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Abstract: Estimation of daily photosynthetically active radiation (PAR) is of primary
importance for monitoring the ocean primary production and the subsequent production of
carbon by phytoplankton at global scale from remote sensing ocean color sensors. On the
other hand, aerosol abundance and composition play a critical role in the modulation of PAR.
In this study, an original algorithm, so-called OLCIPAR, is proposed for routinely
determining the daily PAR from optical satellite sensors such as the OLCI sensor aboard
Sentinel-3 (ESA). The OLCIPAR algorithm has been developed to overcome some of the
limitations of the current existing methods. In particular, multiple scattering effects induced
by the atmospheric layer are taken into account based on exact radiative transfer calculations.
Another advantage of OLCIPAR method is to consider a great variety of aerosol models to
better account for their optical variability as observed in real world conditions. The
OLCIPAR algorithm was applied to the archive of MERIS data, whose sensor is similar to
OLCI. The validation of the retrieved daily PAR was carried out based on comparison with
the time series acquired by the BOUSSOLE oceanographic buoy moored in the
Mediterranean Sea. Results show a regression slope of 1% and an accuracy within 10% which
confirms the robustness of the algorithm. The comparison of OLCIPAR retrievals with the
products routinely distributed by NASA shows that estimates of PAR differ by up to 20% in
the subtropical Atlantic Ocean where important amounts of dust aerosols are present. The
improvements brought by OLCIPAR method for deriving the daily PAR could thus permit to
better assess the impact of aerosols on reduction of PAR with implications on the estimation
of oceanic primary production.
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1. Introduction

The distribution of phytoplankton biomass is controlled by the availability in nutrients within
the water column (e.g., nitrate, phosphate, iron) and by the amount of light entering the ocean.
The estimation of the amount of daily radiation available for phytoplankton photosynthesis,
so-called daily PAR (Photosynthetically Active Radiation), is of primary importance for
estimating the oceanic primary production and the global carbon budget in the open ocean [1—
3]. Monitoring of PAR is also important for modeling heat fluxes within the surface oceanic
layers [4,5]. Accurate estimation of daily PAR from satellite observations is therefore a
prerequisite to provide a global coverage of biogeochemical parameters such as the ocean
primary production [6]. Since the incident irradiance at the sea surface is directly related to
the atmospheric transparency, which is dependent on the gaseous absorption, cloud cover and
aerosol load, an accurate estimation of daily PAR requires a good characterization of the
optical properties of the atmosphere [7—10].

In addition to molecular gases in the atmosphere, aerosols generated by multiple
continental or oceanic sources participate to modulate the incoming sunlight at the sea surface
level. Once deposited, those aerosols can also act as micronutrient supply, thereby, impacting
the oceanic plankton systems [11,12]. But, before deposition, aerosols interact with light
especially in the visible part of the spectrum resulting in a decrease of the incoming PAR. For
example, dust aerosols could affect sea surface temperature (SST) with cooling effects even if
dust plumes are often associated with warm air mass [13,14]. Furthermore, anthropogenic
aerosols are thought to be capable of significantly affecting SST and the thickness of the
mixed layer even under non-cloudy conditions [15]. Despite this recognized impact on ocean
waters, the radiative effects of aerosols are still poorly assessed in terms of light availability
for marine organisms and potential modification of the intensity of the primary production
[16].

Recent studies based on theoretical modeling and SeaWiFS satellite observations showed
that desert dust aerosols induce a mean reduction of daily PAR by 15% in the subtropical
Atlantic Ocean, with a maximum decrease of daily PAR of 30% off West Africa equatorial
coast [17,18]. Note that those results have been recently confirmed by ground-based and in
situ measurements [19,20]. Chami et al. [18] pointed out that the decrease of PAR due to
heavy dust aerosol load could induce a significant decrease of the oceanic primary production
between 12% and 17% in the same area. Moreover, a recent sensitivity analysis showed that
primary production could be reduced by 38% under realistic heavy maritime aerosol loading
depending on the photoadaptation of the primary producers [21]. Nevertheless, all those
studies advocated the need of considering realistic aerosol models to provide better estimates
of daily PAR and primary production within the full range of possible aerosol loading.

A few algorithms have been developed to estimate the daily PAR from ocean color
satellite data [8,22-24]. The pioneer algorithm developed by Frouin and Chertock [25,26] is,
to our knowledge, the only one implemented for operational use. The algorithm, which is
hereafter referred to as Frouin’s algorithm or NASA algorithm, is able to determine the daily
PAR for clear sky and cloudy conditions (see section 2). The quasi-single scattering
approximation that is used in Frouin’s algorithm to calculate the atmospheric reflectance
might be questionable in cases of high aerosol loads. It is thus necessary to investigate the
potential impact of aerosols on the daily PAR that is retrieved from ocean color sensors.
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The MERIS/ENVISAT (European Space Agency-ESA) satellite mission produced a 10-
year archive of global ocean color data from 2002 to 2012. Currently, daily PAR products are
distributed by NASA based on Frouin’s algorithm. On the other hand, the daily PAR by-
product that will be provided by the OLCI/Sentinel 3 sensor (ESA), which has been recently
launched in 2016, is not distributed yet. Note that the OLCI sensor has been designed to have
similar technical specifications as MERIS sensor, with addition of six extra spectral bands
[27]. Some efforts are still needed to propose a robust algorithm to derive the daily PAR from
remote sensing data acquired by ocean color satellite sensors like OLCI instrument.

The objective of this study is to propose a robust algorithm, which could overcome some
of the limitations of Frouin’s algorithm, to estimate the daily PAR over the global ocean from
MERIS/OLCI-like satellite sensors for clear sky conditions. One strength of the algorithm
proposed in this study, hereafter referred to as OLCIPAR algorithm, is to consider exact
radiative transfer calculations of the atmospheric and oceanic radiation to enhance the quality
of the daily PAR product under a great range of aerosol models. The paper is organized as
follows. First, the Frouin’s algorithm is briefly reminded since this method will be used in
this study for comparisons. Then, the different steps of the OLCIPAR algorithm are detailed.
Validation of OLCIPAR is carried out using both the full MERIS data archive and a time
series of in situ measurements of daily PAR. Finally, the influence of aerosols on daily PAR
are analyzed in the context of the subtropical Atlantic Ocean.

2. Estimation of daily PAR from MERIS/OLCI-like sensors
2.1 Brief overview of Frouin’s algorithm

Frouin’s algorithm was initially dedicated to process data acquired by SeaWiFS (NASA)
satellite sensor. The method is based on the quasi-single scattering approximation to compute
the atmospheric irradiance at ground level. For clear sky conditions, operational processing
makes use of a given climatology to obtain the aerosols optical properties in order to calculate
the atmospheric transparency in order to ensure operational efficiency and facilitate common
data distribution. More specifically, the values of the aerosol optical depth that are used for
each pixel of a satellite image are based on a climatology of aerosol relying on a two years
averaging (namely, 1997-1998) of SeaWiFS observations. Recently, Frouin’s algorithm was
applied to other satellite sensors such as GOCI/COMS (KORDI) and Global Imager/ADEOS
IT JAXA) [28,29]. However, it has a few limitations regarding the radiative impacts of the
aerosols. First, it currently uses the aerosol optical properties of a restricted number of aerosol
models, namely nine Shettle and Fenn models (tropospheric, maritime and coastal aerosol
models with 3 values of relative humidity for each type of aerosols) [30]. The Shettle and
Fenn models might not be sufficiently representative of all types of aerosols [31] that could
be found over the globe for providing accurate estimates of the PAR, especially in desert dust
turbid areas.

From a mathematical point of view, the top of atmosphere flux ¢ro, entering the
atmosphere-ocean system is expressed as:

®,,, =F,cosb, 1)

where F stands for the solar extraterrestrial irradiance, and 6, the solar zenith angle.

Due to the presence in the atmosphere of gaseous absorption, clouds and aerosols, the flux
@, that reaches the surface is approximated in Frouin’s algorithm using the following
expression:

1-4

= F,cosOI,T, ———— )

® “(=4)(1=5.4)

surf
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where T, is the transmittance of aerosols and non-absorbing molecules, 7 is the transmittance
of gaseous absorption (mainly due to ozone and water vapor), 4 is the cloud surface albedo,
S, is the spherical albedo of molecules and aerosols, A, is the sea surface albedo. It is
important to mention that the Frouin’s algorithm considers that the parameters T, S, and 4, of
Eq. (2) are modeled based on the quasi-single scattering approximation (see Egs. (8) and 9 in
[29]). The integration of the flux @, over the visible spectral range (400-700 nm) and over
the course of the day provides the daily PAR from Frouin’s algorithm.

Knowledge of the aerosol optical depth and aerosol phase function is required to calculate
the atmospheric transmittance 7, and the spherical albedo S,. Knowledge of ozone and water
vapor transmittance is necessary to determine the term 7, The gaseous absorptions are
usually taken from ancillary data, typically from ECMWF database or satellite data measured
by other sensors. Knowledge of the measured top of atmosphere radiances and atmospheric
reflectance are necessary to calculate the term A. Knowledge of the concentration and/or
optical properties of the hydrosols, such as the chlorophyll a concentration (i.e.,
phytoplankton biomass), is necessary to calculate the sea surface albedo 4. The reader is
referred to Frouin et al. [23] for more details on the Frouin’s methodology.

2.2 Consideration of bimodal aerosol models

As highlighted above, a restricted number of aerosol models is used in Frouin’s algorithm.
However, the influence of the nature of aerosols on the daily PAR can be significant. As an
example, the influence of the type and loading of aerosols on the daily PAR is examined with
respect to the aerosol optical thickness (AOT) (Fig. 1). Three types of aerosols, namely the
sea salt, sulfate-like, and dust-like aerosols, were considered. Their microphysical properties
(e.g., refractive indices, effective radius, size distribution) are taken from the Collection 5
(C005) algorithm of the MODIS processing based on the AERONET climatology [32]. The
results shown in Fig. 1 were obtained based on radiative transfer calculations using the
OSOAA model [33] where polarized state of light is taken into account. The daily PAR (in
Einstein m ™ day’l) was calculated from the instantaneous PAR (PARsiantancous) @S follows:

700
1

iR (0= E,AdA 3

]{mstanlaneous( 5) NA 04:4-([011"1 ‘ ( )
24h

PARdaily = J. PARinstamaneouS (9é (t)) dt (4)

=0

where / is the Planck constant, ¢ is the celerity of light, N, the Avogadro constant, 4 is the
wavelength ranging from 400 to 700 nm, E, is the downwelling irradiance just above the sea
surface, ¢ is the time over the course of the day, 6,(?) is the solar zenith angle at a given time
which depends on the latitude, longitude and the date of observation of a given area.

Depending on their nature (e.g., sulfate-like, sea salt, dust-like), the aerosols can induce a
relative reduction in the daily PAR reaching over 30% for an AOT value of 1.0 at mid-
latitudes. In comparison, the reduction of PAR is around 50% at 70° of latitude. The daily
PAR could decrease between 20% (case of sea salt aerosols) and 30% (case of dust-like
aerosols) with increasing AOT, which is significant. Therefore, Fig. 1 illustrates the
requirement to take into account a great variety of aerosol types (e.g., composition and
abundance) to correctly retrieve the daily PAR from satellite data. The OLCIPAR algorithm
that is proposed in this study thus considers a significant number of recent aerosol models that
are representative of real world conditions. The fine and coarse mode of the aerosols models
that were previously designed for aerosol retrieval properties of MODIS satellite sensor
(NASA) are used in OLCIPAR algorithm. The microphysical properties of these models such
as the refractive indices and the effective radius of the fine and coarse modes (see Table 2a in
[32]), are used as inputs of Mie calculations to compute the optical properties of aerosols
(e.g., scattering matrix).
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Fig. 1. (a) Influence of the nature of aerosols (e.g., sulfate-like, sea salt, dust-like aerosols
corresponding to the models #2, #7, #9 of Levy, Remer, et al. 2009) on the daily PAR (in
Einstein m~day™) as a function of aerosol optical depth (AOT); (b) relative difference
between the daily PAR calculated at a given AOT and the daily PAR calculated for an AOT
value of 0. The calculations were performed for the latitude 40°N at the vernal equinox.

2.3 Exact radiative transfer computations for radiances, downwelling irradiances and
instantaneous PAR

The main principle of the OLCIPAR algorithm is to rely on exact vector radiative transfer
calculations for the atmosphere-ocean system with realistic inputs of aerosol optical
properties (section 3.1). By doing this way, the contribution of oceanic radiation to the top of
atmosphere radiance, namely the radiance induced by hydrosols such as phytoplankton, is
taken into account within OLCIPAR at all spectral wavelengths of OLCI and MERIS sensors.
The multiple scattering effects occurring in the atmosphere and ocean layers are thus
considered by the algorithm (i.e., no single scattering approximation).

The vector radiative transfer model so-called OSOAA model [33] has been used for the
computations. The OSOAA model is able to predict the radiance and the polarization state of
light for the coupled atmosphere-ocean system for a rough sea surface. Because the
polarization induced by molecules or aerosols could have a significant impact on the
unpolarized radiance at the top of atmosphere (up to 10%) [34,35], it is of great interest to use
a vector radiative transfer model rather than a scalar radiative transfer model to perform
accurate calculations of the radiance. Two look up tables (LUT) are generated using OSOAA
model to speed up the computation time of the OLCIPAR algorithm and to make it
operational for a routine data processing of satellite images. The first LUT (LUT #1) contains
the simulated top of atmosphere radiances at each OLCI/MERIS wavelength for a great
variety of solar zenith angles, azimuth angles, atmospheric and oceanic conditions. Typically,
the solar zenith angle is varied within the range [0°-88°] by step of 2°. The azimuth angle
relative to the sun azimuth angle is varied within [0°-180°] by step of 5°. The wind speed
value has been set up to 5 m s™'. Note that such a value is consistent with the fact that the
majority of the wind speed values encountered over the entire globe in clear sky conditions
are within the range 4 to 7 m s™' (see the density plot of Fig. 3(b) in [36]). The aerosol optical
depth is varied within the range [0.01-2.0]. Note that the top of atmosphere radiance is
calculated for each combination of one fine and one coarse mode of the aerosols defined in
Levy et al. [32] by varying the fine-mode fraction from zero to 1 continuously, thus providing
a great number of realistic aerosol models. The chlorophyll a concentration (proxy of the
phytoplankton biomass) is varied within the range [0.03-10 mg m™]. The absorption
coefficient of colored dissolved organic matter (acpom) at 400 nm is parametrized by a power
function of the chlorophyll a concentration [37] and its spectral exponential slope has been
fixed to 0.014 nm™". Because the OLCIPAR algorithm is primarily designed for open ocean
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purposes to better evaluate the amount of carbon produced by phytoplankton over the global
ocean, it is thus not our scope to deal with coastal waters in this study, which needs to be
addressed specifically due to the optical complexity of these ecosystems. Therefore, mineral-
like hydrosols were not included in our simulations.

The second LUT (LUT#2) contains calculations of the ground irradiance and the
instantaneous PAR for the same inputs as those used to generate the LUT#1. The ground
irradiance is calculated over the visible spectral range [400 nm-700 nm] by step of 10 nm.
The instantaneous PAR is obtained by integrating spectrally the ground irradiance over the
entire visible range. Note that the instantaneous PAR is defined as the PAR for a given
geometry of observation [Eq. (3)] and thus, it is not yet the daily PAR at this stage. The
LUT#2 permits to gain operational efficiency since (i) some of the inputs parameters such as
the azimuth and viewing angles which are required for calculating the radiance in LUT#1
disappears when calculating the irradiance and (ii) the instantaneous PAR is calculated after
the integration of the irradiance over the appropriate spectral range.

2.4 Determination of daily PAR

For every non-cloudy pixels of a satellite image, the aerosol optical depth, the aerosol model
(i.e., fine and coarse modes of aerosols, fraction of the fine mode), the chlorophyll a
concentration and the CDOM (Colored Dissolved Organic Matter) component are determined
using a spectral matching technique based on the Levenberg-Marquardt optimization method
[38]. The spectral matching technique is applied to minimize the distance between measured
data, L& and simulations, Ly, . The distance is defined by the following cost function

D(x):

. 2
L (A) =Ly (A.x)|

O

1]
O(x)==> (5)
253
where K is the number of data available per pixel (e.g., spectral radiances), and o; an
estimator attached to the uncertainty of the data and simulation values defined as follows:

— L(Ji"(gjl (ﬂk ) +O_sim (6)
" OSNR(4) f

where SNR is the signal to noise ratio of the given MERIS (or OLCI) band, and o™ the

standard deviation of Lj,, which is calculated by varying the values of the input parameters

in the radiative transfer calculations. The minimization of such a cost function [Eq. (5)]
permits to retrieve the set of parameters expressed by the state vector x.

The top of atmosphere radiances measured at all spectral bands of MERIS, namely 412,
443,490, 550, 665, 780, 865 nm, or OLCI (same bands as MERIS and the additional bands of
400, 640 and 1020 nm) are compared with the radiances simulated by the OSOAA model.
The proposed algorithm is divided into two distinctive steps in order to facilitate the
initialization of the first guess in the non-linear optimization process, as summarized in Fig. 2.
One step is dedicated to the retrieval of the aerosol parameters and a second step is dedicated
to chlorophyll ¢ and CDOM retrievals. In the first step, the measured top-of-atmosphere
radiances are compared with simulations to determine the aerosol load and type (couple of
fine and coarse modes) based on the minimization of Eq. (5). For this step, the first guess for
chlorophyll @ and CDOM concentrations was fixed to 0.03 mg m™ and 0 m™', respectively.
When the spectral matching is satisfactory, a preliminary set of aerosols parameters is
obtained at the end of this stage.

In a second step, the aerosol parameters are then used to determine the values of the
chlorophyll @ and CDOM concentrations. For that purpose, a second comparison is performed
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between satellite measurements and simulations. For that second stage, the ratio between the
measured radiance at a given wavelength A and that measured at the shortest wavelength (412
nm for MERIS, 400 nm for OLCI) is used in Eq. (5), yielding the following cost function to
be minimized:

data da a sim sim 2
Z ||LT(;A TOZA (21) Ly ﬂ’kﬁx /LTOA )" 7)
o, +0,

Note that the use of such a ratio is relevant since (i) it is better sensitive to phytoplankton
and CDOM components and (ii) it is less subject to satellite calibration errors. At the end of
the second step, better estimates of oceanic constituents are obtained. They are then
introduced again into the first step of the algorithm to adjust the aerosol parameters as an aid
to improve the first guess initialization. The iterations between the first and the second steps
stop when a minimum value of the sum of the cost functions of the two phases is reached.

Simulations for a given set of LUT = Look-Up Tables
hydrosols (phytoplankton + CDOM) computed with OSOAA
(LUT#I) radiative transfer model
Aerosols Y& B LTOA at all wavelengths of OLCI
(AOT, fine, coarse modes) E (or MERIS) i
(Levenberg-Marquardt
: optimization)
Hydrosols (phytoplankton Ferersrsrsrsrserararerarararasananananen .
+ CDOM) Spectral ratio : :
: Lroa{A)/Lioa{400nm)
T : (Levenberg-Marquardt)

Simulations for a given set of aerosols
parameters (AOT, fine, coarse modes)
(LUT#1)

Fig. 2. Flow chart of the part of the OLCIPAR algorithm (use of LUT#1) that is supposed to
retrieve the aerosol and oceanic parameters for OLCI- (or MERIS-) like sensors (see text for
more details). Lros is the top of atmosphere radiance, CDOM means Colored Dissolved
Organic Matter, AOT means Aerosol Optical Thickness. Note that the algorithm loop stops
when the sum of the cost functions of the two phases (determination of aerosol and oceanic
parameters) reaches a minimum value.

When the optical properties of aerosols and oceanic constituents are known for a given
pixel of the image, the ground irradiance and the instantaneous PAR could be determined
from the LUT#2 for the solar zenith angle corresponding to the date and time of the satellite
overpass. Since the range of variation of the solar zenith angle over the course of the day
could be theoretically calculated for a given satellite pixel, the instantaneous PAR is then
integrated over the length of the day using LUT#2 to provide the daily PAR. The time
integration is performed using a 15-minute increment over the course of the day [Eq. (4)].
Note that the atmosphere and oceanic optical properties are assumed to be homogeneous over
the course of the day. We are aware that this assumption could be questionable especially in
areas that are subject to strong daily variability in their cloud/aerosol/hydrosols components.
However, there is no exact way to know a priori the daily variation of the optical properties
from sun synchronous satellite orbit due to their daily revisit period. But, this issue may be
circumvented in the future using finer time resolutions of the satellite sensors, such as
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geostationary ones. Figure 3 shows the flow chart of the entire OLCIPAR algorithm (i.e., use
of LUT#1 and LUT#2) that is proposed in this study.

Aerosols
(AOT, fine, coarse modes)

Hydrosols
(phytoplankton + CDOM)
Ground irradiance for aerosols
and hydrosols

\ 4 M LUT#2 H

Spectral integration:

instantaneous PAR

Temporal integration:
Daily PAR

Fig. 3. Flow chart of the entire OLCIPAR algorithm (use of LUT#1 and LUT#2) to estimate
the daily PAR (see text for details).

N

3. Performances of daily PAR algorithms

The validation of the daily PAR is carried out using satellite data acquired by the MERIS
instrument (since data from the OLCI sensor are not routinely distributed yet) and
comparisons with time series of in situ measurements. For that purpose, the high frequency
measurements (typically every 15 minutes) of PAR measured at the BOUSSOLE buoy were
used to perform comparisons with the daily PAR retrieved from MERIS data using
OLCIPAR algorithm. BOUSSOLE buoy is a permanent mooring which is located at
[43°22'N; 7°54’E] in the western Mediterranean Sea at 60 km off the coast (between Nice and
Corsica, France) [39]. BOUSSOLE buoy is equipped with many optical sensors, including
above-water irradiance and PAR sensors. Note that BOUSSOLE database is publicly
available (http://www.obs-vlfr.fr/Boussole/html/home/home.php). Since the instantaneous
PAR is measured over the course of the day at BOUSSOLE site, it is thus possible to
integrate the PAR data over the time to estimate the daily PAR. BOUSSOLE data were
removed from the averaging when the tilt of the buoy is larger than 10°. It is worth noting that
the PAR sensor was recalibrated every 6 months by the manufacturer (Satlantic inc.) making
the time series consistent over long period acquisitions.

The time series of measurements acquired by the BOUSSOLE buoy started in the early
2000s with routine measurements of PAR since 2003. Over the lifetime of MERIS sensor,
satellite and buoy measurements correspond to over 9 years of coincident data (Fig. 4). The
amount of data collected is thus sufficiently great to evaluate the consistency and the
robustness of the OLCIPAR methodology to derive the daily PAR product. In order to focus
the validation exercise on the role of aerosols, the cloudy days were removed from the
analysis based on the overcast criteria of BOUSSOLE data [39].

A comparison of OLCIPAR product with the standard NASA product (i.e., Frouin’s
algorithm) for the same in situ data set has been carried out as well here to quantify the
potential improvements of OLCIPAR methodology. Satellite products were averaged over a
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five by five-pixel box (5x5km?”) centered on the BOUSSOLE location. Any pixel masked by
the NASA standard processing as “high glint” or by the cloud detection criteria of MODIS
processing [40] was filtered out prior to averaging. Figure 4 shows the corresponding time
series of daily PAR with colors indicating the aerosol optical thickness retrieved for the
OLCIPAR product. First, it is readily visible that the variation of the daily PAR is mainly
driven by the solar elevation over the course of the year. The OLCIPAR product is
significantly impacted by the aerosol optical thickness relatively to NASA product. This can
be easily explained by the fact that the standard NASA processing makes use of an aerosol
climatology where the aerosol load is quite low (i.e., for aerosol optical thicknesses typically
smaller than 0.3). Second, the OLCIPAR product exhibits a good overall agreement with the
in situ data. Note that some of the BOUSSOLE data show dramatically low values for certain
days which indicates that all the cloudy condition data were not totally filtered out.
Nevertheless, this time series comparison illustrates qualitatively the good representativeness
of the OLCIPAR retrievals shedding light on the role of aerosols in clear to moderately turbid
atmosphere on modulation of daily PAR.
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Fig. 4. Daily PAR (in Einstein m™ day™') time series at BOUSSOLE location for BOUSSOLE
data (black), standard NASA MERIS product (grey) and OLCIPAR retrievals (colored dots).
Colors refer to the retrieved aerosol optical thickness at 865 nm (see color scale).

Figure 5 shows the matchup comparisons between the daily PAR retrieved from the
MERIS and BOUSSOLE time series to express quantitatively the performance of OLCIPAR.
The mean of the absolute percentage error (MAPE, in %) and the root-mean-square error
(RMSE) are used to evaluate the dispersion of data. The MAPE is defined as follows:

MAPE = @ i | PARdaily_OLCIPAR (l) - PARduily_;rm, (l)| ©
PAR 1y e (1) |

=1
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Figure 5(a) clearly shows that a significant correlation is observed between OLCIPAR
product and in situ measurements (R*>0.9), thus demonstrating the ability of OLCIPAR to
correctly retrieve the daily PAR. The slope of the regression points out an agreement within
1% with a weak bias (less than 1 Einstein m™ day ™). The other statistical parameters (MAPE,
RMSE) confirm the weak dispersion of the data; the value of the RMSE is smaller than 5
Einstein m™ day™' and MAPE is around 10%, which is satisfactory. Similar good correlation
is observed for the NASA standard distribution (Fig. 5(b)). However, MAPE is less
satisfactory with a value of 16% and, more importantly, a large bias is observed with a value
of 4.4 Einstein m™~ day™' which is about four times the bias observed for the OLCIPAR
retrieval. Note that a similar bias was recently observed for daily PAR derived by Frouin’s
algorithm from MERIS data at the same site [41]. Satisfactory estimates of daily PAR by
Frouin’s algorithm (Fig. 5) was expected since this latter algorithm has been recently
validated for several ocean color satellite missions [29,41,42]. However, the performance of
Frouin’s algorithm remains slightly lower than that of OLCIPAR. In particular, smaller bias
and MAPE is observed for the OLCIPAR data whereas Frouin’s algorithm overestimates the
daily PAR by 5 to 10%. The use of the quasi-single scattering approximation in Frouin’s
method to model the downwelling radiation under clear sky might explain the differences
with OLCIPAR, which is theoretically more accurate since it accounts for the multiple
scattering effects in the atmosphere through exact vector radiative transfer computations.

In order to check the impact of using an aerosol climatology of aerosol optical thickness
instead of using instantaneous aerosol retrievals, the Frouin’s algorithm was applied
considering the aerosol optical properties retrieved from OLCIPAR as inputs (i.e., aerosol
optical thickness and Angstrom exponent). The results are shown in Fig. 5(c). In this latter
case, the Frouin’s algorithm shows more satisfactory performances than the processing where
the aerosol climatology is used (Fig. 5(c)). Figure 5(c) thus reveals that aerosol retrievals
obtained from OLCIPAR are meaningful. However, the observed bias is still twice the value
of that of OLCIPAR.
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Fig. 5. Quantitative comparison of daily PAR (in Einstein m™ day') measured in situ at
BOUSSOLE buoy site (western Mediterranean Sea) with the daily PAR derived from time
series of MERIS satellite images (from 2003 to 2012) using (a) OLCIPAR algorithm and (b)
standard NASA products (i.e., Frouin’s algorithm) and (c) Frouin’s algorithm applied using the
aerosol parameters retrieved from OLCIPAR. N is the number of match up used for the
comparison. MAPE and RMSE are the mean absolute percentage error and the root mean
square error, respectively. The equation of the regression line (red line) and the coefficient of
determination (R?) are also reported.

4. Influence of aerosols on estimates of daily PAR

The validation exercise demonstrated the importance of considering accurate aerosol retrieval
to satisfactorily calculate the daily PAR (section 3). In this section, the role of realistic aerosol
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loads and types on the modulation of PAR is investigated for the subtropical Atlantic Ocean
which is an area exposed to both small and large amounts of aerosol.

4.1 Aerosol retrievals

Retrieval of aerosol abundance by OLCIPAR is evaluated against ground-based
measurements provided by the AERONET network for the Capo Verde site. For matchup
comparison, we followed the Bréon et al. [43] recommendations for averaging ground-based
and satellite data. All aerosol optical thickness data (AERONET level 2) acquired within the
time window of plus or minus 30 minutes the satellite overpass time were used for averaging.
The space window considered to extract the ocean pixels corresponds to a square of 50 km
side length centered on the AERONET site location. Before averaging, any pixel masked as
“high glint” by the NASA processing or “cloudy” based on the MODIS processing criteria is
removed. Only averaged values exhibiting low variability in space and time were used for
comparison based on the criteria of a relative and absolute standard deviations lower than
20% and 0.1, respectively.

Figure 6 shows the matchup comparison for the aerosol optical thickness at 865 nm
retrieved by OLCIPAR applied to the MERIS data with AERONET data. A significant
correlation is observed (R’ >0.81) with a RMSE of about 0.1 and MAPE of 25% which is
consistent with other studies [43—46]. Aerosol load is satisfactorily retrieved by OLCIPAR
thus leading to confidence for the subsequent derivation of daily PAR. Note that the value of
the slope of the regression line suggests a slight underestimation of the highest values of
AOT.
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Fig. 6. Matchup between the aerosol optical thickness (AOT) retrieved at 865 nm by
OLCIPAR from MERIS data and AOT AERONET level 2 products at 870 nm for the site of
Capo Verde (Atlantic Ocean). The number of valid pixels used for the averaging is displayed
in color.

To better quantify the discrepancies between OLCIPAR and the standard NASA
algorithm, the absolute and relative differences between the daily PAR retrieved by both
methods, noted APAR, are examined as a function of the AERONET aerosol optical thickness
(AOT) at 550 nm for all the MERIS images acquired over the region offshore the Capo Verde
AERONET site (Fig. 7). Interestingly, the variation of APAR with AOT shows a non-linear
trend with a significant enhancement of the absolute and relative differences in daily PAR
with increasing AOT. Such a relationship is in good agreement with theoretical expectations
(see shaded area in Fig. 7). It should be also noted that the low values of the Angstrom
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exponent retrieved from the AERONET measurements for high aerosol loading suggest the
presence of coarse mode aerosols typical of Saharan dust plumes which are likely to occur in
this region of the world. Thus, the presence of heavy aerosol loads is not captured by the
standard NASA algorithm leading to a daily PAR overestimation reaching more than 20%.
Note that a PAR reduction of about 20% was observed as well under Saharan dust plumes
from ground-based instrumentation [20].

For clear to moderately turbid atmospheric conditions (AOT < 0.4), the AERONET
retrievals show the presence of aerosols with variable Angstrom exponents which might
correspond to several aerosol sources such as biomass burning. For such cases, an accurate
consideration of the aerosol load in OLCIPAR leads to daily PAR estimations lower from a
few to ten percent than the NASA products. The main differences between OLCIPAR and
NASA algorithms are related to (i) the use of aerosol climatology and (ii) modeling of
aerosols radiative impacts. Therefore, this study suggests to incorporate into NASA method
instantaneous aerosol retrievals instead of averaged values of AOT based on climatology or,
at least, a more realistic aerosol climatology accounting for high aerosol load events. Our
results also corroborate the need for considering various aerosol models and multiple
scattering effects such as OLCIPAR method does. This is an important point since
inaccuracies in the retrieval of daily PAR by several percent can have significant implications
for the subsequent determination of oceanic primary production at global scale [18,21].
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Fig. 7. (a) Absolute and (b) relative differences between standard NASA daily PAR product
and OLCIPAR retrievals around the Capo Verde AERONET site with respect to the measured
aerosol optical thickness (level 2 AERONET product). Colors indicate the Angstrom exponent
of each measurement. Black line corresponds to non-linear fitting of the data. The shaded area
corresponds to the theoretical relationship between daily PAR and aerosols (see in Fig. 1).

4.2 Daily PAR reduction over the subtropical Atlantic waters

The OLCIPAR algorithm was applied to the level 1 MERIS archive over the northern part of
the subtropical Atlantic Ocean for April 2007. Level 3 binning was then applied to generate
the timely averaged values of the aerosol optical thickness and daily PAR. The monthly
means of the AOT retrieval is compared to the monthly level 3 MODIS Aqua product
generated from the Collection-6 Aqua product [47] (Fig. 8). A qualitative agreement between
the two data sets is observed with AOT smaller than 0.2 in the central part of the zone of
interest (between 10°N and 30°N) and AOT reaching 0.5-0.6 in the dust aerosol trajectory at
the bottom of the image (below ~13°N). In addition to the validation obtained against
AERONET data, such a qualitative agreement with the MODIS reference products
demonstrates that the OLCIPAR algorithm is reliable for examination of the role of aerosols
on the daily PAR modulation at the monthly scale.
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Fig. 8. Monthly mean aerosol optical thickness (AOT) at 550 nm calculated from (a)
OLCIPAR retrievals with MERIS and (b) MODIS Aqua standard products (NASA collection
6) for April, 2007 over the subtropical Atlantic Ocean. Spatial resolution is 9-by-9 and 50-by-
50 km? for MERIS and MODIS products, respectively.

The monthly daily PAR product was derived as well from the NASA OBPG standard
distribution after elimination of cloudy or suspicious pixels based on the following seadas
masks: HIGLINT, HILT, LAND, CLDICE. Figure 9(a) shows the monthly average of the
standard NASA daily PAR for clear sky conditions. Highest values (>56 Einstein m™ day ™)
are obtained for the central region where AOT has been seen to be the lowest (<0.2).
Conversely, slightly lower values of daily PAR are observed for the region impacted by high
aerosol loads (below ~13°N) with values ranging from 53 to 55 Einstein m > day™'. Note that,
at this season, noon Sun elevation is the highest above the equator which means that daily
solar irradiance entering at the top of atmosphere is the highest at the equator and decreases
with increasing latitude. Thus, if one considers a purely molecular atmosphere, the daily PAR
should monotonically decrease from the equator to the poles. An opposite tendency is
observed in Fig. 9(a) thus meaning that part of the aerosol influence on PAR is taken into
account in the standard NASA daily PAR processing.
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Fig. 9. Monthly mean of Daily PAR (in Einstein m™ day™) calculated from (a) the standard
NASA products and (b) the OLCIPAR retrievals for clear sky pixels of the MERIS images
acquired in April, 2007 over the subtropical Atlantic Ocean. (c) Relative difference (in %)
between standard NASA product and OLCIPAR monthly mean daily PAR.

The corresponding daily PAR average retrieved by OLCIPAR exhibits much more
conspicuous patterns related to the presence of aerosol (Fig. 9(b)). For example, the dust
trajectory below 13°N is visible with significantly lower daily PAR values distributed from
48.5 to 52 Einstein m > day™'. In comparison, the NASA products give values ranging from
53 to 55 Einstein m ™~ day™' in the same zone. In order to quantitatively compare NASA and
OLCIPAR products, the relative differences (in %) were computed as ((NASA) -
(OLCIPAR))/(OLCIPAR) *100, as shown in Fig. 9(c). OLCIPAR provides higher PAR
values than the NASA product where aerosol load is low (i.e., between 12°N and 25°N).
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Conversely, a tremendous PAR reduction is observed with OLCIPAR for regions with
significantly higher AOT (> 0.4) with relative differences reaching 10%.

In parallel, we tried to evaluate the performance of the PAR product derived from
OLCIPAR algorithm against the surface shortwave irradiance (SSI) data that is available from
the geostationary sensor SEVIRI distributed by EUMETSAT. It should be highlighted that
the proportion of photosynthetically active radiation from SSI is variable with intensity of the
incident irradiance from 41% to 58% [48], thus resulting to significant uncertainty in the PAR
calculation from SSI. The analysis of the ratio of PAR over SSI data taken from the NASA
SeaWiFS distribution (both parameters in Einstein m-2 day-1) that we have conducted reveals
that there is no trivial conversion of SSI into PAR at global scale. Therefore, a proper
conversion of those geophysical parameters obviously deserves a dedicated study which is not
the scope of the present manuscript.

Since the representativeness of aerosol impact on PAR within the OLCIPAR processing
has been demonstrated earlier in the paper (section 4.1), it could be argued that current NASA
products overestimate daily PAR under moderately turbid to turbid atmospheric conditions.
This lack of sensitivity in regard to the aerosol content could make difficult the investigation
of any significant radiative impacts of aerosols on PAR diminution and on the primary
production. On the other hand, solely a very few long-term monitoring radiation sites exist in
maritime environments to assess such aerosol impacts on the incoming radiation at sea [49].
As a result, aerosol impacts on PAR will primarily rely on remote sensing capabilities as
episodic injections coming from Sahara dust events, biomass burning, or fuel combustion-
derived are likely, at the very least, to be modulated in the future years [S0-52]. Volcanic dust
is another source of high variability in time impacting PAR at the sea surface. However, this
kind of aerosol is very poorly considered in aerosol climatology used for deriving the
standard NASA PAR product whereas eruptions generate considerable amounts of dusts that
have the potential to generate significant short-term strong reduction of PAR and other
biogeochemical effects on the oceans [53]. For those reasons and based on the present study,
it is highly recommended to consider coincident retrievals of the aerosol load and type instead
of aerosol climatology for the estimation of the daily PAR from satellite remote sensing over
oceanic areas.

5. Summary and conclusions

An original method, so-called OLCIPAR, has been proposed to estimate the daily
photosynthetically active radiation (daily PAR) from remote sensing ocean color sensors for
cloud free atmospheres. The objective of this study was to overcome some of the limitations
of the current operational algorithm used for deriving the daily PAR from satellite data, the
so-called Frouin’s or NASA algorithm. For that purpose, the OLCIPAR algorithm uses exact
radiative transfer computations through two look up tables to determine the atmospheric
optical properties and the subsequent daily PAR. As a result, the multiple scattering effects
induced by the atmospheric layer are accounted for in the methodology. Another strength of
OLCIPAR is the use of a great number of realistic aerosol models to improve the
performance of the retrieval of daily PAR. The use of look up tables within the algorithm is
also efficient to ensure a routine operational processing of a large amount of remote sensing
data.

The performance and validation of OLCIPAR algorithm was evaluated using comparisons
between a time series of MERIS satellite data for which OLCIPAR was applied and in situ
measurements acquired by a permanent optical mooring (BOUSSOLE buoy) in the
Mediterranean Sea. The discrepancies observed between the satellite derived daily PAR and
ground-based measurements is 10%. The results obtained by OLCIPAR algorithm for clear
sky conditions were compared with those obtained by NASA algorithm. The results of the
comparisons revealed that the daily PAR retrieved by the NASA algorithm, which is based on
aerosol climatology, might overestimate the daily PAR by up to 20%. Such overestimation
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may have some significant implications for deriving the oceanic primary production which
depends at the first order on daily PAR. In particular, biases in the retrieval of daily PAR may
have a significant impact on the phytoplankton photoacclimation, for example, and the
subsequent estimates of carbon produced by phytoplankton at global scale. It has been thus
argued to rely on coincident retrievals of aerosol optical properties rather than on aerosol
climatology to derive the daily PAR.

OLCIPAR algorithm is easily adjustable to any ocean color sensors thanks to the great
number of radiative transfer simulations (stored in look up tables), which permits to adapt the
algorithm to any spectral configuration. One of the limitations of OLCIPAR algorithm is that
it does not apply to cloudy atmosphere. However, the NASA/Frouin’s processing could be
used for treating the cases of cloudy atmospheres. The portability of OLCIPAR algorithm will
enable application to satellite constellations such as that of Sentinel-3 mission or other OLCI-
like polar orbiting missions. Thus, combined application of OLCIPAR (for cloud-free
atmospheres) and Frouin’s algorithm (for cloudy atmospheres) on several satellite
acquisitions within a given day would alleviate uncertainties linked to the diel variations of
the atmospheric conditions (clouds, aerosol transport). On the other hand, the use of the
generated look-up tables and the OLCIPAR algorithm architecture for geostationary satellite
data such as SEVIRI (EUMETSAT) or the next GEO-CAPE (NASA) could enable us to
contemplate accurate estimation of daily PAR which will account for the diel variations of
atmospheric conditions (aerosols, cloudiness...). Such application of OLCIPAR-like
algorithms to remotely sensed data showing a high temporal resolution should permit further
assessment of the aerosols impacts on PAR reduction at the sea surface and on the estimates
of the subsequent primary production.
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