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A Study of Land Surface Albedo Conversion
Formulas Using Three-Dimensional Canopy

Radiative Transfer Modeling
Jennifer Adams, Nadine Gobron, and Corrado Mio

Abstract—Land surface albedo defines the fraction of short-
wave radiation reflected by the Earth’s surface and controls the
surface energy balance; thus, it is important for environmental
and climate scientific communities. Remote sensing is the only
means to globally map land surface albedo, however for it to be
of use to the aforementioned communities, it must be accurate
with respect to Global Climate Observing System (GCOS) re-
quirements. Sources of error are introduced in each step of the
provision of land surface albedo products, whereby this letter
intends to investigate sources of error introduced by the narrow-
band-to-broad-band conversion formula step. The radiative trans-
fer modeling of vegetation is used to simulate spectral albedo over
complex 3-D vegetation canopies; then narrow-band-to-broad-
band conversion formulas for numerous sensors are applied on
the spectral albedo to compute the broad-band albedo (BBA), and
the accuracy of formulas is investigated. Results indicate that the
effectiveness of conversion formulas is determined by the sensor,
depending on the placement and number of the sensor wavebands,
the ecosystem complexity, and the broad-band range of the BBA.

Index Terms—Modeling, Monte Carlo methods, remote sensing,
vegetation.

I. INTRODUCTION

LAND surface albedo is one of the Essential Climate Vari-
ables (ECVs) defined by the Global Climate Observing

System (GCOS), in collaboration with the United Nations
Framework Convention on Climate Change (UNFCC) and the
Intergovernmental Panel of Climate Change (IPCC) [1]. It
indicates the fraction of short-wave radiation reflected by the
Earth’s surface; thus, it is a forcing variable that controls the
surface energy balance and is important for many environ-
mental and climate scientific communities, for example, stud-
ies on climate sensitivity [2], drought [3], and fires [4]. Re-
mote sensing is the only means to globally map land surface
albedo, and since the first global albedo product produced
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from the NOAA/AVHRR instrument [5], many more sensors
have provided or are providing global land surface products,
including METEOSAT’s MVIRI instrument [6]–[8], MSG’s
SEVIRI [9], CHRIS PROBA-V and SPOT VEGETATION [10],
NASA’s MODIS [11] and MISR [12], GlobAlbedo [13], and
GLASS [14].

To be of use to environmental and climate research commu-
nities, broad-band albedo (BBA) is required in three broad-
band spectrum ranges: visible (400–700 nm), near-infrared
(NIR) (700–3000 nm), and short-wave (400–3000 nm). Albedo
is further defined into directional–hemispherical reflectance
(DHR) which describes albedo in conditions of solely direct
illumination, isotropic bidirectional–hemispherical reflectance
(BHRiso) which defines albedo in only diffuse illumination
conditions, and bidirectional–hemispherical reflectance (BHR)
which is a combination of the two [15]. The latter definition of
albedo, BHR, is the quantity measured by ground instruments.

Under the GCOS initiative for high-quality accurate remotely
sensed products, land surface albedo is required to be known
at high absolute accuracy so that they are of use to scientific
communities and the work of both UNFCC and IPCC [1].
Current GCOS accuracy criteria define that albedo must be
accurate to within 5% (see [1, p. 71]). Albedo is not directly
measured by remote sensing instruments; rather, it is inferred
from a series of steps, including cloud masking, calibration, and
atmospheric and anisotropic knowledge, whereby each step in-
troduces a source of error. The final step is to use narrow-band-
to-broad-band conversion formulas to convert spectral albedos
to the aforementioned BBAs. Some studies have specifically
investigated the error that this step may introduce [16], [17]
by testing the formulas on a sample of spectra of many types
of materials measured in the laboratory or from bidirectional-
reflectance measurements. Results indicate that albedo can be
computed using conversion formulas to within 2% [18] for most
cases for these materials. However, so far, few tests have been
applied to canopy albedo due to the lack of hyperspectral albedo
data required for such a study.

Accordingly, this letter aims to investigate the effectiveness
of narrow-band-to-broad-band conversion formulas for land
surface albedo satellite retrievals in vegetation using radiative
transfer (RT) modeling to simulate the albedo of vegetation
canopies. A 3-D Monte Carlo ray tracing (MCRT) RT model
is used to simulate DHR at fine spectral resolution for a variety
of 3-D complex vegetation canopies; then conversion formulas
are applied to the simulated spectral DHR in appropriate sensor
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TABLE I
VEGETATION CANOPY INFORMATION, DATA SOURCE, AND

ILLUMINATION ANGLES (SAA: SOLAR AZIMUTH

ANGLE, SZA: SOLAR ZENITH ANGLE)

wavebands and are compared to the albedo computed by inte-
grating spectral DHR over each broad-band range.

II. MATERIALS AND METHODS

A 3-D canopy RT model is used to simulate DHR for a
number of vegetation canopies. The RT model raytran [19]
is an MCRT model that has been tested against in situ and
goniometer measurements and has taken part in the RAdiation
transfer Model Intercomparison (RAMI) exercise, which aims
to assess the reliability of RT models [20], [21]. Three-
dimensional vegetation MCRT models require the description
of a vegetation canopy in terms of geometrical primitives [19];
therefore, “virtual” vegetation canopies were either generated
or taken from the RAMI-IV phase for “actual canopies” [20],
where descriptions of each canopy were taken from extensive
field measurement campaigns, and then this information is
converted to a form that RT models are able to digest, requiring
the description of a canopy as a set of scatterers, each with
their location, shape, size, and orientation, in addition to an
interaction model which defines how the radiation is scattered,
absorbed, or transmitted.

A birch-stand deciduous boreal forest located in Järvselja,
Estonia, was inventoried in 2007 [22]–[24] during both sum-
mer and winter seasons, and a pine-stand coniferous forest in
summer, also located in Järvselja, Estonia, was inventoried by
Kuusk et al. [22]. Inventory data from a pine-stand coniferous
forest in winter in Ofenpass, Switzerland, were collected by
the authors of [25]–[27]. A citrus orchard canopy in South
Africa was based on information collected by Stuckens et al.
[28] in 2006/2007. A shrubland scene was generated, based on
information taken from the Janina FLUXNET site in Australia
[29]. Information on tree type, soil type, fractional coverage,
and land surface type was extracted and used to generate the
canopy. Canopies were selected to cover a range of seasonal and
structural conditions, in addition to varying illumination angles.
Table I lists the canopies identified, the source of information
for each canopy, and illumination angles considered. Raytran
was used to simulate DHR at 5 nm spectral resolution in
the 400–2500 nm spectral range for each canopy under the
specified illumination conditions.

Conversion formulas for a number of sensors were identified
to be investigated for the purpose of this letter. Table II lists the
sensor, the source of the conversion formulas, and the BBAs
that each sensor provides, and Fig. 1 demonstrates the sensor
response functions of each sensor. BBA can be defined as the
albedo over a certain wavelength interval, weighted by the
incoming solar irradiance. This integral can be approximated by

TABLE II
SENSORS, BROAD-BAND RANGE IN WHICH PRODUCTS ARE SUPPLIED,

AND SOURCE OF CONVERSION FORMULAS. VIS REPRESENTS THE

VISIBLE RANGE, (400–700 nm), NIR IS THE NEAR-INFRARED RANGE

(700–2500 nm), AND SW IS THE SHORT-WAVE RANGE (400–2500 nm)

Fig. 1. Sensor response functions for all sensors.

the weighted sum of the integrand at discrete values of albedo
[30]. Accordingly, BBA can be approximated from a linear
combination of spectral albedo values in all available spectral
bands. For DHR, BBA between two wavelengths λ1 and λ2 for
specific illumination conditions (θ, ϕ) can be computed from
the integral of discrete albedo values (αref) weighted by the
incoming solar irradiance (E↓(λ))

αref[λ1,λ2](θ, ϕ) =

∫ λ2

λ1
α(λ, θ, ϕ)E↓(λ)dλ
∫ λ2

λ1
E↓(λ)dλ

. (1)

Accordingly, (1) was used to compute the “reference BBA”
as the linear combination of simulated DHR albedo at 5 nm
spectral resolution in the visible, NIR, and short-wave ranges.
Spectral albedos were extracted in appropriate sensor wave-
bands, convolved with incoming solar irradiance; then, conver-
sion formulas were applied for each broad-band spectral range,
visible (BBAvis), NIR (BBAnir), and short-wave (BBAsw), and
compared against the “reference BBA.” The relative normal-
ized uncertainty (Δ) [%] was computed following (2), where
αref determines the reference BBA and αmes is the BBA
computed from conversion formulas, and compliance with the
5% GCOS requirement was tested.

Δ[%] =
αmes − αref

αref
· 100 (2)
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Fig. 2. Relative normalized uncertainty (Δ [%]) for BBAvis, BBAnir, and
BBAsw for canopies and all sensors, excluding MVIRI and SEVIRI, with
(dotted line) GCOS 5% accuracy requirement. Shrub: Shrubland; BirchW:
Birch stand winter; Citrus0050: Citrus SZA 50◦ , SAA 0◦; PineW: Pine stand
winter; Pine: Pine stand summer; Birch: Birch stand summer.

III. RESULTS

Fig. 2 shows the relative normalized uncertainty (Δ [%])
of BBA computed from conversion formulas for each sensor
for each canopy and each broad-band range for all sensors
(excluding MVIRI and SEVIRI instruments). Results indicate
that for BBAvis, AATSR, GOES-8 Imager, and, to some extent,
AVHRR display larger uncertainties. AATSR, in particular,
has larger (negative) Δ in an evergreen canopy (pine) in both
summer and winter with uncertainties of −41.5% and −69.3%
respectively. The GOES-8 Imager also displays larger uncer-
tainties in the case of all canopy types, falling consistently
outside the GCOS requirement (dotted line). The remaining
sensors fall within or around the 5% GCOS requirement, where,
on average, most sensors perform well in this broad-band range.

TABLE III
OVERALL RELATIVE NORMALIZED UNCERTAINTY (Δ [%]) FOR

BBAvis , BBAnir , AND BBAsw FOR ALL CANOPIES FOR SENSORS

(EXCEPT MVIRI/SEVIRI). VALUES HIGHLIGHTED IN BOLD

REPRESENT VALUES ABOVE THE 5% GCOS REQUIREMENT

For BBAnir, AVHRR, MERIS, and MISR exhibit larger
uncertainties; in particular, MERIS displays consistent uncer-
tainties, notably for an evergreen canopy (pine) in the win-
ter and summer and a boreal canopy (birch) in the winter
canopy which have values at −25.8%, −14.5%, and −26.8%,
respectively. Although the uncertainties are not high, BBAnir

calculated from conversion formulas for both AVHRR and
MISR often fall outside the GCOS requirement. The same
sensors that comply with the GCOS requirement for BBAvis

also comply for BBAnir, namely, ETM+, MODIS, PROBA-V
(with the exception of a pine-stand winter canopy), and
VEGETATION. With respect to BBAsw, the GOES-8
Imager exhibits a large Δ (115.2%) for the pine-stand winter
canopy and also for all other canopies with the exception of
a birch-stand during the summer canopy. In addition, MERIS
consistently displays larger negative uncertainties within this
short-wave range for all canopies. Δ for this short-wave range
appear, first, larger for all canopies and sensors than those in
the visible and NIR and, second, consistently negative. Table III
indicates the overall Δ for all canopies for each of the sensors,
showing that, while MODIS, PROBA-V, and VEGETATION
sensors are able to extract BBA with smaller uncertainties,
AATSR, GOES-8 Imager, and MERIS appear less effective.
Fig. 3 shows the results for MVIRI and SEVIRI sensors.
For BBAsw, the broad-band range in which MVIRI sensors
compute BBA, SEVIRI sensors show smaller uncertainties
in comparison, whereas MVIRI sensors fall outside GCOS
requirements for all canopies.

IV. DISCUSSION

In terms of sensors, on average, ETM+, MISR, MODIS,
PROBA-V, and VEGETATION conversion formulas are able to
compute BBA with fairly low uncertainty and, in most canopies
and broad-band ranges, are within the GCOS requirement.
AATSR, GOES-8 Imager, and MERIS, on the other hand, dis-
play consistently largerΔ values, and their conversion formulas
are less effective in extracting BBA. This is likely a direct
result of the sensor wavebands used to compute BBA. The
GOES-8 Imager uses only a single visible band to compute
BBA values, and AATSR has four bands; however, the first
band starts at only 555 nm and therefore misses part of the
visible region, and that would explain the large Δ in this
region. With respect to MERIS, the sensor wavebands only
cover the region up to 1040 nm, which would again justify
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Fig. 3. Relative normalized uncertainty (Δ [%]) for BBAvis, BBAnir, and
BBAsw for canopies and MVIRI and SEVIRI sensors with (dotted line) GCOS
5% accuracy requirement. Shrub: Shrubland; BirchW: Birch stand winter;
Citrus0050: citrus SZA 50◦, SAA 0◦; PineW: Pine stand winter; Pine: Pine
stand summer; Birch: Birch stand summer.

the larger uncertainties, specifically in the NIR range and, to
some extent, the short-wave range. The remaining sensors that
show smaller Δ values likely perform better, either because
they have many sensor wavebands, for example, ETM+ and
MODIS, or the sensor wavebands cover most or all of the
short-wave range, for example, PROBA-V and VEGETATION.
MVIRI and SEVIRI appear to show a consistent negative Δ
in the NIR and short-wave ranges, suggesting that BBA is
consistently overestimated. SEVIRI was shown to compute
BBA more accurately in comparison to MVIRI, particularly
reducing uncertainties in the more complex canopies. This is
again likely to be a result of the sensor wavebands used, as
MVIRI sensors use only one large band on the narrow-band-to-
broad-band conversion from 400 to 1100 nm, whereas SEVIRI
uses three bands covering 560–1790 nm.

In terms of broad-band range, BBA can be extracted, on
average, better in the visible and NIR. Specific sensors display
exceptions to this, particularly AATSR and GOES-8 Imager in
the visible and AVHRR, MERIS, and MISR in the NIR. The
performance of conversion formulas within each broad-band
range is a result of the wavelength range of the sensor wave-
bands, as mentioned previously. Uncertainties in the short-wave
range are consistently negative, implying the underestimation
of BBA. Similar results have been found in [16], which is
likely due to a lack of sensor wavebands throughout the entire
short-wave spectral range. Uncertainties in computing BBA are
shown to be higher for more complex canopies, particularly
for a boreal canopy (birch-stand) in the summer season and an
evergreen canopy (pine-stand) during both winter and summer
seasons. In particular, Δ values are highest for the evergreen
winter canopy, as both snow and complex heterogeneous veg-
etation spectra contribute toward this complex spectral albedo
signature. For simpler canopies such as shrubland and citrus
orchard, BBA conversion formulas are more effective.

V. CONCLUSION

A 3-D MCRT model was used to simulate DHR for a variety
of complex vegetation canopies; then, the accuracy of narrow-
band-to-broad-band conversion formulas used to compute BBA
was assessed. Accuracy depends on the sensor, ecosystem
complexity, and the broad-band range of the BBA. ETM+,
MODIS, PROBA-V, and VEGETATION sensors were shown
to be able to convert to BBA with the lowest uncertainties,
whereas AATSR, AVHRR, and MISR were shown to exhibit
higher uncertainty in specific broad-band ranges and vegeta-
tion canopies, and the GOES-8 Imager and MERIS exhibited
the highest uncertainties in most cases. Given that, on the
ground, ecosystems are even more complex and varied than
some of the canopies used in this letter, the target accuracy
for BBA defined by GCOS is demanding when retrieved by
space. The modeling approach used in this letter is beneficial
as it allows complete control over the experiments; however,
the high information requirement to describe a complex 3-D
vegetation canopy means that not all ecosystem types can be
covered. Subsequently, more albedo measurements using both
modeling and field measurements in many ecosystem types
would further improve the accuracy of narrow-band-to-broad-
band conversion formulas.
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