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Abstract. This paper assesses several methods for the retrieval of Photosynthetically Active Radiation (PAR)
from satellite imagery. The results of five different methods are compared to coincident in-situ measurements
collected at three sites in southern UK. PAR retrieval methods are separated into two distinct groups. The first
group comprises three methods that compute PAR by multiplying the satellite-retrieved solar broadband irra-
diance at the surface (SSI) by a constant coefficient. The two methods in the second group are based on more
sophisticated modelling of the radiative transfer in the atmosphere involving advanced global aerosol property
analyses and physically consistent total column water vapour and ozone produced by the Copernicus Atmo-
sphere Monitoring Service (CAMS). Both methods compute a cloud modification factor from satellite-retrieved
SSI. The five methods have been applied to two satellite-retrieved SSI datasets: HelioClim-3 version 5 (HC3v5)
and CAMS Radiation Service (CAMS-Rad). Except at the seashore site, Group 2 methods combined with the
cloud extinction from the HC3v5 dataset deliver the best results with small biases of — 5 to Oumolm~2s~!
(—1% to 0% relative to the mean of the measurements), root mean square errors of 130 umolm~—2s~! (28 %)
and correlation coefficients exceeding 0.945. For all methods, best results are attained with the HC3v5 data set.
These results demonstrate that all methods capture the temporal and spatial variability of the PAR irradiation
field well, although several methods require a posteriori bias adjustments for reliable results. Combined with
such an adjustment, the Udo et Aro method is a good compromise for this geographical area in terms of relia-
bility, tractability and its ability to run in real-time. Overall, the method performing a spectral discretization in
cloud-free conditions, combined with the HC3v5 dataset, outperforms other methods and has great potential for
supporting an operational system.
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1 Introduction

In southern UK, many growers are involved in outdoor veg-
etable production, however soft fruit production is most com-
monly polytunnel-based. The confined space created by tun-
nels defines phytoclimates that can be optimized for instance
to extend the length of the growing season through tempera-
ture and venting regulation and by enabling a precision irri-
gation approach.

Tunnels consequently offer a powerful control of the
plant’s growing environment.

In the case of soft fruits, their rate of development is both
temperature and radiation dependent. The spectral part of
the solar radiation responsible for the growth of plants, al-
gae, and of certain microorganisms is called the Photosyn-
thetically Active Radiation (PAR), and typically lies in the
wavelength range [400, 700] nm. During early summer 2018,
May-July, a long period of hotter and sunnier than average
growing conditions led to a very focused peak in production,
resulting in a significant reduction in price and a marked
increase in wastage. The management of crops through the
ventilation or the shadowing of tunnels offers some poten-
tial to regulate the production schedule and therefore to en-
hance economic performance. An accurate knowledge of cli-
matological and real-time PAR is valuable here. The relative
scarcity of PAR measurements performed at terrestrial sta-
tions motivated researchers to seek alternatives by estimat-
ing PAR from satellite imagery (PAR-satellite methods). The
purpose of this study is to compare five methods to estimate
PAR against the measurements performed at three stations
located in the area of soft fruit cultivation. Results will be
discussed taking into account the constraints and challenges
in accessing reliable long-term and real-time PAR datasets
that are needed for this type of application.

This study has four main advantages: first, the PAR-
satellite methods anterior to 2010 have never been confronted
to each other in UK. Second, this analysis includes the most
recent outcomes in terms of models for the delivery of spec-
tral radiation values (2015 onwards). Third, it enables grow-
ers to immediately access long-term, regularly distributed
and worldwide databases of PAR radiation values, which
is essential in particular when the size of their exploitation
is too small to support the costs of installation and main-
tenance of a complete meteorological station. Finally, the
fourth strength is that the recent and reliable methods also
cover water areas, opening new opportunities for other appli-
cation domains such as the monitoring of the phytoplankton
in the ocean.

In-situ measurements and quality checks are presented
in Sect. 2. Section 3 describes the five methods explored
in this analysis to derive PAR-satellite methods, separated
into two groups. All methods are applied to two satellite-
derived datasets of the solar broadband irradiance received
at the surface (SSI) in all-sky conditions: HelioClim-3 ver-
sion 5 (HC3v5) and CAMS Radiation Service (Copernicus
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Atmosphere Monitoring Service, abbreviated CAMS-Rad in
the rest of the paper). The two datasets are briefly pre-
sented in Sect. 3.1. Section 3.2 and 3.3 respectively intro-
duce group 1 and group 2 PAR-satellite methods. Section 4
is dedicated to the validation protocol. Results are presented
in Sect. 5. Section 6 proposes an interpretation of the results
and explore the cause of the underestimation observed for all
methods at one of the three sites. Section 7 provides a few
perspectives on potential improvements of the service and to
widen the work carried out in the framework of these activi-
ties. Section 8 concludes the present document.

2 Description of measurements used for
comparison and quality control

The three UK stations are located as depicted on Fig. 1:

— Aberystwyth University, located on the west coast of
Wales, provides six years of relevant PAR measure-
ments between 2012 and 2017;

— Abbotts Hall, in south-east England, provides two years
of relevant data in 2013 and 2014;

— finally, Cartmel Sands is a coastal site in north-west
England, providing one year and a half of PAR mea-
surements from mid-2013 to 2014.

The sites are equipped with Skye SKP 2015 PAR Quantum
Sensors, which count quanta of photons per unit time per unit
surface, i.e. the Photosynthetic Photon Flux Density (PPFD),
in umolm~2s~!. The PPFD can be linked to irradiances
expressed in Wm~2 using the widely used approximation
I1Wm2=4.57 pmol m2s~! (McCree, 1972). Data con-
sists of 30 min measurements aggregated over this duration.
Time stamp is given at the middle of this interval in UTC.
Characteristics of the three stations are summarized in Ta-
ble 1.

The quality of the measurements was assessed following
the approach of Opalkovd et al. (2018). This quality check
corresponds to an adaptation of the quality control of Korany
et al. (2016) that applies to broadband measurements. This
QC consists of checking that each measurement of PPFD at
ground level and for a given instant ¢ falls into the range
[0.03, 1] PPFDta, where PPFD1,a represents the same
quantity but at the top of atmosphere. PPFD1,4 was com-
puted from the solar spectral irradiance at the top of atmo-
sphere defined by Gueymard (2004) by summing up the irra-
diances within the band [400, 700] nm.

The Aberystwyth University and Abbotts Hall sites pro-
vide measurements of good quality. The quality check has
only discarded a few isolated data. The quality check applied
on Cartmel Sands measurements discards a few slots, but it
seems that this quality check procedure is not perfectly suited
or sufficient to take rid of all issues at this site. This aspect is
discussed in Sect. 6.2.

www.adv-sci-res.net/16/229/2019/
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Figure 1. Geographical locations, coordinates, and period of measurements of the three stations. Background: yearly average map of PAR

computed with the method Jacovides et al. (2004) with the SSI HC3vs5.

Table 1. Instrument and site description.

Stations Aberystwyth University

Abbotts Hall Cartmel Sands

Latitude; longitude; altitude and climate ~ 52.422°; —4.070°; 110 m; oceanic
Units

Period of data availability
Instrument

Temporal characteristics

Data provider contact or reference

6 years of data: 2012-2017

J. P. McCalmont, from IBERS

51.7858°; 0.8669°; 2 m; oceanic
umol m~2s~!
2 years: 15 Dec 2012 to 27 Jan 2015
Skye SKP 215 PAR Quantum Sensor

54.1778°; —3.0014°; 0 m; oceanic

1.5 year: 31 May 2013 to 26 Jan 2015

30 min integrated, UT, time stamp is given at the middle of the temporal interval

Hill and Chocholek (2016b) Hill and Chocholek (2016a)

At least for Aberystwyth University and Abbotts Hall, all
data points shadowed or flagged as suspicious were rejected,
leading to trustful data sets ready to serve as references.

3 Five methods to derive PAR from satellite
monitoring are compared with these
measurements

Numerous geostationary satellites have been operating for
decades now, providing a significantly long record from
which fields of SSI have been estimated. Consequently, sev-
eral companies and governmental agencies are now provid-
ing access to different data sets of SSI worldwide. Given this
opportunity, numerous methods exist to exploit the SSI to
derive spectral radiation values. We applied the five methods
to the HC3v5 and CAMS-Rad SSI, yielding an ensemble of
results to compare with the surface PAR measurements. The
two SSI data sets are described in the following sub-section.
The two following sub-sections describe the five methods
which have been separated into two groups. The first group
comprises three methods that apply a constant coefficient di-
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rectly to the SSI to derive the surface PAR in all weather
conditions and are presented in Sect. 3.2. The second group
comprises two methods which combine an accurate estima-
tion of the spectral radiation in cloud-free conditions with a
cloud extinction factor and are described in the Sect. 3.3.

3.1 HC3v5 and CAMS-Rad

HC3v5 and CAMS-Rad are the two SSI data sets selected
for this study. They are both available on the SoDa web-
site (http://www.soda-pro.com/, last access: 4 October 2019)
(Gschwind et al., 2006). The HC3v5 dataset results from
the application of the Heliosat-2 model (Blanc et al., 2011;
Rigollier et al., 2004) to images acquired by the Meteosat
Second Generation series of satellites combined with outputs
from the CAMS McClear clear-sky model (Lefevre et al.,
2013) as proposed by Qu et al. (2014). The principle of He-
liosat is that the appearance of a cloud over a pixel yields an
increase in radiance in the images taken in the visible range
by the satellite. A cloud index is computed that quantifies the
change between the observed radiance and the radiance that
should be observed if the sky were cloud-free. The greater

Adv. Sci. Res., 16, 229-240, 2019
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the cloud index, the greater the extinction of the downwelling
radiation by the atmosphere. Heliosat-2 makes use of a clear-
sky model, which is a model that estimates the SSI in cloud-
free conditions. The previous version of HelioClim-3 (ver-
sion 4) uses a fixed climatology of the atmospheric turbid-
ity as input to the ESRA clear-sky model (Rigollier et al.,
2000; Remund et al., 2003). This limitation has been over-
come in version 5 built on (i) the approximation of Oumbe
et al. (2014) wherein the global or direct SSI under all-sky
conditions is the product of the cloud-free SSI and a factor
that is a function of the solar zenithal angle, cloud properties
and ground reflective properties, (ii) the recent CAMS Mc-
Clear clear-sky model, and (iii) the recent results on aerosol
properties, and total column water vapour and ozone con-
tent produced by the CAMS that are input to McClear. At
the origins of McClear, these high quality atmospheric vari-
ables were injected into radiative transfer models (RTM) to
reach the best accuracy of the components of the radiation
in cloud-free conditions. As RTMs are computationally ex-
pensive, McClear could not run in real time. Consequently,
the strategy adopted in the development of McClear was
to reduce the number of runs by using pre-computed abaci
(also known as look-up tables) while conserving a satisfac-
tory level of accuracy.

The more recent Heliosat-4 method (Qu et al., 2017)
which generates the CAMS-Rad dataset is entirely based on
the approximation of Oumbe et al. (2014). The cloud-free
SSI is given by the McClear model with CAMS atmospheric
constituents as inputs (Lefevre et al., 2013; Gschwind et al.,
2019). The German Aerospace Center (DLR) processes the
multispectral images of the Meteosat satellite every day us-
ing the APOLLO method (Qu et al., 2017) and provides the
cloud properties as input to Heliosat-4. The other inputs to
Heliosat-4 are the solar angles computed using the SG2 al-
gorithm (Blanc and Wald, 2012) and the dataset of quanti-
ties describing the bidirectional reflectance of the ground of
Blanc et al. (2014).

3.2 Group 1 methods: computing the PAR by multiplying
the satellite-retrieved SSI by a constant coefficient

Numerous publications have been proposing empirical meth-
ods which apply coefficients to SSI to derive PAR. One
advantage of such simple approaches is to meet the speed
of calculation constraint of a real-time operational service,
while also providing an immediate availability of long-term
archives of PAR based on similar archives of SSI. We se-
lected the methods of Udo and Aro (1999), and Jacovides et
al. (2004). We also referred to Yu et al. (2015) which pro-
vides an excellent summary of previous studies to add a third
method originally optimised for England: Szeicz (1974). The
methods will respectively be named Udo et Aro, Jacovides
and Szeicz in the rest of the document. The form of these
methods is PPFD = aSSI, where a is respectively 1.919 for
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Jacovides, 2.079 for Udo et Aro, and 2.285 for Szeicz and
the PPFD and SSI is in pmolm~2s~!.

3.3 Group 2 methods: combining a spectral distribution
of the solar radiation in cloud-free conditions with a
cloud extinction derived from the SSI

As in the case of the difference of HC3v4 and HC3v5, a few
publications have also demonstrated the limitation of the ap-
proaches of group 1 methods described above due to their
dependency on sky conditions and atmospheric properties
(Wandji Nyamsi et al., 2015). An enhanced description of
the atmosphere as a function of the wavelength can be ob-
tained by running RTMs every 0.5 or 1 nm. However, once
again to limit the number of computations, the idea was to
rely on abaci and to work on a limited number of spectral
bands as the k-distribution method and correlated-k approx-
imation (Kato et al., 1999; Wandji Nyamsi et al., 2014). A
spectral version of these abaci for each Kato band has been
implemented in McClear.

In order to provide an implementation of McClear specif-
ically for the PAR range, another variable had to be ad-
justed: the albedo of the ground. The original McClear imple-
mentation relies on the albedo of MODIS in the broadband
range (Blanc et al., 2014). Nevertheless, the PAR range cor-
responds to only part of the whole solar spectrum, and con-
sequently the ground in this range only reflects part of the
incoming radiation. Bosch et al. (2009) carried out a study
to evaluate the multiplication factor to obtain PAR radiation
from broadband one for numerous different ground covers.
This analysis leads to an average coefficient of 0.47 to ap-
ply on the broadband albedo to derive the one in the PAR
range. This factor has been implemented in the Kato version
of McClear when requesting PAR datasets.

The two methods selected for this work are those de-
scribed in Wandji Nyamsi et al. (2015,2019). Both methods
output PAR in cloud-free conditions: we will name the first
one “Weighted-Kato” as it corresponds to a weighting of the
spectral bands defined in Kato et al. (1999) to fit the PAR
[400, 700] nm range. The second method proposes a resam-
pling technique of the Kato bands every 1 nm and is called
“Discretized-Kato”.

We propose an extension of these two methods to assess
the PAR in all-sky conditions by multiplying the cloud-free
PAR by a factor relating to the cloud extinction. This factor
is equal to the clear-sky index Kjear, Which is the ratio of the
SSI in all-sky conditions to the SSI in cloud-free conditions.
The SSI in all-sky conditions is given by either HC3v5 or
CAMS-Rad; the SSI in cloud-free conditions is given by the
CAMS McClear clear-sky model for the broadband range.
Doing so bears the underlying assumption that Kje,r 1S inde-
pendent on the spectral range, which is, of course, not fully
correct. In the perspectives of improvements for these ser-
vices proposed in Sect. 5, we will discuss the most recent and
promising achievements to come up with a spectral version

www.adv-sci-res.net/16/229/2019/
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of this cloud extinction factor. Figure 2 provides a recapitula-
tive scheme of the assessment of the performance of the PAR
satellite methods.

4 Validation protocol

Time series of 30 min means of SSI were generated from
15 min native values of HC3v5 and CAMS-Rad. At each sta-
tion, the five PAR methods were applied to each SSI data set,
leading to a total of 10 time series to assess per station.

The selected validation protocol is the usual one; time and
space coincident estimates are compared to the correspond-
ing measurements. Night values are discarded. Correlation
coefficients are computed. The sets of differences (estimates-
measurements) are computed and summarized by their bias,
and the root mean square error (RMSE). Relative values are
computed by dividing the bias or the RMSE by the mean of
the measurements and are given in percent. 2-D histograms
between measurements and estimates are also drawn.

Results at Aberystwyth University, Abbotts Hall and Cart-
mel Sands are respectively given in Tables 2—4. Each col-
umn of the tables represents each PAR-satellite method; the
first three columns correspond to the methods in group 1, and
the two final columns to group 2. The two first lines respec-
tively report the number of samples used for validation and
the mean of the ground-based measurements. Then for each
SSI, the next three lines correspond respectively to the bias
and its relative value, the RMSE and its relative value, and
the correlation coefficient.

5 Results

The number of coincident samples available for valida-
tion at Aberystwyth University (line 1 of Table 2) is the
largest of the three sites with 49882 samples. The best
performing method for HC3v5 is Discretized-Kato, with
a bias of —4 pmolm’2 s7! (=1% in relative value), a
RMSE of 130 umol m—2s~! (28 %) and a correlation co-
efficient of approx. 0.96 (Table 2). Similar results are ob-
tained with the method Weighted-Kato. The range of vari-
ation for the bias of the group 1 methods is large, with
values ranging from —24 umolm=2s~! (5 %) for Jacovides
up to 61 pumolm~2s~! (13%) for Szeicz. Correlation co-
efficients are identical for all methods. The RMSE ex-
hibits more or less the same values for all methods and
ranges from 131 pmolm=2s~! (28 %) for Udo and Aro up
to 153 pmol m~2s~! (33 %) for Szeicz.

Results obtained for CAMS-Rad exhibit a weaker perfor-
mance throughout than for HC3vS5 for all methods, except for
the bias of Jacovides (—4 umol m~2s~!, —1%). The abso-
lute values of the bias and the RMSEs are greater for CAMS-
Rad than for HC3v5 and the correlation coefficients are
smaller. All methods exhibit similar performances, though
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the Szeicz method offers slightly weaker performances than
the others.

The results at Abbotts Hall are fairly similar to
those at Aberystwyth University. The number of avail-
able samples is 15365, with a mean of the measure-
ments of 486 umolm~2s~. The best performing methods
are Weighted-Kato and Discretized-Kato combined with
HC3v5: the bias is respectively 0 and 2 umolm~2s~!, lead-
ing to a relative bias of 0% in both cases. The RMSE is
142 pmol m2s~! (29 %) for both methods. The correla-
tion coefficients are the same for the five methods: 0.944—
0.945 with HC3v5 and 0.918-0.919 for CAMS-Rad. As at
Aberystwyth University, the results obtained for CAMS-Rad
exhibit a weaker performance throughout than for HC3v5.

Cartmel Sands exhibits similar results in terms of RMSE
and correlation coefficients. The level of performance of all
the methods based on CAMS-Rad is also lower than based
on HC3v5. Nevertheless, the situation at Cartmel Sands is
very different compared to the two other sites in terms of
bias. Results obtained for the biases are as if all biases
for either Aberystwyth University or Abbotts Hall had lost
5%. Szeicz method demonstrated an over estimation at the
two other sites (bias of 13 % to 18 %), is now performing
good with a bias of for 29 umolm~2s~!, 6% HC3v5 and
18 umol m—2 s_l, 4 9% for CAMS-Rad. The smaller bias in
absolute value is given by the Udo and Aro method for
HC3v5 (—18umolm~2s~!, —4 %) and Szeicz for CAMS-
Rad (18 umol m 2571, 4%).

As an example, 2-D histograms of PAR computed with
Discretized-Kato combined with HC3vS are presented in
Figs. 3-5 corresponding to the three sites. The number of
samples in each bin is coded in colour, increasing from dark
blue, representing 1 sample, to dark red, representing a few
tens of samples for this bin. For this method, the points are
fairly aligned along the 1 : 1 line at the three sites (low bias)
with a limited scattering of the points (low RMSE). The un-
derestimation observed at Cartmel Sands is explained by the
green cloud of points around 400 umolm~2s~! just below
the 1 : 1 line.

The 2-D histograms of the other methods exhibit similar
shapes and scattering, in line with the fact that all RMSE
values lies in the range [30, 35] % and correlation coeffi-
cients always exceeds 0.91. Only the slopes of the clouds of
points differ from one method to another. These results con-
firm that the temporal variability of the measurements is well
reproduced by all the PAR-satellite methods, despite a neces-
sary post-processing to adjust bias for some of the presented
methods.

6 Interpretation of results

6.1 General remarks

The PAR-satellite methods are relatively ranked the same
whatever the considered site, with similar values at Aberyst-
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Figure 2. Recapitulative scheme of the quality assessment of five methods to derive PAR from satellite imagery (a) against the measurements
collected at three different sites in UK and Wales (c). Methods are separated into two groups: group 1 methods compute the PAR by
multiplying the satellite-retrieved SSI by a constant coefficient, while group 2 methods combine a spectral distribution of the solar radiation
in cloud-free conditions with a cloud extinction derived from the SSI. All these methods have been tested using two different SSIs: HC3v5

and CAMS-Rad (b).

Table 2. Aberystwyth University. Number of coincident data, mean of measurements, bias and root mean square error (RMSE) and correla-
tion coefficient for the five PAR-satellite methods and for both HC3v5 and CAMS-Rad data sets.

Group 1 Group 2
Jacovides  Udo and Aro Szeicz Weighted_Kato  Discretized_Kato
Number of pairs 49882
Mean of the measurements (umol m~2 5*1) 465
HC3v5  Bias (umol m~2 s~ 1) and relative value —24 (=5 %) 13 (3 %) 61 (13 %) —6 (—1%) —4 (—1 %)
RMSE (umol m~2s~1) and relative value 133 (29 %) 131 28%) 153 (33 %) 130 (28 %) 130 (28 %)
Correlation coefficient 0.957 0.957 0.957 0.957 0.957
CAMS- Bias (umol m2s71) —4(—1%) 35 (7 %) 84 (18 %) 15 (3 %) 16 (4 %)
Rad RMSE (pmolm_2 s 155 (33 %) 156 33%) 179 (38 %) 154 (33 %) 155 (33 %)
Correlation coefficient 0.941 0.941 0.941 0.940 0.940

wyth University and Abbotts Hall. For group 1 methods, Ja-
covides is always giving the lowest bias, followed by Udo et
Aro and then Szeicz in agreement with the increasing coef-
ficient value to compute PAR from the SSI. The Weighted-
Kato and Discretized-Kato methods give excellent results at
these two sites when combined with the clear-sky index from
HC3vs.

One may note a global overestimation of methods based on
CAMS-Rad compared to HC3v5. Looking in detail at graphs
of the PAR-satellite methods against the measurements one
day after the other, it is obvious that the CAMS-Rad SSI is
failing in reproducing a few overcast situations. This issue
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has already been pointed out in several previous validation
analyses (Eissa et al., 2015; Marchand et al., 2017, 2018;
Thomas et al., 20164, b).

Statistical results were also generated in clearness in-
dex K7_par, which corresponds to the PAR received at
ground level divided by the same quantity but received from
the sun at the top of the atmosphere. The advantage of the
normalisation is to minimize the dependence of PPFD with
sun elevation. K7_paR is thus a stricter indicator of the abil-
ity of a database in assessing the optical state of the atmo-
sphere in different weather conditions. The results for this

www.adv-sci-res.net/16/229/2019/



C. Thomas et al.: Quality assessment of PAR-satellite methods

235

Table 3. Abbotts Hall. Number of coincident data, mean of measurements, bias and root mean square error (RMSE) and correlation coeffi-
cient for the five PAR-satellite methods and for both HC3v5 and CAMS-Rad data sets.

Group 1 Group 2
Jacovides  Udo and Aro Szeicz Weighted_Kato  Discretized_Kato
Number of pairs 15365
Mean of the measurements (umol m—2 s’l) 486
HC3v5 Bias (umol m—2 s_l) and relative value —19 (—4 %) 20 (4 %) 70 (14 %) 0 (0 %) 2(0%)
RMSE (umol m~2 s~ 1) and relative value 138 (28 %) 145 (30%) 178 (37 %) 142 (29 %) 142 (29 %)
Correlation coefficient 0.945 0.945 0.945 0.944 0.945
CAMS-  Bias (umol m2s7 1) -3 (—1%) 37 (8 %) 88 (18 %) 17 3 %) 19 (4 %)
Rad RMSE (umol m2s71) 165 (34 %) 174 36 %) 205 (42 %) 169 (35 %) 169 (35 %)
Correlation coefficient 0.919 0919 0.919 0.918 0.918

Table 4. Cartmel Sands. Number of coincident data, mean of measurements, bias and root mean square error (RMSE) and correlation
coefficient for the five PAR-satellite methods and for both HC3v5 and CAMS-Rad data sets.

Group 1 Group 2
Jacovides Udo and Aro Szeicz Weighted_Kato  Discretized_Kato
Number of pairs 10124
Mean of the measurements (umol m—2 s_l) 497
HC3v5  Bias (pmolm_2 s_l) and relative value —55(=11%) —18(—4%) 29 (6 %) —35 (=7 %) —33 (=6 %)
RMSE (umol m~2 s~ 1) and relative value 152 (31 %) 142 (28 %) 153 (31 %) 145 (29 %) 144 (29 %)
Correlation coefficient 0.949 0.949 0.949 0.949 0.949
CAMS-  Bias (umol m2s7h —64 (—13%) —28(—6%) 18 (4 %) —45 (-9 %) —43 (-9 %)
Rad RMSE (umol m2s71) 200 (40 %) 187 (38 %) 187 (38 %) 192 (39 %) 191 (38 %)
Correlation coefficient 0.909 0.909 0.909 0.908 0.908

PAR derived from HC3v5 (umol m?s 1)
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92741 —

Discretized Kato
ABERYSTWYTH
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1852.1

Ground data (umol m? s°)

Figure 3. 2-D histogram of the PAR in-situ measurements (hori-
zontal axis) and PAR derived from HC3v5 estimates using the Dis-
cretized_Kato method (vertical axis) at Aberystwyth University.
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Figure 4. 2-D histogram of the PAR in-situ measurements (hori-
zontal axis) and PAR derived from HC3v5 estimates using the Dis-
cretized_Kato method (vertical axis) at Abbotts Hall.
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Figure 5. 2-D histogram of the PAR in-situ measurements (hori-
zontal axis) and PAR derived from HC3v5 estimates using the Dis-
cretized_Kato method (vertical axis) at Cartmel Sands.

indicator do not change the conclusions drawn in this analy-
sis.

A final observation is that the best performing method
turns out to be Discretized-Kato. As results are very close to
those for Weighted-Kato and taking into consideration that
the discretization every 1nm required by the Discretized-
Kato method is quite time consuming, one may wonder if
such a precision is necessary depending on the application.
In the present case of soft fruit production forecasting under
plastic tunnels in southern UK, the Udo and Aro method is
the best compromise, applied to HC3v5, given the need to
operate in real-time.

6.2 Analysis of the underestimation observed at
Cartmel Sands

Cartmel Sands exhibits a tendency to underestimation con-
trary to the other sites, whatever the PAR satellite method.
Two causes are possible: either all the PAR-satellite methods
are underestimating what is actual measured on-site, or the
instrument at Cartmel Sands is facing calibration issues.

Let us explore the PAR-satellite methods. Cartmel Sands is
located very close to the sea shore. This site could potentially
experience moisture-laden breezes from the ocean with many
small and broken clouds that may not be detectable individ-
ually in the Meteosat images (Marchand et al., 2018). This
leads to an overestimation of the irradiances, not an underes-
timation as observed at Cartmel Sands. This meteorological
phenomenon cannot explain the underestimation.

Marchand et al. (2019) propose an analysis of the spatial
consistency of the uncertainties of the satellite estimates for
both CAMS-Rad and HC3v5 for the Netherlands, in par-
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ticular regarding the sea shore proximity for each station.
There was a clear influence of the proximity to the coast for
CAMS-Rad with a tendency of underestimate the occurrence
of cloud-free conditions leading to an underestimation of the
irradiance, observation in line with the results obtained here
at Cartmel Sands. However, this paper also shows that no
specific trend of feature was observed for HC3v5. As the un-
derestimation affected both SSIs in the same way, the situa-
tion of Cartmel Sands is not similar to the stations close to
the sea shore in the Netherlands.

We have investigated the possibility that the pixel seen
from the satellite that contains Cartmel Sands station was
potentially mixing both water and soil, leading to a wrong
value for the albedo that would transversally affect all PAR-
satellite methods. This could also be the case if the geograph-
ical coordinates of Cartmel Sands station were rounded and
would have erroneously been placed offshore instead of in-
land. We first checked the sea mask used within HC3vS5 to
label the Meteosat pixel as water or inland area and serve to
define the albedo. This first check confirmed that the pixel
in which is located the station has always been considered as
inland during the period of data acquisition. Then, we ran the
PAR-satellite methods at several locations in the neighbour-
hood of the considered location. Results were worst in all
cases, leading to the conclusion that the issue was not due to
a problem of albedo or of a wrong location of the instrument.

As CAMS McClear is common for both data sets, a re-
maining option could have been a problem of the estimation
of the radiation in cloud-free conditions, showing a stronger
opacity of the atmosphere than the one actually observed at
site. However, given the large number of cloudy days in this
region, it is highly improbable that this could explain the
magnitude of the underestimation, especially given the very
good results obtained when validating the McClear model.
However, we tested this assumption by the computation of
the statistical quantities in cloud-free conditions, first for the
summer season and then for the winter one. It appears that the
underestimation was already visible in the cloud-free data,
and was very strong the winter period with bias that ranges
in —14 % to —37 % for all methods, which has never been
observed before in the assessment of CAMS McClear in the
broadband range (Lefevre et al., 2013; Gschwind et al., 2019
and their references).

To confirm that this underestimation could not be imputed
to PAR-satellite methods, we had the opportunity to start a
collaboration with the Deutcher WetterDienst (DWD) in Ger-
many with the team in charge of the next generation of solar
products of the Climate Monitoring Satellite Application Fa-
cility (CM-SAF) in 2021 (Mueller et al., 2012, 2015). In the
next release of SARAH (version 3) scheduled for 2021, they
contemplate to provide PAR datasets with a monthly time
step and we offer them the opportunity to join this compar-
ison. The DWD PAR-satellite method is very similar to the
Weighted_Kato method as they are running an implemen-
tation equivalent to McClear Kato named SPECMAGIC, in
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Figure 6. Overestimation of the ground measurements compared to PAR-satellite methods at Cartmel Sands — PAR values (vertical axis)
against time (horizontal axis) on respectively 22 December 2013 on (a), and on 15 March 2014 on (b). Red line is PARToa, blue is PAR in
cloud-free conditions, black is ground PAR measurements, and cyan and green lines correspond to 2 PAR-satellite methods: Udo et Aro and

Weighted_Kato applied on the SST HC3v5.

which abaci have also been optimized for each Kato band.
Results are fully in line with the ones obtained for the ten
other PAR-satellite methods, with a relative bias in percent
of approx. 4 % for Aberystwyth University or Abbotts Hall
and less than —4 % for Cartmel Sands.

As a consequence, the remaining option is that the instru-
ment faces a problem of calibration. Figure 6 displays two
days of PAR data for the site of Cartmel Sands. The se-
lected days are 22 December 2013 for the left hand side pic-
ture, and on 15 March 2014 for the right hand side one. For
these specific days which belong to the winter period, sev-
eral 30 min PAR datasets are displayed: the red line corre-
sponds to the PARToA, blue is PAR in cloud-free conditions,
black is ground PAR measurements, and cyan and green lines
represents the values for two PAR-satellite methods: Udo et
Aro and Weighted_Kato applied on the SSTHC3v5. The type
of weather for these days are mostly covered with broken
clouds, nevertheless the ground measurements are very close
and sometimes strongly exceeds cloud-free PAR model. The
two PAR-satellite models are collected the temporal variation
correctly, and the discrepancy between satellite and ground
PAR data is very strong due to problem of calibration of the
instrument.

As a conclusion concerning the observations made at Cart-
mel Sands, we do not recommend to use this station for fur-
ther developments and validation of PAR products.

7 Perspectives

Concerning the Weighted_Kato and the Discretized_Kato
method, authors are currently working on a spectral version
of the clear-sky index K jear adjusted for the PAR range. Pre-
liminary results demonstrated that the hypothesis that clouds
are not spectrally dependant led to an under-estimation of
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approximately 10 % in the resulting PAR values. This will be
the topic of another publication.

Another mean of potential improvement is to provide a
better model of the albedo in the PAR range by explor-
ing data sets of bidirectional reflectance distribution func-
tions (BRDF) available from the MODIS mission to estimate
the albedo in the PAR range. This could be based on the
monthly average maps of BRDF parameters built by Blanc
et al. (2014) available in the broadband range as well as in
ten spectral bands.

Collaboration has already been set up to extend this vali-
dation activity across Europe, mainly in France, Spain, and
Czech Republic with more than 15 sites in total. PAR data
have been collected for a site in Kenya.

Discussions have also been initiated with users working
in different domains, such as the monitoring of algal blooms
along sea shores or in lakes, and for the monitoring of the
phytoplankton. They have observed that phytoplankton of the
northern hemisphere in the Atlantic Ocean is migrating fur-
ther north due to global warming and climate change. They
are investigating the opportunity to exploit PAR-satellite
methods in their monitoring tool.

8 Conclusion

This paper reports on a comparison of five methods to de-
rive PAR from two SSI datasets derived from satellite im-
agery against the measurements performed at three UK sta-
tions. A great attention has been paid to the quality of the
measurements prior to the comparison. An in-depth analysis
of the measurements available for the Cartmel Sands station
demonstrated that this dataset should not be used. The vari-
ability of the measurements in time is well reproduced by
all methods for this area. Overall, methods based on HC3v5
exhibit better results. Those using the CAMS-Rad data set

Adv. Sci. Res., 16, 229-240, 2019




238 C. Thomas et al.: Quality assessment of PAR-satellite methods

globally overestimates irradiances as it misses cloudy situ-
ations, which is in agreement with the literature. Group 2
methods, and in particular Discretized-Kato combined with
the cloud extinction of the SSI HC3v5, outperform methods
of group 1 confirming the importance of successfully mod-
elling the spectral distribution of the solar radiation in cloud-
free conditions, with a bias equal to zero or slightly nega-
tive, a RMSE of 140 umol m~2s~! (approx. 30 %) relative to
the mean of the measurements) and a correlation coefficient
of 0.95. This methods turns to be satisfactory to meet the di-
verse challenges of the specific application of assessment of
the PAR potential and the real-time monitoring at more than
sixty soft fruit farms relying upon tunnel production.

The validation carried out in this analysis will be extended
to other sites in Europe and in Kenya in a forthcoming effort.
To help in understanding the merits and drawbacks of the
different PAR-satellite methods, they will be confronted to
other methods, such as the alternative proposed by EUMET-
SAT which plans to enlarge the panel of the CM-SAF prod-
ucts with monthly PAR data sets as part of the next version of
SARAH (version 3) developed and maintained by the DWD.

This work belongs to a wider project which aims at pro-
viding irradiances in any spectral range to meet the numer-
ous requirements from users in various applications, for in-
stance in solar energy, human health, agro-meteorology and
e-cosmetics.

Data availability. In-situ measurements are available on-demand
using contacts indicated in the “Acknowledgment” section. PAR-
satellite datasets for each measurement location will be available
on the SoDa website (http://www.soda-pro.com/, last access: 4 Oc-
tober 2019) and also on demand using our mailing list support-
sales @soda-is.com. The SoDa website xists since 2003.
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