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Abstract: This paper presents an innovative method for observing vegetation health at a very high
spatial resolution (~5 x 5 cm) and low cost by upgrading an existing Aerosol RObotic NETwork
(AERONET) ground station dedicated to the observation of aerosols in the atmosphere. This study
evaluates the capability of a sun/sky photometer to perform additional surface reflectance
observations. The ground station of Toulouse, France, which belongs to the AERONET sun/sky
photometer network, is used for this feasibility study. The experiment was conducted for a 5-year
period (between 2016 and 2020). The sun/sky photometer was mounted on a metallic structure at a
height of 2.5 m, and the acquisition software was adapted to add a periodical (every hour) ground-
observation scenario with the sun/sky photometer observing the surface instead of being inactive.
Evaluation is performed by using a classical metric characterizing the vegetation health: the
normalized difference vegetation index (NDVI), using as reference the satellite NDVI derived from
a Sentinel-2 (S2) sensor at 10 x 10 m resolution. Comparison for the 5-year period showed good
agreement between the S2 and sun/sky photometer NDVIs (i.e., bias = 0.004, RMSD = 0.082, and R
= 0.882 for a mean value of S2A NDVI around 0.6). Discrepancies could have been due to spatial-
representativeness issues (of the ground measurement compared to S2), the differences between
spectral bands, and the quality of the atmospheric correction applied on S2 data (accuracy of the
sun/sky photometer instrument was better than 0.1%). However, the accuracy of the atmospheric
correction applied on S2 data in this station appeared to be of good quality, and no dependence on
the presence of aerosols was observed. This first analysis of the potential of the CIMEL CE318
sun/sky photometer to monitor the surface is encouraging. Further analyses need to be carried out
to estimate the potential in different AERONET stations. The occasional rerouting of AERONET
stations could lead to a complementary network of surface reflectance observations. This would
require an update of the software, and eventual adaptations of the measurement platforms to the
station environments. The additional cost, based on the existing AERONET network, would be
quite limited. These new surface measurements would be interesting for measurements of
vegetation health (monitoring of NDVI, and also of other vegetation indices such as the leaf area
and chlorophyll indices), for validation and calibration exercise purposes, and possibly to refine
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various scientific algorithms (i.e., algorithms dedicated to cloud detection or the AERONET aerosol
retrieval algorithm itself). CIMEL is ready to include the ground scenario used in this study in all
new sun/sky photometers.

Keywords: AERONET; vegetation; satellite; Sentinel-2; validation; photometer; surface; aerosol

1. Introduction

The physical and optical characteristics of atmospheric particles can be determined
over selected regions using the Aerosol Robotic Network (AERONET), which
encompasses hundreds of stations around the world, equipped with sun/sky scanning
spectral photometers [1]. Conceived in the early 1990s, AERONET is a network of
autonomously operated CIMEL Electronique sun/sky photometers, used to measure sun
and moon collimated direct-beam irradiance and directional sky radiance. This network
provides quality-assured, column-integrated aerosol microphysical and radiative
properties and aerosol optical depth (AOD). The AERONET network has operated for
more than 25 years thanks to the investments and efforts of NASA (Goddard Space Flight
Center, GSFC, Greenbelt, MD, USA) [1], the University of Lille (PHOtométrie pour le
Traitement Opérationnel de Normalisation Satellitaire — PHOTONS) [2], with the support
of Centre National d’Etudes Spatiales (CNES) and Centre National de la Recherche
Scientifique (CNRS), University of Valladolid (Red Ibérica de medida Fotométrica de
Aerosoles—RIMA) [3], other subnetworks (e.g., [4-7]), collaborators at agencies,
institutes, universities, and individual scientists globally.

AERONET'’s primary objective is to provide an aerosol database for the validation of
Earth Observing System (EOS) satellite retrievals of AOD and atmospheric correction.
AERONET data were gradually used to open new perspectives in the domain. The first
study for correcting the aerosol effects on remote sensing using AERONET was conducted
in 1996 by Kaufman and Tanré [8]. In addition to columnar direct Sun AOD, sky radiance
was initially used to infer aerosol characteristics from Nakajima et al. in 1996 [9], followed
by Schafer in 2014 [10], Andrews in 2017 [11], and Sinyuk et al. in 2020 [12]. Later, Dubovik
and King [13] obtained products such as aerosol volume-size distribution, complex index
of refraction, single scattering albedo, and phase functions. However, these studies poorly
investigated the interest of pointing a sun/sky photometer in a downward direction to the
surface. The RObotic Station for Atmosphere and Surface characterization (ROSAS) [14]
and HYPERNETS [15] initiatives intend to set up automatic photometric measurements
to characterize surface-directional reflectance properties (and the optical properties of the
atmosphere for ROSAS). However, there are a limited number of stations: 3 stations in the
south of France and Namibia for ROSAS, and fewer than 20 for HYPERNETS. Also, the
following question may be raised: What can be expected from the extensive AERONET
network for the monitoring of surface properties?

The objective of this study is to evaluate the capability of a sun/sky photometer from
the AERONET network to observe the surface, in addition to the atmosphere. Section 2
describes the materials and methods, and the experiment protocol. Section 3 shows the
results through a comparison with independent satellite-derided products used as
reference. The limitations and perspectives of the method are discussed in Section 4,
before concluding in Section 5.

2. Materials and Methods
2.1. Photometer Measurements
2.1.1. Default Configuration

The experimental in situ station is located in Toulouse, Southwest France on the
Meteopole instrument site (http://www.umr-cnrm.fr/spip.php?rubrique279, last
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consulted on 4 August 2021). It is a grassland field of about 10 hectares, spatially
homogeneous and located close to the research laboratory building on Météo France site
(43.572° N; 1.374° E; 160 m above sea level; Figure 1). Except for lawn mowing, which is
performed when the vegetation becomes very high (1 to 2 times per year, mainly in
summer), there is no management of this area, and only a few persons access it for the
maintenance of other instruments (e.g., for soil temperature and humidity, wind, air
temperature, or radiative fluxes).

A CIMEL CE318 sun/sky photometer belonging to the AERONET network and
operating in 9 bands ranging from 340 to 1640 nm (340, 380, 440, 500, 675, 870, 937, 1020,
and 1640 nm) was installed in 2013. In the frame of the services of PHOTONS, the
instrument operated at this site was replaced by another, having the same characteristics
each time maintenance and calibration issues were needed. Thus, five sun/sky
photometers were successively installed from 2016 to 2020 (AERONET identity numbers
715, 842, 714, 347, and 141). Several hundreds of sun/sky photometers belonging to the
AERONET network (Figure 2) are continuously and, in near real-time, observing the
atmosphere around the world. More information about the AOD measured from the
Meteopole Toulouse station (Météo France, Paris, France), called ‘Toulouse MF’, is
available on
https://aeronet.gsfc.nasa.gov/cgibin/data_display_aod_v3?site=Toulouse_MF&nachal=2
&level=3&place_code=10 (last consulted on 4 August 2021).

Figure 1. Location of sun/sky photometer on instrumented Meteopole Toulouse site, France (red
dot, courtesy of Google Earth).

Figure 2. Location of sun/sky photometers belonging to the AERONET network (red dots), courtesy
of https://aeronet.gsfc.nasa.gov (last consulted on 4 August 2021).
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2.1.2. Hybrid Configuration

In 2016, the AERONET sun/sky photometer was mounted on a metallic structure at
a height of 2.5 m (Figure 3). The acquisition software was adapted to add a new and brief
scenario (a few minutes) to perform surface spectral radiance measurements every hour
when the photometer aimed towards the surface. Figure 3 shows the sun/sky photometer
and its rotation from the sun direction to the surface direction with an inclination of 30
degrees. Considering the focal length of the sun/sky photometer and its distance from the
ground, the footprint of the sun/sky photometer measurement in the surface direction was
5.7 x 5.7 cm. Five years of such surface measurements (2016-2020) were used in this study.

(b) © / ()

Figure 3. Toulouse sun/sky photometer: (a) pointing towards the sun; (b,c) rotating toward the
surface; and (d) stand-by condition between two measurements.

2.2. Sentinel-2 Data

The Copernicus Sentinel-2 (52) mission comprises two twin polar-orbiting satellites,
Sentinel-2A (S2A) and Sentinel 2B (S2B), placed in the same sun-synchronous orbit,
phased at 180 degrees to each other, and launched on 23 June 2016 and 7 March 2017,
respectively. Sentinel-2 has a wide swath width of 290 km and a revisit time of around 10
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days at the equator with one satellite (around 5 days with two satellites). It provides
geographical information used for the monitoring of land cover, vegetation state, water
cycle, marine ecosystems, natural disasters, etc. The S2 satellites carry a multispectral
instrument (MSI) that measures reflected solar spectral radiance in 13 spectral bands,
ranging from the visible to the shortwave infrared bands at high-to-moderate spatial
resolution (i.e., 10 to 60 m) [14,16]. Spectral Sentinel-2 radiance at the top of atmosphere
was corrected for atmospheric effects, and clouds were filtered out by the CNES agency
using MAJA software [17]. Level 2 spectral S2 radiance data at the top of canopy level
were downloaded from the Theia land data center (https://theia.cnes.fr/, last consulted
on 4 August 2021). They comprise two bands (664 and 865 nm) corresponding to
chlorophyll absorption (670 nm) and infrared edge (870 nm), used for the computation of
the normalized difference vegetation index (NDVI).

2.3. Experiment Setup

The objective of this study was to evaluate the potential of AERONET sun/sky
photometers for the observation of the surface properties. S2 radiances at the top of
canopy level, after atmospheric correction (see Section 2.2) and after filtering residual
cloud contaminations, were compared to the sun/sky photometer measurements at 5 x 5
cm pointing to the surface direction (see Section 2.1.2).

Accurate direct comparisons between sun/sky photometer and S2 observations need
to account for the difference in the type of measurements. Indeed, 52 data from the Theia
land data center are in reflectance units, while sun/sky photometer data were in digital
units. Light that is collimated, not scattered, or absorbed by the atmosphere, and bounces
back by the surface illuminates the photodiode detector of the sun/sky photometer. This
light energy is converted into a digital signal, and its magnitude depends on the size of
the detector, its geometric orientation with regard to the sun, the spectral sensitivity of the
sensor, etc. In order to circumvent the unit differences between satellite and sun/sky
photometer measurements, the comparison was performed on the basis of a
dimensionless metric, the classical relative ratio normalized difference vegetation index
(NDVI):

voyy - RO = RO o

R(A1) + R(4z)

where R is the radiance measured at = 675 nm (664 nm at 10 x 10 m resolution) and =
870 nm (865 nm at 20 x 20 m resolution) for the sun/sky photometer (52 instrument). The
NDVI is one of the most common indices widely applied for monitoring vegetation
dynamics at regional and global scales [18,19]. This index was introduced by Tucker in
1979 [20] and varies between -1 and 1. Values greater than 0.3 indicate the presence of
vegetation cover.

First, qualitative analysis was performed by comparing the temporal evolution of the
sun/sky photometer-derived NDVI and S2-derived NDVI. Second, a scatter plot between
both NDVIs and statistical scores (bias, root-mean-square deviation (RMSD), and
correlation score (R)) were used for quantitative evaluation. Third, trends were analyzed
by comparing the differences between both NDVIs and the AOD at 675 nm.

3. Results

Figure 4 reports the time series of sun/sky photometer-derived NDVI and S2-derived
NDVI. Sun/sky photometer-derived NDVIs were daily averaged values (magnitudes of
the diurnal variation of the index were small). S2-derived NDVIs were calculated by using
data from orbit number 51 at 10:58 UTC.

In the Toulouse station, the NDVI decreased from 0.8 (wet conditions) in spring to a
minimal value of approximately 0.3 at the end of the summer period (dry conditions).
Quite good agreement existed between both NDVIs, with the same timings and
magnitudes of the temporal changes along seasonal cycles. The performance of all sun/sky
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photometers was comparable by considering S2 as a reference. S2A and S2B allow for
observing the surface every 18 days on average at this station (total number of clear-sky
observations was 99 over the 5-year period). By comparison, the sun/sky photometer can
make observations of the surface several times per day.

Figure 5 shows the scatter plot between sun/sky photometer-derived NDVI and S2-
derived NDVI. Bias and RMSD on a daily basis between both NDVIs were small and
correlation important: bias = 0.004 (0.024), RMSD = 0.082 (0.081), and R = 0.882 (0.899) by
using S2A NDVI as reference (S2B, respectively). The mean annual value of NDVI in the
Toulouse_MEF station was around 0.6. It is difficult to state if these small discrepancies
between S2- and sun/sky photometer NDVIs were due to rainstorms and water-soaked
soils (see rainfall in blue, Figure 4). However, several causes may explain these
differences: spectral response differences between S2 and sun/sky photometer bands,
spatial-representativeness issues, and the quality of the atmospheric correction applied
on 52 data (accuracy of the sun/sky photometer instrument was less than 0.1%). Figure 6
investigates the impact of the accuracy of the atmospheric correction by comparing the
absolute bias between both NDVIs and the daily AOD at 675 nm observed by AERONET.
No specific trend was observed, which tends to confirm the quality of atmospheric
correction performed on S2 data.
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Figure 4. Time series from 2016 to 2020 of sun/sky photometer-derived NDVI (in red) and S2-derived NDVI in Toulouse
station, France (in gray for S2A L2A, and in black for S2B L2A). Vertical blue lines show the daily rainfalls (in mm).
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NDVI and sun/sky photometer-derived NDVIin Toulouse station, France (in gray for S2A L2A, and
in black for S2B L2A).

4. Discussion

This first analysis of the potential of the CIMEL CE318 instrument operated in
AERONET for the monitoring of surface properties is encouraging.

The setup of a complementary network of surface reflectance observations based on
AERONET would require an update of the software to make measurements pointing
towards the surface, and eventual adaptations of the measurement platforms to the station
environments. The additional cost, based on this existing AERONET network, would be
quite low. The update of the acquisition software could be conducted during the annual
calibration or maintenance phase of the instrument (possible adjustment of instrument
setup may also be considered). CIMEL is proposing to include the upgrade used in this
study, called ground scenario, in all new sun/sky photometers. No degradation would
affect the existing AERONET network (quality and frequency of aerosol-load
observations as the sun/sky photometers would be unchanged). However, people in
charge of AERONET stations who are interested in this ground scenario may have to be
invited to adopt best practices (which would need to be defined) for the installation of the
sun/sky photometers pointing towards the surface. If a decision is made to deploy this
subnetwork of AERONET, the authors of this study would like to call it AEROnet
Network Used for Surface (AERONUS).

However, one of the main limitations of the system is the small spatial
representativeness of the measurement. A sun/sky photometer at a height of 2.5 m
observes only a surface footprint of approximately 5 x 5 cm. An instrument installed at a
higher height would only allow for a small increase in the footprint of the measurement.
An elegant solution for this problem of footprint would be to adapt the acquisition
software to allow for observations at different viewing angles over a period of a few
seconds. This could allow evaluation of the heterogeneity of the vegetation cover and
health up to an area of about 60 x 60 m for an inclination of 85 degrees and an instrument
at 2.5 m height.

This is a feasibility study and thus used the NDVI metric by only exploiting two
spectral bands. Lange et al. [21] showed that ground measurements of NDVI from a
multispectral instrument and satellite NDVI correlate well (0.72 <12 <0.97) over temperate
deciduous forest. This study shows correlation between multispectral and satellite NDVIs
of about 0.9. As AERONET sun/sky photometers usually have 9 spectral bands, they could
offer additional perspectives for the monitoring of different vegetation-health indices
(such as the leaf area, chlorophyll content, and pigment indices). Table 1 gives a
nonexhaustive list of indices that could be derived from these 9 spectral bands.
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Table 1. Examples of indices (nonexhaustive) that can be derived from spectral CIMEL sun/sky
photometer bands (detailed information about their calculations available in [22-24]).

CIMEL Sun/Sky Photometer Spectral Bands (in nm)
340 380 440 500 675 870 937 1020 1640

Index

CI2 (carotenoid in-
dex 2)
EVI (enhanced vege-
tation index)
EVI2 (enhanced veg-
etation index 2)

LWVI-1 (normalized

difference leaf wa- X X

ter)

MSAVI2 (modified

soil-adjusted vegeta- X X

X X

tion index)
NBR (normalized
burn ratio)
NDVI (normalized
difference vegetation X X
index)
NPCI (normalized
pigment chlorophyll X X
index)
SAVI (soil-adjusted
vegetation index)
SIWSI (vegetation
water content)
SLAVI (specific-leaf-
area vegetation in- X X X
dex)
SR (simple ratio) X X
SR3 (simple ratio 3) X X

5. Summary

This study demonstrated the good performance of AERONET sun/sky photometers
to perform additional observations of the surface reflectance. The NDVI metric was
chosen for evaluation due to its wide use for the monitoring of vegetation health by the
scientific community since the 1980s. As the NDVI metric is also the relative difference
between two spectral bands, it allowed us to make direct comparisons between 52 and
sun/sky photometer measurements without considering the unit differences. The
comparisons showed good agreement between both NDVIs, with the same timings and
magnitudes of the temporal changes along seasonal cycles. Bias and RMSD between S2A-
and sun/sky photometer-derived NDVIs were small, 0.004 and 0.082, respectively (for a
mean value of NDVI around 0.6) for the 5-year period of analysis (2016-2020). Correlation
was very high, close to 0.9. The same performance was found between S2B-derived and
sun/sky photometer-derived NDVIs.

These results illustrate the important capability of AERONET sun/sky photometers
for monitoring surface properties (especially by using different combinations of the 9
spectral bands usually available today). These new surface measurements are also
interesting for validation and calibration purposes, may contribute to refining various
scientific algorithms (e.g., algorithms dedicated to cloud detection, or the AERONET
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aerosol retrieval algorithm itself), and may find applications in other domains (e.g.,
detection of frozen periods and impact on vegetation). This study may also motivate
people in charge of other AERONET stations to operate this casual rerouting of
AERONET sun/sky photometers, and to develop a complementary network of ground
measurements dedicated to the monitoring of surface properties.
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