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Abstract: A monthly mean land and snow Bidirectional Reflectance Distribution Function (BRDF)
atlas for visible and near infrared parts of the spectrum has been developed for Radiative Transfer
for Television Infrared Observation Satellite (TIROS) Operational Vertical sounder (TOVS) (RTTOV).
The atlas follows the methodology of the RTTOV University of Wisconsin infrared land surface
emissivity (UWIREMIS) atlas, i.e., it combines satellite retrievals and a principal component analysis
on a dataset of hyper-spectral surface hemispherical reflectance or albedo. The current version of
the BRDF atlas is based on the Collection 5 of the Moderate Resolution Imaging (MODIS) MCD43C1
Climate Modeling Grid BRDF kernel-driven model parameters product. The MCD43C1 product
combines both Terra and Aqua satellites over a 16-day period of acquisition and is provided globally
at 0.05◦ of spatial resolution. We have improved the RTTOV land surface BRDF atlas by using the last
Collection 6 of MODIS product MCD43C1. We firstly found that the MODIS C6 product improved
the quality index of the BRDF model as compared with that of C5. When compared with clear-sky
top of atmosphere (TOA) reflectance of Spinning Enhanced Visible and InfraRed Imagers (SEVIRI)
solar channels over snow-free land surfaces, we showed that the reflectances are simulated with an
absolute accuracy of 3% to 5% (i.e., 0.03–0.05 in reflectance units) when either the satellite zenith
angle or the solar zenith angle is below 70◦, regardless of the MODIS collection. For snow-covered
surfaces, we showed that the comparison with in situ snow spectral albedo is improved with C6 with
an underestimation of 0.05 in the near infrared.
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1. Introduction

The radiative transfer model RTTOV (Radiative Transfer for Television Infrared Observation
Satellite (TIROS) Operational Vertical sounder (TOVS) [1,2]) is the fast radiative transfer model
(RTM) developed for the assimilation of satellite top of atmosphere (TOA) radiances in many
Numerical Weather Prediction (NWP) models. RTTOV is improved and maintained in the frame of the
NWP-SAF (Satellite Application Facility) project from the European Organization for the Exploitation
of Meteorological Satellites (EUMETSAT). Currently, only TOA radiances in the infrared and the
microwave parts of the spectrum are assimilated in NWP models from various polar orbiting and
geostationary satellites [3,4]. In version 11 [5], we extended the capability of the RTTOV model to
simulate TOA radiances or reflectances for visible to near infrared (VIS/NIR) channels such as the
ones of the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Aqua and Terra, the
Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi-National Polar-orbiting (NPP)
and the Joint Polar Satellite System (JPSS) satellites, and all Spinning Enhanced Visible and InfraRed
Imagers (SEVIRIs) onboard the series of Meteosat Second Generation (MSG) satellites. If VIS/NIR
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TOA radiances are not currently assimilated in NWP models, many applications can benefit from such
capabilities. A very promising application of fast VIS/NIR RTM simulations is already developed
for weather forecasters. Forecasters are experts at using and interpreting satellite imagery. Having a
way of directly comparing cloud and moisture from the model with observations is a valuable tool for
verifying the NWP model in near real time. Simulations of VIS/NIR channels offer new insight for
cases where thermal infrared or microwave parts of the spectrum are limited, such as for low clouds,
fog, or aerosols.

In order to simulate VIS/NIR satellite observations at all locations, we developed a dedicated
land surface Bidirectional Reflectance Distribution Function (BRDF) model for RTTOV in order to
provide the surface reflectance in both solar and viewing directions [6]. The land surface BRDF
model of RTTOV was inspired from the work of Seemann et al. [7] and is similar to the University of
Wisconsin infrared land surface emissivity UWIREMIS model [8] implemented in RTTOV. It combines
MODIS land surface properties retrievals in the VIS/NIR with a principal component analysis (PCA)
over many vegetation and soil reflectances spectra in order to provide a full spectral, temporal, and
spatial description of surface reflectance. The model is currently working from 0.4 to 2.5 µm with a
spectral resolution of 0.1 nm and provides a global monthly mean land surface BRDF atlas at a spatial
resolution of 0.1◦ for the year 2007. The model also provides a quality index and surface types (land or
snow) of the BRDF based on the MODIS flags. The MODIS land surface properties retrieval comes
from the operational and global MODIS 16-days BRDF kernel-driven product MCD43C1 Collection 5
(C5). In Vidot and Borbás [6], the comparison of the RTTOV BRDF atlas against the SEVIRI surface
black-sky albedo products EUMETSAT Land Satellite Application Facility on Land Surface Analysis
(Land-SAF) showed a good spatial and temporal consistency of the RTTOV BRDF atlas when applied
on the three SEVIRI VIS/NIR channels. It was found that the RTTOV narrowband black-sky albedo
was retrieved with an absolute accuracy of ±0.01 at 0.6 µm (channel 1) and 1.6 µm (channel 2). It was
also found that the RTTOV narrowband black-sky albedo at 0.8 µm (channel 3) was overestimated
between 0.01 and 0.03. It was also found over a period of 9 months that the temporal variation of the
RTTOV broadband black-sky albedo is consistent with the EUMETSAT Land-SAF SEVIRI products
but overestimated by somewhere between 0.01 and 0.02 when considering the best quality index of the
RTTOV BRDF atlas. Finally, less agreement is seen in two particular cases: (i) for extreme geometrical
conditions when the satellite zenith angle (SZA) > 65◦ and (ii) for lower quality indices of the RTTOV
BRDF atlas. A similar methodology has been used by Zoogman et al. [9] to extend the hyperspectral
BRDF model in the ultraviolet (UV). This model was applied to multispectral UV + VIS ozone retrieval
on the Global Ozone Monitoring Experiment-2 (GOME-2) instrument with significant improvement in
fitting residuals over vegetated scenes.

In this work, we present an improvement of the RTTOV land and snow-covered surface BRDF
model by using the last collection 6 (C6) of the MODIS land product. The first part of the paper
describes the methodology of the BRDF model and provides the main differences between the two
MODIS MCD43C1 collections. The second part is devoted to the difference of the RTTOV BRDF model
quality index and surface types mask. The third part of the paper presents the difference of the two
collections on TOA simulated reflectance compared to clear-sky SEVIRI observations. The fourth part
presents the methodology we used to extend the snow-free land surface BRDF model to snow-covered
surface and a dedicated validation exercise with in situ snow spectral albedo measurements. The fifth
part gives the conclusion and future developments of this work.

2. Materials and Methods

The RTTOV monthly means land BRDF atlas is currently based on the MODIS C5 MCD43C1
product (see https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd43c1).
The MCD43C1 is a Level 3 BRDF kernel-driven product from the operational MODIS land surface
products [10]. It combines Terra and Aqua satellites over a 16-day period of acquisition and is provided
globally at spatial resolution of 0.05◦. This product was derived from the original 1-km spatial
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resolution of MODIS data and was developed for the global modeling community [11]. The MODIS
BRDF is modeled by using the semi empirical linear model of Ross-Li [12] that is given by:

R(θsat, θsol , ∆ϕ, λ) = fiso(λ) + fvol(λ)Kvol(θsat, θsol , ∆ϕ) + fgeo(λ)Kgeo(θsat, θsol , ∆ϕ) (1)

where θsat, θsol, and ∆ϕ are the satellite zenith angle, the solar zenith angle, and the azimuth difference
between satellite and solar directions, respectively; λ is the wavelength. fiso is due to isotropic scattering,
fvol is due to volumetric scattering as from horizontally homogeneous leaf canopies, and fgeo is due to
geometric-optical surface scattering as from scenes containing 3-D objects that cast shadows and are
mutually obscured from view at off-nadir angles. The formulation of the BRDF model kernels Kvol and
Kgeo can be found in Lucht et al. [12].

The MCD43C1 product contains the three retrieved BRDF model parameters fiso, fvol, and fgeo for
each MODIS VIS/NIR channel and three associated pieces of information on quality and inputs (a
retrieval quality flag, the percentage of inputs from the original 1-km spatial resolution of MODIS
between 0 and 100%, and the percentage of snow coverage between 0 and 100%). The MODIS products
are globally able to capture the seasonal cycle of snow-free surface albedo with a typical accuracy
better than 0.05 but are also found to be less accurate for higher solar zenith angles [13]. The study of
Wang and Zender [14] found that the accuracy over snow deteriorates for SZA > 55◦, but Schaaf and
Strahler [15] contradicted this finding by arguing an inappropriate use of the extensive quality flags
and showed that the MODIS product performs quite well out to the recommended limit for product
use of 70◦ SZA.

We have improved the RTTOV BRDF atlas by using the last collection 6 (C6) of the MODIS
MCD43C1 products [16]. The main differences of the two versions are the following. Firstly, the
MCD43C1 products are generated daily instead of every 8 days, but still using the 16-day retrieval
algorithm. Secondly, all available observations are used at high latitudes in order to improve the
number and the quality of the retrieval. Lastly, the current day snow status is used instead of the
majority snow/no-snow status from the 16-day period. The generation of the new RTTOV BRDF atlas
follows the one that is described in Vidot and Borbás [6] and will be described here. For all original
MODIS MCD43C1 data within a month, we extracted the information for a 2 × 2 pixel box (from an
original pixel resolution at 0.05◦ to the final grid at 0.1◦). The retrieved BRDF model parameters are
averaged over the 4 pixels multiplied by the number of days within each month. As compared with
C5, we then have many more pixels to average.

3. Results

3.1. Mask and Quality Index Improvement

Additionally, to the monthly means BRDF atlas, a mask is provided for each of the BRDF datum
providing information on the surface type (water, snow-free land with three levels of retrieval quality,
snow with two levels of retrieval quality, and no data). On the panel of Figure 1 are shown global
maps of the BRDF mask between the one derived from C5 and the one derived from C6 in July 2007
(Figure 1a,b) and in December 2007 (Figure 1c,d). The mask is based on the quality flag of the MODIS
MCD43C1 product using an iterative process and is fully described in Vidot and Borbás [6]. There are
seven flags in the mask which are defined as:

• Water surfaces: Based on the land/water mask from the UWIREMIS atlas.
• Good quality retrieval: No snow, best, and good MCD43C1 quality for 80% inputs or more.
• Medium quality retrieval: No snow, medium MCD43C1 quality for 80% inputs or more.
• Low quality retrieval: Remaining no snow pixels.
• Snow surfaces: Full snow.
• Bad quality retrieval: Remaining pixels containing snow.
• No data: Remaining pixel from land/water mask with no BRDF retrieval.
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Figure 1. RTTOV Bidirectional Reflectance Distribution Function (BRDF) mask and quality index: (a) 
For July 2007 based on C5; (b) For July 2007 based on C6; (c) For December 2007 based on C5; (d) For 
December 2007 based on C6. 

For the two months represented in Figure 1, the number of “Bad” retrieval quality and “No 
data” flags (in orange and red) over India (Figure 1a), China, or Indonesia (Figure 1c) is greatly 
reduced with C6 as well as the number of “Low” retrieval quality flags (in green over the Tropics). 
The “Bad” and “Low” retrieval quality flags from C5 are mainly due to the low retrieval 
performance of the MODIS product in areas with strong aerosol and residual cloud contamination. 
By using the higher frequency of C6 products, which are provided on a daily basis instead of an 
8-day basis, we obtained more cases with higher MCD43C1 quality leading to a better RTTOV BRDF 
quality index. The effect of using all available observations at high latitudes in C6 compared to C5 
can be also seen over Greenland where the number of snow pixels has increased (Figure 1a,b). 
However, as we wanted to have as much as possible snow-free surface information in the BRDF 
model, we put more weight on snow-free retrieval. The consequence of using the daily basis of C6 is 
that we have more probability to get snow-free information within each month. This leads to a 
reduction of RTTOV BRDF snow flag as seen over high northern latitudes (Figure 1c,d). 

Overall, we compared each flag for three latitudinal areas in both hemispheres for the year 
2007. For that, we separated latitudes in polar (latitudes above or below 60°), mid-latitudes (latitudes 
between 23.5° and 60° or between −23.5° and −60°), and tropical (latitudes between +/−23.5°). Figure 
2 shows the temporal evolution of the percentage of each flag compared to the total land pixels for 
the three areas (rows) and for the two hemispheres (columns). For almost all areas (except Polar 
Southern Hemisphere (SH)), the percentage of “Low” retrieval quality flags has decreased (in green 
dashed lines for C5 and green full lines for C6) and the percentage of “Medium” retrieval quality 
flags has increased (in cyan dashed lines for C5 and cyan full lines for C6). 

Figure 1. RTTOV Bidirectional Reflectance Distribution Function (BRDF) mask and quality index:
(a) For July 2007 based on C5; (b) For July 2007 based on C6; (c) For December 2007 based on C5;
(d) For December 2007 based on C6.

For the two months represented in Figure 1, the number of “Bad” retrieval quality and “No data”
flags (in orange and red) over India (Figure 1a), China, or Indonesia (Figure 1c) is greatly reduced with
C6 as well as the number of “Low” retrieval quality flags (in green over the Tropics). The “Bad” and
“Low” retrieval quality flags from C5 are mainly due to the low retrieval performance of the MODIS
product in areas with strong aerosol and residual cloud contamination. By using the higher frequency
of C6 products, which are provided on a daily basis instead of an 8-day basis, we obtained more cases
with higher MCD43C1 quality leading to a better RTTOV BRDF quality index. The effect of using all
available observations at high latitudes in C6 compared to C5 can be also seen over Greenland where
the number of snow pixels has increased (Figure 1a,b). However, as we wanted to have as much as
possible snow-free surface information in the BRDF model, we put more weight on snow-free retrieval.
The consequence of using the daily basis of C6 is that we have more probability to get snow-free
information within each month. This leads to a reduction of RTTOV BRDF snow flag as seen over high
northern latitudes (Figure 1c,d).

Overall, we compared each flag for three latitudinal areas in both hemispheres for the year
2007. For that, we separated latitudes in polar (latitudes above or below 60◦), mid-latitudes (latitudes
between 23.5◦ and 60◦ or between −23.5◦ and −60◦), and tropical (latitudes between ±23.5◦). Figure 2
shows the temporal evolution of the percentage of each flag compared to the total land pixels for the
three areas (rows) and for the two hemispheres (columns). For almost all areas (except Polar Southern
Hemisphere (SH)), the percentage of “Low” retrieval quality flags has decreased (in green dashed
lines for C5 and green full lines for C6) and the percentage of “Medium” retrieval quality flags has
increased (in cyan dashed lines for C5 and cyan full lines for C6).
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Figure 2. Temporal evolution of the percentage of each flag in 2007. The dashed lines represent C5 
and the full lines the C6: (a) For Polar regions of the Northern Hemisphere; (b) For Polar regions of 
the Southern Hemisphere; (c) For Mid-Latitudes of the Northern Hemisphere; (d) For Mid-Latitudes 
of the Southern Hemisphere; (e) For the Tropics of the Northern Hemisphere; (f) For the Tropics of 
the Southern Hemisphere. Colors are similar to those of Figure 1. 

For Tropical regions, the percentage of “No data” has been reduced to almost zero (represented 
in full red lines in Figure 2e,f). The percentages of “Good” retrieval quality flags or “Snow” flags 
have changed slightly between C5 and C6, but we can conclude that the percentage of “Good” 
quality retrieval from C6 (full blue lines) is around 70% over Polar Northern Hemisphere (NH) 
during summer time (Figure 2a). It is between 40% and 85% in Mid-Latitudes NH (Figure 2c) and 
Tropics (Figure 2e,f) depends on the season and between 80% and 90% in Mid-Latitudes SH (Figure 
2d).  

3.2. Comparison for SEVIRI TOA Reflectances 

The evaluation of the monthly BRDF atlas has been realized by comparing SEVIRI clear-sky top 
of atmosphere (TOA) observations to simulations on 3 July 2017 in the three visible and near 
infrared SEVIRI channels (channel 1 centered at 0.6 μm, channel 2 centered at 0.8 μm, and channel 3 
centered at 1.6 μm). To simulate clear-sky TOA reflectances, we used the atmospheric profiles 
(pressure, temperature, and water vapor) and surface pressure from the Global UK MetOffice NWP 
model [17] and RTTOV version 12. In order to check the ability of representing the BRDF for 
different geometrical situations, we compared the observed and simulated TOA reflectances every 
hour from 8:00 UTC to 18:00 UTC. This temporal window was chosen to ensure observations during 
daytime with various solar illuminations including large zenith angles. It is worth mentioning here 
that aerosols were not included in the simulations. On the panel of Figure 3 is shown the clear-sky 
SEVIRI TOA reflectance at 12:00 UTC (left column) and simulated TOA reflectance with C5 (middle 
column) and with C6 (left column) for the three channels (channels 1 to 3 from top to bottom rows, 
respectively). 

  

Figure 2. Temporal evolution of the percentage of each flag in 2007. The dashed lines represent C5 and
the full lines the C6: (a) For Polar regions of the Northern Hemisphere; (b) For Polar regions of the
Southern Hemisphere; (c) For Mid-Latitudes of the Northern Hemisphere; (d) For Mid-Latitudes of
the Southern Hemisphere; (e) For the Tropics of the Northern Hemisphere; (f) For the Tropics of the
Southern Hemisphere. Colors are similar to those of Figure 1.

For Tropical regions, the percentage of “No data” has been reduced to almost zero (represented
in full red lines in Figure 2e,f). The percentages of “Good” retrieval quality flags or “Snow” flags
have changed slightly between C5 and C6, but we can conclude that the percentage of “Good” quality
retrieval from C6 (full blue lines) is around 70% over Polar Northern Hemisphere (NH) during summer
time (Figure 2a). It is between 40% and 85% in Mid-Latitudes NH (Figure 2c) and Tropics (Figure 2e,f)
depends on the season and between 80% and 90% in Mid-Latitudes SH (Figure 2d).

3.2. Comparison for SEVIRI TOA Reflectances

The evaluation of the monthly BRDF atlas has been realized by comparing SEVIRI clear-sky
top of atmosphere (TOA) observations to simulations on 3 July 2017 in the three visible and near
infrared SEVIRI channels (channel 1 centered at 0.6 µm, channel 2 centered at 0.8 µm, and channel 3
centered at 1.6 µm). To simulate clear-sky TOA reflectances, we used the atmospheric profiles (pressure,
temperature, and water vapor) and surface pressure from the Global UK MetOffice NWP model [17]
and RTTOV version 12. In order to check the ability of representing the BRDF for different geometrical
situations, we compared the observed and simulated TOA reflectances every hour from 8:00 UTC to
18:00 UTC. This temporal window was chosen to ensure observations during daytime with various
solar illuminations including large zenith angles. It is worth mentioning here that aerosols were not
included in the simulations. On the panel of Figure 3 is shown the clear-sky SEVIRI TOA reflectance at
12:00 UTC (left column) and simulated TOA reflectance with C5 (middle column) and with C6 (left
column) for the three channels (channels 1 to 3 from top to bottom rows, respectively).
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Figure 3. Observed and simulated top of atmosphere (TOA) clear-sky reflectance in three Spinning 
Enhanced Visible and InfraRed Imagers (SEVIRI) solar channels: (a–c) Observed, simulated with C5, 
and simulated with C6 for channel 1 at 0.6 microns, respectively; (d-f) Observed, simulated with C5, 
and simulated with C6 for channel 2 at 0.8 microns, respectively; (g–i) Observed, simulated with C5, 
and simulated with C6 for channel 2 at 1.6 microns. 

The panel of Figure 3 shows that the BRDF model of RTTOV is well suited to represent the 
spatial distribution of TOA reflectances. However, it can be also noticed that the TOA reflectances 
are often overestimated at the edge of the disk. The panel of Figure 4 shows the angular effect in the 
performance of the RTTOV BRDF model to simulate SEVIRI as well as the difference between the 
two collections. The effect of the viewing zenith angle (VZA), the solar zenith angle (SZA), and the 
scattering angle (SCA) is shown on Figure 4a–i, respectively. For each angle, the top panel of Figure 
4 represents the mean bias of the TOA reflectance observed minus the simulated in function of the 
angle whereas the bottom panel of Figure 4 represents the standard deviation of the differences 
between observations and simulations in function of the angle. For VZA and SZA, the data were 
combined in 5° bins between 0 and 90° whereas for SCA the data were combined in 10° bins between 
0 and 180°. The colors refer to the channels whereas the line styles refer to the MODIS collections 
(plus for C5 and dots for C6). For SEVIRI, there are no observations over land for VZA between 0 
and 5°, and the scattering angle range were found to be between 70° and 170°.The results show that 
the mean bias is less than 0.03–0.05 and the standard deviation is less than 0.05 for most of situations. 
However, the results show also that the mean bias strongly decreases at higher VZA (above 70°) 
leading to an overestimation from RTTOV (Figure 4a). The effect is more important in the near 

Figure 3. Observed and simulated top of atmosphere (TOA) clear-sky reflectance in three Spinning
Enhanced Visible and InfraRed Imagers (SEVIRI) solar channels: (a–c) Observed, simulated with C5,
and simulated with C6 for channel 1 at 0.6 microns, respectively; (d-f) Observed, simulated with C5,
and simulated with C6 for channel 2 at 0.8 microns, respectively; (g–i) Observed, simulated with C5,
and simulated with C6 for channel 2 at 1.6 microns.

The panel of Figure 3 shows that the BRDF model of RTTOV is well suited to represent the spatial
distribution of TOA reflectances. However, it can be also noticed that the TOA reflectances are often
overestimated at the edge of the disk. The panel of Figure 4 shows the angular effect in the performance
of the RTTOV BRDF model to simulate SEVIRI as well as the difference between the two collections.
The effect of the viewing zenith angle (VZA), the solar zenith angle (SZA), and the scattering angle
(SCA) is shown on Figure 4a–i, respectively. For each angle, the top panel of Figure 4 represents the
mean bias of the TOA reflectance observed minus the simulated in function of the angle whereas the
bottom panel of Figure 4 represents the standard deviation of the differences between observations and
simulations in function of the angle. For VZA and SZA, the data were combined in 5◦ bins between 0
and 90◦ whereas for SCA the data were combined in 10◦ bins between 0 and 180◦. The colors refer
to the channels whereas the line styles refer to the MODIS collections (plus for C5 and dots for C6).
For SEVIRI, there are no observations over land for VZA between 0 and 5◦, and the scattering angle
range were found to be between 70◦ and 170◦.The results show that the mean bias is less than 0.03–0.05
and the standard deviation is less than 0.05 for most of situations. However, the results show also
that the mean bias strongly decreases at higher VZA (above 70◦) leading to an overestimation from
RTTOV (Figure 4a). The effect is more important in the near infrared (in green) than in the visible
(in blue). The standard deviation also greatly increases for VZA above 70◦ (Figure 4d) and can reach
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0.5 for the channel 3. The standard deviation also increases for SZA between 60 and 70◦ and for low
or high SCA. Additionally, we can see that there is a slight underestimation of RTTOV at low VZA
that seems to be at its worst with C6 (Figure 4a). This effect can be also seen in Figure 3h,i when
compared to Figure 3g for Central Africa. The values of remaining biases and standard deviations
might be explained by different factors. The first one comes from the fact that we did not include
aerosols in our simulations. Aerosols may have a strong impact on the simulations depending on
the aerosol loading. The positive bias at medium angle may also be explained by the Lambertian
approximation that is used in the MODIS retrieval and has been shown to underestimate the retrieved
surface reflectance [18]. Others errors coming from atmospheric correction in MODIS retrieval or
errors from RTTOV simulations are potential explanations. The overestimation of RTTOV as compared
with observations at high VZA might be explained by the inaccuracy of the Ross-Li model [12] at
these high angles or the inadequacy of such angles in the MODIS retrieval process. Finally, we can
conclude that there are no strong differences between C5 and C6, and both collections provide accurate
BRDF description for VZA below 70◦ with TOA reflectance bias below 3%. In comparison, the SEVIRI
operational calibration was found to be stable during the years 2004 to 2009, with an offset of −8% at
0.6 µm, −6% at 0.8 µm, and +3.5% at 1.6 µm compared to MODIS [19].
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Figure 4. (a) Observations minus simulations mean bias of the TOA reflectances as a function of the
viewing zenith angle (VZA); (b) Same as (a) as a function of solar zenith angle (SZA); (c) Same as
(a) as a function of the scattering angle (SCA); (d–f) Standard deviation of the observations minus
simulations TOA reflectances as a function of VZA, SZA, and SCA, respectively. The different colored
lines and styles refer to the Moderate Resolution Imaging Spectroradiometer (MODIS) collection and
SEVIRI channels as explained in the legend.
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3.3. Comparison with In Situ Snow Spectral Albedo

Since RTTOV version 11.2, we extended the BRDF model to snow surfaces following the
methodology developed for the land surfaces. For that we applied the principal component analysis
on snow spectral albedo (defined as directional-hemispherical reflectance for direct beam at a certain
solar zenith angle or also named black-sky albedo). To cover the whole possible range of snow
reflectance variations, we simulated snow spectral albedo with different snow optical properties and
for different solar zenith angles. The snow spectral albedo is influenced by many factors, such as the
refractive index of ice [20], the snow microphysical properties, and the presence of light absorbing
impurities within the snow pack [21]. To simulate the snow spectral albedo, we used the DIScrete
Ordinate Radiative Transfer (DISORT) model [22]. The DISORT model was applied to a plane-parallel
multi-layer snowpack where the single scattering properties of snow were computed with the Mie
theory. The spherical assumption is acceptable to model only the bi-hemispherical reflectance of
snow [23]. We refer to the work of Carmagnola et al. [24] (parts 2.2.1) for the full description of the
simulation of the snow spectral albedo. In our simulations we used the snow Specific Surface Area
(SSA) to characterize the optically relevant size of the snow grain. The snow SSA is impacted by the
snow metamorphism. A high value of SSA is often related to fresh snow whereas a small value can be
related to melt-frozen snow. Additionally, the presence of impurities also impacts the snow spectral
albedo. The DISORT simulations have been successfully compared with in situ measurements [24].
The panel of Figure 5 shows different simulated snow spectral albedos between 0.4 and 2.5 µm for
SZA = 0◦ and SZA = 60◦ (Figure 5a,b, respectively). The different green to purple lines show the effect
of SSA on the simulated snow spectral albedo, whereas the orange to red lines show the effect of Black
Carbon Content (BCC). All simulated spectra show typical features of snow albedo (high value in the
VIS that decrease with wavelength with peaks near 1.1, 1.3, 1.85, and 2.25 which correspond to the
minima of the absorption coefficient of pure snow [21]).
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The Figure 5a,b shows also that when the snow microstructure is fine, i.e., for high SSA values
(in green), the albedo is high, and when the snow microstructure is coarser, i.e., when the SSA
decreases, the snow spectral albedo decreases in the near infrared part. In the visible part, when the
content of black carbon increases, the snow spectral albedo decreases. In addition, higher SZA lead
to higher albedo. The full database of snow spectral albedos was simulated using SZA between 0
and 85◦ by steps of 5◦, the snow SSA between 5 and 100 m2·kg−1 by steps of 5 m2·kg−1, and BCC
of 0.1, 0.5, 1, 5, 10, to 50 (by steps of 10), 100 to 1000 (by step of 100), 1000, and 2000 ppm. This
database was used in the same way as for land surface to reconstruct hyperspectral BRDF spectra
by constraining/fitting the satellite–derived BRDF retrievals at specific channels with the principal
components of this representative set of snow spectral albedo.
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To validate the snow BRDF RTTOV model, we used in situ snow spectral albedo measurements
made at Summit Camp in Greenland (72◦36′N, 38◦25′W, 3210 m a.s.l.) during two months in 2011 [22].
However, there may be a directional dependence of snow BRDF that is not properly evaluated by
the albedo comparison as the snow reflectance is not fully isotropic. A complete validation would
require snow BRDF measurements instead of albedos. The instrument is the ASD FieldSpec Pro
spectroradiometer with a spectral range of 0.35 to 2.2 µm and a spectral resolution ranging from 3 nm
in the UV to 12 nm in the NIR. The measurements accuracy is below 0.3% of the albedo over the full
spectrum except between 1.8 and 1.9 µm due to low signal/noise ratio. The measurements were all
acquired around 11:00 LT, checked for quality and cloud screening, and corrected from measurements
artifacts that are fully described in Carmagnola et al. [24]. We used 19 spectra (8 in May 2011 and 11
in June 2011) with SZA ranging between 49.1◦ and 58.8◦ (see Table 1). Figure 6 shows the measured
spectra used in this study (in blue for May and in red for June). The variability seen in the measured
spectra can be mostly explained by the change in snow properties since the SZA did not change much
during the measurements. The interpretation of this variability is beyond the scope of this study and is
described in Carmagnola et al. [24].

Table 1. Date and solar zenith angles of the in situ measurements.

Date SZA

16 May 2011 53.2◦

17 May 2011 58.8◦

19 May 2011 52.6◦

22 May 2011 52.1◦

25 May 2011 51.5◦

28 May 2011 51.0◦

30 May 2011 50.7◦

31 May 2011 50.6◦

1 June 2011 50.4◦

2 June 2011 50.3◦

3 June 2011 50.2◦

7 June 2011 50.6◦

10 June 2011 49.5◦

11 June 2011 49.4◦

15 June 2011 50.5◦

20 June 2011 50.4◦

22 June 2011 54.5◦

24 June 2011 49.8◦

25 June 2011 49.1◦
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Since the RTTOV BRDF model is provided on a monthly basis, we calculated the mean snow
spectral albedo for the two months of the in situ measurements. The snow spectral albedo is calculated
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using Equation (4) of Vidot and Borbás [6] (i.e., as black-sky albedo). It is worth mentioning that
in situ snow spectral albedo contains both black-sky albedo and white-sky albedo (bihemispherical
reflectance under isotropic radiation) weighted by the proportion of diffuse irradiance [13], which is
the function of the aerosol optical depth under clear-sky conditions. In this comparison, we considered
that the diffuse component is negligible as compared to the direct component. This is supported by
the fact that typical aerosol optical depth is low at Summit (0.05 at 500 nm) [25] and that the snow
spectral albedo is similar to the black-sky albedo for moderate SZA (see Figure 1 of Liu et al. [13]). The
top panel of Figure 7a displays the mean snow spectral albedo from in situ measurements made in
May 2011 (in blue), and the blue shaded area between black lines represents the standard deviation.
The red curve represents the snow spectral albedo calculated from the RTTOV BRDF model with C5
whereas the green line represents the snow spectral albedo calculated from the RTTOV BRDF model
with C6. The bottom panel of Figure 7a represents the difference between the mean spectral albedo
from measurements and the monthly mean calculated snow spectral albedo. The Figure 7b represents
the same results for June 2011. MODIS C5 and C6 simulate both the spectral dependence of snow but
underestimate the albedo compared to in situ measurements. However, the C6-based BRDF model
clearly improves the simulations everywhere in the spectrum as compared those of with C5. This
result has been also shown by Wright et al. [25] for MODIS channels. Almost no biases are found in
the visible part of the spectrum with C6, whereas it was 0.05 for May and 0.1 for June with C5. In the
near infrared part, an underestimation of the albedo still remains in May of a maximum of 0.05.
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4. Conclusions

An improvement of the land and snow surface BRDF model for RTTOV has been studied here.
It is based on the last collection C6 of the MODIS MCD43C1 product. The evaluation of this new BRDF
model has been proposed for snow-free land surfaces and snow-covered surfaces with two types of
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observations. For snow-free land surfaces, we compared SEVIRI TOA reflectances at 0.6, 0.8, and
1.6 µm with simulations made using RTTOV version 12 and the Global UK Met-Office NWP model.
We complemented our evaluation by using the temporal frequency of observations every hour during
daytime to estimate the performance of the BRDF model as a function of the viewing and solar zenith
angles as well as the scattering angles. For snow-covered surfaces, we used in situ snow spectral
albedo measurements in the VIS/NIR over the Summit Camp in Greenland during two months to
check the spectral consistency between the simulations and the observations.

Since the C6 MODIS product is provided on a daily basis (as compared to the 8-days of C5), we
firstly showed that the quality index of the RTTOV land and snow surface BRDF model is improved
leading to a strong reduction of the lower BRDF retrieval quality index. We showed secondly that
both C5 and C6 performed almost equally in simulating SEVIRI clear-sky observations. We concluded
that the land surface BRDF model is accurate when VZA and SZA are below 70◦ with an estimated
error below 3% to 5% in TOA reflectance in the three VIS/NIR channels. Thirdly, we showed that the
MODIS C6 product improved the simulations for snow surfaces, especially in the visible part of the
spectrum where for the two months studied here almost no bias was found. In the near infrared part
of the spectrum, an underestimation of the simulated snow spectral albedo was found with C6 but this
underestimation was lower than that of the simulations with C5.

In the future, we plan to extend the database to other years since only the year 2007 is implemented
in RTTOV. The MODIS C6 product is now provided for 2000 and 2017. We also plan in the framework of
the SAF-NWP project to extend the capability of RTTOV into the ultraviolet. This objective is motivated
by the use of the high spectral resolution of the RTTOV BRDF model to simulate UV/VIS/NIR
hyperspectral spectrometers that will fly onboard the Sentinel-5 and the Meteosat Third Generation
(MTG) satellites.
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