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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. Strahler,Member, IEEE

Abstract—This paper systematically studies the interrelation-
ship between surface bidirectional reflectance distribution func-
tion (BRDF) retrieval and atmospheric correction. The study
uses the atmospheric correction scheme of the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) and angular sampling
expected for MODIS and the Multiangle Imaging SpectroRa-
diometer (MISR) for different land cover types and optical depths
of aerosols. The results show the following two points.

1) Even for a nonturbid atmosphere, the assumption of a
Lambertian surface in atmospheric correction causes rela-
tive errors in the retrieved surface reflectances that average
from 2 to 7% in the red and near-infrared bands, with
worst cases showing errors of up to about 15% for tur-
bid conditions. Consequently, it is necessary for improved
accuracy to consider surface anisotropy in atmospheric
correction.

2) Surface BRDF retrieval and atmospheric correction can be
coupled in a converging iteration loop that improves the
quality of atmospheric correction and subsequent BRDF
retrievals. For example, performing two steps of the itera-
tion loop is already sufficient to obtain mean relative errors
of less than 1% in the retrieved surface reflectances even
for an atmospheric aerosol optical depth of 0.4.

As BRDF retrieval accuracies improve, so do bihemispherical
albedo retrieval accuracies, with mean relative errors being 1–5%
when using a Lambertian assumption and less than 1% after two
iteration steps.

Index Terms—Atmospheric correction, bidirectional reflect-
ance distribution function, Earth Observing System (EOS), land
surface albedo, moderate resolution imaging spectroradiometer
(MODIS).

I. INTRODUCTION

T HE SIGNALS received by a space-based or airborne
remote sensor in the solar spectral range do not directly

characterize the reflectance of surface objects, due to effects
of the intervening atmosphere. Thus, it is necessary to re-
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move atmospheric effects in most land surface remote-sensing
applications. Atmospheric effects on upward radiance for a
cloudless sky can be computed as the solution to a well-known
atmospheric radiative transfer (RT) equation (see, for example,
[1] for an introduction). The reflectance properties of the
surface provide a lower boundary condition for this equation
and are thus required for solving it. In the most general case,
a nonuniform and non-Lambertian boundary surface has to
be assumed. Work by Caseet al. [2] indicates that, if the
boundary condition is appropriately specified, atmospheric RT
may be rigorously decoupled from the transfer within the
surface objects.

However, the required reflectance properties of the boundary
surface can, in turn, only be retrieved from remotely sensed
data after the removal of atmospheric effects, i.e., after the
atmospheric transfer problem has been solved. This poses an
interdependence problem for surface reflectance retrieval and
atmospheric correction of remotely sensed data, which is the
topic of this paper.

For example, when the data acquired by a remote-sensing
satellite are atmospherically corrected for studies of the sur-
face, the following questions require an answer. Can a Lamber-
tian surface be assumed in atmospheric correction? What error
is incurred if the Lambertian assumption is made? How does
this error depend on aerosol optical depth, land cover type, and
observation geometry? If the instrument in question does not
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
inverted to derive land surface albedo, and the atmospheric
correction scheme assumed a Lambertian surface, the question
is what errors occur in the BRDF retrieved, and hence, in the
albedo derived from the BRDF. This study strives to investi-
gate these questions and to give a quantitative assessment of
the atmospheric correction—surface BRDF interdependence
problem.

II. BACKGROUND

In practical applications, the atmosphere–surface scattering
interdependence problem is resolved by most researchers by
assuming a strongly simplified form of the surface condi-
tion. Atmospheric correction methods usually assume that
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the surface is uniform and Lambertian [3]–[5]. However,
this assumption may lead to substantial errors in the surface
reflectance retrieved from top-of-atmosphere (TOA) radiances
[6], [7]. The atmospheric correction scheme to be employed
for NASA’s EOS AM-1 Moderate Resolution Imaging Spec-
troradiometer (MODIS) couples atmospheric correction and
surface reflectance properties specified in form of integrals of
the BRDF by performing an iteration loop. In this scheme,
atmospheric correction is first performed on MODIS obser-
vations under the assumption of a uniform, isotropic surface
BRDF in the form of a Lambertian constant. The reflectances
found are then used to retrieve a new, non-Lambertian BRDF,
and atmospheric correction is updated based on the new BRDF
[7].

In theory, this problem of specifying the correct boundary
condition at the atmosphere–surface interface is eliminated
when a coupled system of atmosphere and earth surface is
considered for the RT analysis. A single RT model that
includes RT in the atmosphere as well as at the earth’s
surface is used to provide solutions for the coupled system.
At present, such models have been developed for horizontally
homogeneous vegetation canopies [8], [9]. However, solving
the coupled RT equation is rather complicated, requiring many
approximations and a large amount of calculation [1]. The
number of parameters involved is likely to be too large for
realistic stable inversions of remote-sensing data. Also, RT
theory is not in all cases the most suitable description for land
surface scattering, tending to neglect geometric shadowing
effects (cf., [10]).

In this paper, we focus on atmospheric correction methods
that decouple the atmospheric RT from that within surface
objects. The important questions for this class of atmospheric
correction methods are whether it is necessary to take surface
anisotropic reflectance properties into consideration, how large
the effect is if they are neglected, and how to practically
include them in retrieval algorithms.

The work of Lee and Kaufman [6] shows that even for a
nonturbid atmosphere the assumption of a Lambertian surface
leads to noticeable errors in predicted upward radiance in
the backscattering portion of the hemisphere, especially for
large solar zenith angles. Their research is based on a savanna
data set [11]. Vermoteet al. [7] analyze the effect of surface
anisotropic reflectances on atmospheric correction by using a
Hapke BRDF model [12] in which the model parameters are
determined by fitting a field-measured directional reflectance
data set of a plowed field [13]. Their results show that a
surface BRDF adequate for use in atmospheric correction
can be retrieved through a preliminary atmospheric correction
assuming a Lambertian surface. The iteration they suggest
arrives at much smaller errors in the surface reflectances than
if the Lambertian-based solution had directly been adopted to
provide the corrected reflectances. For example, the error is
reduced from 10–15% to 2–3% for an aerosol optical depth
of 0.23.

We have conducted similar research, using a Ross-Thick/Li-
Sparse BRDF model to simulate the BRDF of three different
land cover types, and arrived at similar results. A single
iteration of a coupled surface BRDF retrieval and atmospheric

correction iteration loop reduced the error to a range from 0.4
to 6.2%. These research results indicate the necessity of taking
surface BRDF into account in atmospheric correction.

In spite of these results, the impact of surface BRDF effects
on the accuracy of atmospheric correction, and, vice versa,
the accuracy of surface BRDF retrieval given an atmospheric
correction method requiring assumptions about surface re-
flectance, is currently not systematically explored. The existing
work is limited to demonstrating specific cases over limited
land cover types and for limited angular sampling distributions.
Therefore, it is hard to draw general conclusions about the
errors made or the accuracies to be expected.

In this study, we systematically analyze the interrelationship
between surface BRDF retrieval and atmospheric correction
by investigating the sensitivity of surface reflectance retrieved
from atmospheric correction to the surface reflectance prop-
erties used in that correction. We focus on the atmospheric
correction method and the angular sampling patterns for the
combined EOS AM-1 MODIS and MISR instruments, as sur-
face BRDF effects will routinely be taken into account for the
first time in the atmospheric correction for these instruments.
We also investigate how albedo retrieval accuracies from
BRDF inversions of atmospherically corrected multiangular
reflectances are affected by the assumptions about the surface
made in the correction method.

III. T HEORETICAL BASIS AND SIMULATION DATA

A. Atmospheric Correction Theory

In the atmospheric correction algorithm for MODIS, devel-
oped by Vermoteet al. [7], the reflectances at the TOA for the
visible and near-infrared bands are expressed as the following
equation. Using their notation

(1)

where is the reflectance at the TOA; is the intrinsic
atmospheric reflectance (path reflectance);is the surface
reflectance; is the reflectance of the atmosphere for isotropic
light entering it from the surface; is the cosine of the solar
zenith angle; is the cosine of the view zenith angle;is the
relative azimuth between the sun and view directions;
and are the downward direct and diffuse transmittances
of the atmosphere along the path of the incoming solar
beam; and are the upward direct and diffuse
transmittances of the atmosphere in the viewing direction;
is the optical depth of the atmosphere; and, , and are the
surface hemispherical–directional, directional–hemispherical,
and hemispherical–hemispherical reflectances (albedos), re-
spectively. These latter terms, also called coupling terms,
couple the atmospheric RT with the surface reflectance prop-
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erties. They are defined as follows [7]:

(2)

(3)

(4)

where is the downwelling diffuse irradiance
with the sun at . Reciprocity of the BRDF is assumed in
(3), otherwise the directional–hemispherical integral over the
viewing hemisphere has to be calculated separately.

From these equations, we may note that, given atmospheric
optical parameters and estimates of the surface reflectance, the
coupling terms (2)–(4) can be calculated, allowing the atmo-
spherically corrected actual surface reflectances to be obtained
from observed values of by solving (1). Operationally,
initial estimates of surface reflectance may be taken either
from a priori knowledge of surface reflectance properties or
an independent surface reflectance data product, for example,
that for a previous time period. Surface reflectance may, for
example, be computed through a BRDF model describing
the bidirectional reflectances of the surface through specified
parameters. To give more weight to the actual observations
than to the estimated surface BRDF used in the calculation
of the coupling terms, Vermoteet al. [7] suggest to modify
(1) as follows:

(5)

with

(6)

where is a predicted (estimated) surface reflectance, for
example taken from a BRDF model. In this modified approach,
only the shape of the surface BRDF influences the correction
process and not the actual magnitude of the estimated surface
BRDF, removing a possible bias. The true surface reflectance

can then be obtained by solving (5), which is a quadratic
equation in [7].

When the surface is Lambertian, and
. Thus, (5) can be simplified as

(7)

In this case, can easily be calculated without a prior estimate
of the BRDF.

In this paper, we investigate systematically the accuracy
required in the initial BRDF estimate if a given predetermined
accuracy is to be achieved in atmospheric correction. The
effect of errors made in the initial assumption on the retrieved
surface reflectances is demonstrated and quantified, as is the
subsequent error in retrieving the coupling terms. The latter
are important because they are albedo, a key parameter in
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
for a given viewing and illumination geometry according to
(1). 6S also performs atmospheric correction in its inverse
mode. Here we use its atmospheric correction based on the
assumption of a Lambertian surface according to (7), which
we will call a Lambertian-based atmospheric correction for
the purposes of this paper. We have added an atmospheric
correction that considers the surface BRDF based on (5)
and uses a BRDF model. This method we will call BRDF-
based atmospheric correction. The BRDF model used is the
semiempirical Ambrals BRDF model (algorithm for MODIS
bidirectional reflectance anisotropy of the land surface) [15]
that will be used operationally in deriving BRDF’s from
MODIS multiangular observations [16]. This model is devised
for speed in operational applications, and it is driven by only
three parameters. However, validation using field-observed
data [17] shows that it is well capable of capturing naturally
occurring BRDF shapes. Its accuracy in retrieving BRDF and
albedo from sparse angular sampling has been extensively
studied [18], [19], and its performance is generally found to
be comparable to that of other simple BRDF models. Errors
are mostly within a 10% margin for reflectance and albedo.

B. Parameters and Data Used

In this study, we used the forward mode of 6S to calculate
TOA reflectances , as are expected from the MODIS
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
sampling distributions to be investigated for a complete study
of the surface-atmosphere coupling problem. To make our
simulation convincing, the following variations in conditions
were applied.

1) Angular Sampling:We use Xsatview software [20] to
simulate the angular distribution of observations for
the EOS MODIS and MISR instruments for geographic
locations from latitude 60S ( 60 ) to latitude 60 N
( 60 ) in intervals of 15 during a 16-day period around
March 12. This sampling was chosen because data
from these two instruments will be combined to derive
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 angle 30�) for four different data sets observed by Kimeset al. [21], [13], [22]: plowed field,
sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). True value (modeled field observations), solid line; values retrieved
from atmospheric correction making the assumption of a Lambertian surface, dotted line; values retrieved from atmospheric correction after one iteration
of the surface BRDF-atmosphere coupling loop, dashed line. The aerosol optical depth is 0.2.

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
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.

2) Surface Cover/BRDF Types:Four 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 LAI ) and
a hardwood forest. The semiempirical Ambrals BRDF
model [15], [16] was inverted on these data sets to
determine model parameters, which were then used to
forward-model bidirectional reflectances at the angles
given by the respective angular sampling distributions.
Both the red and the near-infrared band were studied.
Figs. 1 and 2 show the BRDF’s of these land cover
types, as represented by the Ambrals model, in the
principal plane, for a solar zenith angle of 30, and in
the red and near-infrared bands, respectively, as solid
lines. As can be seen, these BRDF’s cover a variety of

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.

3) Atmospheric Conditions:A continental aerosol model
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 latitudes (30 );
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].

C. Magnitude of Atmospheric Effects

To clearly demonstrate the magnitude of atmospheric ef-
fects, the root mean square relative errors (rmse’s) between
the true surface reflectances and those at the TOA

are plotted in the top row of panels of Figs. 3 (red
band) and 4 (near-infrared band) as a function of latitude
and optical depth, and for the four different land cover types.
Rmse’s were calculated in each instance for the angles given
by the respective angular sampling at each latitude. Figs. 5
and 6 show plots of the TOA and at-surface reflectances
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 angle 30�) for four different data sets observed by Kimeset al. [21], [13], [22]: plowed
field, sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). True value (modeled field observations), solid line;values
retrieved from atmospheric correction making the assumption of a Lambertian surface, dotted line; values retrieved from atmospheric correction after one
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 how
atmospheric scattering affects the shape of the surface BRDF.
From these figures, we may see that 1) the atmospheric
effects are larger in the red band than in the near-infrared
band because atmospheric scattering decreases as wavelength
increases and the effect of the atmospheric path radiance is
larger relative to the small reflectances of vegetated land covers
in the red band than to their larger reflectances in the near-
infrared band, and 2) the atmospheric effects increase with
increasing optical depth of aerosols (even for an atmosphere
with an aerosol optical depth of 0.1 the atmospheric effect is
still large, ranging from 3.0% for the hard wheat field to 124%
for the hardwood forest in the red band) and the shape of the
surface BRDF at the TOA is far different from that of the true
one, due to the effect of atmospheric scattering. These results
show that atmospheric effects on remotely sensed observations
should be removed in remote-sensing applications in which
absolute surface reflectances are needed.

IV. SENSITIVITY OF ATMOSPHERICALLY

CORRECTEDSURFACE REFLECTANCES TO THE

BRDF ESTIMATES USED IN THE CORRECTION

From (5), we can see that the surface BRDF influences the
TOA reflectance through the terms, , and . In order
to study the interrelationship between atmospheric correction
and surface BRDF retrieval, we investigate the sensitivity of
the retrieved surface reflectance to these ratios. Assuming that
an error occurs in the required initial estimates for the three
coupling term ratios, either separately in each term, , and

, or in all three terms simultaneously, we calculate the rmse

between the true surface reflectance and the one retrieved as
a function of the magnitude of the error made.

Figs. 7 and 8 show mean values for the red and near-infrared
bands, respectively, and for different aerosol optical depths.
The -axes show an assumed relative error in percent in the
estimated value of the coupling term ratio(s), and the-axes
show the mean relative rmse in percent between the true and
the retrieved reflectances caused by these errors. The error bars
show the range of the rmse in the various cases investigated
(different land cover types and angular sampling distributions).
Since in each case the TOA reflectance was calculated from
the true surface BRDF, a correct initial estimate leads to a
perfect retrieval. Any rmse seen is due alone to errors made
in the coupling term ratios.

From these plots, we can see the following.

1) Sensitivity of the retrieved surface reflectance is nearly
linear to any error occurring in , or . Tables I and
II give the approximate slopes of these error functions
for the red and near-infrared bands, respectively.

2) Retrieved surface reflectance is more sensitive to errors
in and than to errors in . This is because the
contributions of the surface hemispherical–directional
and directional–hemispherical reflectance to the upward
radiance naturally are larger than that of the surface
hemispherical–hemispherical reflectance.

3) Retrieved surface reflectance is much more sensitive to
an error made simultaneously in all three coupling term
ratios than to an error made in only one of them. For
example, for an aerosol optical depth of 0.2 in the red
band, a 10% error in , , 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 I (top row) show top-of-atmosphere values,
plots labeled II (middle row) show values retrieved from atmospheric correction when making the assumption of a Lambertian surface, and plots labeled III
(bottom row) show values retrieved from atmospheric correction after one iteration of the surface BRDF-atmosphere coupling loop. Curves are shown for four
different BRDF data sets observed by Kimeset al. [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% error
in all three terms at the same time, in contrast, leads
to an error in the retrieved surface reflectance of about
3%. This case is the more realistic one because, if an
approximate BRDF estimate leads to an error in, it is
very likely that the error will be similar in and .

4) Sensitivity of the retrieved surface reflectance to errors
in the coupling term ratios is larger in the red band than
in the near-infrared band and increases as the optical
depth of aerosols increases, and the error bars indicate
that it varies with land cover type and angular sam-
pling distribution (which influences the angular locations
where the reflectances are retrieved).

In the following, we will analyze the relationship between
surface BRDF retrieval and atmospheric correction by consid-
ering these results in the context of the assumptions commonly
made in atmospheric correction models.

A. Lambertian-Based Atmospheric Correction

A Lambertian-based atmospheric correction assumes that
the surface reflects light isotropically. This is not a very
realistic assumption, but it simplifies the problem substantially,

which is why it has been a common assumption in atmospheric
correction. In that case, , , and are all equal to unity.
Since the true values of these coupling ratios are different
from unity for the different BRDF types (land cover types)
investigated, we may calculate the errors introduced into,

, and caused by the Lambertian assumption for different
aerosol optical depths. Tables I (red band) and II (near-infrared
band) show this mean error made for the different land cover
types and angular sampling distributions as well as their ranges
(in brackets). The error depends on angular sampling because
of the normalization of the coupling terms by estimated
reflectances defined in (6).

The tables show that errors in the coupling term ratios
of more than 10%, in some cases of more than 20%, are
implicit in making the Lambertian assumption. For aerosol
optical depths of 0.4, errors can be as much as 50%. These
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-
ample, the estimated rms relative error in the retrieved surface
reflectances is between 1.8 and 7.3%, even for a small aerosol
optical depth of 0.1 in the red band.
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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 atmospheric correction
as a function of latitude for combined MODIS/MISR sampling for a 16-day period around March 12. Plots labeled I (top row) show top-of-atmosphere values,
plots labeled II (middle row) show values retrieved from atmospheric correction when making the assumption of a Lambertian surface, and plots labeled III
(bottom row) show values retrieved from atmospheric correction after one iteration of the surface BRDF-atmosphere coupling loop. Curves are shown for four
different BRDF data sets observed by Kimeset al. [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-
spheric correction based on a Lambertian assumption. TOA
reflectances calculated using the inverse mode of 6S
were corrected according to (7). Table III shows the mean
and range of values (in brackets, for all cases studied) of
the relative rmse (in percent) found between the true surface
reflectances used in the 6S forward modeling and the surface
reflectance values retrieved through atmospheric correction
making the Lambertian assumption. As the table shows, even
in a nonturbid atmosphere, the error in the retrieved surface
reflectance is potentially still a few percent, rather large in view
of the accuracies attempted by next-generation sensors like
MODIS or MISR. For example, when the aerosol optical depth
is 0.1, the mean value of the relative error in the near-infrared
is 1.9%, its maximum as high as 4.1%. In the red band, the
error increases to a mean value of 3.2% and a maximal value
of 7.7%. Furthermore, as the aerosol optical depth increases
from 0.1 to 0.4, the mean error increases from 3.2 to 7.5% in
the red band and from 1.9 to 5.0% in the near-infrared band,
the worst cases having even larger errors.

The large error ranges indicate that the error varies with
land cover type and angular samplings, i.e., the BRDF shape.
This point is illustrated by the middle row of plots in Figs. 3
and 4. Different land cover types possess different BRDF
shapes. Thus, the error caused by the assumption of a Lam-
bertian surface is different. The farther away from isotropy
the surface BRDF shapes are, the larger the error is. Among
the land cover types used, the plowed field has the strongest
anisotropic reflectance characteristics; thus, the error caused
for the plowed field is largest. The differences in the error
caused in the surface reflectance in different cases become
larger with increasing aerosol optical depth.

To see how a Lambertian-based atmospheric correction
affects the BRDF shape, we show BRDF plots in the principal
plane in Figs. 1 and 2, in which the dotted lines are the
BRDF’s retrieved from the Lambertian-based atmospheric
correction. From these plots, we note that the Lambertian-
based atmospheric correction distorts the BRDF shape and
that the largest errors occur at the hot spot and bowl edge
areas. But the BRDF shapes retrieved from the Lambertian-
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Fig. 5. Red band BRDF in the principal plane (solar zenith angle 30�) for four different data sets observed by Kimeset al. [21], [13], [22]: plowed
field, sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). Surface values (modeled field observations), solid line;
top-of-atmosphere values, dotted line. The aerosol optical depth is 0.2.

Fig. 6. Near-infrared band BRDF in the principal plane (solar zenith angle 30�) for four different data sets observed by Kimeset al. [21], [13], [22]: plowed
field, sparse hard wheat, grass lawn, and hardwood forest (representing major land cover types). Surface values (modeled field observations), solid line;
top-of-atmosphere values, dotted line. The aerosol optical depth is 0.2.

based atmospheric correction are nearer to the true ones than
an isotropic constant would be.

One direct application of atmospheric correction is to use
the retrieved multiangular land surface reflectances to invert a
BRDF model that may then be integrated to yield land surface
bihemispherical albedo. Table III shows the rmse’s found

between modeled and retrieved Ambrals model parameters
and bihemispherical albedo. Errors in the retrieved model
parameters are very large, displaying mean rmse’s such as
13.6% for an aerosol optical depth of 0.1 in the red band, with
worst cases showing rmse’s of up to 30%. The bihemispherical
albedo 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 in percent ofthe
reflectances at the angles observed. Plots labeled I (top row) show the sensitivity to errors in�

�, plots labeled II (second row) to errors in�0�, plots labeled
III (third row) to errors in��, 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 land covertype
(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 iterative coupling
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 red
and near-infrared bands for various cases (different latitudes,
land cover types, and aerosol optical depths). Depending
on the application, this may be an acceptable error. Mean
errors are between 1 and 2%. It is not surprising that albedo
retrieval is less sensitive to atmospheric correction than BRDF
retrieval since it is an integral quality in which reflectances
observed at large and small zeniths contribute less than those
at intermediate zenith angles. Such conclusions are relevant
to data processing for MODIS and MISR, in which BRDF
parameters and albedo are among the standard data products.

Generally, these investigations lead to the conclusion that
the surface BRDF should be taken into account for accurate
retrievals of the surface BRDF. Atmospheric correction based
on the Lambertian assumption is not sufficient, especially for
aerosol optical depths above or around 0.2.

B. Atmospheric Correction Using an Iterative
Coupling with Surface BRDF Retrieval

If the Lambertian assumption is to be avoided and no
reasonably accurate prior knowledge of the BRDF shape

exists, surface BRDF retrieval and atmospheric correction have
to be linked. One way to do this is through an iterative
loop in which the initial assumption about the BRDF being
Lambertian is replaced in the next iteration step by the BRDF
retrieved making that assumption. Using this BRDF, improved
atmospheric correction yields improved surface reflectances
and, thus, a new surface BRDF. This iteration loop may be
continued until the desired accuracy is reached. Convergence is
assured if the albedos derived from the BRDF model used are
approximately correct under the available angular sampling.
The BRDF employed in one step will then always yield better
results than that used in the previous step.

Here, we investigate whether one cycle of the iteration
will already reduce errors to acceptable levels of around 1%.
The initial values of , , and are estimated from the
results of a Lambertian-based atmospheric correction. From
the previous calculations, we know that this leads to noticeable
errors in the model parameters (Table III). However, the errors
caused in , , and by using these model parameters
are already much smaller. The first iteration then consists
of 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 relative error in percent
of the reflectances at the angles observed. Plots labeled I (top row) show the sensitivity to errors in�

�, plots labeled II (second row) to errors in�0�, plots
labeled III (third row) to errors in��, 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 land
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 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 iterative
coupling between surface BRDF and atmospheric correction as an iteration toward the origins of the plots.

retrieved from the Lambertian-based atmospheric correction to
obtain model parameters, which are then used together with the
atmospheric optical parameters to estimate the surface BRDF
and , , and for the subsequent atmospheric correction.
This correction we call BRDF retrieval from BRDF-based
atmospheric correction.

Tables I and II show the errors between the true, , and
and the values estimated through the one-step atmospheric

correction iteration loop. Compared with the errors made when
assuming a Lambertian surface, the errors are smaller (2–4% as
opposed to more than 10% in the mean), causing smaller errors
in the retrieved surface reflectance (refer to the sensitivity
slope given). However, when the optical depth of aerosols is
large, such as 0.4, the errors in the retrieved surface reflectance
are still not less than 1%, as shown in Table IV; in the red
band, for example, a mean value of about 2.6% is observed,
with the worst case showing errors of up to 9%.

Table IV also shows remaining errors in the BRDF model
parameters and surface bihemispherical albedos after perform-
ing the first iteration. Compared with the errors caused by

Lambertian-based atmospheric correction (Table III), they are
much smaller. In the red band, for example, the mean error
in the retrieved surface reflectance decreases from 3.2–7.5%
(depending on optical depth) to 0.5–2.6%. The ranges of error
are also smaller, which may be seen in the bottom row of
plots in Figs. 3 and 4. This is because for each land cover
type studied the surface reflectance properties used for the
first iteration are nearer to the true ones than those used in
Lambertian-based atmospheric correction; thus, the difference
in the extent to which the estimated BRDF shapes deviate
from the actual ones for different cases is decreased. Retrieved
BRDF shapes are shown in Figs. 1 and 2, where the dashed
lines are the results found from the first iteration. They are
very close to the true values. Bihemispherical albedo errors
are also less, down from 1 to 2% to mostly less than 1%.

While errors have been greatly reduced by performing one
step of the iteration loop, Table IV still shows errors of several
percent in some cases, especially for high aerosol optical
depths. We therefore explore the improvements achievable
through a second iteration by fitting the Ambrals BRDF
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TABLE I
RED BAND MEAN rms RELATIVE ERROR IN PERCENT OFESTIMATES FOR THE

COUPLING TERMS ��, �0�, AND �
� WHEN USING THE LAMBERTIAN ASSUMPTION

AND PERFORMING ONE OR TWO ITERATIONS OF ATMOSPHERICCORRECTION

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 SHAPES). THE SLOPE GIVEN REFERS TO THEIMPACT OF A GIVEN

COUPLING TERM ERROR ONTO THErmse (IN PERCENT) OF THE RETRIEVED

BIDIRECTIONAL REFLECTANCES ASCOMPARED TO THE TRUE REFLECTANCES

TABLE II
NEAR-INFRARED BAND MEAN rms RELATIVE ERROR IN PERCENT OFESTIMATES

FOR THE COUPLING TERMS ��, �0� , AND �
� WHEN USING THE LAMBERTIAN

ASSUMPTION AND PERFORMINGONE OR TWO ITERATIONS OF ATMOSPHERIC

CORRECTION WITH SURFACE BRDF RETRIEVAL (RANGES OF VALUES IN

PARENTHESES). MEANS AND RANGES REFER TODIFFERENT ANGULAR SAMPLING

CONDITIONS (MODIS/MISR) AND FOUR DIFFERENT TYPICAL LAND COVER

TYPES (BRDF SHAPES). THE SLOPE GIVEN REFERS TO THEIMPACT OF A GIVEN

COUPLING TERM ERROR ONTO THErmse(IN PERCENT) OF THERETRIEVED

BIDIRECTIONAL REFLECTANCES ASCOMPARED TO THE TRUE REFLECTANCES

TABLE III
RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT

BETWEEN TRUE BRDF, AMBRALS BRDF MODEL PARAMETERS, AND SURFACE

HEMISPHERICAL ALBEDO, RESPECTIVELY, AND THEIR RETRIEVED VALUES FROM

ATMOSPHERICCORRECTION WHENASSUMING A LAMBERTIAN SURFACE (RANGE

OF VALUES FOR DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS

AND FOUR DIFFERENT TYPICAL LAND COVER TYPES IN PARANTHESES)

models to the surface reflectances retrieved from the first
iteration. Because the errors in the model parameters inverted
from the first iteration are much smaller than those from
the Lambertian-based atmospheric correction, in this step, the
errors in , , and calculated based on these model
parameters should be smaller than those in the first iteration.
Consequently, the errors in the retrieved surface reflectances

TABLE IV
RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT

BETWEEN TRUE BRDF, AMBRALS BRDF MODEL PARAMETERS, AND SURFACE

BIHEMISPHERICAL ALBEDO, RESPECTIVELY, AND THEIR RETRIEVED VALUES

FROM ATOMSPHERICCORRECTION WHENPERFORMINGONE ITERATION LOOP

BETWEEN ATMOSPHERICCORRECTION AND SURFACE BRDF RETRIEVAL (RANGE

OF VALUES FOR DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS

AND FOUR DIFFERENT TYPICAL LAND COVER TYPES IN PARENTHESES)

TABLE V
RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT

BETWEEN TRUE BRDF, AMBRALS BRDF MODEL PARAMETERS, AND SURFACE

BIHEMISPHERICAL ALBEDO, RESPECTIVELY, AND THEIR RETRIEVED VALUES

FROM ATMOSPHERICCORRECTION WHENPERFORMING TWO ITERATION LOOPS

BETWEEN ATMOSPHERICCORRECTION AND SURFACE BRDF RETRIEVAL (RANGE

OF VALUES FOR DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS

AND FOUR DIFFERENT TYPICAL LAND COVER TYPES IN PARENTHESES)

are smaller than those occurring after the first iteration, as can
be seen from Tables I, II, and V. The mean errors in, ,
and 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
optical depth of 0.4. In each step, we used the Ambrals
BRDF model to fit the reflectances retrieved from the previous
step and performed a BRDF-based atmospheric correction
using the inversion results. The rmse between the true surface
reflectances and the retrieved values, and the relative change
in the model parameters between subsequent steps, decreases
as more iterations are performed. After five iterations, for
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TABLE VI
RED AND NEAR-INFRARED BAND MEAN rms RELATIVE ERRORS IN PERCENT

BETWEEN TRUE VALUES OF THECOUPLING TERM �
� AND ITS VALUE ESTIMATED

AFTER PERFORMINGONE ITERATION LOOPBETWEEN ATMOSPHERICCORRECTION

AND SURFACE BRDF RETRIEVAL UNDER THE ASSUMPTION OF ANISOTROPIC

SKYLIGHT DISTRIBUTION (RANGE OF VALUES FOR DIFFERENT MODIS/MISR
ANGULAR SAMPLING DISTRIBUTIONS AND FOUR DIFFERENT TYPICAL LAND

COVER TYPES IN PARENTHESES). COMPARE TO VALUES IN TABLES I AND II

example, the relative change in the model parameters has
already decreased to 0.5% and the mean rms error in the
retrieved surface reflectances to 0.05% in the red band. The
convergence of the iteration loop is found to be more rapid in
the near-infrared band than in the red band.

In summary, surface BRDF retrieval and atmospheric cor-
rection can be coupled in a converging iteration loop, which
may be utilized to improve the quality of atmospheric cor-
rection of reflectances and, consequently, the quality of re-
trieved BRDF’s, BRDF model parameters, and bihemispher-
ical albedo.

C. Effect of Diffuse Skylight on Atmospheric Correction

Equation (2) demonstrates that to knowrequires knowl-
edge of the downward radiance distribution. Thus, in a BRDF-
based atmospheric correction, the exact distribution of skylight
needs to be known. Here we will investigate the assumption
that the skylight is isotropic, which if reasonable would allow
us to be saved from a large amount of calculations. We
use the model parameters retrieved from Lambertian-based
atmospheric correction and assume the skylight is isotropic
to calculate the estimated . Table VI lists the mean rmse
(and range) between the estimated and the true values.
Compared with the corresponding results in Tables I and II,
where the diffuse skylight distribution is calculated exactly, the
estimated error in increases from 0.8–5.7% to 5.2–16.0%
for an aerosol optical depth of 0.1 in the red band. The
corresponding error caused in the surface reflectances by the
error in increases from 0.1–0.6% to 0.5–1.6%. We therefore
conclude that, if accuracies at the percent level are a concern,
assumption of an isotropic distribution of skylight should be
avoided in atmospheric correction.

D. Comparison between BRDF-Based Atmospheric Correction
Using Absolute Surface BRDF and Using BRDF Shape Only

The atmospheric correction procedure used here normalizes
the coupling terms by the values of the estimated bidirectional
reflectance in each direction considered [6], [7]. Thus, only
the estimated BRDF shape is influencing the correction, not
the magnitude of the BRDF. This, it is argued, retains the
value of the surface reflectance that is to be retrieved through
atmospheric correction as a free variable that is not biased
by the BRDF estimate used in the coupling. We investigate
whether this actually reduces error in the intended way.

Results for the bihemispherical coupling term are already
available. Tables I and III show the rmse between the true

TABLE VII
RED BAND MEAN rms RELATIVE ERRORS IN PERCENT BETWEEN TRUE VALUES

OF THE NONNORMALIZED COUPLING TERMS � AND �
0 AND THEIR VALUES

ESTIMATED AFTER PERFORMING ONE ITERATION LOOP BETWEEN ATMOSPHERIC

CORRECTION AND SURFACE BRDF RETRIEVAL (RANGE OF VALUES FOR

DIFFERENT MODIS/MISR ANGULAR SAMPLING DISTRIBUTIONS AND FOUR

DIFFERENT TYPCIAL LAND COVER TYPES IN PARENTHESES). COMPARE TO

VALUES FOR ATMOSPHERICCORRECTION USING ONLY BRDF SHAPE (TABLE I)

ratio of the surface bihemispherical albedo to its bidirectional
reflectance, , and the estimated ratio from the results of the
Lambertian-based atmospheric correction, and that between
the true surface bihemispherical albedoand its estimated
value from the results of the Lambertian-based atmospheric
correction, respectively. From these results, we can see that
the rmse in is smaller than that in . Similarly, we also
calculate the estimated errors inand for the first step of the
iteration loop. The results are shown in Table VII. Comparison
with the respective entries of Table I reveals that the errors in

and are also smaller than those in and . That is to
say, not performing the normalization leads to smaller errors
in the coupling terms for the cases tested here.

But these coupling terms themselves are just a means for
atmospheric correction and surface reflectance retrieval. So
the real question is whether atmospheric correction based on
(5) is better than that based on (1). To answer this question,
we analyze the sensitivity of the retrieved surface reflectance
to , , and according to (1) under the same simulation
conditions as those in the earlier sensitivity analysis. Fig. 9
displays the results for the red band. Comparing Figs. 9 and
7, we can see that the surface reflectance is clearly more
sensitive to , , and than to , , and , especially for
large optical depths. Thus, even though the estimated errors
in , , and are smaller than those in , , and , the
error caused in the surface reflectances is larger when using
coupling terms not normalized by the BRDF magnitude in
each direction. BRDF-based atmospheric correction using the
estimated surface BRDF shapes alone is better than that using
absolute surface BRDF.

E. Application To Satellite Data

Fig. 10 demonstrates the changes incurred in retrieved re-
flectance and albedo for five different pixels of NOAA-14
AVHRR data. Data with 1-km spatial resolution were acquired
for these five different New England locations during a 16-day
period in September 1995. Angular sampling is sparser than
for the MODIS-MISR sensor combination, leading to an
additional sensitivity of the retrieved reflectances and albe-
dos to changes in atmospheric correction. As may be seen,
reflectances at some view zenith angles change considerably
and albedo is altered by several percent when performing a
one-loop iteration as opposed to making the Lambertian as-
sumption. Unfortunately, no ground-based spectral validation
of these findings is currently possible at the required spatial
scale 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 in percent ofthe
reflectances at the angles observed. The solid lines show the sensitivity when normalizing the coupling terms to the respective bidirectional reflectances,
i.e., using only BRDF shape, not magnitude in the atmospheric correction coupling. The dotted lines show the sensitivity when the coupling terms are not
normalized. Plots labeled I (top row) show the sensitivity to errors in�

�, �; plots labeled II (middle row) to errors in�0�, �0; and plots labeled III (bottom
row) to errors in��, �. The optical depth increases in each row from left to right from 0.1 to 0.4.

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 maximal number
of clear-sky observations during the period (10, 11, or 12 looks, respectively). The left panel shows, as a function of view zenith angle, the relativedifference
between reflectances retrieved from atmospheric correction when making the Lambertian assumption and when performing a one-iteration loop. The right
panel shows the relative error in directional–hemispherical albedo (diamonds) at the solar zenith angle of observation (41�) and in bihemispherical 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
the Absence of Multiangular Data

Figs. 7 and 8 also provide some insight into the problem of
atmospheric correction for satellite sensors that do not have
multiangular capabilities, such as the nadir-viewing Landsat
sensors. If taking the surface BRDF into account in atmo-
spheric correction is important, the question arises of how
to obtain such a BRDF if it cannot be deduced from the
data themselves through inversion and iterative coupling. One
possibility is to apply the BRDF derived from a different
sensor system, another is to use land cover type to predict a
BRDF. In either case, the BRDF estimated will only roughly
approximate the true BRDF. Figs. 7 and 8 allow us to judge
how much error is admissible in the coupling terms derived
from the estimated BRDF if the retrieved reflectances are to
be within a given error range. The sensitivity curves given
indicate that an error of several percent will still lead to an
improvement in the correction over making the Lambertian
assumption, allowing us to work with estimates that may not
be directly derived from the data in question themselves. The
caveat here is that the numbers given refer to MODIS/MISR
angular sampling distributions, but results for other samplings
should be similar.

V. CONCLUSIONS

In this study, we analyze the sensitivity of atmospherically
corrected reflectances to effects of surface anisotropy, as
expressed by the surface BRDF and integrals of it. The com-
mon simplifying practice of not taking into account surface
BRDF effects in atmospheric correction but rather assuming a
Lambertian surface is shown to result in mean errors of 3–7%
in the red and 2–5% in the near-infrared (depending on optical
depth), with worst cases showing errors of up to 10–20%
(values given for the range of MODIS/MISR angular sampling
distributions and land cover types studied). The farther away
from isotropy the BRDF shape is, and the larger the aerosol
optical depth, the larger the error becomes. Albedo errors are
between 1 and 2% in the red and near-infrared, with worst
cases showing errors of up to 5% (3% even for small optical
depths).

To overcome these errors, surface BRDF retrieval and at-
mospheric correction can be coupled in a converging iteration
loop. The initial values of surface reflectance properties to be
used in atmospheric correction are derived from atmospheric
correction making the assumption of a Lambertian surface. The
accuracy of the estimated surface reflectance properties used
in atmospheric correction then increases as more iterations are
performed, and, consequently, the error in the retrieved sur-
face reflectances decreases. One or two iterations are already
sufficient to obtain a small mean error: after one iteration,
the mean reflectance error is reduced to less than 3% in the
red and about 1% in the near-infrared (with worst cases still
ranging to several percent more) even for a large atmospheric
optical depth of 0.4. After two iterations, the mean errors are
below 1% in both bands, with worst cases ranging to not more
than about 4% in the red and 1% in the near-infrared, again
for optical depth 0.4. Mean bihemispherical albedo errors are

down to about 1% after one iteration (worst cases 3%) for all
optical depths, and down to less than about 1% even for the
worst cases after two iterations in both bands.

All error values in this study are based on the assumption
that the exact atmospheric optical parameters are known. Since
this does not hold in actual applications, we will investigate in
future work the effect of uncertainty in atmospheric optical
parameters on the sensitivity of atmospheric correction of
reflectances to the surface BRDF.

This work shows how advanced multiangular remote-
sensing techniques, as will be available for example from
MODIS or MISR, may be employed to achieve improved land
surface reflectance retrievals and hence improved subsequent
retrievals of biophysical parameters. As the capability of
sensors increases, so should the properties of the algorithms
used. MODIS atmospheric processing, for example, in its full
implementation, will include the BRDF coupling discussed
here (see [7] for details). This study specifies the impact this
coupling will have on accuracies. It may also be used to judge
the accuracy required ina priori assumptions made for BRDF
and/or albedo, for example, based on land cover type, in cases
in which no multiangular data are available, but effects of
land surface anisotropy are nevertheless to be included in
atmospheric correction.
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