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Abstract
This study provides empirical relationships between photosynthetically active radiation (PAR) and broadband
clear-sky indices at ground level for both the PAR global irradiance and its direct component. Once multiplied
by the irradiance in clear-sky conditions, the clear-sky index provides the irradiance under cloudy conditions.
The relationships are developed by the means of radiative transfer simulations of various realistic atmospheric
states including both ice and water cloud phases. For the direct component, the PAR clear-sky index is equal to
the broadband clear-sky index. For global irradiance, several linear relationships are proposed depending on
the availability of cloud properties namely cloud phase and cloud optical depth. The developed relationships
are validated numerically and experimentally by using ground-based measurements from the SURFRAD
network in the U.S.A. Overall, it has been found, a squared correlation coefficient R2 close to 1.00 and a
relative bias (relative root mean square error) in absolute value less than 3 % (6 %) with respect to the means
of the relevant measurements, demonstrating a high level of accuracy of the proposed relationships.

Keywords: Broadband irradiance, clear-sky, clear-sky index, cloud, photosynthetically active radiation,
radiative transfer simulations

1 Introduction

Solar irradiance reaching the Earth’s surface within the
spectral range from 0.40 µm to 0.70 µm is called pho-
tosynthetically active radiation (PAR). It is one of the
most important sources of energy for the development
of biomass where it is exploited by leaves of plants or
plankton in the waters through the photosynthesis pro-
cess (McCree, 1981; Frolking et al., 1998; Frouin
and Murakami, 2007). PAR is defined as the power per
unit area coming from the sun in the form of electro-
magnetic radiation reaching the ground level on a hori-
zontal plane and integrated over the PAR spectral range
thus expressed in W m−2. Another well-known term
dedicated to PAR is photosynthetic photon flux density
(PPFD). The latter is defined as the total quantity of pho-
tons received in the same spectral range per unit area per
unit time, thus expressed in µmol m−2 s−1. Both PAR and
PPFD are connected by the widely used approximation
of McCree (1972): 1 W m−2 ≈ 4.57 µmol m−2 s−1.

Farmers, growers, meteorologists, practicians and
scientists in agriculture, forestry and oceanography are
in growing need of high–quality PAR data but also its
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direct component that comes from the direction of the
sun and its diffuse component that comes from the rest
of the sky vault. Both components affect plants in differ-
ent manner, e.g., the diffuse component produces a more
homogeneous light profile in the canopy than the direct
component (Li and Yang, 2015).

High-quality PAR measurements can be obtained by
the means of reference instruments, quantum sensors for
instance (Light Measurement. Available online: https://
www.licor.com/documents/3bjwy50xsb49jqof0wz4, ac-
cessed on 2023-03-01). Nevertheless, such measure-
ments still lack spatial and temporal coverage yielding
researchers to estimate PAR from measurements or es-
timates of the broadband irradiance, i.e., irradiance in-
tegrated over the broadband range from 0.28 µm to ap-
proximately 3 µm. Such measurements or estimates are
significantly more frequently available in space and time
and originate from ground-based instruments or are de-
rived from satellite images or meteorological analyses
(Udo and Aro, 1999; Zhang et al., 2000; Mottus et al.,
2001; Gonzalez and Calbo, 2002, Jacovides et al.,
2004, 2015, Escobedo et al., 2009; Akitsu et al., 2015;
Vindel et al., 2018; Thomas et al., 2019). The above ap-
proaches assume a proportionality coefficient between
broadband and PAR irradiances which is empirically de-
termined from coincident data sets of measurements of
both broadband radiation and PAR. However, the accu-
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racy of such relationships is not guaranteed outside the
climates and periods of time for which they were devel-
oped.

To overcome this problem and aiming at more uni-
versal relationships, several approaches rely on estimat-
ing PAR fluxes as the product of the clear-sky PAR
fluxes (Bosch et al., 2009; Wandji Nyamsi et al., 2014;
2015a) by a physical quantity accounting for the atten-
uation due only to clouds often called clear-sky index
or also called cloud modification factor (Oumbe et al.,
2014). The latter close to 1 would indicate an atmo-
sphere under clear-sky conditions, whereas when close
to 0 would probably indicate an atmosphere totally cov-
ered by thick clouds, and when above 1 would mean
enhancement effects that may occur over short periods
of time in broken-clouds conditions (Calbo et al., 2005;
Sabburg and Calbo, 2009; Piedehierro et al., 2014).

The modelling of the clear-sky index has been widely
reported in the literature for broadband and UV ranges
(Krotkov et al., 2001; Calbo et al., 2005; Den Outer
et al., 2010; Huang et al., 2011; Oumbe et al., 2014).
Unfortunately, similar investigations were not yet car-
ried out for the PAR range. Therefore, the objective
of this article is to extend the clear-sky index to the
PAR range of the solar spectrum by investigating and
developing the relationship between the PAR clear-sky
index noted KPAR

c and the broadband clear-sky index
noted KBB

c under various realistic sky conditions. This
new study on the link between KPAR

c and KBB
c lever-

ages on recent results and advances on the availabil-
ity of KBB

c from widely used satellite–based algorithms
such as HelioClim-3 version 5 (HC3v5), Climate Mon-
itoring Satellite Application Facility (CM-SAF) and
Copernicus Atmosphere Monitoring Service Radiation
Service (CAMS-Rad) products (Gschwind et al., 2006;
Mueller et al., 2012; Qu et al., 2017). The present
study aims at fulfilling three main constraints: (1) the al-
gorithm can be implemented for routine operation, (2) it
should be simple and (3) the outcomes of the algorithm
should be accurate at any location any time. From our
extensive review of the literature, it is the first time that
a study on the relationship between KPAR

c and KBB
c is

carried out in a detailed manner.
The paper is structured as follows. In Section 2, a

problem statement is formally described aiming at ex-
pressing KPAR

c as a function of KBB
c . The methodol-

ogy is presented in Section 3 that calls upon radiative
transfer simulations (RTS) and ground–based measure-
ments. Then, inputs to the radiative transfer model and
ground–based measurements are described in Section 4.
The resulting relationships are discussed and validated
in Section 5. How to use these relationships is presented
in Section 6. Section 7 concludes the study.

2 Problem statement
Let λ be the wavelength in nm, Gλ and Bλ the spec-
tral global irradiance and its direct component, respec-
tively, under all-sky conditions and Gλ_clear and Bλ_clear

the corresponding quantities under clear-sky conditions.
If the superscript BB denotes the broadband range of
[0.28, 3] µm, the broadband global irradiance GBB and
its direct component BBB are given by:

GBB =

∫ 3000

280
Gλdλ (2.1)

BBB =

∫ 3000

280
Bλdλ (2.2)

The clear-sky global irradiance GBB
clear and its direct com-

ponent BBB
clear are given by:

GBB
clear =

∫ 3000

280
Gλ_cleardλ (2.3)

BBB
clear =

∫ 3000

280
Bλ_cleardλ (2.4)

Similarly, the PAR global irradiance GPAR and its direct
component BPAR, and the corresponding quantities but
for clear-sky conditions GPAR

clear and BPAR
clear are given by:

GPAR =

∫ 700

400
Gλdλ (2.5)

BPAR =

∫ 700

400
Bλdλ (2.6)

GPAR
clear =

∫ 700

400
Gλ_cleardλ (2.7)

BPAR
clear =

∫ 700

400
Bλ_cleardλ (2.8)

Then, the global and direct broadband clear-sky indices
KBB

c and KBB
cB are defined as:

KBB
c = GBB/GBB

clear (2.9)

KBB
cB = BBB/BBB

clear (2.10)

Similar definitions hold for the global and direct PAR
clear-sky indices KPAR

c and KPAR
cB :

KPAR
c = GPAR/GPAR

clear (2.11)

KPAR
cB = BPAR/BPAR

clear (2.12)

The objective is thus to develop simple, accurate, fast
and easy-to-implement relationships as follows: KPAR

c =

f
(
KBB

c

)
and KPAR

cB = f
(
KBB

cB

)
.

Once KPAR
c is known, PAR for all-sky condi-

tions GPAR is obtained by multiplying KPAR
c by the out-

come of an appropriate model providing the PAR in
clear-sky conditions GPAR

clear. Similarly, the direct compo-
nent BPAR is obtained by multiplying KPAR

cB by the di-
rect component of the PAR in clear-sky conditions BPAR

clear.
The diffuse component DPAR is then given by GPAR mi-
nus BPAR.
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3 Methodology

Overall, the study calls upon a radiative transfer model
(RTM) that simulates the propagation of solar radiation
in various sky conditions, including clear-sky condi-
tions, for both the PAR and broadband spectral ranges. A
large number of quadruplets (GPAR, GPAR

clear, GBB, GBB
clear)

and (BPAR, BPAR
clear, BBB, BBB

clear) are obtained from which
the clear-sky indices (KPAR

c , KBB
c ) and (KPAR

cB , KBB
cB ) are

computed. Several graphs between KPAR
c and KBB

c as
well as between KPAR

cB and KBB
cB were made as functions

of atmospheric variables. The shape of the curve would
indicate the nature of the relationship and thus help to es-
tablish the relevant relationships. In order to take into ac-
count, the multiple cases faced by researchers and prac-
titioners, we have established three groups of relation-
ships. The first group deals with cases when both cloud
optical depth (COD) and cloud phase are available. The
second group deals with cases when cloud phase is avail-
able, but uncertainty on COD is too large making COD
useless, while the third case deals with cases when no
data on cloud properties is available.

Once the relationships are established, their out-
comes are numerically validated by comparing them
against results from detailed spectral calculations with
the RTM and then validated against ground-based mea-
surements of both PAR and broadband irradiances ob-
tained from the surface radiation network described later
serving as reference. The differences between estimates
and reference values are computed and synthesized by
the bias (mean error), standard deviation (STD) of er-
rors, and root mean square error (RMSE) with their cor-
responding values rbias, rSTD and rRMSE relative to
the mean value of the reference data following the ISO
standard (1995). In addition, the squared correlation co-
efficient (coefficient of determination) R2 is computed.

4 Radiative transfer simulations and
ground-based measurements

4.1 Radiative transfer simulations

The RTM simulates the propagation of solar radiation
through a cloudy atmosphere for various wavelengths.
A large number of atmospheric states was randomly
built by a Monte-Carlo technique and then each atmo-
spheric state was input to the RTM. An atmospheric
state in clear-sky conditions is a combination of the solar
zenith angle θs, ground albedo ρg, total column contents
in ozone and water vapor, vertical profile of temperature,
pressure, density, and volume mixing ratio for gases as
a function of altitude, aerosol optical depth at 550 nm,
and aerosol type, and the elevation of the ground above
sea level. In all-sky conditions, cloud properties, namely
phase, effective radius of water droplets and ice crys-
tals, COD at 550 nm noted τcloud, cloud base height and
thickness, are added to the variables of the clear-sky at-
mospheric state.

Table 1 reports the range of values taken respec-
tively by θs, ρg, and the seven other variables describ-
ing the clear-sky atmosphere. The random selection
of inputs in this Table follows the modelled marginal
distribution established from observations proposed by
Lefèvre et al. (2013) and Oumbe et al. (2014) and used
by e.g., Wandj Nyamsi et al., (2015b, 2017, 2021) or
Gschwind et al. (2019). Specifically, the uniform distri-
bution was chosen as a model for the marginal proba-
bility of all parameters except aerosol optical thickness
and total column ozone. The chi-square law and the beta
law were used for aerosol optical thickness and ozone,
respectively. The selection of these parametric probabil-
ity density functions and their corresponding parame-
ters have been empirically determined from the analy-
ses of the observations made in the AERONET network
for aerosol properties and from meteorological satellite-
based ozone products.

One hundred pairs of θs and ρg was associated with
each of the 100 random selections of the other seven
variables in Table 1 providing a set of 10 000 clear-sky
atmospheric states. Then, each clear-sky atmospheric
state was associated with one combination of τcloud,
cloud base height, cloud geometrical thickness and
cloud phase as reported in Table 2. Values are re-
lated to types of clouds to produce realistic conditions.
This yielded 1 400 000 (10 000 clear-sky atmospheric
states times 140 combinations of cloudy properties)
atmospheric conditions for water clouds and 630 000
(10 000 clear-sky atmospheric states times 63 combina-
tions of cloudy properties) atmospheric conditions for
ice clouds.

This study was performed with the RTM libRad-
tran 2.0.4 (Mayer and Kylling, 2005; Emde et al.,
2016). The pseudo-spectral calculation from LOW-
TRAN included in libRadtran was selected for the
band parametrization of absorption cross sections. For
all RTS, a 1D plane-parallel atmosphere was assumed
and the DISORT 2.0 (discrete ordinate technique) al-
gorithm (Stamnes et al., 1988, Stamnes et al., 2000)
with 16 streams was selected to solve the radiative trans-
fer equation because several articles have demonstrated
the accuracy of its results when compared to robust and
more time–consuming solvers. OPAC library of Hess
et al. (1998) was selected for different aerosol models
as listed in Table 1.

Default values of libRadtran were used for the cloud
liquid water content and the droplet effective radius:
1.0 g m−3 and 10 µm for water clouds, and 0.005 g m−3

and 20 µm for ice clouds. In order to convert the micro-
physical properties of clouds i.e., cloud liquid content
and droplet effective radius into their optical properties,
the parameterization of Fu (1996) and Hu and Stamnes
(1993) were used for ice and water clouds respectively.
Other wavelengths were scaled accordingly. Single layer
clouds were assumed in the computations in line with
most operational radiative transfer retrieval algorithms.
All other variables have been set to the default values of
the RTM.
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Table 1: Ranges and statistical distributions of values taken by the solar zenithal angle, the ground albedo, the elevation of the ground above
mean sea level and the seven variables describing the clear-sky atmosphere.

Variable Value

Solar zenithal angle (θs) 0.01, 10, 20, 30, 40, 50, 60, 70, 80, 89 (degree)

Ground spectral albedo ρg 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9

Elevation of the ground above mean sea level Equiprobable in the set: 0, 1, 2, 3 in km

Total column content of ozone Ozone content is 300β + 200, in Dobson unit where β follows a Beta law, with
parameters A = 2, and B = 2

Total column content in water vapor Equiprobable between 0 and 70 kg m−2

Atmospheric profiles
(Air Force Geophysics Laboratory standards)

Equiprobable in the set: mid-latitude summer, mid-latitude winter, sub-Arctic summer,
sub-Arctic winter, tropical US. standard atmosphere

Aerosol optical depth at 550 nm Gamma distribution, with shape parameter = 2, and scale parameter = 0.13, mean = 0.25

Angstrom exponent coefficient Normal distribution, with mean = 1.3 and standard deviation = 0.5

Aerosol mixture Equiprobable in the set of the nine aerosol mixtures proposed in libRadtran: urban,
continental average, continental clean, continental polluted, maritime clean, maritime
polluted, maritime tropical, desert, Antarctic

Table 2: Selected cloud properties. Mostly from Oumbe et al. (2014). Types of clouds and their acronyms; cumulus (Cu); stratocumulus (Sc);
altostratus (As); altocumulus (Ac); cirrus (Ci) and cirrostratus (Cs).

Cloud optical depth τcloud Water clouds
(cloud base height + thickness, km)

Ice clouds
(cloud base height + thickness, km)

0.5, 1, 2, 3 (and 4 for ice cloud only) Cu: 0.4+0.2, 1+1.6, 1.2+0.2, 2+0.5
Ac: 2+3, 3.5+1.5, 4.5+1

Ci: 6+0.5, 8+0.3, 10+1

5, 7, 10, 15, 20, 25, 30, 35 (and 40, 45, 50,
60, 70, 75, 80, 100 for ice cloud only)

Sc: 0.5+0.5, 1.5+0.6, 2+1, 2.5+2
As: 2+3, 3.5+2, 4.5+1

Cs: 6+0.5, 8+2, 10+1

40, 45, 50, 70, 75, 80, 90, 100 St: 0.2+0.5, 0.5+0.3, 1+0.5
Ns: 0.8+3, 1+1
Cb: 1+6, 2+8

–

For all RTS, the solar spectrum of Gueymard (2004)
was used because it was the most spectrally detailed
available in libRadtran at that time. Its spectral reso-
lution is 0.5 nm in the range [0.28, 0.4] µm, 1 nm in
[0.4, 1.700] µm and 5 nm in [1.705, 4] µm. The wave-
length range was set between 0.28 and 3 µm yielding
spectral irradiances from detailed spectral calculations
i.e., nm per nm. libRadtran was run twice: one in order
to produce the spectral irradiances in clear-sky condi-
tions Gλ_clear and Bλ_clear, the second in order to pro-
duce the spectral irradiances in cloudy conditions Gλ

and Bλ and (GPAR
RTS , GPAR

clear_RTS, BPAR
RTS, BPAR

clear_RTS) follow-
ing Eqs. (2.1)–(2.8), and then the simulated clear-sky in-
dices (KBB

c_RTS, KBB
cB_RTS) and (KPAR

c_RTS, KPAR
cB_RTS) following

Eqs. (2.9)–(2.12).
Our simulations consider clouds as infinite, homoge-

nous and 1D parallel layers referring to overcast sky sit-
uations. In the reality, cloudy situations might also com-
prise broken cloudy situations. For instance, we ana-
lysed the series of ground-based measurements used for
the validation and described later. This series include a
quantity called fractional sky cover (FSC) that describes
the state of the cloud cover. FSC greater than 0.95 means

overcast sky situations. The lower FSC, the more broken
the cloud cover. We selected the cloudy situations with
appropriate flagged value, and we found that 42 % of
data are under broken cloudy situations i.e., for FSC
less than 0.95. This example shows how frequent bro-
ken cloud cover can be. Although the parametrizations
used are originally in 3D cloud effects, unfortunately,
the selected version of the RTM cannot appropriately
handle atmospheres comprising broken clouds. This will
require more sophisticated simulations and a large num-
ber of configurations of broken clouds should be de-
signed. Regarding the striking level of complexity, this
study does not take into account these cases.

4.2 Ground-based measurements

One-minute averages of high-quality measurements with
acquisition frequency of 1 Hz were collected from
the surface radiation (SURFRAD) network through
the SURFRAD FTP Server (available online: https://
gml.noaa.gov/aftp/data/radiation/surfrad/, accessed on
2022-10-01) at seven ground–based stations located in
the U.S.A. The measurement period used spans over
5 years, from 2016-01-01 to 2020-12-31. Fig.1 shows

https://gml.noaa.gov/aftp/data/radiation/surfrad/
https://gml.noaa.gov/aftp/data/radiation/surfrad/
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Figure 1: Map of the seven SURFRAD sites. The orographic basemap is under public domain and is from the Etopo1 data set from the
National Oceanic and Atmospheric Administration of the United States of America.

Table 3: Ground-based stations used for measurement collection, from the northernmost station to the southernmost one.

Station Fort Peck Sioux Falls Penn. State Univ Table Mountain Bondville Desert Rock Goodwin Creek

Code FPK SXF PSU TBL BON DRA GWN
Latitude (°) 48.31 43.73 40.72 40.12 40.05 36.62 34.25
Longitude (°) −105.10 −96.62 −77.93 −105.24 −88.37 −116.02 −89.87
Elevation amsl (m) 634 473 376 1689 230 1007 98

*amsl: above mean sea level.

the geographical distribution of the stations and Table 3
lists them with their respective three-letter station iden-
tifier, latitude, longitude, and elevation above the mean
seal level. The reader may refer to Wandji Nyamsi et al.
(2019) for a detailed description of climate and ground
characteristics at each station. Collected measurements
include broadband global irradiances and their diffuse
and direct components and PAR global irradiances. No
direct or diffuse components of the PAR irradiance are
available. Table 4 reports the measuring instruments,
their spectral range and uncertainty.

The SURFRAD collection includes a series of prod-
ucts named “RadFlux” generated following the Radia-
tive Flux (RadFlux) Analysis methodology (Long and
Ackerman, 2000). In brief, this methodology is based
on a technique using measured broadband irradiances
for selecting clear-sky periods. The clear-sky selection
algorithm used is comparable to other published ones
(Wandji Nyamsi et al., 2023). Then, functions are fit-
ted on the detected clear-sky data and then exploited to
produce continuous clear-sky estimates. The clear-sky
estimates and measurements are then used in various
ways to infer cloud optical properties (Barnard et al.,
2008; Long, 2005; Long and Ackerman, 2000; Long
and Gaustad, 2004; Long et al., 2006). Among these

“RadFlux” products, the high–quality ones used here are
clear-sky broadband global irradiance, FSC and COD.
In addition, data were flagged (flag “ClrF”) 1 and 0
if measured under clear-sky and cloudy sky conditions
respectively, while cloud optical depth were flagged
(flag “TauF”) 1 and 0 if the cloud phase were water or
ice respectively. Overall, only measurements of irradi-
ance greater than 0 were used in this study.

Experimental validations of the developed relation-
ships were carried out with appropriate SURFRAD data.
For doing so, clear-sky PAR fluxes should be initially
produced with high accuracy. Keeping only data with
flag “ClrF” equal to 1 and assuming that the clear-sky
periods identified by analyzing broadband irradiances
are also clear-sky periods for PAR measurements, both
measured PAR and broadband fluxes are selected corre-
sponding to clear-sky conditions at each station. A con-
version factor of α = 0.422 ± 0.006 is used to convert
broadband fluxes to PAR with very high accuracy. In-
cidentally, this value 0.42 is approximately the ratio of
the PAR to the broadband irradiances at the top of the
atmosphere when using the solar spectrum of Guey-
mard (2004) (see e.g., Table 3.3 in Wald, 2021). This
coefficient is then applied on the time series of “Rad-
Flux” clear-sky broadband irradiance yielding time se-
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Table 4: List of instruments used at each station.

Measurement Instrument Wavelength range Estimated
95 % Uncertainty

Reference

Broadband diffuse component Eppley 8-48 “black and white”
pyranometer

280 to 3000 nm 3 % or 4 W m−2 Table of uncertainties*

Broadband direct component Kipp & Zonen, model CHP1 280 to 3000 nm 2 % or [5, 7] W m−2 Michalsky et al., 2011

Broadband global irradiance Spectrolab SR-75 pyranometer 280 to 3000 nm 6 % or 10 W m−2 Table of uncertainties*

PAR global irradiance LI-COR Quantum (PAR)
Sensor

400 to 700 nm Total error
approximately

between 5 % and 8 %

Augustine et al., 2000
Light Measurement**.

* Available online: https://gml.noaa.gov/aftp/data/radiation/surfrad/RadFlux/RadFlux_Uncert_Table.pdf, accessed on 2022-11-01
** Available online: https://www.licor.com/documents/3bjwy50xsb49jqof0wz4, accessed on 2023-03-01.

ries of “RadFlux” clear-sky PAR irradiance. Time series
of measured KBB

c_meas and KPAR
c_meas are produced by divid-

ing “RadFlux” broadband irradiances, respectively PAR
irradiances, by “RadFlux” clear-sky broadband and PAR
irradiances. Then, estimated KPAR

c_est computed by the de-
veloped relationships using measured KBB

c_meas, “Rad-
Flux” τcloud as well as cloud phase as inputs, are com-
pared to measured KPAR

c_meas. If “RadFlux” τcloud is greater
than 100, it is set to 100 for computational reasons. The
flag “TauF” is used for selection as 1 for water clouds
and 2 for ice clouds for discriminating cloud phase. All
experimental comparisons deal only with overcast situ-
ations, i.e., data for which FSC is greater than 0.95.

5 Results and discussion

5.1 Direct clear-sky index

In the case of the direct clear-sky index, only the pres-
ence of clouds in the line of sight of the sun matters
whether it is an overcast situation or a broken-cloud sit-
uation. Hence, both sky conditions can be handled with
any RTM. Fig. 2 displays simulated direct broadband
clear-sky indices (KBB

cB_RTS on horizontal axis) against
simulated PAR clear-sky indices (KPAR

cB_RTS on vertical
axis) for all atmospheric states: left side for ice clouds
and right side for water clouds. Whatever the cloud
phase, all points in the graph are very well distributed
along the 1:1 line with little deviation. All the variabil-
ity contained in KBB

cB_RTS is entirely captured by KPAR
cB_RTS

despite that a very few points lie above the 1:1 line.
Overall, the relationship between KPAR

cB_RTS and KBB
cB_RTS

is clearly linear so that, for both cloud phases, one can
state that KPAR

cB = KBB
cB without losing noticeable accu-

racy. Hence, there is only one relationship which is sim-
ply the identity function.

Since no direct PAR measurements were available,
we performed a kind of validation by using as refer-
ence another set of libRadtran simulations (KBB

cB , KPAR
cB )

built randomly following the distribution of variables

Table 5: Statistical indicators of the performances of the developed
relationship for estimating KPAR

cB as equal to KBB
cB for numerical

validations.

Ice cloud Water cloud

Number of data 630000 1400000
Mean 0.0333 0.0386
Bias (rbias) −0.0001 (−0.1 %) −0.0006 (−1.6 %)
STD (rSTD) 0.0001 (0.4 %) 0.00015 (3.9 %)
RMSE (rRMSE) 0.0001 (0.4 %) 0.0016 (4.2 %)
R2 1.0000 1.0000

described in Tables 1 and 2. The accuracy of the pro-
posed relationship is evidenced by comparing this new
set of simulated KPAR

cB to the new set of KBB
cB since they

are nearly identical. Table 5 reports the statistical indi-
cators obtained for numerical validations and reveals a
high level of accuracy of the proposed relationship since
these statistical indicators are close to 0 and the squared
correlation coefficient R2 is equal to 1.00.

5.2 Clear-sky index

5.2.1 For cases when COD and cloud phase are
available

Fig. 3 is an example of scatterplot between simulated
global broadband (KBB

c_RTS on horizontal axis) and PAR
(KPAR

c_RTS on vertical axis) clear-sky indices as a function
of the solar zenithal angle, for τcloud = 30 and ice (3a)
and water (3b) clouds separately. Overall, KPAR

c_RTS is
always greater than KBB

c_RTS whatever the atmospheric
state, indicating that the PAR radiation is less attenuated
by clouds than the broadband radiation. In other words,
the PAR radiation penetrates the cloud more effectively
than the broadband radiation. For τcloud ≤ 5, an enhance-
ment effect of the radiation due to the presence of clouds
is observed as well as evidence that the amplitude of
this effect is larger on PAR than on broadband radiation
(not shown). Such an effect has been reported in the lit-
erature for UV irradiances (Calbo et al., 2005; Sabburg
and Calbo, 2009). In Fig. 3, the spread of coloured dots

https://gml.noaa.gov/aftp/data/radiation/surfrad/RadFlux/RadFlux_Uncert_Table.pdf
https://www.licor.com/documents/3bjwy50xsb49jqof0wz4
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Figure 2: Scatterplot between broadband (KBB
cB_RTS on horizontal axis) and PAR (KPAR

cB_RTS on vertical axis) direct clear-sky indices for all
atmospheric states. Left and right sides are for ice and water clouds respectively. 1:1 line is the perfect line.

Figure 3: Scatterplot between broadband (KBB
c_RTSon horizontal axis) and PAR (KPAR

c_RTS on vertical axis) clear-sky indices for various classes
of the solar zenithal angle θs for τcloud = 30. (a) for ice clouds and (b) for water clouds. The color bar indicates the θs range.

for each class of θs is very limited except for the class
]80°, 90°]. The coloured dots are superimposed mean-
ing that the difference between the broadband and PAR
clear-sky indices is weakly dependent on θs. The dif-
ference between both clear-sky indices increases with
increasing KBB

c_RTS. For both cloud phases, R2 is equal
to 1.00 with a very limited dispersion of points denot-
ing that the variability contained in KBB

c_RTS is entirely
transferred into KPAR

c_RTS. This result clearly shows exis-
tence of a linear relationship between the clear-sky in-
dices. The impact due to the wavelength–dependence of
ground albedo has been investigated by replacing ρg in
Table 1 by various spectral albedos covering four re-
alistic categories of surface: vegetation, soil, manmade
materials, and water taken from the large collection
of spectral albedos available online: https://speclib.jpl.
nasa.gov/library (accessed on 2022-11-01). The analy-
sis reveals that the shape of the curve is not sensitive to
the wavelength–dependence of the ground albedo.

For the class ]80°, 90°] i.e., when the sun is close
to the horizon, the cloud of points is larger. This is the
effect of multiple interactions i.e., reflection and scatter-
ing, between sun rays and air molecules/clouds/ground
surface along the long optical paths of sun rays in the at-
mosphere. In this case, the maximum value of PAR and
broadband irradiances is less than 3 W m−2 and 7 W m−2

for ice and water clouds respectively, close to usual
measurement uncertainties. Since these irradiances are
quite low and insignificant in several applications and
considering uncertainties affecting models and measure-
ments at very large θs, all further analyses are limited to
θs ≤ 80°.

Scatterplots similar to Fig. 3 were made for each
value of τcloud as reported in Table 2. Similar observa-
tions were found as previously with very high r-squared
correlation coefficient and clear linear relationship be-
tween KBB

c_RTS and KPAR
c_RTS. Visual inspection reveals that

the slope of the linear relationship increases with in-

https://speclib.jpl.nasa.gov/library
https://speclib.jpl.nasa.gov/library
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Table 6: Fitting parameters a1, a2, a3 for KPAR
c retrievals for both

cloud phases. Standard deviation is provided and attached to each
value.

Ice clouds Water clouds

a1 8.734× 10−3 ± 9.816× 10−6 7.175× 10−3 ± 2.432× 10−6

a2 −1.297× 10−4 ± 8.878× 10−8 −9.191× 10−5 ± 2.488× 10−8

a3 6.914× 10−7 ± 1.187× 10−9 4.509× 10−7 ± 7.028× 10−11

Table 7: Statistical indicators of the performances of the developed
relationship for estimating KPAR

c for numerical validations.

Ice clouds Water clouds

Number of data 567000 1260000
Mean 0.44 0.54
Bias (rbias) −0.00 (−0.50 %) −0.00 (−0.47 %)
STD (rSTD) 0.01 (2.15 %) 0.01 (1.97 %)
RMSE (rRMSE) 0.01 (2.21 %) 0.01 (2.03 %)
R2 1.00 1.00

creasing τcloud. Therefore, KPAR
c can be mathematically

estimated as follows:

KPAR
c = AKBB

c (5.1)

where the slope A = f (τcloud) is to be explicitly deter-
mined. One notes that in fully cloudy conditions mean-
ing KBB

c converging to zero, KPAR
c converges to zero as

expected.
Fig. 4 shows the slope A (on vertical axis) as a

function of τcloud (on horizontal axis) for both cloud
phases. Indeed, A depends strongly on τcloud and shows a
tendency to increase with increasing τcloud. A can be well
represented by an exponential function of polynomial
of third degree. Therefore, Eq. (5.1) can be accurately
approximated by:

KPAR
c = ea1τcloud+a2τ

2
cloud+a3τ

3
cloud KBB

c (5.2)

where a1, a2, a3 are parameters depending on the cloud
phase obtained by least–square fitting and given in Ta-
ble 6. Eq. (5.2) satisfies a constraint that in a fully
clear-sky conditions where KBB

c = 1 meaning τcloud = 0,
KPAR

c is also equal to 1.
As for the direct component, we firstly performed

a kind of validation by using as reference another set
of libRadtran simulations (KBB

c , KPAR
c ) built randomly

following the distribution of variables described in Ta-
bles 1 and 2. The accuracy of the proposed relationship
Eq. (5.2) was evaluated by comparing its outcomes to
this new set of simulated KPAR

c . Table 7 reports the sta-
tistical indicators for both cloud phases. Whatever the
cloud phase, R2 is 1.00. The bias is almost zero, i.e., less
than −0.5 % in relative value. The RMSE is also almost
zero, i.e., about 2 %. in relative value. These indicators
prove the very good level of fitting for the developed re-
lationships.

Then, we performed a comparison between the out-
comes of Eq. (5.2) with “RadFlux” KBB

c_meas and τcloud

Table 8: Statistical indicators of the performances of the developed
relationship for estimating KPAR

c using “RadFlux” data sets.

Ice clouds Water clouds

Nunber of data 406557 2055771
Mean 0.56 0.34
Bias (rbias) −0.00 (−0.01 %) 0.01 (2.65 %)
STD (rSTD) 0.02 (4.40 %) 0.02 (5.96 %)
RMSE (rRMSE) 0.02 (4.40 %) 0.02 (6.53 %)
R2 0.98 0.99

Table 9: Slopes of linear functions for inferring KPAR
c from KBB

c .
Standard deviation is provided and associated to each value.

Ice clouds Water clouds

0 < KBB
c < 1 1.056± 0.000 1.059± 0.000

KBB
c > 1 1.017± 0.000 1.010± 0.000

as inputs and the measured “RadFlux” KPAR
c_meas. Fig. 5

displays the 2D histogram between measured and es-
timated KPAR

c including all stations. For both cloud
phases, the points are elongated over the 1:1 line. Table 8
gives the statistical indicators. Estimated and measured
KPAR

c are very well correlated with R2 greater than 0.98.
The relative bias and relative RMSE are less than 3 %
and reach up to 6 % respectively with a better perfor-
mance for ice cloud phase.

5.2.2 For cases when uncertainty on COD is too
large making COD useless

Taking into account the large uncertainties in estimates
of τcloud (Turner et al., 2007) and more generally in
cases when estimates of τcloud are unavailable, linear
functions between KPAR

c and KBB
c were developed and

found with RTS as follows:

KPAR
c = aKBB

c (5.3)

with the slope a given in Table 9.
Eq. (5.3) was evaluated numerically and experimen-

tally as carried out previously. Table 10 reports the sta-
tistical indicators summarizing the errors for both nu-
merical and experimental validations. It has been found
that Eq. (5.2) provides slightly better performance than
Eq. (5.3).

5.2.3 For cases when no information on clouds is
available

In the cases where both cloud phases are unavailable, the
following relationships were found:

KPAR
c = bKBB

c (5.4)

with b = 1.058 ± 0.000 for KBB
c ≤ 1, and b =

1.011 ± 0.000 for KBB
c > 1

Eq. (5.4) was evaluated numerically and experimen-
tally as carried out previously. Table 11 reports the statis-
tical indicators summarizing the errors for both numer-
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Figure 4: Relationship between the slope A (on vertical axis) and the cloud optical depth τcloud for both cloud phases.

Figure 5: 2D histogram of measured (horizontal axis) and estimated (vertical axis) KPAR
c . (a) for ice clouds and (b) for water clouds. The

color bar indicates the number of pairs in each class.

ical and experimental validations. In order to compare
with the previous relationships, results are presented for
ice and water clouds. One may observe that the correla-
tion is very high with R2 equal to 0.99. The other statis-
tical indicators are slightly (a bit greater, significantly)
greater than those of the other relationships.

6 In practice

Fig. 6 summarises how to exploit all developed rela-
tionships for estimating KPAR

c from KBB
c considering the

availability or not of τcloud and cloud phase. At the best
when all inputs are available, for instance, CAMS-Rad
model can be used to retrieve all necessary cloud proper-
ties from the combination APOLLO (AVHRR Process-
ing scheme Over cLouds, Land and Ocean; Kriebel
et al., 1989; 2003) scheme and SEVIRI (Spinning En-
hanced Visible and Infrared Imager) instrument such

as COD, cloud type including four categories: low,
medium, high for water clouds and thin for ice clouds,
and cloud coverage similar to broadband fractional sky
cover (mask) for the pixel under concern. Overall, the
PAR fluxes under cloudy conditions can be retrieved by
using the clear-sky PAR fluxes from Wandji Nyamsi
et al. (2019) and then multiply by the PAR clear-sky in-
dex retrieved from appropriate equations of the devel-
oped relationships following Fig. 6.

7 Conclusion

Empirical relationships between PAR and broadband
clear-sky indices have been developed and assessed
here. A great benefit of these relationships is that they
take advantage of the large availability of broadband
clear-sky indices from measurements, satellite-based re-
trievals or meteorological reanalyses. In the view of the
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Figure 6: Sketch of algorithm to convert KBB
c into KPAR

c taking into account the availability of cloud phase and τcloud.

Table 10: Statistical indicators of Eq. (5.3) for both numerical and experimental validations. Experimental validations are in bold.

Ice cloud Water cloud

Number of data 567000 / 406557 1260000 / 2055771
Mean 0.44 / 0.56 0.54 / 0.34
Bias (rbias) −0.01 (−2.62 %) / 0.01 (1.19 %) −0.01 (−2.23 %) / −0.01 (−1.81 %)
STD (rSTD) 0.03 (5.88 %) / 0.02 (4.28 %) 0.03 (5.76 %) / 0.02 (6.52 %)
RMSE (rRMSE) 0.03 (6.44 %) / 0.02 (4.44 %) 0.03 (6.18 %) / 0.02 (6.76 %)
R2 0.99 / 0.98 0.99 / 0.99

Table 11: Statistical indicators of Eq. (5.4) for both numerical and
experimental validations. Experimental validations are in bold.

Number of data 1827000 / 2462315

Mean 0.51 / 0.37
Bias (rbias) −0.01 (−2.36 %) / −0.00 (−1.08 %)
STD (rSTD) 0.03 (5.80 %) / 0.02 (6.13 %)
RMSE (rRMSE) 0.03 (6.26 %) / 0.02(6.22 %)
R2 0.99 / 0.99

authors, it is a complementary step accounting for cloud
attenuation of PAR irradiances yielding to all-sky PAR
estimates following the assumption that all-sky PAR flux
can be accurately expressed as the product of clear-sky
PAR flux and PAR clear-sky index as suggested by
Bosch et al. (2009), Oumbe et al. (2014) or Wandji
Nyamsi et al. (2019).

Overall, the relationships found between broadband,
and PAR clear-sky indices are linear. For instance, the
slope of the function can be set to a constant if the cloud
optical phase (COD) is unknown/unreliable or is an ex-
ponential function of polynomial of the COD without a
noticeable loss of accuracy. The estimates from the de-
veloped relationships were assessed (1) numerically by
using detailed spectral calculations of the radiative trans-
fer model and (2) against their counterparts obtained
from ground-based measurements serving as reference.
Taking the cloud phase into account or not, the correla-
tion coefficient is greater than 0.98. The relative bias in
absolute value and the root mean square error are less
than 3 % and 6 % respectively denoting a high level of

performance. We found that the performance is slightly
better when using accurate COD when available.

The present study has a practical implication as it
provides useful relationships easy to implement for de-
riving PAR clear-sky index from broadband clear-sky
index. In practise and for operational purposes, linear
functions are a very good compromise for estimating
PAR clear-index. This opens the way for accurate es-
timates of all-sky PAR irradiances. There is no evidence
known to the authors that the proposed relationships
may not work properly at any site in the world under any
sky conditions. Nevertheless, this should be proven by
further validation in various climatic conditions where
PAR measurements are available.
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