remote sensor in the solar spectral range do not directly e tion scheme assumed a Lambertian surface, the question
characterize the reflectance of surface objects, due to eff§gt§nat errors occur in the BRDF retrieved, and hence, in the
of the intervening atmosphere. Thus, it is necessary 10 I§pedg derived from the BRDF. This study strives to investi-
gate these questions and to give a quantitative assessment of
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the surface is uniform and Lambertian [3]-[5]. Howevergorrection iteration loop reduced the error to a range from 0.4
this assumption may lead to substantial errors in the surfaoe5.2%. These research results indicate the necessity of taking
reflectance retrieved from top-of-atmosphere (TOA) radiancssrface BRDF into account in atmospheric correction.
[6], [7]. The atmospheric correction scheme to be employedIn spite of these results, the impact of surface BRDF effects
for NASA’s EOS AM-1 Moderate Resolution Imaging Specen the accuracy of atmospheric correction, and, vice versa,
troradiometer (MODIS) couples atmospheric correction aride accuracy of surface BRDF retrieval given an atmospheric
surface reflectance properties specified in form of integrals @frrection method requiring assumptions about surface re-
the BRDF by performing an iteration loop. In this schemdlectance, is currently not systematically explored. The existing
atmospheric correction is first performed on MODIS obsework is limited to demonstrating specific cases over limited
vations under the assumption of a uniform, isotropic surfat@nd cover types and for limited angular sampling distributions.
BRDF in the form of a Lambertian constant. The reflectancé$erefore, it is hard to draw general conclusions about the
found are then used to retrieve a new, non-Lambertian BRDEyors made or the accuracies to be expected.
and atmospheric correction is updated based on the new BRDMn this study, we systematically analyze the interrelationship
[7]. between surface BRDF retrieval and atmospheric correction
In theory, this problem of specifying the correct boundarly investigating the sensitivity of surface reflectance retrieved
condition at the atmosphere—surface interface is eliminatdm atmospheric correction to the surface reflectance prop-
when a coupled system of atmosphere and earth surfaceerides used in that correction. We focus on the atmospheric
considered for the RT analysis. A single RT model thaworrection method and the angular sampling patterns for the
includes RT in the atmosphere as well as at the eartttembined EOS AM-1 MODIS and MISR instruments, as sur-
surface is used to provide solutions for the coupled systeface BRDF effects will routinely be taken into account for the
At present, such models have been developed for horizontdilgt time in the atmospheric correction for these instruments.
homogeneous vegetation canopies [8], [9]. However, solvivge also investigate how albedo retrieval accuracies from
the coupled RT equation is rather complicated, requiring maBRDF inversions of atmospherically corrected multiangular
approximations and a large amount of calculation [1]. Theflectances are affected by the assumptions about the surface
number of parameters involved is likely to be too large fonade in the correction method.
realistic stable inversions of remote-sensing data. Also, RT

theory is not in all cases the most suitable description for land  |||. THEORETICAL BASIS AND SIMULATION DATA
surface scattering, tending to neglect geometric shadowing
effects (cf., [10]). A. Atmospheric Correction Theory

In this paper, we focus on atmospheric correction methods

tha.lt decouplt_a the atmosphe_rlc RT frqm that within surfacaaeed by Vermoteet al. [7], the reflectances at the TOA for the
objects. The important questions for this class of atmospheriC. . .
correction methods are whether it is necessary to take surfé’éséble and near-infrared bands are expressed as the following

. . C . : e%uation. Using their notation
anisotropic reflectance properties into consideration, how larg
the effect is if they are neglected, and how to practically

In the atmospheric correction algorithm for MODIS, devel-

include them in retrieval algorithms. Proalfis;s to; @)

The work of Lee and Kaufman [6] shows that even for a =po+c T e e p (g, sy B)
nonturbid atmosphere the as;umptipn of a Lambertian surfaF:e +e T/ ot y(1es)B + o7/ Moty (10)7
leads to noticeable errors in predicted upward radiance in -
the backscattering portion of the hemisphere, especially for +talpa)ta(se)p ,
large solar zenith angles. Their research is based on a savanna n (e=7/ts 4 tg(s)) (e + tq(1,))S(P) )
data set [11]. Vermotet al. [7] analyze the effect of surface 1-S5p

anisotropic reflectances on atmospheric correction by using a
Hapke BRDF model [12] in which the model parameters amhere p;., is the reflectance at the TOAy, is the intrinsic
determined by fitting a field-measured directional reflectane¢émospheric reflectance (path reflectange);is the surface
data set of a plowed field [13]. Their results show that flectanceg is the reflectance of the atmosphere for isotropic
surface BRDF adequate for use in atmospheric correctitight entering it from the surfacey, is the cosine of the solar
can be retrieved through a preliminary atmospheric correcti@enith angley,, is the cosine of the view zenith anglgijs the
assuming a Lambertian surface. The iteration they suggesfative azimuth between the sun and view directiengy #
arrives at much smaller errors in the surface reflectances tlaam¢, (1) are the downward direct and diffuse transmittances
if the Lambertian-based solution had directly been adopteddb the atmosphere along the path of the incoming solar
provide the corrected reflectances. For example, the erroisam;e="/#» andt,(u,) are the upward direct and diffuse
reduced from 10-15% to 2—-3% for an aerosol optical deptfansmittances of the atmosphere in the viewing direction;
of 0.23. is the optical depth of the atmosphere; ang’, andp are the

We have conducted similar research, using a Ross-Thick/kidrface hemispherical-directional, directional-hemispherical,
Sparse BRDF model to simulate the BRDF of three differeand hemispherical-hemispherical reflectances (albedos), re-
land cover types, and arrived at similar results. A singlepectively. These latter terms, also called coupling terms,
iteration of a coupled surface BRDF retrieval and atmosphedouple the atmospheric RT with the surface reflectance prop-
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erties. They are defined as follows [7]: When the surface is Lambertiap* = 5'* = p* = 1 and
P = ps. Thus, (5) can be simplified as
p(tis, uru(;;/)) 1 = pot (e77/1s 4 tq(1us)) (e + ta () ps Ko
[ ] e oot = oy 1= 5p,
_ J0 0
- 2r 1 In this casep, can easily be calculated without a prior estimate
/ / nLy(ps, p, @) dpedg of the BRDF.
@) In this paper, we investigate systematically the accuracy
_ B required in the initial BRDF estimate if a given predetermined
P (Ns’ foo; @) = p(ﬂw fis, ¢) 3) accuracy is to be achieved in atmospheric correction. The
=7 (s, py, ¢ effect of errors made in the initial assumption on the retrieved
2w surface reflectances is demonstrated and quantified, as is the
/ / / Pt s @)popt. dpdy dep subsequent error in retrieving the coupling terms. The latter

o (4) are important because they are albedo, a key parameter in
/ / / pp dpdy de weather and climate models.
We have carried out this study using the 6S code [14]. In

, its forward mode, 6S can calculate the reflectance at the TOA
where L (us, 1, ¢ ) is the downwelling diffuse irradiance for a given viewing and illumination geometry according to
with the sun atu,. Reciprocity of the BRDF is assumed in(1). 6S also performs atmospheric correction in its inverse
(3), otherwise the directional-hemispherical integral over thgode. Here we use its atmospheric correction based on the
viewing hemisphere has to be calculated separately. assumption of a Lambertian surface according to (7), which

From these equations, we may note that, given atmosphegie will call a Lambertian-based atmospheric correction for
optical parameters and estimates of the surface reflectance tiee purposes of this paper. We have added an atmospheric
coupling terms (2)—(4) can be calculated, allowing the atmeorrection that considers the surface BRDF based on (5)
spherically corrected actual surface reflectances to be obtaiagd uses a BRDF model. This method we will call BRDF-
from observed values gf.. by solving (1). Operationally, based atmospheric correction. The BRDF model used is the
initial estimates of surface reflectance may be taken eithgfmiempirical Ambrals BRDF model (algorithm for MODIS
from a priori knowledge of surface reflectance properties @jidirectional reflectance anisotropy of the land surface) [15]
an independent surface reflectance data product, for examgh@ét will be used operationally in deriving BRDF’s from
that for a previous time period. Surface reflectance may, fRfODIS multiangular observations [16]. This model is devised
example, be computed through a BRDF model describifigr speed in operational applications, and it is driven by only
the bidirectional reflectances of the surface through specifigtee parameters. However, validation using field-observed
parameters. To give more weight to the actual observatiogigta [17] shows that it is well capable of capturing naturally
than to the estimated surface BRDF used in the calculatigdcurring BRDF shapes. Its accuracy in retrieving BRDF and
of the coupling terms, Vermotet al. [7] suggest to modify albedo from sparse angular sampling has been extensively

(1) as follows: studied [18], [19], and its performance is generally found to
be comparable to that of other simple BRDF models. Errors
Pron = po + e T/HeeTT s p 4 5 are mostly within a 10% margin for reflectance and albedo.

[ ™ Motg(us)p* + e o ta(p, B + talps)ta(1o)7* B, Parameters and Data Used

(™t 4 tq(p)) (e /e 4 tg(ps))S(B*)? In this study, we used the forward mode of 6S to calculate
+0s 1- 55 TOA reflectanceq pi..), as are expected from the MODIS
5) and MISR sensors using (1). Only such simulated observation
data give full and systematic control over the variety of atmo-
spheric conditions, surface BRDF types, and especially angular

with sampling distributions to be investigated for a complete study
_ of the surface-atmosphere coupling problem. To make our
7 = P 7 = ﬁ_’ 5 = P 6) simulation convincing, the following variations in conditions
pr’ pr’ o were applied.

1) Angular Sampling:We use Xsatview software [20] to
where p7* is a predicted (estimated) surface reflectance, for  simulate the angular distribution of observations for
example taken from a BRDF model. In this modified approach, the EOS MODIS and MISR instruments for geographic
only the shape of the surface BRDF influences the correction locations from latitude 60S (—60°) to latitude 60 N
process and not the actual magnitude of the estimated surface (+60°) in intervals of 15 during a 16-day period around
BRDF, removing a possible bias. The true surface reflectance March 12. This sampling was chosen because data
ps can then be obtained by solving (5), which is a quadratic  from these two instruments will be combined to derive
equation inp, [7]. a BRDF and albedo data product with 1-km spatial
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Fig. 1. Red band BRDF in the principal plane (solar zenith angR) 3@ four different data sets observed by Kimetsal. [21], [13], [22]: plowed field,
sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). True value (modeled field observations), sokdrétreswedue
from atmospheric correction making the assumption of a Lambertian surface, dotted line; values retrieved from atmospheric correction atépone ite
of the surface BRDF-atmosphere coupling loop, dashed line. The aerosol optical depth is 0.2.

2)

shapes that are typical of most land covers. For example,
in the red band, there is a strong hot spot in the surface
BRDF of bare soil and the field with sparse vegetation,
and an obvious bowl shape with a hot spot for the dense
grass lawn and the forest.

Atmospheric ConditionsA continental aerosol model

resolution for each 16-day period starting in mid-1999
[16]. In the absence of clouds, these two instruments will
provide observations in two nearly orthogonal strings
across the viewing hemisphere, and, during the time
period investigated, for a range of sun zenith angles from
20 to 60 [16], [20]. This may be considered relatively 3)

good angular sampling; hence, the results found in this
study may serve as a baseline for what is possible with
good sampling. With reduced sampling [e.g., loss of
observations due to clouds, use of MODIS only, MISR
only, or the Advanced Very High Resolution Radiometer
(AVHRR)] results will be worse accordingly.

Surface Cover/BRDF Typed:our typical land cover
types were used in this study, represented by mul-
tiangular reflectance data sets observed in the field
by Kimes et al. [13], [21], [22]. These are a plowed
field (barren), a field of hard wheat with only 11%
coverage [low leaf area index (LAI)], a grass lawn with
a vegetation coverage of 97% (high LAt 9.9) and

was used to simulate atmospheric conditions. Three
aerosol optical depths at a wavelength of 550 nm were
employed, 0.1, 0.2, and 0.4. Aerosol optical depth ob-
servations (e.g., [23]) show that an optical depth of
about 0.1 is typical for semidesert areas (without dust
outbreaks) and for land areas in high latitudesSQ°);
optical depths of about 0.2-0.3 are typical for tropical
forest areas during the dry season. Investigations of
maximum aerosol optical depths derived from NOAA
AVHRR global coverage data show that optical depths
over 0.3 are not altogether uncommon, with the highest
values occurring over South America and Africa [7].

a hardwood forest. The semiempirical Ambrals BRDE- Magnitude of Atmospheric Effects

model [15], [16] was inverted on these data sets to To clearly demonstrate the magnitude of atmospheric ef-
determine model parameters, which were then usedftts, the root mean square relative errors (rmse’s) between
forward-model bidirectional reflectances at the angleke true surface reflectancdg,) and those at the TOA
given by the respective angular sampling distribution$p.,,) are plotted in the top row of panels of Figs. 3 (red
Both the red and the near-infrared band were studidshnd) and 4 (near-infrared band) as a function of latitude
Figs. 1 and 2 show the BRDF’s of these land coveand optical depth, and for the four different land cover types.
types, as represented by the Ambrals model, in tiRmse’s were calculated in each instance for the angles given
principal plane, for a solar zenith angle of°3@nd in by the respective angular sampling at each latitude. Figs. 5
the red and near-infrared bands, respectively, as soidd 6 show plots of the TOA and at-surface reflectances
lines. As can be seen, these BRDF's cover a variety of the different land cover types in the principal plane in
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Fig. 2. Near-infrared band BRDF in the principal plane (solar zenith andlg 80 four different data sets observed by Kimetsal. [21], [13], [22]: plowed
field, sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). True value (modeled field observationsyatodis line;
retrieved from atmospheric correction making the assumption of a Lambertian surface, dotted line; values retrieved from atmospheric ctaremtion af
iteration of the surface BRDF-atmosphere coupling loop, dashed line. The aerosol optical depth is 0.2.

the red and near-infrared bands, respectively, to display hdetween the true surface reflectance and the one retrieved as
atmospheric scattering affects the shape of the surface BR@Hunction of the magnitude of the error made.

From these figures, we may see that 1) the atmospheridrigs. 7 and 8 show mean values for the red and near-infrared
effects are larger in the red band than in the near-infrarednds, respectively, and for different aerosol optical depths.
band because atmospheric scattering decreases as wavelengéh:-axes show an assumed relative error in percent in the
increases and the effect of the atmospheric path radiancesésimated value of the coupling term ratio(s), and ¢h@xes
larger relative to the small reflectances of vegetated land covefpw the mean relative rmse in percent between the true and
in the red band than to their larger reflectances in the negie retrieved reflectances caused by these errors. The error bars
infrared band, and 2) the atmospheric effects increase WiRow the range of the rmse in the various cases investigated
increasing optical depth of aerosols (even for an atmosphggfferent land cover types and angular sampling distributions).
with an aerosol optical depth of 0.1 the atmospheric effect &§nce in each case the TOA reflectance was calculated from
still large, ranging from 3.0% for the hard wheat field to 124%,¢ (e surface BRDF, a correct initial estimate leads to a

for the hardwood forest in the red band) and the shape of thgtect retrieval. Any rmse seen is due alone to errors made
surface BRDF at the TOA is far different from that of the true. o coupling term ratios.

one, due to the effect of atmospheric scattering. These resultf£r0m these plots, we can see the following

f) Sensitivity of the retrieved surface reflectance is nearly
linear to any error occurring ip*, p’* or p*. Tables | and
Il give the approximate slopes of these error functions
for the red and near-infrared bands, respectively.

should be removed in remote-sensing applications in which
absolute surface reflectances are needed.

IV. SENSITIVITY OF ATMOSPHERICALLY 2) Retrieved surface reflectance is more sensitive to errors
CORRECTED SURFACE REFLECTANCES TO THE in p* andp’* than to errors irp*. This is because the
BRDF ESTIMATES USED IN THE CORRECTION contributions of the surface hemispherical—directional
From (5), we can see that the surface BRDF influences the and directional-hemispherical reflectance to the upward
TOA reflectance through the terngg, 7’*, and%*. In order radiance naturally are larger than that of the surface

to study the interrelationship between atmospheric correction hemispherical-hemispherical reflectance.

and surface BRDF retrieval, we investigate the sensitivity of 3) Retrieved surface reflectance is much more sensitive to
the retrieved surface reflectance to these ratios. Assuming that an error made simultaneously in all three coupling term
an error occurs in the required initial estimates for the three  ratios than to an error made in only one of them. For
coupling term ratios, either separately in each tgtpp’™*, and example, for an aerosol optical depth of 0.2 in the red
7%, or in all three terms simultaneously, we calculate the rmse  band, a 10% error ip*, p’*, or * leads to rms errors
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Fig. 3. Red band rms relative errors in percent between the true values of the surface BRDF and the values retrieved from atmospheric correction as a
function of latitude for combined MODIS/MISR sampling for a 16-day period around March 12. Plots labeled | (top row) show top-of-atmosphere values,
plots labeled Il (middle row) show values retrieved from atmospheric correction when making the assumption of a Lambertian surface, and @ltts labele
(bottom row) show values retrieved from atmospheric correction after one iteration of the surface BRDF-atmosphere coupling loop. Curves ardalrown f
different BRDF data sets observed by Kimetsal. [21], [13], [22] representing major land cover types: plowed field, solid line; sparse hard wheat, dotted

line; grass lawn, dashed line; hardwood forest, dashed-dotted line. In each row, aerosol optical depth increases as indicated from 0.1 to 0.4.

of true to retrieved reflectances of 1-2%. A 10% errorhich is why it has been a common assumption in atmospheric
in all three terms at the same time, in contrast, leadsrrection. In that case*, 5™, andp* are all equal to unity.
to an error in the retrieved surface reflectance of aboBince the true values of these coupling ratios are different
3%. This case is the more realistic one because, if &om unity for the different BRDF types (land cover types)
approximate BRDF estimate leads to an erropinitis investigated, we may calculate the errors introduced 7ito
very likely that the error will be similar irp™* andp*.  7*, andp* caused by the Lambertian assumption for different
4) Sensitivity of the retrieved surface reflectance to erroggrosol optical depths. Tables | (red band) and Il (near-infrared
in the coupling term ratios is larger in the red band thasand) show this mean error made for the different land cover
in the near-infrared band and increases as the optiegbes and angular sampling distributions as well as their ranges
depth of aerosols increases, and the error bars indicgit€brackets). The error depends on angular sampling because
that it varies with land cover type and angular samof the normalization of the coupling terms by estimated
pling distribution (which influences the angular locationgeflectances defined in (6).
where the reflectances are retrieved). The tables show that errors in the coupling term ratios
In the following, we will analyze the relationship betweerf more than 10%, in some cases of more than 20%, are
surface BRDF retrieval and atmospheric correction by consignplicit in making the Lambertian assumption. For aerosol
ering these results in the context of the assumptions commoolstical depths of 0.4, errors can be as much as 50%. These
made in atmospheric correction models. numbers, in conjunction with the values of the slope of
sensitivity also given, will lead to relevant estimated errors
in the atmospherically corrected surface reflectances. For ex-
A Lambertian-based atmospheric correction assumes thatple, the estimated rms relative error in the retrieved surface
the surface reflects light isotropically. This is not a veryeflectances is between 1.8 and 7.3%, even for a small aerosol
realistic assumption, but it simplifies the problem substantiallgptical depth of 0.1 in the red band.

A. Lambertian-Based Atmospheric Correction
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Fig. 4. Near-infrared band rms relative errors in percent between the true values of the surface BRDF and the values retrieved from atmospiberic correc
as a function of latitude for combined MODIS/MISR sampling for a 16-day period around March 12. Plots labeled | (top row) show top-of-atmosphgre value
plots labeled Il (middle row) show values retrieved from atmospheric correction when making the assumption of a Lambertian surface, and glts labele
(bottom row) show values retrieved from atmospheric correction after one iteration of the surface BRDF-atmosphere coupling loop. Curves ardairown f
different BRDF data sets observed by Kimetsal. [21], [13], [22] representing major land cover types: plowed field, solid line; sparse hard wheat, dotted
line; grass lawn, dashed line; hardwood forest, dashed-dotted line. In each row, aerosol optical depth increases as indicated from 0.1 to 0.4.

This can be demonstrated by actually carrying out atmo-The large error ranges indicate that the error varies with
spheric correction based on a Lambertian assumption. T@sd cover type and angular samplings, i.e., the BRDF shape.
reflectancesp.., calculated using the inverse mode of 6Fhis point is illustrated by the middle row of plots in Figs. 3
were corrected according to (7). Table lll shows the meamd 4. Different land cover types possess different BRDF
and range of values (in brackets, for all cases studied) stiapes. Thus, the error caused by the assumption of a Lam-
the relative rmse (in percent) found between the true surfaoertian surface is different. The farther away from isotropy
reflectances used in the 6S forward modeling and the surfabhe surface BRDF shapes are, the larger the error is. Among
reflectance values retrieved through atmospheric correctithe land cover types used, the plowed field has the strongest
making the Lambertian assumption. As the table shows, evamnisotropic reflectance characteristics; thus, the error caused
in a nonturbid atmosphere, the error in the retrieved surfafr the plowed field is largest. The differences in the error
reflectance is potentially still a few percent, rather large in vievaused in the surface reflectance in different cases become
of the accuracies attempted by next-generation sensors lixeger with increasing aerosol optical depth.

MODIS or MISR. For example, when the aerosol optical depth To see how a Lambertian-based atmospheric correction
is 0.1, the mean value of the relative error in the near-infraraffects the BRDF shape, we show BRDF plots in the principal
is 1.9%, its maximum as high as 4.1%. In the red band, tpane in Figs. 1 and 2, in which the dotted lines are the
error increases to a mean value of 3.2% and a maximal vaBBDF's retrieved from the Lambertian-based atmospheric
of 7.7%. Furthermore, as the aerosol optical depth increasesrection. From these plots, we note that the Lambertian-
from 0.1 to 0.4, the mean error increases from 3.2 to 7.5% limsed atmospheric correction distorts the BRDF shape and
the red band and from 1.9 to 5.0% in the near-infrared barttiat the largest errors occur at the hot spot and bowl edge
the worst cases having even larger errors. areas. But the BRDF shapes retrieved from the Lambertian-
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Fig. 5. Red band BRDF in the principal plane (solar zenith angl&) 36r four different data sets observed by Kimesal. [21], [13], [22]: plowed
field, sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). Surface values (modeled field observatims), solid |

top-of-atmosphere values, dotted line. The aerosol optical depth is 0.2.
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Fig. 6. Near-infrared band BRDF in the principal plane (solar zenith andlg f80 four different data sets observed by Kimetsal. [21], [13], [22]: plowed
field, sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). Surface values (modeled field observatimis), solid |
top-of-atmosphere values, dotted line. The aerosol optical depth is 0.2.

based atmospheric correction are nearer to the true ones thatween modeled and retrieved Ambrals model parameters
an isotropic constant would be. and bihemispherical albedo. Errors in the retrieved model
One direct application of atmospheric correction is to uggrameters are very large, displaying mean rmse’s such as
the retrieved multiangular land surface reflectances to inveriia.6% for an aerosol optical depth of 0.1 in the red band, with
BRDF model that may then be integrated to yield land surfagerst cases showing rmse’s of up to 30%. The bihemispherical
bihemispherical albedo. Table Ill shows the rmse’s fouralbedo predicted by the retrieved BRDF model deviates from
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Fig. 7. Red band sensitivity of retrieved surface reflectances to errors in the coupling terms, measured in terms of the rms relative error intipercent of
reflectances at the angles observed. Plots labeled | (top row) show the sensitivity to efroyplots labeled Il (second row) to errors ji*, plots labeled

1l (third row) to errors inp*, and plots labeled IV (bottom row) to errors in all three coupling terms simultaneously. The optical depth increases in each
row from left to right from 0.1 to 0.4. Vertical bars show the variation of results with variations of angular sampling with latitude and with lantym®ver

(BRDF type) observed. These plots should be read as follows. Assume an error of a certain size was made in the initial estimate for a coupling term (for
example due to making the Lambertian assumption); then the rmse found for the reflectances retrieved from the atmospheric correction can be found from
the plot. These retrieved reflectances in turn will allow calculation of a new coupling term with reduced error. We may thus visualize the itgultige cou
between surface BRDF and atmospheric correction as an iteration toward the origins of the plots.

its true value by less than 2.0% to almost 5.0% in the rexists, surface BRDF retrieval and atmospheric correction have
and near-infrared bands for various cases (different latitudés, be linked. One way to do this is through an iterative
land cover types, and aerosol optical depths). Dependilmgpp in which the initial assumption about the BRDF being
on the application, this may be an acceptable error. Mehambertian is replaced in the next iteration step by the BRDF
errors are between 1 and 2%. It is not surprising that albedztrieved making that assumption. Using this BRDF, improved
retrieval is less sensitive to atmospheric correction than BRREMospheric correction yields improved surface reflectances
retrieval since it is an integral quality in which reflectanceand, thus, a new surface BRDF. This iteration loop may be
observed at large and small zeniths contribute less than thesatinued until the desired accuracy is reached. Convergence is
at intermediate zenith angles. Such conclusions are relevassured if the albedos derived from the BRDF model used are
to data processing for MODIS and MISR, in which BRDFapproximately correct under the available angular sampling.
parameters and albedo are among the standard data produkite BRDF employed in one step will then always yield better
Generally, these investigations lead to the conclusion thatsults than that used in the previous step.
the surface BRDF should be taken into account for accurateHere, we investigate whether one cycle of the iteration
retrievals of the surface BRDF. Atmospheric correction basedll already reduce errors to acceptable levels of around 1%.
on the Lambertian assumption is not sufficient, especially f@he initial values ofp*, p’*, andp* are estimated from the

aerosol optical depths above or around 0.2. results of a Lambertian-based atmospheric correction. From
] ) ) ) the previous calculations, we know that this leads to noticeable
B. Atmospheric Correction Using an lterative errors in the model parameters (Table 111). However, the errors

Coupling with Surface BRDF Retrieval caused ing*, p'*, and 7* by using these model parameters

If the Lambertian assumption is to be avoided and rewre already much smaller. The first iteration then consists
reasonably accurate prior knowledge of the BRDF shapé using the Ambrals BRDF model to fit the reflectances
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Fig. 8. Near-infrared band sensitivity of retrieved surface reflectances to errors in the coupling terms, measured in terms of the rms relatperesrdr i

of the reflectances at the angles observed. Plots labeled | (top row) show the sensitivity to epfarplots labeled Il (second row) to errors jit*, plots

labeled 11l (third row) to errors irp*, and plots labeled 1V (bottom row) to errors in all three coupling terms simultaneously. The optical depth increases

in each row from left to right from 0.1 to 0.4. Vertical bars show the variation of results with variations of angular sampling with latitude anddwith lan
cover type (BRDF type) observed. These plots should be read as follows. Assume an error of a certain size was made in the initial estimate for a coupling
term (for example due to making Lambertian assumption); then the rmse found for the reflectances retrieved from the atmospheric correctionaan be foun
from the plot. These retrieved reflectances in turn will allow calculation of a new coupling term with reduced error. We may thus visualize tke iterativ
coupling between surface BRDF and atmospheric correction as an iteration toward the origins of the plots.

retrieved from the Lambertian-based atmospheric correctionltambertian-based atmospheric correction (Table Ill), they are
obtain model parameters, which are then used together with thach smaller. In the red band, for example, the mean error
atmospheric optical parameters to estimate the surface BRIDRhe retrieved surface reflectance decreases from 3.2—7.5%
andp*, p™*, andp* for the subsequent atmospheric correctiorfdepending on optical depth) to 0.5-2.6%. The ranges of error
This correction we call BRDF retrieval from BRDF-basedre also smaller, which may be seen in the bottom row of
atmospheric correction. plots in Figs. 3 and 4. This is because for each land cover
Tables | and Il show the errors between the ftigp’*, and type studied the surface reflectance properties used for the
7* and the values estimated through the one-step atmosphérit iteration are nearer to the true ones than those used in
correction iteration loop. Compared with the errors made whéambertian-based atmospheric correction; thus, the difference
assuming a Lambertian surface, the errors are smaller (2—4%rashe extent to which the estimated BRDF shapes deviate
opposed to more than 10% in the mean), causing smaller errisesn the actual ones for different cases is decreased. Retrieved
in the retrieved surface reflectance (refer to the sensitiviBRDF shapes are shown in Figs. 1 and 2, where the dashed
slope given). However, when the optical depth of aerosolslises are the results found from the first iteration. They are
large, such as 0.4, the errors in the retrieved surface reflectamegy close to the true values. Bihemispherical albedo errors
are still not less than 1%, as shown in Table IV; in the redre also less, down from 1 to 2% to mostly less than 1%.
band, for example, a mean value of about 2.6% is observedWhile errors have been greatly reduced by performing one
with the worst case showing errors of up to 9%. step of the iteration loop, Table IV still shows errors of several
Table IV also shows remaining errors in the BRDF modglercent in some cases, especially for high aerosol optical
parameters and surface bihemispherical albedos after perfodeapths. We therefore explore the improvements achievable
ing the first iteration. Compared with the errors caused llrough a second iteration by fitting the Ambrals BRDF
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TABLE |
ReD BAND MEAN rms RELATIVE ERROR IN PERCENT OF ESTIMATES FOR THE
COUPLING TERMS p*, p'*, AND p* WHEN USING THE LAMBERTIAN ASSUMPTION
AND PERFORMING ONE OR TWO |ITERATIONS OF ATMOSPHERIC CORRECTION
wiTH SURFACE BRDF RETRIEVAL (RANGES OF VALUES IN PARENTHESES.
MEANS AND RANGES REFER TO DIFFERENT ANGULAR SAMPLING CONDITIONS
(MODIS/MISR) AND Four DIFFERENT TYPICAL LAND COVER TYPES
(BRDF $4APES). THE SLOPE GIVEN REFERS TO THEIMPACT OF A GIVEN
CouPLING TERM ERROR ONTO THErMSe (N PERCENT) OF THE RETRIEVED
BIDIRECTIONAL REFLECTANCES ASCOMPARED TO THE TRUE REFLECTANCES

Parameter Optical Depth  Slope  Lambertian Assumption BRDF Iteration I BRDF Iteration IT

7=0.1 0.10 13.4 (7.1 —27.7) 2.1 (0.8 — 5.7) 0.3 (0.1 — 0.9)
o =02 0.15 12.4 (6.3 — 26.9) 2.8 (1.0 - 7.8) 0.6 (0.7 — 2.0)
=04 0.20 12.0 (6.2 — 27.9) 4.1 (L5 — 11.8) 1.5 (0.4 - 4.8)
T=01 0.10 13.4 (7.0 - 28.5) 1.9 (0.6 — 6.0) 3011 1)
o r=02 0.15 12.1 (6.0 — 26.8) 2.6 (0.9 — 8.3) 6 (0.2~ 2.3)
r=04 0.20 11.6 (5.6 — 26.9) 40 (15— 12.1) 5 (0.5 -5.3)
=01 0.03 23.9 (14.3 — 56.5) 3.0 (1.1 —8.2) 4(0.2 - 1.4)
Py 7=02 0.05 23.9 (14.3 — 56.5) 42 (1.7 - 122) 9 (0.4 -3.0)
T=04 0.12 23.9 (11.3 — 56.5) 7.0 (2.8 — 19.0) 4(0.9—17.5)

TABLE 1
NEAR-INFRARED BAND MEAN rms RELATIVE ERROR IN PERCENT OF ESTIMATES
FOR THE COUPLING TERMS p*, p'*, AND p* WHEN USING THE LAMBERTIAN
ASSUMPTION AND PERFORMING ONE OR TWO ITERATIONS OF ATMOSPHERIC
CORRECTION WITH SURFACE BRDF RETRIEVAL (RANGES OF VALUES IN
PARENTHESEY. MEANS AND RANGES REFER TO DIFFERENT ANGULAR SAMPLING
ConbiTioNs (MODIS/MISR) AND FOUR DIFFERENT TYPICAL LAND COVER
Tyres (BRDF SHAPES). THE SLOPE GIVEN REFERS TO THEIMPACT OF A GIVEN
CouUPLING TERM ERROR ONTO THErmMse(IN PERCENT) OF THERETRIEVED
BIDIRECTIONAL REFLECTANCES ASCOMPARED TO THE TRUE REFLECTANCES

Parameter Optical Depth  Slope  Lambertian Assumption BRDF Iteration I BRDF Ileration IT

=0l 0.06 12,6 (7.0 — 23.8) 1(0.5-2.9) 0.1 (0.1 —0.5)
P =02 0.10 119 (6.6 — 23.7) 7(0.8 - 4.6) 0.3 (0.1 —1.3)
=04 0.16 11.6 (5.9 — 25.0) T(2-T.T) 7(0.3 - 2.0)
-0l 0.06 11.2 (4.4 - 25.0) 0.9 (0.3 - 3.3) 1(0.1-0.3)
o 7=02 0.10 103(437242) 5 (0.4 - 5.2) 03(01709)
=04 0.16 9 (4.3 - 24.5) 6 (0.9 —8.4) 7(0.3—25)
r=01 0.03 20.5 (11.2 — 55.5) 1.6 (0.6 — 4.6) 2 (0.1 — 0.6)
” =02 0.05 20.5 (11.2 — 55.5) 7(1.1-7.6) 0.5(0.2 - 1.7)
=04 0.10 205 (112 — 55.5) 45 (1.3 —12.9) 11 (0.5 — 3.5)
TABLE 11l

RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT
BETWEEN TRUE BRDF, AvBRALS BRDF MODEL PARAMETERS, AND SURFACE
HEMISPHERICAL ALBEDO, RESPECTIVELY, AND THEIR RETRIEVED VALUES FROM
ATMOSPHERIC CORRECTION WHENASSUMING A LAMBERTIAN SURFACE (RANGE
OF VALUES FOR DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS
AND FOUR DIFFERENT TYPICAL LAND COVER TYPES IN PARANTHESES

Parameter Band Optical Depth
7=01 7=02 =04

red 32(17-7.7) 4.7 (2.4 - 11.6) 7.5 (3.8 —18.3)

BRDF nir 1.9 (0.9--4.1) 31(1.5-7.0) 0 (2.6 -12.3)
model red  13.6 (10.4 - 22.5) 17.8 (10.9 —30.0) 30.2 (24.9 —41.7)
parameters nir 8.7 (5.8 —10.8) 13.3 (9.5 —20.0) 229 (16.7 — 31.4)

bihemispherical  red 1.1 (0.1 -3.0) 1.5 (0.1 —3.4) 1.8 (0.2 —4.9)

albedo nir 1.5 (0.2 - 2.6) 1.9 (0.4 - 3.0) 2.3 (0.1 —-4.6)
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TABLE IV

RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT
BETwEEN TRUE BRDF, AvBRALS BRDF MODEL PARAMETERS, AND SURFACE

BIHEMISPHERICAL ALBEDO, RESPECTIVELY, AND THEIR RETRIEVED VALUES

FROM ATOMSPHERIC CORRECTION WHEN PERFORMING ONE ITERATION LooP
BETWEEN ATMOSPHERIC CORRECTION AND SURFACE BRDF RETRIEVAL (RANGE
OF VALUES FOR DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS

AND FouR DIFFERENT TYPICAL LAND COVER TYPES IN PARENTHESEY

Paramcter Band Optical Depth
7=0.1 T=02 =04
red  0.5(02-19) 1.1{03-39) 26(08-9.1)
BRDF mir 02 (©1-06) 05(03-13) 13 (0.6—16)
model red L7 (L1-26) 37 (z 6-57) 9.7 (7.0 - 14.5)
parameters nir 0.7 (0.3 —1.2) 0.9-28) 52(3.0-8.0)
bihemispherical — red 4 (0.0-039) 00-17 13(01-32)
albedo nir  0.2(0.0-03) 0.3(0.0-07) 0.7(0.0-17)
TABLE V

RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT
BeETwEEN TRUE BRDF, AvMBRALS BRDF MoODEL PARAMETERS, AND SURFACE
BIHEMISPHERICAL ALBEDO, RESPECTIVELY, AND THEIR RETRIEVED VALUES
FROM ATMOSPHERIC CORRECTION WHEN PERFORMING TWO |ITERATION LOOPS
BETWEEN ATMOSPHERIC CORRECTION AND SURFACE BRDF RETRIEVAL (RANGE
OF VALUES FOR DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS
AND FouR DIFFERENT TYPICAL LAND COVER TYPES IN PARENTHESEY

Parameter Band Optical Depth
7=01 =02 T =04

red 1(00-03) 02(01-10) 09(0.3-3.6)
BRDF nir 0.0 (0.0 01) 0.1(0.0 -03) 03 (0.1-12)
model red 0.2 (0.1—05) 08(0.4—11) 3.3(20-81)
parameters nir 1(0.0-0.1) 03(0.1-04) 3 (0.6 —2.2)
bihemispherical red 0.1 (0.0 0.2) 0.2 (0.0--0.4) 0.5 (0.0 —1.4)
albedo nir 0.0 (0.0 —0.0) 1(0.0-01) 0.2(0.0-0.9)

are smaller than those occurring after the first iteration, as can
be seen from Tables I, Il, and V. The mean errorginp’*,
andp* decrease from 4 to 7% in the first iteration to 1 to 2% in
the second iteration for an atmosphere with an aerosol optical
depth of 0.4 and in the red band. Correspondingly, the mean
errors in the retrieved surface reflectances decrease from 2.6 to
0.9%. The errors caused in the model parameters and surface
bihemispherical albedos also decrease further. However, the
error ranges in the retrieved surface reflectances tell us that,
for certain extreme cases, the error of the retrieved surface
reflectances may still be a few percent, as for the plowed
field, where it is 3.6% in the red band. Depending on the land
cover types and the angular sampling available, the iteration
loop may need to be performed more than two times in these
particular cases. However, generally one or two iterations
seem to be completely sufficient for the angular sampling
distributions and BRDF types investigated here.

If multiple iterations are to be performed, the question
of the speed of convergence arises. To investigate this, we
iteratively carried out the loop several times for an aerosol

models to the surface reflectances retrieved from the fiegtical depth of 0.4. In each step, we used the Ambrals

iteration. Because the errors in the model parameters inver8@DF model to fit the reflectances retrieved from the previous

from the first iteration are much smaller than those fromtep and performed a BRDF-based atmospheric correction
the Lambertian-based atmospheric correction, in this step, Using the inversion results. The rmse between the true surface
errors inp*, p'*, and p* calculated based on these modeleflectances and the retrieved values, and the relative change
parameters should be smaller than those in the first iteratiamthe model parameters between subsequent steps, decreases
Consequently, the errors in the retrieved surface reflectanessmore iterations are performed. After five iterations, for
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TABLE VI TABLE VII
RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT RED BAND MEAN rms RELATIVE ERRORS IN PERCENT BETWEEN TRUE VALUES
BETWEEN TRUE VALUES OF THE COUPLING TERM p* AND ITS VALUE ESTIMATED OF THE NONNORMALIZED COUPLING TERMS 7 AND p' AND THEIR VALUES
AFTER PERFORMING ONE ITERATION LOOP BETWEEN ATMOSPHERICCORRECTION  ESTIMATED AFTER PERFORMING ONE ITERATION LOOP BETWEEN ATMOSPHERIC
AND SURFACE BRDF RETRIEVAL UNDER THE ASSUMPTION OF ANISOTROPIC CORRECTION AND SURFACE BRDF RETRIEVAL (RANGE OF VALUES FOR
SKYLIGHT DISTRIBUTION (RANGE OF VALUES FOR DIFFERENT MODIS/MISR DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS AND FOUR
ANGULAR SAMPLING DISTRIBUTIONS AND FOUR DIFFERENT TYPICAL LAND DIFFERENT TYPCIAL LAND COVER TYPES IN PARENTHESEY. COMPARE TO
CoVER TYPES IN PARENTHESEY. COMPARE TO VALUES IN TABLES | AND |l VALUES FOR ATMOSPHERIC CORRECTION USING ONLY BRDF SHAPE (TABLE )
Band Optical Depth Parameter Optical Depth

7=0.1 =102 =04 r=01 =02 =04
red  49.2 (5.2 —16.0) 85 (4.3 - 15.8) 7.2 (3.5 - 12.3) P 1.8 (0.8—4.6) 2.6 (L3 —52) 3.9 (2.2—8.1)
vir 100 (3.5 —17.6) 9.3 (26 — 16.3) 8.2 (20 -56) o 17 (0.8-44) 25(L3-50) 38(22-79)

example, the relative chaonge in the model parameters hagq of the surface bihemispherical albedo to its bidirectional
already decreased to 0.5% and the mean rms error in fa@ectance?*, and the estimated ratio from the results of the
retrieved surface reflectances to 0.05% in the red band. Th&ypertian-based atmospheric correction, and that between
convergence of the iteration loop is found to be more rapid {fe trye surface bihemispherical albeficand its estimated
the near-infrared band than in the red band. ~ value from the results of the Lambertian-based atmospheric
In summary, surface BRDF retrieval and atmospheric Q&g rection, respectively. From these results, we can see that
rection can _be coupled in a converging iteration Ioop,_ whiGhe rmse in7 is smaller than that if5*. Similarly, we also
may be utilized to improve the quality of atmospheric cofsy|cy|ate the estimated errorsgmndg’ for the first step of the
rection of reflectances and, consequently, the quality of rgsration loop. The results are shown in Table VII. Comparison
trieved BRDF's, BRDF model parameters, and bihemispheyjith the respective entries of Table | reveals that the errors in

ical albedo. 7 andp’ are also smaller than those it and7’*. That is to
) ) . ) say, not performing the normalization leads to smaller errors
C. Effect of Diffuse Skylight on Atmospheric Correction in the coupling terms for the cases tested here.

Equation (2) demonstrates that to kn@gwequires knowl-  But these coupling terms themselves are just a means for
edge of the downward radiance distribution. Thus, in a BRDBtmospheric correction and surface reflectance retrieval. So
based atmospheric correction, the exact distribution of skyligtite real question is whether atmospheric correction based on
needs to be known. Here we will investigate the assumpti¢p) is better than that based on (1). To answer this question,
that the skylight is isotropic, which if reasonable would allowve analyze the sensitivity of the retrieved surface reflectance
us to be saved from a large amount of calculations. We p, ¢, andp according to (1) under the same simulation
use the model parameters retrieved from Lambertian-baswmditions as those in the earlier sensitivity analysis. Fig. 9
atmospheric correction and assume the skylight is isotroglisplays the results for the red band. Comparing Figs. 9 and
to calculate the estimategt. Table VI lists the mean rmse7, we can see that the surface reflectance is clearly more
(and range) between the estimatgtl and the true values. sensitive top, p’, andp than top*, p'*, andp*, especially for
Compared with the corresponding results in Tables | and large optical depths. Thus, even though the estimated errors
where the diffuse skylight distribution is calculated exactly, th@ p, 7', andp are smaller than those ip¥, p’*, andp*, the
estimated error irp* increases from 0.8-5.7% to 5.2-16.0%rror caused in the surface reflectances is larger when using
for an aerosol optical depth of 0.1 in the red band. Theoupling terms not normalized by the BRDF magnitude in
corresponding error caused in the surface reflectances by &laeh direction. BRDF-based atmospheric correction using the
error inp* increases from 0.1-0.6% to 0.5—-1.6%. We therefomstimated surface BRDF shapes alone is better than that using
conclude that, if accuracies at the percent level are a conceahsolute surface BRDF.
assumption of an isotropic distribution of skylight should be
avoided in atmospheric correction. E. Application To Satellite Data

) ] . Fig. 10 demonstrates the changes incurred in retrieved re-
D. Comparison between BRDF-Based Atmospheric Correctiqciance and albedo for five different pixels of NOAA-14

Using Absolute Surface BRDF and Using BRDF Shape Onlyy/irR data. Data with 1-km spatial resolution were acquired

The atmospheric correction procedure used here normalifesthese five different New England locations during a 16-day
the coupling terms by the values of the estimated bidirectionagriod in September 1995. Angular sampling is sparser than
reflectance in each direction considered [6], [7]. Thus, onfgr the MODIS-MISR sensor combination, leading to an
the estimated BRDF shape is influencing the correction, radditional sensitivity of the retrieved reflectances and albe-
the magnitude of the BRDF. This, it is argued, retains thdos to changes in atmospheric correction. As may be seen,
value of the surface reflectance that is to be retrieved througgdilectances at some view zenith angles change considerably
atmospheric correction as a free variable that is not biasedd albedo is altered by several percent when performing a
by the BRDF estimate used in the coupling. We investigatae-loop iteration as opposed to making the Lambertian as-
whether this actually reduces error in the intended way. sumption. Unfortunately, no ground-based spectral validation

Results for the bihemispherical coupling term are alreaay these findings is currently possible at the required spatial
available. Tables | and Ill show the rmse between the trgeale and with the necessary accuracy.
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Fig. 9. Red band sensitivity of retrieved surface reflectances to errors in the coupling terms, measured in terms of the rms relative error intipercent of
reflectances at the angles observed. The solid lines show the sensitivity when normalizing the coupling terms to the respective bidirectimasreflect
i.e., using only BRDF shape, not magnitude in the atmospheric correction coupling. The dotted lines show the sensitivity when the coupling térms are n
normalized. Plots labeled | (top row) show the sensitivity to errorg*inp; plots labeled Il (middle row) to errors i'*, p’; and plots labeled Il (bottom

row) to errors inp*, p. The optical depth increases in each row from left to right from 0.1 to 0.4.
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Fig. 10. Comparison of reflectance and albedo retrievals using NOAA-14 AVHRR red band data for a 16-day period in September 1995. Results are shown
for five pixels taken over New England: two of a vegetated urban fringe region southeast of Boston, one of the southern borderline between New Hampshire
and Vermont, likely forested, and two of the vegetated regions along the Maine coast. Pixels were selected randomly among locations with a nieeximal num

of clear-sky observations during the period (10, 11, or 12 looks, respectively). The left panel shows, as a function of view zenith angle, tHéfestatoe

between reflectances retrieved from atmospheric correction when making the Lambertian assumption and when performing a one-iteration lobp. The rig
panel shows the relative error in directional-hemispherical albedo (diamonds) at the solar zenith angle of obser¢atand (#ilbihemispherical albedo
(asterisks). Atmospheric correction was performed using surface visibility data from meteorological stations in the area.
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F. BRDF-Based Atmospheric Correction in down to about 1% after one iteration (worst cases 3%) for all
the Absence of Multiangular Data optical depths, and down to less than about 1% even for the

Figs. 7 and 8 also provide some insight into the problem $fOrSt cases after two iterations in both bands. _
atmospheric correction for satellite sensors that do not haye\ll €rror values in this study are based on the assumption

multiangular capabilities, such as the nadir-viewing Landsiiat the exact atmospheric optical parameters are known. Since

sensors. If taking the surface BRDF into account in atmdis does not hold in actual applications, we will investigate in

spheric correction is important, the question arises of hdyture Work the effect of uncertainty in atmospheric optical
to obtain such a BRDF if it cannot be deduced from thgarameters on the sensitivity of atmospheric correction of
data themselves through inversion and iterative coupling. Offdlectances to the surface BRDF. _

possibility is to apply the BRDF derived from a different ThiS work shows how advanced multiangular remote-
sensor system, another is to use land cover type to predici&SINg techniques, as will be available for example from
BRDF. In either case, the BRDF estimated will only roughi)!OP!S or MISR, may be employed to achieve improved land
approximate the true BRDF. Figs. 7 and 8 allow us to jud rface reflectance retrievals and hence improved subsequent
how much error is admissible in the coupling terms derivd§trievals of biophysical parameters. As the capability of
from the estimated BRDF if the retrieved reflectances are §§7S0rS increases, so should the properties of the algorithms
be within a given error range. The sensitivity curves givelSed- MODIS atmospheric processing, for example, in its full
indicate that an error of several percent will still lead to aff?Plementation, will include the BRDF coupling discussed
improvement in the correction over making the Lambertidh"® (S€€ [7] for details). This study specifies the impact this
assumption, allowing us to work with estimates that may nGPUPIing will have on accuracies. It may also be used to judge
be directly derived from the data in question themselves. TH¥ accuracy required ia priori assumptions made for BRDF
caveat here is that the numbers given refer to MODIS/MISEY/0r albedo, for example, based on land cover type, in cases

angular sampling distributions, but results for other samplin%ﬁ which no multiangular data are available, but effects of
should be similar. and surface anisotropy are nevertheless to be included in

atmospheric correction.

V. CONCLUSIONS
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