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ABSTRACT 
Analysing databases, field and airborne spectrometer data, modelling studies and publications, a 
lack of consistency in the use of definitions and terminology of reflectance quantities can be ob-
served. One example is the term ‘BRDF’ (bidirectional reflectance distribution function) assigned to 
significantly differing quantities, ranging from the bidirectional reflectance distribution function to 
hemispherical-conical reflectance factors. Our contribution summarizes basic reflectance nomen-
clature articles. Secondly differences of reflectance products are quantified, with special emphasis 
on wavelength specific effects, to stress the importance of adequate usage of reflectance defini-
tions and quantities. Results from the comparison of directional-hemispherical reflectance versus 
bihemispherical reflectance and bidirectional reflectance factors versus hemispherical-directional 
reflectance factors are shown. Differences of these quantities are exemplified using modelling re-
sults of a black spruce forest canopy, snow cover, as well as an artificial target. The actual differ-
ences in the reflectance products of a remotely sensed surface depend on the atmospheric condi-
tions, the surroundings, topography, and the scattering properties of the surface itself. As these 
effects are highly wavelength-dependent, the imaging spectroscopy community has to become 
more specific on the application and definition of reflectance quantities. As of today most delivered 
reflectance products from imaging spectrometers include the hemispherical illumination compo-
nent. Thus, product algorithms based on surface reflectance data have to include the actual at-
mospheric conditions even for nadir view angles, e.g., in the form of a wavelength-specific indica-
tion of the ratio of diffuse to direct illumination. The results urge the community to treat reflectance 
quantities with outmost care and consistency to reduce uncertainties of derived products. 
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INTRODUCTION 
Imaging spectrometer data and products are constantly improved in quality. Optimization is usually 
performed at radiance level (enhanced calibration concepts, vicarious calibration, etc.) with uncer-
tainties approaching 4% (1), at reflectance level (atmospheric correction) with uncertainties ap-
proaching 5% (2), at product level (sophisticated integration of various sources, assimilation, etc.) 
with uncertainties approaching 10% (3), but rarely on terminology, where uncertainties can still be 
much higher than 10%. 

The imaging spectroscopy community is developing an increased appreciation of the effects that 
are induced by the solar illumination and sensor viewing geometry on field, airborne and satellite 
data. The reflectance anisotropy of the Earth’s surfaces and the atmosphere contains unique in-
formation about their structure and the optical properties of the scattering elements. The underlying 
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concept for the characterization of the anisotropy is the bidirectional reflectance distribution func-
tion (BRDF). It describes the radiance reflected by a surface as a function of a parallel beam of 
incident light from a single direction into another direction of the hemisphere. 

Under natural conditions, i.e. for all ground-based, airborne and spaceborne sensor measure-
ments, the assumption of a single direction of the incident beam does not hold true. Natural light is 
composed of a direct part, as well as a diffuse component scattered by the atmosphere, and the 
surroundings of the observed target. The amount and spectral character of the diffuse light irradiat-
ing the observed surface thus depend on the atmospheric conditions, as well as on the topography 
and the scattering properties of the surroundings. Without correction of this diffuse component, 
observed reflectance quantities depend on actual atmospheric conditions, especially in the 
Rayleigh scattering dominated wavelength region (400-800 nm), and are not limited to the desired 
intrinsic directional characteristics of the observed surface. Further, the (instantaneous) field of 
view (I)FOV of the instrument most often integrates over a large viewing angle and does not allow 
a single beam observation. Thus, imaging spectrometer measurements do not follow the protocol 
of directional reflectance quantities and resulting products can only be considered as rough ap-
proximations of the surface bidirectional reflectance, a fact that is often neglected. 

A physically based terminology, defining various reflectance quantities using the direction of illumi-
nation and observation, as well as their opening angle, was proposed by Nicodemus (4), and up-
dated by Martonchik (5). Further, recent advances originating from the Multi-angle Imaging Spec-
troRadiometer (MISR) science team have led to a more uniform reflectance terminology. The op-
erational MISR data products including different reflectance quantities are a major progress, and 
give users the opportunity to apply appropriate physical quantities for their investigations. 

Despite above-mentioned advancements, physical conditions of measurements and corresponding 
terminology of at-surface reflectance quantities are still very often neglected by the user commu-
nity. The loose usage of the term ‘BRDF’ is one of the most striking examples. The community per-
forming ground-based multiangular at-surface reflectance measurements often calls acquired 
quantities BRDF or BRF (bidirectional reflectance factor) data (e.g., (6)). But the derivation of the 
BRDF from measurements performed under ambient sky (i.e., hemispherical) illumination results in 
a considerable shape distortion of the resulting function with respect to the true BRDF in the visible 
and near-infrared when no correction for the diffuse part of the illumination is performed, even un-
der clear sky conditions (7). Thus the derived so-called BRDF databases do not only reflect intrin-
sic bidirectional reflectance properties of the observed surface, but also wavelength-dependent 
effects caused by the diffuse illumination component. This is especially true for diurnal multiangular 
observations with changing atmospheric conditions throughout the day. Consequently, Martonchik 
(8) and Lyapustin (7) have developed methods for an accurate atmospheric correction of meas-
ured hemispherical-directional reflectance data to enhance the experimental research of anisot-
ropic surface reflectance. 

Given the confusion with and neglect of reflectance terminology as exemplified above, the aim of 
this paper is to summarize the basic nomenclature articles of Nicodemus (4) and Martonchik (5) 
and make the updated definitions available to the imaging spectroscopy community. This overview 
helps to identify the correct definition for measured reflectance quantities and processed products, 
and to apply the appropriate quantity in physical as well as empirical approaches. 

The adequate use of reflectance data does not only require a precise, widely distributed and easy 
to use reflectance terminology, but also an in-depth understanding of spectrodirectional effects. 
Therefore, the second part of the paper is aiming to demonstrate the importance of adequate use 
of reflectance definitions and quantities. Uncertainties, introduced by neglecting the physical basis 
and the corresponding terminology, are exemplified through case studies, with special emphasis 
on the spectral and directional domain. 

This paper systematically highlights differences in at-surface reflectance quantities by their defini-
tion. Its focus lies on the geometry of the opening angle of the illumination, i.e., directional and 
hemispherical extent. A modelling exercise for forest, snow and a highly anisotropic artificial target 
is performed. Using a variation of the direct to diffuse irradiance ratio in the corresponding models 
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(i.e. Rahman-Pinty-Verstraete (RPV), discrete-ordinates radiative transfer model (DISORT)), quan-
titative results of the wavelength-dependent influence of the diffuse component on the hemispheri-
cal-directional surface reflectance, i.e., for an illumination of hemispherical extent, are obtained. 
These results are compared to the quantities obtained for a directional illumination only. 

DEFINITIONS 
Radiance, reflectance, reflectance factors 
Spectral radiance is the most important quantity to be measured in imaging spectroscopy and is 
the prerequisite for the quantitative analysis of airborne and satellite measurements in the optical 
domain. It is the radiant flux in a beam per unit wavelength and per unit area and solid angle of that 
beam. It is usually expressed in the SI units, W m-2 sr-1 nm-1. 

Dividing the surface-leaving radiance by the incident radiation onto the surface results in the so-
called reflectance. Following the concept of energy conservation, the values of the reflectance are 
in the inclusive interval 0 to 1. The reflectance factor is the ratio of the radiant flux reflected by a 
surface to that reflected into the same reflected-beam geometry by an ideal (lossless) and diffuse 
(Lambertian) standard surface, irradiated under the same conditions. For measurement purposes, 
a Spectralon panel commonly approximates the ideal diffuse standard surface. Reflectance factors 
may reach values beyond 1, especially for highly specular reflecting surfaces. 

Table 1: Notations used for the definition of at-surface reflectance quantities. 

Symbol  Explanation 
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[nm] radiation the of th  waveleng          
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The reflectance factor, adapted to the remote sensing problem and respecting particular directional 
issues, can generally be defined as follows, using the notations in Table 1:  

);,,;,,( λωφθωφθ rrriiiR , 

where the direction and the solid angle of the circular cone of the incoming and the reflected radi-
ance are indicated. A refinement of this definition leads to the following special cases: 

• iω  or rω  are omitted when either is zero (directional quantities). 
• If 0 < ( iω  or rω ) < π2 , then φθ  ,  describe the direction of the centre axis of the cone (e.g. 

the line from a sensor to the centre of its ground field of view). 
• If πω 2=i , the angles ii φθ  ,  indicate the direction of the incoming direct radiation (e.g., the 

position of the sun). However, for remote sensing applications, it is often useful to separate 
the natural incoming radiation into a direct and hemispherical diffuse part. The preferred no-
tation for the geometry of the incoming radiation is then πφθ 2,, ii , thus keeping the position 
of the sun. It must be noted that in this case, ii φθ ,  do not describe the centre of the cone 
( π2 ), except if the sun’s position is at nadir. 

• If πω 2=r , rθ  and rφ  are omitted. 
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According to Nicodemus (4), abbreviations for resulting reflectance quantities name the angular 
characteristics of the incoming radiance first in the term, followed by the angular characteristics of 
the reflected radiance. This leads to the attributes of spectrodirectional reflectance quantities as 
illustrated in Table 2. 

Table 2: Relation of incoming and reflected radiance terminology used to describe reflectance, with 
mathematical description of commonly used quantities (see Figure 1 for abbreviations). The label-
ling with ‘Case’ corresponds to Nicodemus (4). Grey fields correspond to measurable quantities, 
whereas the others denote conceptual quantities. 

Incoming/ 
Reflected 

Directional Conical Hemispherical 

Directional Bidirectional 
Case 1 

][);,;,( 1−= srfBRDF rriir λφθφθ
);,;,( λφθφθ rriiRBRF =  

 

Directional-conical 
Case 2 
 
 

 

Directional-hemispherical  
Case 3 

);2;,( λπφθρ iiDHR =  
 

Conical Conical-directional 
Case 4 

 

Biconical 
Case 5 

 

Conical-hemispherical 
Case 6 

Hemispherical Hemispherical-directional 
Case 7 

);,;2,,( λφθπφθ rriiRHDRF =  

 

Hemispherical-conical 
Case 8 
 

 

Bihemispherical 
Case 9 
 );2;2,,( λππφθρ ii=BHR

 
Conceptual and measurable reflectance quantities 
From a physical point of view, there is the possibility to define special cases, namely conceptual 
and measurable reflectance quantities. Conceptual quantities of reflectance include the assump-
tion that the size/distance ratio of the illuminating source (usually the sun or lamp) and the observ-
ing sensor is zero. They are usually labeled directional in the general terminology. Since infinitesi-
mal elements of solid angle do not include measurable amounts of radiant flux, and unlimited small 
light sources and sensor FOVs do not exist, all measurable quantities of reflectance are performed 
in the conical or hemispherical domain of geometrical considerations. Thus, actual measurements 
always involve non-zero intervals of direction and the underlying basic quantity for all radiance and 
reflectance measurements is the conical case. The integration of the reflected radiance over a 
solid angle corresponds e.g. to the opening angle of the sensor. Under field conditions, the incident 
radiance cone is of hemispherical extent ( sr2πω = ). The irradiance can then be divided into a 
direct sunlight component and a second irradiance component, which is scattered by the atmos-
phere, the terrain, and surrounding objects, resulting in an anisotropic, diffuse sky illumination. 
Being a function of wavelength, the ratio of diffuse/direct irradiance highly influences the spectral 
dependence of directional effects as shown in the quantitative case studies. 

Referring to Table 2, the most common measurement setup of satellites, airborne and field instru-
ments corresponds to the hemispherical-conical configuration (Case 8) (e.g., MERIS, ASD Field-
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Spec). Albedometers approximate the bihemispherical configuration (Case 9) (e.g., 9). Finally, a 
typical laboratory setup corresponds to the biconical configuration (Case 5), where a collimated 
light source illuminates a target that is measured using a non-imaging spectroradiometer (e.g., 
EGO (10), and LAGOS (11). The non-zero interval of the sensor’s instantaneous field of view may 
be neglected for small opening angles and resulting quantities are then reported as bidirectional 
(laboratory measurements) or hemispherical-directional (small IFOV ground-based, airborne, and 
spaceborne measurements). 

Processing of reflectance quantities 
Figure 1 shows the derivation of different reflectance products from satellite data, as implemented 
in the MISR processing scheme (12). The integration of the at-surface hemispherical-directional 
reflectance factor (HDRF - Case 7) over the viewing hemisphere results in the bihemispherical 
reflectance (BHR - Case 9). Using a modelling approach (e.g., (7,8,9)), the HDRF data (Case 7) 
are further used to derive the bidirectional reflectance factor (BRF - Case 1), and finally, direc-
tional-hemispherical reflectance (DHR - Case 3) can be derived from BRF (Case1) by hemispheri-
cal integration over the viewing hemisphere. 

Derived ProductsMeasurement

Hemispherical-
Conical

Reflectance

Case 8

HDRF
Hemispherical-

Directional
Reflectance

Factor

Case 7

BHR
Bihemispherical

Reflectance
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Bidirectional
Reflectance

Factor
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BRDF
Bidirectional
Reflectance
Distribution

Function
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DHR
Directional-

Hemispherical
Reflectance

Case 3

 
Figure 1: Conceptual data processing chain of airborne and satellite measurements to convert a 
reflectance measurement (Case 8) into BHR, BRDF, and DHR, as implemented in the MISR proc-
essing scheme. 

The multiangular measurement configuration of MISR allows for the presented derivation of differ-
ent reflectance products, using consistent terminology. For many other satellite and airborne sys-
tems, the user community is faced with products simply called ‘surface reflectance’, a term not al-
lowing the assignment of the corresponding illumination conditions (i.e., directional or hemispheri-
cal) without further knowledge on the preprocessing and corresponding beam geometries. As a 
consequence, these data are subject to misinterpretation, and subsequently their uncertainties 
increase.  

In imaging spectroscopy, the analysis mostly relies on field or airborne data, which are most often 
in an experimental stage. As the processing chain differs from sensor to sensor, and algorithm 
theoretical basis documents (ATBD) are rather short, the processed quantities have to be analysed 
to determine their exact physical meaning. For the processing chain based on ATCOR (13) used 
for imaging spectrometer data such as DAIS 7915 and HYMAP sensors at the German Aerospace 
Centre, the resulting reflectance product most closely can be described as hemispherical-directional 
reflectance factor (HDRF) data (Richter & Martonchik, 2001, personal communication).  
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CASE STUDIES ILLUSTRATING DIFFERENCES OF REFLECTANCE QUANTITIES 
The following case studies highlight differences of the described reflectance quantities using model 
simulations for a) a vegetation canopy, b) snow cover, and c) an artificial target. The differences of 
hemispherical versus directional reflectance and reflectance factors (i.e., BHR (Case 9) versus 
DHR (Case 3) and HDRF (Case 7) versus BRF (Case1)) are computed for the visible to shortwave 
infrared wavelength range, and different ratios of direct to diffuse illumination conditions. 

a) Vegetation canopy reflectance simulations using the RPV model 
In the framework of the Boreal Ecosystem-Atmosphere Study (BOREAS), black spruce forest 
HDRF data were observed at eight solar zenith angles (35.1°, 40.2°, 45.2°, 50.2°, 55.0°, 59.5°, 
65.0°, 70.0°), using the Portable Apparatus for Rapid Acquisition of Bi-directional Observations of 
the Land and Atmosphere (PARABOLA) (14). PARABOLA is a two-axis scanning head, three-
channel (red, near-infrared, shortwave infrared) radiometer that permits acquisition of radiance 
data for almost the complete sky- and ground-looking hemispheres. After applying a simple HDRF 
to BRF atmospheric correction (15), data of the red spectral band (650-670 nm) were fitted to the 
parametric Rahman-Pinty-Verstraete (RPV) model (16). This model estimates the bidirectional 
reflectance of an arbitrary surface as a function of the geometry of illumination and observation. It 
is a semiempirical nonlinear, three-parameter model, based on the following terms: the overall re-
flectance level, a parameter representative of the shape of the surface anisotropy (bowl- or bell-
shaped), and a description of the predominant scattering direction (forward or backward). 
Fitting atmospherically corrected BRF data to the RPV resulted in model parameters which were 
then used in this study to simulate different reflectance quantities of a black spruce canopy under 
various illumination conditions. The model was run for a solar zenith angle of 30° and increments 
of direct (d) and diffuse irradiance of d=1.0, 0.8, 0.6, 0.4, 0.2, 0.0. These irradiance scenarios cor-
respond to BRF for d=1.0, and HDRF for the rest. 

As expected for a vegetation canopy, backscattering is the dominating reflectance feature for the 
black spruce BRF data, with a pronounced hot spot at a view zenith of 30° (Figures 2, 3). Adding 
an isotropic diffuse irradiance component results in HDRF data. With decreasing direct irradiance, 
the anisotropy is smoothed. Finally, the hot spot disappears for a scenario based on diffuse irradi-
ance only. Concentrating on nadir view data, the relative difference between the bidirectional and 
the hemispherical-directional reflectance factor can be significant, especially for illumination zenith 
angles around solar noon, approaching the hot spot configuration (Figure 3). Even though absolute 
differences between single BRF and HDRF data are numerically small for the selected wavelength 
range and certain geometries, it becomes obvious that BRDF functions can strongly be distorted, 
when derived from model fits based on HDRF instead of BRF data. 

b) Snow reflectance simulations 
This case study presents results from snow directional reflectance simulations, coupling single-
scattering parameters and the Discrete-Ordinates Radiative Transfer model (DISORT) (17). 
DISORT is appropriate for modelling multiple scattering in particulate media and calculates the 
angular distribution of reflected radiation. The single-scattering parameters used in the model 
were the single-scattering albedo, extinction efficiency, and the single-scattering phase function, 
determined with a ray-tracing approach for spheroidal particles (18). Simulation results correspond 
to a spheroid of minimum and maximum radii of 208 µm and 520 µm, respectively. 20 Legendre 
moments of the single-scattering phase function were then determined for input to the multiple 
scattering model. The multiple scattering model was run for a solar zenith angle of 30° and incre-
ments of direct (d) and diffuse irradiance of d=1.0, 0.8, 0.6, 0.4, 0.2, and 0.0.  
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Figure 4: Angular distributions of reflectance for a range of irradiance cases at 0.55 µm and solar 
zenith angle 30°. The six plots illustrate the influence of the relative amount of direct illumination (d 
= direct/diffuse illumination fraction). The top left plot corresponds to pure direct irradiation, thus to 
BRF data, all others to HDRF data (from d=0.8 to d=0). The bottom right plot corresponds to totally 
diffuse irradiation (d=0). The target centre represents the nadir view geometry (θr,φr) = (0°,0°), ra-
dial distance from centre represents the view zenith angle, and the angle about the centre repre-
sents the view azimuth angle. The forward reflectance direction is φr=0°. 

 
Figure 5: Directional reflectance in the principal plane for a range of irradiance scenarios at wave-
lengths 0.55 µm (top) and 1.03 µm (bottom). The plots illustrate the influence of the relative amount 
of direct illumination (d = direct/diffuse illumination fraction). 

c) Artificial target simulations 
The third case study concentrates on the reflectance properties of an artificial, highly anisotropic 
target, which was initially used for a comparison of laboratory goniometric measurements with a 
radiative transfer model (20). The target consists of a matrix of cubes, carved out of a plate of dur-
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aluminum and sanded to avoid specular reflection (Figure 6). The sides of the cubes are 3.3 mm 
long, the distance between single cubes is 2 mm. The target can be seen as a simple model of a 
city with blocks and streets. 

 
Figure 6: The artificial panel with sanded aluminum surface. 

For the following calculations, we used a simple BRDF model of this artificial target, based on 
geometrical optics. For given view and illumination directions, the model calculates the sum of ob-
served areas that are not shaded. Only single scattering is considered. The surface itself was 
modeled using the parametric Modified Rahman-Pinty-Verstraete (MRPV) model (16) and the 
model parameters were fitted to target measurements performed by the Laboratory Goniometer 
System (LAGOS) (11). The wavelength for all calculations was set to 496 nm. While rotational 
symmetry is often assumed for natural targets, the aluminum target provides an example for 
asymmetry. 

Figure 7 shows reflectance factors of the artificial target for a variety of direct to diffuse ratios, as-
suming an incident direct illumination parallel to the ‘streets’ and an isotropic diffuse radiation. 
Unlike vegetation, this target is mostly forward scattering. Also the white-sky HDRF is rotational 
asymmetric due to the rotational asymmetry of the BRF. The target appears brighter when viewed 
parallel to the ‘streets’ since, compared to off-parallel viewing, a large part of the ‘streets’ remains 
visible even for large view zenith angles. 

 
Figure 7: Reflectance factors of the artificial target as a function of view angle. The direct illumina-
tion, at 30° zenith, is from the left and parallel to the rows of cubes. The six plots illustrate the influ-
ence of the relative amount of direct illumination (between 1 and 0). The top left plot corresponds 
to direct illumination only (d=1), thus to BRF data, whereas all remaining plots display HDRF data 
(from d=0.8 to d=0). The bottom right plot corresponds to the white-sky HDRF (d=0). 
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The same data, reduced to the principal plane, are shown in Figure 8. The strong forward scatter-
ing, clearly visible in the BRF, disappears for lower values of d.  

 
Figure 8: Simulated BRF (d=1.0) data for the artificial panel in the solar principal plane, and corre-
sponding HDRF for varying direct to diffuse irradiance conditions (d=0.8 to d=0.0). 

CONCLUSIONS 
All remote sensing data depend on the illumination and view geometry of the sensor, as well as on 
their opening angle. Different reflectance quantities have been defined to describe the correspond-
ing conditions of the measurements. The basis for the proper use of these reflectance quantities is 
a standardized nomenclature, well known throughout the remote sensing community. This study 
summarized the nomenclature articles of Nicodemus (4) and Martonchik (5) to give an easy access 
to the concept. Further, the importance of using the adequate reflectance product is shown. All 
reflectance measurements performed under natural conditions include a diffuse fraction, which is a 
function of the atmospheric conditions, the topography, the surroundings of the observed surface, 
and the wavelength. It thus introduces spectral effects into spectrometer data. The presented case 
studies are concentrating on the opening angle of the illumination. The effect of varying direct to 
diffuse irradiance ratio is significant in modelled data. This study is especially addressing the imag-
ing spectroscopy community, due to the wavelength dependence of the shown effects. It shows 
the importance of including the corresponding illumination and view geometry, and the opening 
angle in definitions and analysis. Thus, any analysis of uncorrected spectrometer data has to ac-
count for wavelength-dependent effects introduced by the diffuse irradiance, which are not intrinsic 
spectral signatures of the observed scene. In modelling exercises, the diffuse irradiance has to be 
considered, and eventually be accounted for by indicating the direct/diffuse irradiance fraction 
wavelength dependently. This study highlights that the presented nomenclature is not only impor-
tant for multiangular data sets, but also for the characterisation of the irradiance of any remotely 
sensed reflectance data. Therefore, the publication shall motivate the imaging spectroscopy com-
munity to take reflectance nomenclature into account and use the presented common basis for 
clarity and comparability of data and results.  
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