
Using BRDFs for Accurate Albedo Calculations and
Adjacency Effect Corrections

Christoph C．Borel�Siegfried A．W．Gerstl
（ NIS-2�Mailstop C323�Los Alamos National Laboratory�Los Alamos�NM87545�USA

E-mail：cborel＠lanl．gov；http：／／nis-www．lanl．gov／borel／）

Abstract　In this paper we will discuss two uses of BRDFs in remote sensing：（1） in determining the clear sky top of the at-
mosphere （TOA） albedo�（2） in quantifying the effect of the BRDF on the adjacency point-spread function and on atmo-
spheric corrections．

The TOA spectral albedo is an important parameter retrieved by the Mult-i angle Imaging Spectro-Radiometer （MISR）．
Its accuracy depends mainly on how well we can model the surface BRDF for many different situations．We will present re-
sults from an algorithm which matches several sem-i empirical functions to the nine MISR measured BRFs that are then nu-
merically integrated to yield the clear sky TOA spectral albedo in four spectral channels．We show that absolute accuracies in
the albedo of better than1％ are possible for the visible and better than2％ in the near infrared channels．

Using a simplified extensive radiosity model�we will show that the shape of the adjacency point-spread function （PSF）
depends on the underlying surface BRDFs．The adjacency point-spread function at a given offset （x�y） from the center pixel
is given by the integral of transmission-weighted products of BRDF and scattering phase function along the line of sight．
Key words　Clear sky albedo�BRDF�Adjacency effect�Atmospheric point spread function

1　INTRODUCTION
The Mult-i angle Imaging Spectro-Radiometer

（MISR） instrument is slated for the EOS-AM plat-
form to be launched in1998．The instrument consists
of nine cameras pointed at zenith angles of ±70．5�
±60�±45�±26．1and0degrees in the along track
direction．Each camera has four spectral channels
with center bandpass wavelengths at 443nm （blue）�
550nm （green）�670nm （red） and865nm （near in-
frared）．The instrument will be used to infer top of
the atmosphere spectral albedo （clear and cloudy con-
ditions ）� surface bidirectional reflectance� global
aerosol distributions and other atmosphere and surface
parameters at the4spectral bands．Global monitoring
of the earth radiation budget is one of the main goals
in global change research programs．

2　TOA ALBEDO ALGORITHM BASED ON
SEMI-EMPIRICAL MODELS

Simulated MISR data set
Since there is no MISR data yet available it was

necessary to simulate MISR data as closely as possible
to what will be expected from the EOS instrument in
a few years．Several “Radiative transfer” （RT） codes
were considered for this task．A key requirement was
that the surface had to be modeled using a surface
“ Bidirectional Reflectance Distribution Function ”
（BRDF）［1］．Furthermore the RT codes must accu-
rately calculate the multiple scattering for a large
range of sun and view angles in order to perform a nu-
merical integration over the hemispherical BRF for
the albedo calculation．Multiple scattering is an im-
portant component of the measured signal in the visi-
ble and near infrared spectral region．

Using a radiative transfer code written by John
Martonchik at JPL we generated hemispherical TOA
radiance fields for four MISR channels�five different
aerosol types （urban�rural�maritime�desert and
arctic） and46surface BRDFs from experimental data
and models for vegetation （23）�bare soil （3）�rough
water surface （11）�snow and ice （9）．
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Sem-i empirical models
Since MISR measures only in nine discrete direc-

tions it is necessary to estimate the TOA radiance in
directions which are not seen by MISR using what we
call an azimuthal model （AZM）．Various Sem-i Em-
pirical Models （SEM） were considered in this study
and used to compute an albedo estimateα0�c The basic
idea is to take a sem-i empirical function which is able
to represent many different TOA BRFs．This func-
tion should have as few parameters as possible�is u-
niquely invertible�reciprocal （sun and view angles are
interchangeable without changing the value ） and
should have little sensitivity to noise．

As a good starting point we decided to investi-
gate the “Coupled Surface-Atmosphere Reflectance”
（CSAR） model further ［2］．Using the CSAR model
worked well except for very dark surfaces．We found
that including some atmospheric terms in the CSAR
model improved the albedo estimates over dark sur-
faces．The modified CSAR model we used has the
form：

BRFmod（θs�●s；θv�●v；h）
　＝BRFCSAR·exp（－τsμs －

τvμv）
　　＋BRFRayleigh（θs�●s；θv�●v；h） （1）

Algorithm outline
The following algorithm was implemented and

tested on simulated MISR BRFs over many surface
types and atmospheric conditions：

1） Read TOA BRFs from JMRT output
2） For all Nc casesκ＝1�2�3�…�Nc do：
（a） Compute the albedoα0�κ
（b） For view azimuth angles●j＝［0°�30°�60°�

90°］do：
i．Extract a BRF slice （BRF i�i＝1�2�…�9） at

the MISR angles for （●j�●j＋180°）．
ii．Perform nonlinear curve fit of BRF j�i results

in estimated CSAR parameters e0�j�k�κj�k andΘ0�j�k．
iii．Do a numerical integration of CSAR model

over the hemisphere results in estimated albedoα0�j�k．
iv．Compute albedo errorε（α0�j�k）＝α0�k－α0�j�κ．
（c） Plot standard deviationσof the albedo error

ε（α0�j�κ） as a function of view azimuth●j．
（d） Generate TOA BRF from estimated CSAR

parameters and display next to original．
3） Generate scatter plots of standard deviation of

the albedo error versus azimuth marking different sur-
face types with symbols．
Results

We find that for most cases our albedo error will
be less than1％ in the visible and less than1．5％ in
the NIR which is a significant advancement of the
state-of-the-art for global change research goals．In
contrast�if only nadir measurements are used the
albedo error is about5％ in the visible and10％ in
the NIR．More work is however needed to make this
approach robustly work for all surfaces and atmo-
spheric conditions．We found that it was possible to
use retrieved model parameters in the NIR to distin-
guish vegetative from non-vegetative surfaces．

3　 BRDF DEPENDENT ADJACENCY EF-
FECT

When images of heterogeneous land surfaces are
acquired through the atmosphere�the measured radi-
ance data include not only the surface radiances per
pixel but also contain modifications due to the atmo-
sphere．Correcting such modified land imagery for at-
mospheric effects�one must consider atmospheric ab-
sorption as well as scattering．In this section we con-
centrate on the atmospheric scattering that gives rise
to a blurring effect of adjacent pixels．One can model
the blurring due to the adjacency effect with a point
spread function （PSF）．That PSF is a filter function
which is convolved with the unperturbed （no atmo-
sphere） image of a surface．Most PSF’s are generated
by Monte Carlo-based methods and are assumed to be
rotationally symmetric and thus�are not valid for off-
nadir views．In the situation of a pointable sensor�it
is necessary to compute off-nadir PSF’s which are
generally asymmetric．Our simulation takes aerosol
scattering phase functions and ground bidirectional re-
flectance distributions （BRDF） into account．Using
the inverse filter of the PSF it is possible to correct
the adjacency-blurred image and restore the unper-
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turbed contrast ratios at reflectance discontinuities．
The extended radiosity method ［3］ is based on ra-

diative transfer and considers energy exchange be-
tween volume／volume� volume／surface� surface／
volume and surface／surface elements．It assumes ：

1） Isotropic�volumetric emission and scattering
by the participating medium for the volume elements

2） Diffuse （Lambertian） reflection from opaque
surfaces

3） Arbitrary directional illumination
The radiosities are given by the sums of the e-

mission and the scattered and reflected radiosities
from all other surfaces and volumes．The view factors
are defined as the ratio of the total energy emitted or
scattered by a surface or volume arriving at another
surface or volume divided by the radiosity of the
source surface or volume．
Point-spread function for lambertian surfaces

In an optical system the point spread function
PSF（x�y�z；x0�y0�z0；θs�●s；θr�●r）can be defined as
the scattering contribution of a surface element dA＝
dx·dy illuminated from direction （θs�●s） located at
（x�y�z＝z0） into the line-of-sight direction of the ob-
server （θr�●r） looking at point （x0�y0�z0）．Fig．1
shows the geometry for the ground to atmosphere
scattering．One can show ［4�5］ that the unit less PSF is
given by：

Fig．1　Geometry for computing the point spread function

PSF（x�y�…） ＝κsΔl
4π●Kκ＝1

τ（γκ）cosθr�κf（θp�κ）dx dy
πr2κ

·exp［－κt（K－κ）Δl］　　（2）
whereκs is the scattering coefficient in ［m－1］�Δl＝
Lz／（Kcosθr）�Lz is the height of the scattering atmo-
sphere�K is the number of layers in the atmosphere�
τ（rκ）＝exp（－κt rk）�κt is the total scattering coeffi-
cient in ［m－1］�rκ is the distance between surface
point P→ and a point P→κon the line-of-sight in theκ-th
layer�θr�k the view zenith angle to dA�f（θp�κ） is the
scattering phase function of theκ-th layer andθp�κ is
the scattering phase angle．Note that this method
takes height dependent scattering and absorption co-
efficients and even height dependent scattering phase
functions into account．The method can even be ex-
tended to include terrain effects when the PSF is
computed for each pixel in the scene．For the Lam-
bertian surface the PSF for nadir view is rotationally
symmetric and asymmetric for all non-nadir views．

According to Borel and Gerstl［4］�the measured
radiance Imeasured （x�y�z；x0�y0�z0；θs�●s；θr�●r） in
［W m－2］ at the sensor for a Lambertian surface is
given by ：

Imeasured（x�y�…）
＝E0πτs ［τrρ（x0�y0）
＋ρ（x�y） ⨂ PSF（x�y�…）］＋Ipath （3）

where E0is the direct energy incident from the sun in
［W m－2］�τs＝exp（－κt Lz／cosθs）�τr＝exp（－κt Lz／
cosθr）�ρ（x�y） is the reflectance at point （x�y）�⨂
denotes the convolution and Ipath is the path radiance
or radiance due to scattering in the atmosphere．
Point-spread function for non-lambertian surfaces

In practical situations the imaged ground surface
is non-Lambertian and thus the above described
method may lead to inaccurate simulated images．We
attempt now to include the bidirectional reflectance
distribution function （BRDF） in the computation of
the PSF．First�let us assume that the entire surface
has the BRDF ：

f（x�y�z；θs�●s；θr�●r） ＝ f（θs�●s；θr�●r）
Second�that the contributions from indirect skylight
are negligible on the radiance in direction （θr�k�●r�k）
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or that the up welling radiance Iground at the ground
level is proportional to f （θs�●s；θr�●r）．This second
assumption clearly is not valid for turbid atmospheres
and for highly specular surfaces like water．Under
these two assumptions we can replaceρ（x�y） in eq．
（2） withπf（θs�●s；θr�●r）．Note that BRDFs for natu-
ral surfaces are usually asymmetric and cause the PSF
to be asymmetric for all view directions�including
nadir．The PSF for non-Lambertian surfaces is then
given by ：

PSF（x�y�…）
＝κsΔl

4π
·●Kκ＝1

τ（rκ）f（θs�●s；θr�κ�●r�κ）cosθr�κf（θp�κ）dx dy
r2κ

·exp（－κt（K－k）Δl） （4）

where●r�κ is the view azimuth angle of surface dA
from point P→κ．
Simulation of scenes with heterogeneous surface cov-
er

The Earths�surface is composed of a mosaic of
various surface types such as vegetation�bare soil and

water�each with distinct BRDFs．To simulate an
oblique view over a heterogeneous surface the follow-
ing algorithm was used ：

1） For each surface BRDF f i（θs�●s；θr�●r）�i＝1�
2�…�N compute the point spread function PSF i（x�
y�…） using eq （4）．

2） Generate a binary image Qi （x�y） for each
surface type i�where Qi（x�y）＝1if the point （x�y）
has surface cover type i and0otherwise．

3） Convolve each image Qi（x�y） with its point
spread function PSF i（x�y�…）．
The measured radiance image is then given by ：
Imeasured（x�y） ＝ E0πτs●Ni＝1［τrQi（x0�y0）f i（θs�●s；θr�●r）

＋Qi（x�y） ⨂ PSF i（x�y�…）］＋Ipath． （5）
Equation （5） shows that the adjacency blurring effect
is the superposition of ground cover type images con-
volved with their corresponding point spread func-
tions．

In Fig．2we show the point spread functions for
（a） bare soil�（b） vegetation and （c） water．Note
that the PSF’s are asymmetric and that the PSF for
water has a ridge in the specular reflection direction
（left side） of the sun which has a zenith angle of30°．

Fig．2　Point spread functions of （a） bare soil�（b） vegetation and （c） water with the z-axis in logarithmic scale and the y-
axis points into the paper
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4　CONCLUSIONS
We find that for most cases our albedo error will

be less than1％ in the visible and less than1．5％ in
the NIR which is a significant advancement of the
state－of－the－art for global change research goals．
In contrast�if only nadir measurements are used the
albedo error is about 5％ in the visible and 10％ in
the NIR．Thus the angular dependence of the TOA
radiance which depends on the surface BRDF is an
important factor in the determination of TOA albedos
for clear sky conditions．Next we will investigate how
the CSAR parameters vary as a function of sun angle．
If we find that there is a diurnal smooth trajectory for
a parameter with sun angle we could use this to pre-
dict the TOA clear sky albedo at times of the day oth-
er than those at which MISR observed it and inte-
grate the TOA albedo over the period of a day．

We have presented a method to compute the
point spread function for off-nadir pointing sensors
using selected parts of the radiosity equation．We
showed that the point spread function is in general
asymmetric．The radiosity based method is able to in-
clude surface BRDF�aerosol scattering phase func-
tions and atmospheric parameters for a stratified at-
mosphere．The adjacency blurring effect was simulat-
ed for a scene containing vegetated�bare soil and wa-
ter surfaces．Thus knowledge of the surface BRDFs
could lead to improved atmospheric corrections of
VIS／NIR imagery over heterogeneous covers．
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应用二向性反射分布函数进行反照率的精确计算和邻近象元效应校正

Christoph C．Borel�Siegfried A．W．Gerstl
（ NIS-2�Mailstop C323�Los Alamos National Laboratory�Los Alamos�NM87545�USA）

摘　要　该文讨论二向性反射分布函数 （BRDF） 在遥感领域中两方面的应用：（1） 晴天大气层顶部的反
照率的确定�（2） 二向性反射分布函数对邻近象元点扩散函数和大气订正的影响。

大气层顶部的光谱反照率是从多角度成象光谱辐射计 （MISR） 提取的重要参数�其精度主要取决于
我们对不同情况表面建立更好的BRDF 模型。该文论述一种与9个 MISR二向性反射观测值相匹配的半经
验函数的算法�并可进而通过数值积分产生4个光谱波段的晴天大气层顶部的光谱反照率。结果显示反照
率的绝对精度对可见光波段可高于1％�对近红外波段可高于2％。

采用一种简化的辐射通量模型�我们的工作显示邻近象元点扩散函数 （PSF） 的形状取决于下垫面表
面的 BRDF。在给定与中心象元的偏移 （x�y） 的条件下邻近象元的点扩散函数�由和沿观察方向的散射
相函数的传输加权的乘积的积分给定。
关键词　晴空反照率�BRDF�邻近效应�大气点扩散函数
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