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A B S T R A C T

In coastal areas, the concentrations and the optical properties of the water components have a large spatial and
temporal variability, due to river discharges and meteo-marine conditions, such as wind, wave and current, and
their interaction with shallow water bathymetry. This large temporal variability cannot be captured using the
standard Ocean Colour Radiometry (OCR) polar orbiting satellites, the latter providing almost one image per
day. On the contrary, the use of OCR geostationary sensors, like the Geostationary Ocean Colour Imager (GOCI),
centred above the Korean Peninsula, enable to capture the short-term variability of the optical properties. To
compensate the lack of a geostationary sensor similar to GOCI over other coastal environments, like the North
Adriatic Sea (NAS), the multiple observations provided during the same day by the Visible Infrared Imaging
Radiometer Suite (VIIRS) mounted on the SUOMI NPP satellite, can be exploited. Indeed, due to its large swath
of 3060 km, the VIIRS orbits can overlap over the NAS during the same day within 1 h and 42min, an important
feature that can be useful in capturing the short term variability of the optical properties.

A large number of VIIRS overlaps in the NAS are characterized by high sensor zenith angle (SZA) of the
observation, resulting in a large portion of images masked by the high satellite zenith flag. In order to make
available those observations and, in general, to reduce the dependence of the VIIRS observations from the SZA,
an adjustment based on a multi linear regression scheme, which exploits radiometric in situ observations, was
here applied.

This study aims to prove the suitability of the adjusted overlapping VIIRS in capturing the short time scale
dynamics of particulate backscattering, and this was demonstrated by the analysis of a case study for the 21st
and 22nd of March 2013. In order to evaluate the advantages in using multiple observations during the same
day, also the ~24 h dynamics was analysed, comparing the overlapping VIIRS results with the ones obtained
from the daily product.

1. Introduction

The concentrations and optical properties of the water components
in coastal areas are strongly influenced by the short-term effects of river
discharges, meteo-marine conditions and their interaction with shallow
bathymetry, that can be more evident than long-term effects (Blondeau-
Patissier et al., 2009; Degobbis et al., 2000; Manzo et al., 2018). These
forcings and their interaction have a large impact on the geophysical
and biogeochemical processes, like coastal erosion and eutrophication
events (Collins and Balson, 2007; Duan et al., 2014; Ganju et al., 2014).
To support the monitoring of such processes, accurate satellite

estimates of inherent optical properties (IOPs), like particulate back-
scattering (bbp), and absorption from non-algal particulate and dis-
solved matter (adg) at high spatial and temporal resolution are needed,
due to their large variability in the coastal areas (Babin et al., 2003a;
Babin et al., 2003b; Blondeau-Patissier et al., 2009). Indeed, from the
spectra of remote sensing reflectance (Rrs), retrieved from satellite
sensors, it is possible to evaluate the IOPs of the water constituents,
using appropriate algorithms (e.g Brando et al., 2012; Lee et al., 2002;
Werdell et al., 2013; Werdell et al., 2018).

Several works have successfully used satellite Ocean Colour
Radiometry (OCR) data, retrieved from sensors like the Moderate-
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Resolution Imaging Spectroradiometer (MODIS) and the Sea-Viewing
Wide Field-of-View Sensor (SeaWiFS), to capture the seasonal and inter-
annual variability, the shape, and the magnitude of the river plumes
and their impact on coastal processes (e.g.; Bignami et al., 2007;
Dogliotti et al., 2016; Falcini et al., 2012; Fernández-Nóvoa et al., 2017;
Le et al., 2013; Schroeder et al., 2012).

In some recent works, the data from sensors like the Multi Spectral
Instrument (MSI) on Sentinel2, and the Operational Land Imager (OLI)
on Landsat8 have been used to capture the small scales spatial varia-
bility of turbidity, chlorophyll and Suspended Particulate Matter (SPM)
in the coastal areas (e.g. Braga et al., 2017; Brando et al., 2015; Gernez
et al., 2017). Those instruments have a fine spatial resolution
(10–60m), higher than the standard OCR ones (300m–1000m), but as
they have been designed for land applications, their spectral and
radiometric resolutions are not sufficiently accurate to retrieve all the
OCR products (Drusch et al., 2012; Pahlevan et al., 2016a; Roy et al.,
2014). Moreover, they have smaller temporal resolution (1 image each
5 days or more) than the almost daily one, typical of the OCR polar-
orbiting satellites (Hestir et al., 2015; Mouw et al., 2015), still in-
sufficient to capture the short time scale variability typical of the
coastal areas (Mouw et al., 2015).

Sensors mounted on geostationary satellites like the Geostationary
Ocean Color Imager (GOCI), centred above the Korean Peninsula (Ryu
et al., 2012), can acquire multiple observations during the same day.
This sensor has been demonstrated feasible in capturing the short time
variability of some optical, biological, and biogeochemical properties
like Rrs, normalized water-leaving radiance, turbidity, and chlorophyll
(e.g. Choi et al., 2012; Choi et al., 2014; Concha et al., 2019; Ruddick
et al., 2012; Wang et al., 2014), confirming the need of multiple ob-
servations during the same day to adequately analyse geophysical and
biogeochemical processes in the coastal areas.

This study focuses on the North Adriatic Sea (NAS), a semi-enclosed
basin located in the Mediterranean Sea (MED, Fig. 1), characterized by
a large number of rivers (listed in Fig. 1), that can discharge waters with

different biogeochemical and optical properties (Solidoro et al., 2009).
Hence, NAS proves to be a complex system characterized by riverine
inputs of different origin, acting in a limited spatial extent, that strongly
influence the physical and biogeochemical properties of the basin
(Bignami et al., 2007; Marini et al., 2008; Solidoro et al., 2009;
Zavatarelli et al., 1998). Between those watercourses, the Po, Adige,
and Brenta rivers together provide most of the NAS freshwater (Cozzi
and Giani, 2011; Falcieri et al., 2014), but also the effect of the rivers in
the Northern part (from Isonzo to Piave, Fig. 1) is relevant for the op-
tical property dynamics (Brando et al., 2015; Marini et al., 2008;
Solidoro et al., 2009). Moreover, the wind-driven forcing, especially
from Bora and Scirocco, can influence the vertical and horizontal cur-
rent fields, and, consequently, the sediment transport and the con-
centration of the water components (Bignami et al., 2007; Harris et al.,
2008; Wang and Pinardi, 2002). On the contrary, there is no appreci-
able net effect of tides on sediment transport and resuspension (Malačič
et al., 2000; Wang et al., 2007). Several studies investigated the bio-
optical properties and the dynamics of the NAS using in situ and
shipboard observations, numerical models, and satellite imagery (e.g.
Barale et al., 2008; Boldrin et al., 2009; Loisel et al., 2001).

One geostationary sensor, active over this basin, is the Spinning
Enhanced Visible and InfraRed Imager (SEVIRI), mounted on the
Meteosat Second Generation (SGM) satellite, designed mainly for me-
teorological and weather applications (Schmid, 2000). Nevertheless,
using the 635 nm SEVIRI spectral band is possible to retrieve turbidity
and SPM (Neukermans et al., 2009; Neukermans et al., 2012), but the
low radiometric and spectral resolutions prevent the estimation of other
OCR products. Moreover, due to its coarse resolution in the NAS area
(~6 km) (Ruddick et al., 2014), the instrument cannot detect the small
spatial variability, typical of the coastal areas.

In order to obtain multiple observations of the NAS area during the
same day, the OCR data provided by the Visible Infrared Imaging
Radiometer Suite (VIIRS), mounted on the polar-orbiting satellite
SUOMI-NPP (Cao et al., 2013), can be exploited, as suggested by

Fig. 1. Map of the NAS with the rivers of the basin.
The red star identifies the Acqua Alta Oceanographic
Tower (AAOT), VL the Venice Lagoon, and GL the
Goro Lagoon. In the box on the bottom right the
Mediterranean Sea, with the NAS identified by the
red square. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Arnone et al. (2017). Indeed, in comparison with other OCR polar-or-
biting satellites, it has a very large swath (3060 km), with a spatial
resolution of 750m (Cao et al., 2013), and, above the NAS, its orbits
can overlap during the same day within 1 h and 42min (Arnone et al.,
2017).

As most of the VIIRS overlaps are characterized by observations
performed at sensor zenith angles (SZA) > 60°, those data are gen-
erally masked by the High Satellite Zenith (HSZ) flag (NASA 2019), and
thus the use of the overlapping VIIRS is hampered. Moreover, Barnes
and Hu (2016) demonstrated, comparing data from different satellite
sensors, that also the data, not masked by the HSZ flag, show larger
differences between each other for higher SZA (Barnes and Hu, 2016),
for uncertainties in the normalization of the Water Leaving Radiance
(Eplee et al., 2012; Morel et al., 1996; Morel et al., 2002; Morel and
Mueller, 2002).

This work aims to analyse the suitability of the overlapping VIIRS in
capturing the short time variability (Δt = 102min) of bbp at 443 nm
(bbp(443)), calculated using the quasi analytical algorithm (QAA, Lee
et al., 2002; Lee et al., 2014). Moreover, the overlapping VIIRS will be
exploited also to analyse the ~24 h variability, comparing the results
with those obtained from the Copernicus Marine Environment Mon-
itoring System (CMEMS) multi-sensor daily data (Volpe et al., 2019).

To reduce the uncertainties of the VIIRS Rrs, needed as input to
calculate bbp(443), to use data generally masked by HSZ flag, and to
reduce the SZA dependence of the VIIRS observations, the Acqua Alta
Oceanographic Tower (AAOT) in situ radiometric data will be exploited
to adjust the VIIRS data, using a multi-linear regression (MLR) scheme
(D'Alimonte et al., 2008).

This paper is structured as follows: in the next section, an overview
of the VIIRS and in situ instruments and data will be provided.
Moreover, the methods used to process and select the satellite images,
to calculate the optical parameters, to perform the match-up analysis
used to assess the quality of the VIIRS Rrs spectra, to adjust the Rrs

spectra, and to select the case study will be presented.
In Section 3 the results obtained in this work are presented, and the

suitability of VIIRS in capturing the bbp(443) short time scale dynamics
is demonstrated, presenting the case study for the 21st and 22nd of
March 2013. In particular, the advantages of using the overlapping
VIIRS single sensor data in comparison with the CMEMS multi-sensor
daily data will be discussed.

In Section 4 the obtained results will then be summarized and dis-
cussed, and some future perspectives for this work will be presented.

2. Data and methods

2.1. CMEMS

The CMEMS multi-sensor daily product, derived from the merging
of inter-bias corrected data from different OC sensors, provides a long
time series of OCR data (1997 to date) (Volpe et al., 2019). Starting
from the Rrs Level 2 (L2) data, provided by different space agencies, the
CMEMS operational processing chain makes available various Level 3
(L3) OCR products on a standard equirectangular grid at 1 km resolu-
tion (Volpe et al., 2019). For the period of our interest (2012–2018) the
CMEMS Rrs data are derived from the merging of the VIIRS and MODIS-
AQUA (MODIS-A) data.

In the first steps of the CMEMS processing the data from the dif-
ferent sensors are treated separately: in the passage from L2 to L3 single
sensor data, some flags are applied (Volpe et al., 2019), to mask data
that could be affected by large sources of uncertainties, that can be due
to both environmental and instrumental conditions (NASA 2019). After
the flag application, the images are destriped (Bouali and Ignatov,
2014; Mikelsons et al., 2014) and the VIIRS bow-tie missing data (Cao
et al., 2013) are filled. The destriping method is the one used for the
SST data by Bouali and Ignatov (2014) and adapted to Rrs data by
Mikelsons et al. (2014), while, to fill the VIIRS bowtie deleted pixels a

simple linear interpolation is performed (Cao et al., 2013). Then, after
some quality checks, a band-shifting, and an inter-bias correction pro-
cedure, the single sensor data are reprojected on a common 1kmx1km
equirectangular grid and merged together (Volpe et al., 2019).

The CMEMS reflectance data have demonstrated to be accurate and
reliable in the NAS, due to their good agreement with the in situ ob-
servations (Volpe et al., 2019). The IOPs retrieved from the CMEMS Rrs

spectra will be here used as reference to compare the results obtained
from the overlapping VIIRS data, in order to evaluate the advantages in
using multiple observations during the same day in capturing the short
time variation of bbp(443) in the basin.

2.2. VIIRS sensor and image pre-processing

The VIIRS sensor is a scanning radiometer, on board of the SUOMI-
NPP polar-orbiting satellite. It is located at an altitude of 829 km, with a
swath width of 3060 km, and a revisiting time of 16 days (Cao et al.,
2013). The instrument has 22 spectral bands in the range
410–12,010 nm, with a spatial resolution that varies between 350 and
750m (depending on the band) (Cao et al., 2013). For the purpose of
our work only the OCR products provided by VIIRS were needed and,
consequently, only the data acquired by the OCR bands at 410, 443,
486, 551 and 671 nm, that are characterized by a spatial resolution of
750m and a bandwidth of 20 nm (18 for 443 nm) (Cao et al., 2013).

In this work, the VIIRS L2 Rrs data, retrieved from the NASA with
the processing version R2018 (NASA, 2018), were used. In particular,
all the VIIRS L2 images, acquired between 2012/01/03 (end of VIIRS
commissioning phase) and 2018/08/31, containing observations of the
NAS area, were selected and processed implementing most of the
CMEMS processing chain for the MED, as listed above (Volpe et al.,
2019).

To make available also the data acquired near coastlines and estu-
aries (Barnes et al., 2019) and more orbit overlaps, the Stray Light (SL)
and the HSZ flags were not applied.

• The SL flag masks all the pixels that can be affected by the adjacency
effect of clouds and lands. Indeed, for measurements performed over
pixels close to the shore, the light reflected by the land surface can
be forward scattered into the sensor field of view, and this can result
in an abnormal increase of the reflectance in the near-infrared (NIR)
(Kaufman, 1984; Sterckx et al., 2011; Van Mol and Ruddick, 2005).

• The HSZ flag masks the pixel corresponding to data acquired at SZA
larger than 60° because they can be affected by residuals due to both
path radiance in the atmospheric correction and normalization of
the water leaving radiance (Morel et al., 2002; Morel and Mueller,
2002).

Then the data were destriped and the bowtie missing data were
filled (Bouali and Ignatov, 2014; Cao et al., 2013; Mikelsons et al.,
2014), consistently with the CMEMS procedures described in Section
2.1.

Finally, all the images were re-projected on a common 750mx750m
equirectangular grid, by a nearest neighbour method using the pyproj
and pyresample Python packages (Python 2019; Python 2019b); in such
way, it was possible to use the same grid for each image, in order to
compare them.

2.3. In situ data at Acqua Alta Oceanographic Tower

The AAOT, shown in Fig. 1, is located in the NAS, 8 nautical miles
south-east off the Venice Lagoon (12.509° E, 45.314° N). The AAOT is
used to continuously collect comprehensive atmospheric and marine
coastal measurements. An automated station of the AERONET network
(Holben et al., 1998) equipped with a CIMEL sun–sky radiometer in-
strument is also installed. This network was originally developed to
monitor the atmospheric aerosol and to validate satellite products
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connected to them (Holben et al., 1998). AAOT is part of the AERONET-
OC network, an extension of AERONET, where, besides atmospheric
acquisitions, ocean colour measurements are also performed. Indeed, at
AAOT, in addition to the standard network observations, also water
leaving radiance is measured by the SeaWiFS Photometer Revision for
Incident Surface Measurements (SeaPRISM), which provides measure-
ments of the sky and sea radiance at different view and azimuth angles
and eight different wavelengths between 412 and 1020 nm (Zibordi
et al., 2006; Zibordi et al., 2009a).

The AERONET-OC data are available for download (NASA 2019b)
with three processing levels: L1 are unscreened data, L1.5 are cloud
screened data and L2 are cloud screened and quality-assured data. In
this work, the L2 data, integrated with the L1.5, for periods where the
L2 were missing, were exploited to compare and adjust the VIIRS data.
In particular, the AAOT version 2 dataset was used; here the ocean
colour nominal bands are at 412, 443, 488, 531, 551, and 667 nm,
while those at 870 and 1020 nm are used for quality assurance, and
turbid water flagging (Zibordi et al., 2009a; Zibordi et al., 2002).

In the AAOT area, the optical properties exhibit a wide variability,
indeed waters typical of both off-shore and coastal areas can be ob-
served (Zibordi et al., 2009a). Consequently, in this work, the OCR
data, acquired at this location, were considered as representative of the
basin variability (Mélin et al., 2011).

2.4. The quasi-analytical algorithm

QAA is an inversion algorithm used to retrieve the IOPs of the water
components from remote-sensing observations, using analytical, semi-
analytical, and empirical formulations (Lee et al., 2002). Various QAA
versions were implemented during the years (e.g. Lee et al., 2002; Lee
et al., 2011; Lee et al., 2014); in this study, consistently with CMEMS
processing (Section 2.1, Volpe et al., 2019), the QAA version 6 was
adopted. The QAA formulations are listed in Table 1 (Lee et al., 2002;
Lee et al., 2014). In this model, to retrieve the IOPs of interest, the Rrs

spectrum is converted into below water Rrs (rrs) at step0 of the algo-
rithm, and this quantity is then used to calculate the function u (step1).
Then the total absorption (a) and bbp at the reference wavelength (551
or 671 nm, depending on the Rrs(671) value) are calculated (steps 2 and
3). From those is possible to evaluate the spectrum of those two IOPs
(steps 5 and 6), calculating the bbp spectral slope (η, step4). Subtracting

the pure water contribution from the total absorption, this is then de-
composed into two components: adg and the phytoplankton absorption
(aph). At step 9a of the model adg(443) is evaluated, and then its
spectrum and the one for aph can be retrieved (steps 9b-10), after the
adg spectral slope calculation (S, step 8a).

As the QAA is an algebraic and step-wise algorithm that exploits
analytical, semi-analytical and empirical formulations, the input and
model uncertainties propagate in the retrieval (Lee et al., 2002; Lee
et al., 2010; Lee et al., 2014). In the work of Lee et al. (2010), the
propagation of the model uncertainties has been analysed comparing
the algorithm outputs with a simulated dataset for different parameters
on a wide IOP range. In this analysis, a(551) showed a good agreement
with the correspondent simulated quantity for the 0.058–0.4m−1

range, which covers most of the oceanic and coastal waters. The un-
certainty of a(551) propagated in the retrieval of bbp(551), showing
larger absolute percentage differences. This propagation is more no-
table in the retrieval of adg(443), where the largest contribution to the
uncertainty is linked to the total absorption in the blue part of the
spectrum (a(412) at step9a), while the contribution of ζ and ξ is lower.

In Lee et al. (2010), to evaluate only the uncertainty propagation
due to the model assumptions and formulations, the uncertainty asso-
ciated to the input Rrs spectra and to steps 0 and 1 was set to 0. In this
study, in Section 3.1.2 the effect of the uncertainty associated to VIIRS
Rrs on the retrieval of IOP amplitude and shape factors will be eval-
uated.

2.5. Match-up analysis

As previously mentioned, data acquired at high SZA can have large
sources of uncertainties (Barnes and Hu, 2016). Hence, to assess the
quality of the VIIRS Rrs spectra, a pairwise match-up analysis with the
AAOT in situ data was performed.

In this analysis, for each VIIRS image, the AAOT data acquired in
temporal proximity (Δt < 30min) with the VIIRS observations (tVIIRS)
were selected. The acquisition time of the VIIRS observation was cal-
culated starting from the value of msec (milliseconds of the day) in the
VIIRS L2 file, for the pixel collocated with AAOT. The Δt was chosen
equal to 30min to ensure that the same in situ data were not used for
two overlapping orbits during the same day and to take into account the
short time variability of the Rrs spectra. For what concerns the satellite

Table 1
List of all the steps of QAA v6 (Lee et al., 2011). h0, h1 and h2 are three constants. bbw and aw are the contribution of the water to
backscattering and absorption.

Step Formula

0 rrs(λ)= Rrs(λ)(0.52+ 1.7Rrs(λ))
1

= = =
− + +

u λ with g g( ) 0.089 0.1245
g g g rrs λ

g
0 0

2 4 1 ( )

2 1 0 1

if rrs(671) < 0.0015 sr−1→ λ0= 551 nm else → λ0= 671 nm
2

=
⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

+

+
χ log rrs rrs

rrs
rrs
rrs

rrs

(443) (486)

(551) 5 (671)
(486)

(671)

= +
+( )a λ a λ( ) ( ) 0.39w

Rrs
Rrs Rrs0 0

(671)
(443) (486)

1.14

a(λ0)= aw(λ0)+ 10h0+h1χ+h2χ2

3 = −
−

b λ b λ( ) ( )bp
u λ a λ

u λ bw0
( 0) ( 0)

1 ( 0) 0

4
= ⎛

⎝
− − ⎞

⎠( )η 2.0 1 1.2 exp 0.9 rrs
rrs

(443)
(551)

5 = ( )b λ b λ( ) ( )bp bp
λ
λ

η
0

0

6 a(λ)= (1− u(λ))(bbw(λ)+ bbp(λ))/u(λ)
7 = +

+
ζ 0.74

rrs rrs
0.2

0.8 (443) / (551)

8a = +
+

S 0.015
rrs rrs

0.002
0.6 (443) / (551)

8b ξ=exp (S(442.5− 415.5))
9a = −−

−
−
−

a (443)dg
a ζa

ξ ζ
aw ζaw

ξ ζ
(412) (443) (412) (443)

9b adg(λ)= ag(443) exp (−S(λ− 443))
10 aph(λ)= a(λ)− adg(λ)− aw(λ)
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data, a 3×3 pixel box around the AAOT location was used for com-
parison, but only in correspondence of at least 3 valid pixels. The value
of the in situ Rrs is the mean of all the AAOT data acquired between
tVIIRS-Δt and tVIIRS+ Δt, while the value of the VIIRS Rrs is the mean of
the 3×3 box data.

Since SeaPRISM has a different set of bands than VIIRS, a band-
shifting procedure was applied to the SeaPRISM data towards VIIRS
(Zibordi et al., 2009b). The method here applied is the one presented in
Mélin and Sclep (2015), which consists in the application of the QAA in
the forward and backward modes. Indeed, starting from the native
SeaPRISM bands it is possible, using the QAA, to evaluate the IOPs at
the VIIRS target wavelengths; then, applying the QAA in forward mode
the Rrs at target wavelengths can be retrieved (Mélin and Sclep, 2015;
Volpe et al., 2019). The band-shifting can be applied when the spectral
distances between the target and native wavelengths is of a few nm; in
the entire AAOT and VIIRS time series, the maximum difference be-
tween those bands is around 5 nm, and for such spectral distances the
uncertainty of the approach is estimated to be<5% (Mélin and Sclep,
2015).

In the Rrs match-up analysis, the entire dataset (ED) was divided
into two subsets: training (TD) and validation dataset (VD). TD includes
all the data acquired between 2012/01/02 and 2015/05/31 and it was
used to retrieve the coefficients of the adjustment (presented in Section
2.6); VD includes the data acquired between 2015/06/01 and 2018/
08/31 and it was used to validate the VIIRS data before and after the
adjustment procedure. Those dates have been chosen to have a similar
number of match-up for the two datasets (314 for TD, 339 for VD),
acquired in similar illumination conditions (similar solar zenith angles).

All the match-up analyses of this work are listed in Table 2, while
the formulations of the statistical parameters needed to test the
agreement between two datasets are listed in Table 3. A good agree-
ment between two datasets is achieved when the determination coef-
ficient (r2) is close to 1 and bias, root mean square difference (RMSD),
mean absolute difference (MAD), mean percentage difference (MPD),
and mean absolute percentage difference (MAPD) are close to 0.

2.6. VIIRS Rrs adjustment

Following D'Alimonte et al. (2008), a statistical correction scheme
based on a multilinear regression algorithm (MLR) was used to reduce
systematic differences between in situ (AAOT data) and remote-sensing
measurements (VIIRS data). Particularly, in this study, this was applied
to make available the HSZ observations and to reduce the dependence
of the VIIRS observations from the SZA.

In this procedure for each match-up between an in situ and a re-
mote-sensing observation ΔRrs(λ) is calculated as:

= −ΔR λ R R λ( ) (λ) ( )rs rs
is

rs
or (1)

where Rrs
is(λ) is the in situ Rrs and Rrs

or is the original VIIRS Rrs. The
multilinear regression scheme is:

∑< > = + + + +
=

ΔR λ a a R λ a SZA a SOLZ a RELA( ) ( )rs
sat

i
i
sat

rs
or

i
sat sat sat

0
1

5

6 7 8

(2)

where the input vectors are the original Rrs spectra, the SZA, the solar
zenith angles (SOLZ), and the relative angles between the sensor and
the solar azimuth angles (RELA). SZA, SOLZ, and RELA were extracted
from the VIIRS L1 data, downloading the L1 GEO files, from the NASA
site (NASA 2019) for all the correspondent L2 file. In the MLR scheme,
the value of those geometric parameters is the one correspondent to the
pixel collocated with AAOT.

The coefficients aisat (i=0, …,8) were calculated performing an
ordinary least squares multi-linear regression (Python 2019) between
ΔRrs(λ) and the input vectors. Then the adjusted Rrs can be retrieved
with:

= + < >R λ R λ ΔR λ( ) ( ) ( )rs
adj

rs
or

rs (3)

The adjusted Rrs were then used to calculate bbp(443), using the
QAA (Lee et al., 2002; Lee et al., 2014).

2.7. Selection of the case study

In this work, a single two-day case study will be presented in order
to prove the suitability of VIIRS in capturing the short time scale dy-
namics of bbp(443). VIIRS has a revisiting time of 16 days, so each day
of the cycle was labelled with a number from 1 to 16, with 2012/01/02
being the day 1 and so on. The days in the 16 day cycle with a full VIIRS
overlap above NAS are 1, 2, 3, 6, 7, 8, 11, 12, and 13. Only couples with
two consecutive days with a full overlap of the orbits were considered
(e.g 1–2, 2–3, 6–7 and so on), in such way it will be possible to analyse,
not only the short time variability, but also the ~24 h one, in order to
compare the obtained results with those obtained with the CMEMS
multi sensor daily product. Also, the river flows were considered in
choosing the case study, in order to have at disposal a considerable
amount of particulate and dissolved matter carried by the rivers prior to
and during our days of interest.

Based on those criteria, the case study of 21st and 22nd March 2013
was selected, corresponding to days 12 and 13 of the VIIRS orbital cycle
for which two consecutive overlaps of VIIRS are available. In Fig. 2 the
river flow time series for Piave, Livenza, and Po during March 2013 are
presented. The data, available for different years, were acquired re-
spectively by ARPA Veneto (ARPAV 2019) at the station of Ponte Piave,
and Livenza Meduna and by Arpa Emilia Romagna (ARPAE 2019) at the
station of Ponte Lagoscuro. For the first two rivers, chosen as re-
presentative of the northern part of the area, a low river flow is ob-
served during the first days of the month; on 17th of March, a minimum
is observed, followed by a strong increase, until the peak reached
during the 19th of March. After this, a still notable river flow is ob-
served during the 20th of March, but lower than the one observed in the

Table 2
List of all the match-up analyses of the study. Those were performed for each
band of Rrs and various IOPs retrieved from the QAA. The used datasets (VD or
ED) are specified in the last column.

Name of the
match-up analysis

x y Dataset

MUA1 In situ Rrs Original VIIRS Rrs VD
MUA2 In situ Rrs Adjusted VIIRS Rrs VD
MUAQ1 QAA parameters from

in situ Rrs

QAA parameters from
original VIIRS Rrs

ED

MUAQ2 QAA parameters from
in situ Rrs

QAA parameters from
adjusted VIIRS Rrs

ED

Table 3
Formulations of the statistical parameters used in this study to assess the
agreement between two datasets. x and y are referred to Table 2, n is the
number of concurrent observations of the match up.

Statistical Parameter Formulation

Determination coefficient (r2)
=

∑ = − −

∑ = − ∑ = −
r i

n xi x yi y

i
n xi x i

n yi y
2 1( )( )

1( )2
1( )2

Bias = −bias y x
Root mean squared difference (RMSD)

=
∑ = −

RMSD i
n yi xi

n
1( )2

Mean absolute difference (MAD)
=

∑ = ∣ − ∣
MAD i

n yi xi
n

1

Mean percentage difference (MPD) = ∑ =
−MPD (%)

n i
n yi xi

xi
100

1

Mean absolute percentage difference (MAPD)
= ∑ =

−MAPD (%)
n i

n yi xi
xi

100
1
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previous day, while the flows continue to decrease in the following
days. For Piave, the river flow on the 19th of March (125.6m3/s) is the
second higher value of the month and for the 20th of March the ob-
served value of 102.4m3/s, is still well above the monthly mean of
89.4 m3/s. For Livenza the river flow measured on 19th of March
(234.4 m3/s) is the maximum observed during the month, while the one
observed on 20th of March (178.6m3/s) is the third value for this
period. For the Po river, the values (1949.4 and 2487.03m3/s) are not
too high in comparison with the maximum value of month (3185m3/s),
but they are notably larger than those of the other two rivers and close
to the annual mean of 1986.94m3/s. Hence, for the high river dis-
charges observed in the previous days, a notable quantity of dissolved
and particulate matter carried by the rivers was available in the basin at
the beginning of the 21st of March.

In Table 4 the range of SZA and the percentage of HSZ observations
for the water pixels of the four scenes (two for each day) are presented;
for the first day part of SZA of the second scene (9%) are larger than
60°, while for the first image of the 22nd of March the entire basin have
values larger than this threshold. It is important to remark again that
pixels with SZA > 60° are generally masked out, so, to examine the
case study is fundamental to make those observations available in the
analysis.

3. Results

3.1. Match-up analysis

3.1.1. Rrs

The match-up analyses between the in situ Rrs and the original VD

VIIRS Rrs (MUA1), and between the in situ Rrs and the VD adjusted
VIIRS Rrs (MUA2), are presented in Fig. 3, and Fig. 4, with the corre-
spondent statistical parameters listed in Table 5, and Table 6. For
MUA1 the 486 and 551 nm bands show a good agreement, being the
majority of the points close to the 1:1 line, r2 larger than 0.9, and MAPD
of 12.1% and 9.9% respectively. The 410, 443, and 671 nm bands show
larger discrepancies with respect to the in situ counterpart, with r2 of
0.58, 0.81 and 0.90 and MAPD of 31.1%, 22.2%, and 31.2% respec-
tively. For these bands a large number of points are far from the 1:1
line, especially the data retrieved from observations with high SZA
(> 50°), showing larger MAPD and RMSD in comparison with those
with SZA < 50° (Fig. 5).

To overcome this problem and for the discrepancies observed for the
410, 443, and 671 nm bands, the adjustment introduced in Section 2.6
is applied (D'Alimonte et al., 2008). The coefficients, used to calculate
the adjusted VIIRS Rrs, were retrieved using the TD VIIRS Rrs spectra
and the correspondent geometric parameters as input vectors of the
MLR scheme (Section 2.6).

After the adjustment (MUA2, Fig. 4), the determination coefficient
increases for all the bands, especially for the 410 nm one, and MAD,
RMSD, MPD, and MAPD are now closer to zero in the entire spectrum
(Table 6). Despite its reduction, the value of MAPD for Rrs(671) is still
large (25.8%), while RMSD is lower than the other bands. This is due to
low magnitude observations (Rrs(671) < 1.5 ∗ 10–3 sr−1), that have
large MAPD and low RMSD; for those values a low absolute difference
can correspond to a notable percentage difference. Indeed, masking for
Rrs(671) < 1.5 ∗ 10−3 sr−1 MAPD is reduced to 15.2% and RMSD is
increased to 4.8 ∗ 10−4 sr−1. After the adjustment, the majority of the
points are close to the 1:1 line, with those at high SZA improving the
most; indeed, in MUA2 the value of MAPD and RMSD for observations
acquired at SZA > 50° are now similar to those acquired at SZA < 50°
(Fig. 5).

To analyse the SZA dependence of MUA1 and MUA2 summary
statistics, RMSD and MAPD were calculated for different ranges of SZA,
with a step of 10° (Fig. 5). RMSD is now reduced in each bin for each
band, consistently with the aggregated results shown above. Hence, our
adjustment reduced a general bias between the remote sensing and in
situ measurements, which is likely due to uncertainties in the absolute
calibration of the VIIRS sensor and minimization of atmospheric per-
turbations (D'Alimonte et al., 2008).

Before the adjustment, the values of MAPD and RMSD (Fig. 5a–c)
are notably larger for the two last bins (50° < SZA < 60° and
60 < SZA < 70°), especially for the 410 and 671 nm bands. For ex-
ample, in MUA1, MAPD for the 410 nm band is between 20% and 30%
for bins with SZA < 50°, while> 40% for the remaining two bins;
RMSD for the 671 nm band is between 2.0 ∗ 10−4 sr−1 and
3.4 ∗ 10−4 sr−1 for the first bins and between 4.4 ∗ 10−4 sr−1 and
5.6 ∗ 10−4 sr−1 for the last two. After the adjustment (Fig. 5b-d), for the
410 nm band MAPD is between 10.2% and 14.1% for SZA < 50° and
between 14.0% and 16.6% for SZA > 50°; for the 671 nm band RMSD
is now between 1.9 ∗ 10−4 sr−1 and 3.2 ∗ 10−4 sr−1 for the first bins
and between 3.1 ∗ 10−4 sr−1 and 3.5 ∗ 10−4 sr−1 for the last two. After
the adjustment, the values of RMSD and MAPD for SZA > 50° are
notably closer to the values observed for SZA < 50°, resulting in a
reduced SZA dependence of the VIIRS Rrs spectra. Moreover, the values
observed for MAPD and RMSD for SZA > 50° in MUA2 are lower than
those observed in MUA1 for SZA < 50°. Only MAPD for the third and
fourth bins in the 671 nm band are increased, but the correspondent
value of RMSD is reduced, due to the low magnitude observations with
large MAPD and low RMSD, analysed above. Hence, values previously
masked by the HSZ flag can now be made available for our analysis, as
their uncertainty is largely reduced.

Our area of interest is only 2°× 2° and in most of the VIIRS overlaps
at least one of the two orbits includes observations generally masked
from HSZ. Discarding those observations, an almost complete overlap of
VIIRS is available for only the day 12 of the orbital cycle and the use of

Fig. 2. River flows of Piave, Livenza, and Po during March 2013. On the x axes
the day of the month, on the y axes the river flows of the three rivers in the
logarithmic scale.

Table 4
Description of the case study. In the first three columns the day of the orbital
cycle, the date, and the start time of the VIIRS acquisition. In the last two
columns the range of SZA and the percentage of HSZ observations for the water
pixels of the scene.

Day of the
VIIRS orbital
cycle

Date
(YYYY-MM-
DD)

Start time
(UTC)

Sensor zenith
angle (°)

Percentage of HSZ
pixels (%)

12 2013-03-21 11:06 48.8–55.0 0
12 2013-03-21 12:48 56.0–60.6 9
13 2013-03-22 10:48 60.3–64.8 100
13 2013-03-22 12:30 40.7–47.7 0
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VIIRS in capturing short time scale events in the NAS is, consequently,
hampered. On the contrary, the adjustment makes the data previously
discarded as reliable as those with SZA < 50°. The complete overlap is
now available for 9 days in the 16-day cycle (56.3% of total).

Some uncertainties can be introduced by the use of the stray-light
affected data and by the linear interpolation performed to make
available the bow-tie pixels; nevertheless, the match-up analyses for
those adjusted data do not show considerable larger uncertainties in
comparison with MUA2 (not shown).

3.1.2. QAA
In this section, the agreement between the QAA parameters re-

trieved from the in situ Rrs and those retrieved from the satellite Rrs is
evaluated. Then, the effect of the ΔRrs introduced by the adjustment on
the retrieval of IOP amplitude and shape factors is analysed. These

analyses are not meant to validate the satellite-derived QAA para-
meters, as also the in situ ones are retrieved by using the same model
and, for this reason, the data from ED are used.

In Fig. 6, MUAQ1 is shown, while the MUAQ1 statistical parameters
for a(551), bbp(551), η, bbp(443), and adg(443) are given in Table 5. The
calculated a(551) and η show a low determination coefficient, and
MAPD of 10.2% and 21.2% respectively, while bbp(443) and bbp(551)
show a very similar behaviour with each other and a good agreement
with the AAOT QAA parameters (r2≥ 0.9, MAPD ~18%, and RMSD
respectively of 4.3 ∗ 10−3 m-1 and 5.2 ∗ 10−3 m−1). On the contrary,
there are large discrepancies between the in situ and satellite-derived
adg(443), which shows the lowest value of r2 and the largest value of
MAPD. MUAQ2 is presented in Fig. 7. and the corresponding statistical
parameters are given in Table 6. Also in this case, the adjustment im-
proved the agreement between all the parameters, increasing the r2,

Fig. 3. Match-up analysis between the in situ Rrs and the original VD VIIRS Rrs (MUA1). In the logarithmic scale on the x axes the in situ Rrs and on the y axes the
original VIIRS Rrs, for each band, with the SZA of the VIIRS observations identified by the colours of the points.
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Fig. 4. Match-up analysis between the in situ Rrs and the adjusted VD VIIRS Rrs. In logarithmic scale on the x axes the in situ Rrs and on the y axes the adjusted VIIRS
Rrs, for each band, with the SZA of the VIIRS observations identified by the colours of the points.

Table 5
Statistical parameters for the match-up analysis between the AAOT in situ Rrs and the original VD VIIRS Rrs (MUA1) and the QAA-parameters retrieved from the in
situ Rrs and the original ED VIIRS Rrs (MUAQ1).

Product r2 Bias RMSD MAD MPD(%) MAPD(%)

Rrs (410) 0.58 −1.3 ∗ 10−4 sr−1 2.0 ∗ 10−3 sr−1 1.4 ∗ 10−3 sr−1 −3.3 31.1
Rrs (443) 0.81 5.5 ∗ 10−4 sr−1 1.6 ∗ 10−3 sr−1 1.1 ∗ 10−3 sr−1 10.3 22.2
Rrs(486) 0.92 −1.6 ∗ 10−4 sr−1 1.1 ∗ 10−3 sr−1 0.8 ∗ 10−3 sr−1 −2.3 12.1
Rrs(551) 0.95 −3.2 ∗ 10−4 sr−1 0.9 ∗ 10−3 sr−1 0.7 ∗ 10−3 sr−1 −4.7 9.9
Rrs(671) 0.90 −1.6 ∗ 10−4 sr−1 3.9 ∗ 10−4 sr−1 0.3 ∗ 10−3 sr−1 −21.2 31.2
a(551) 0.66 −4.8 ∗ 10−3 m−1 1.78∗ 10−2 m−1 1.1 ∗ 10−2 m−1 −4.3 10.2
bbp(551) 0.91 −1.2 ∗ 10−3 m−1 4.3 ∗ 10−3 m−1 2.7 ∗ 10−3 m−1 −11.4 18.4
η 0.50 6.5 ∗ 10−2 2.2 ∗ 10−1 1.6 ∗ 10−1 8.9 21.2
bbp(443) 0.90 −1.1 ∗ 10−3 m−1 5.2 ∗ 10−3 m−1 3.2 ∗ 10−3 m−1 −9.7 17.9
adg(443) 0.43 1.0 ∗ 10−2 m−1 5.4 ∗ 10−2 m−1 3.9 ∗ 10−2 m−1 18.7 39.0
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and decreasing the bias, RMSD, MAD, MPD, and MAPD.
The quality of the QAA outputs is dependent on the input Rrs

spectrum uncertainty; indeed, the improvement of the MUAQ2 statistics
in comparison with MUAQ1 is due to the reduction of the differences
between the satellite and in situ spectra (MUA1 and MUA2, Section
3.1.1). The effect of the ΔRrs introduced by the adjustment on the un-
certainties of the IOPs is now analysed, using the stepwise nature of the
algorithm.

At step 2 of the QAA (Table 1), a(551) depends on all bands, except
for Rrs(410), but the band ratio strongly reduces the differences ob-
served for the 443 and 671 nm bands (MAPD of 10.2% and 6.8% for
MUAQ1 and MUAQ2 respectively). The calculated bbp(551) is depen-
dent on a(551) and the differences observed for the latter one are
propagated at step 3, with MAPD of 18.4% and 14.7% for MUAQ1 and
MUAQ2 respectively. In this analysis, a(551) and bbp(551) are not

always correspondent to a(λ0) and bbp(λ0), because the value of λ0

depends on the value of Rrs(671) (Steps 2 and 3, Table 1). For ap-
proximately 80% of the observations of our dataset, λ0 is equal to
551 nm and, for this reason, in our discussion we focused on 551 nm.
Moreover, dividing the dataset into two subsets (one for λ0= 551 nm
and one for λ0= 671 nm), the obtained statistical parameters are
nearly the same (results not shown). This is due to the fact that MAPD
for the Rrs(671) band is strongly reduced for values larger than
1.5 ∗ 10−3 sr−1 (Section 3.1.1), which is also the threshold value for the
determination of λ0.

At step 4, η exhibits a large MAPD (21.2% for MUAQ1), due to its
dependence on Rrs(443), which shows a MAPD of 22.2% in MUA1
(Table 5); after the adjustment MAPD is reduced to 13.7% and 7.3% for
Rrs(443) and η respectively. The differences associated with η do not
influence too much the bbp(443) retrieval (step 5), which shows a

Table 6
Statistical parameters for the match-up analysis between the AAOT in situ Rrs and the adjusted VD VIIRS Rrs (MUA2) and the QAA-parameters retrieved from the in
situ Rrs and the adjusted ED VIIRS Rrs (MUAQ2).

Product r2 Bias RMSD MAD MPD(%) MAPD(%)

Rrs(410) 0.89 2.7 ∗ 10−5 sr−1 7.3 ∗ 10−4 sr−1 5.7 ∗ 10−4 sr−1 2.7 13.7
Rrs(443) 0.94 2.5 ∗ 10−4 sr−1 7.6 ∗ 10−4 sr−1 5.5 ∗ 10−4 sr−1 6.8 12.0
Rrs(486) 0.96 −1.8 ∗ 10−4 sr−1 8.2 ∗ 10−4 sr−1 5.6 ∗ 10−4 sr−1 −0.8 8.5
Rrs(551) 0.96 1.8 ∗ 10−4 sr−1 8.2 ∗ 10−4 sr−1 5.5 ∗ 10−4 sr−1 4.8 9.1
Rrs(671) 0.92 1.0 ∗ 10−4 sr−1 2.9 ∗ 10−4 sr−1 2.2 ∗ 10−4 sr−1 17.8 26.1
a(551) 0.78 4.7 ∗ 10−4 m−1 1.3 ∗ 10−2 m−1 7.5 ∗ 10−3 m−1 1.4 6.8
bbp(551) 0.92 2.5 ∗ 10−4 m−1 3.5 ∗ 10−3 m−1 2.1 ∗ 10−3 m−1 5.3 14.7
η 0.90 6.9 ∗ 10−3 7.1 ∗ 10−2 5.5 ∗ 10−2 1.7 7.3
bbp(443) 0.92 3.5 ∗ 10−4 m−1 4.2 ∗ 10−3 m−1 2.4 ∗ 10−3 m−1 5.4 14.5
adg(443) 0.61 1.1 ∗ 10−3 m−1 3.8 ∗ 10−2 m−1 2.5 ∗ 10−2 m−1 8.2 23.6

Fig. 5. Analysis of the dependence of the summary statistics from the SZA for MUA1 and MUA2. MAPD (Figure a–b) and RMSD (Figure c–d) were calculated for
different ranges of SZA, with a step of 10°.
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similar behaviour to bbp(551) in both MUAQ1 and MUAQ2, with MAPD
of 17.9% and 14.5% respectively. Finally, at step9a, despite its reduc-
tion after the adjustment (from 39.0% to 23.6% from MUAQ1 to
MUAQ2), the value of MAPD is still large for adg(443), while the value
of the r2 of 0.61 in MUAQ2 is still low in comparison with the other
IOPs (r2≥ 0.78).

Our analysis proved that the quality of the adg(443) calculation can
be more sensitive to uncertainties in the retrieval of the Rrs spectrum
from satellite observations. Indeed, even if the statistic is improved
after the adjustment, the uncertainty between the in situ and satellite
retrieved adg(443) is still notable, despite the reduced difference be-
tween the two input spectra. As stated earlier, the largest contribution
to the adg(443) uncertainty is linked to the total absorption in the blue

part of the spectrum (Section 2.4). The calculated a(412) depends on
Rrs(412) at step 6 (Table 1), an additional source of uncertainty, which
shows the second larger value of MAPD in MUA2; this can strongly
influences the quality of the a(412) retrieval and consequently of the
adg(443). These results are consistent with the findings by Wei and Lee
(2015), where the QAA derived adg(443) has been found to have a low
r2 in comparison with the in situ observations. Moreover, the adg(443)
uncertainty is such that when comparing the adg(443) fields in two
overlapping VIIRS acquisitions, it may be difficult to discern between
signal and propagated uncertainty in the associated adg(443) differ-
ences. For those reasons, in this study, only the analysis of bbp(443)
dynamics will be presented, as the uncertainties of this last parameter
are of the same order of those for bbp(551), which has been shown to be

Fig. 6. Match-up analysis between the QAA parameters derived from the in situ Rrs and those retrieved from the original ED VIIRS Rrs. On the x axis the QAA
parameters calculated with the in situ Rrs, on the y axis the same parameter calculated with the original VIIRS Rrs, with the SZA of the VIIRS observation identified by
the different colours of the points.
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in good agreement with the situ observations in the NAS (Pitarch et al.,
2016).

3.2. Analysis of the case study

3.2.1. CMEMS daily time scale
In Fig. 8 the two maps of CMEMS bbp(443) for the 21st and 22nd

March 2013 are shown. After 24 h a general reduction of bbp(443) can
be observed in the northern part of the basin, identified by the black
isolines (bbp(443)= 0.06m−1) present in the first map and disappeared
in the second one. Nevertheless, due to the daily temporal resolution, it
is not possible to understand how and when this reduction took place
during the two days. Moreover, the SL flag masks the majority of the

pixels near the coastlines and, consequently, information about optical
properties cannot be obtained for the pixels closer to the shore. So, the
CMEMS multi sensor daily product, due to its temporal resolution and
the applied flags, cannot be used to capture the large spatial and tem-
poral variability of the optical properties in the pixels closest to the
coast. On the contrary this product can be very useful to analyse the
open part of the basin, which is characterized by lower space-time
variability, but this is not the aim of this study.

3.2.2. Overlapping VIIRS sub-daily time scale
The adjustment described in 2.5 has been extended to all the NAS

area, being AAOT representative of the entire basin (Mélin et al., 2011).
In Fig. 9a–b the adjusted VIIRS bbp(443) maps for the 21st of March

Fig. 7. Match-up analysis between the QAA parameters derived from the in situ Rrs and those retrieved from the adjusted ED VIIRS Rrs. On the x axis the QAA
parameters calculated with the in situ Rrs, on the y axis the same parameter calculated with the adjusted VIIRS Rrs, with the SZA of the VIIRS observation identified by
the different colours of the points.
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(11:06 and 12:48 UTC) are shown. In Fig. 9a large values of bbp(443)
can be observed in the entire northern and western coastal area, due to
the materials carried by the rivers during the previous days. In this
figure, one isoline identifies the plume from the Isonzo river (P1), while
the Tagliamento and Livenza plumes create one large area of
bbp(443)= 0.06m−1, which extends westward to the Venice Lagoon
(P3). Another structure can be identified between Tagliamento and
Isonzo (P2). The area near the Po river mouth is partially masked, but a
black isoline (P4) identifies a large structure, which starts from the
Brenta and Adige river area and extends southward, also further than
the Goro Lagoon. The yellow isoline (P5, bbp(443)= 0.03m−1) extends
in the entire coastal area of the basin at several kilometres from the
shore. In the second image of the day (Fig. 9b), after 1 h and 42m, the
main part of P3 does not reach anymore the Venice Lagoon, while the
spatial extent of P2 and P1 is consistently reduced. P5 does not shows
significant changes in the entire basin, while, in the Po area, a south-
eastward shift of P4 is observed. Those changes can be observed in
Fig. 9c where the map of bbp(443) difference between the two images of
the first day is presented (Fig. 9b minus Fig. 9a), with the isolines from
Fig. 9a superimposed. In the northern part, the red area between the
black and yellow isolines, where also AAOT is located (Fig. 1), identifies
a southward shift of the front; the large blue area inside P5 detects a
general reduction of bbp(443), which is more notable in the areas
identified by the black isolines, partly dissolved in the second image.
The observed differences could be partly due to the uncertainties in
satellite data that can be observed between two single satellite images
(Qi et al., 2017). Nevertheless, estimating the uncertainties of the sa-
tellite observations as the MAD retrieved in MUA2 (Table 6), the dif-
ferences observed between the two images for each single Rrs band (not
shown) are above those values for the majority of the coastal pixels. In
the same way, estimating the uncertainty of the QAA algorithm in the
retrieval of bbp(443) as 2.4 ∗ 10−3 m−1 (Table 6) it is possible to argue
that the observed differences are not due to artefacts but to realistic
processes (Qi et al., 2017).

In Fig. 10 the adjusted VIIRS bbp(443) maps for the 22 of March

(10:48 and 12:30 UTC) and the difference between those two are
shown. The three isolines (P1, P2, and P3), observed during the first day
in the northern part, are almost disappeared while P5 remains very
similar to the previous day. The differences between the two images of
the day (Fig. 10c) are now very close to zero in the northern area, while
some dynamics is still observed in the Western coastal area, with a
north-eastward shift of the Po front.

It is important to point out that, in satellite imagery, the data ac-
quired at the edge of a swath are strongly influenced by the pixel
growth effect (Cao et al., 2014; Pahlevan et al., 2016b). This is reduced
in VIIRS, due to its aggregation algorithm (Cao et al., 2014), but this
can be still notable for observations acquired at very large SZA, like the
first image of the 22 of March. Indeed this effect can influence the re-
projection, based on a nearest neighbour approach, creating some
spatial artefacts, as it can be seen in the northern area in Fig. 10a. These
spatial artefacts can be more pronounced around fronts, where the
sensor could not be able to capture the spatial variability of the area due
to the pixel growth effect. For our case study, it is possible to argue that
this effect did not provide a misleading determination of the fronts,
because in the northern area the differences between the two images,
that have different observation geometries (Table 4), are close to zero
around fronts.

To analyse the ~24 h dynamics, in Fig. 11a the difference between
the two CMEMS images is shown, while in Fig. 11b the difference be-
tween the second VIIRS image of the second day and the first VIIRS
image of the first day is presented. For the common valid pixels, the two
images are very similar, with some differences since the CMEMS pro-
duct is derived from the merging of the VIIRS and MODIS-A data (Volpe
et al., 2019). In Fig. 11a a large portion of coastal pixels have been
masked, for the application of the SL flag and, consequently, only the
off-shore dynamics can be observed; on the contrary, unmasking the SL
flag pixels, in Fig. 11b also the 24 h coastal dynamics can be observed.
Moreover, from the previous analysis it is possible to argue that the
large reduction of bbp(443) observed in the two last figures is due to a
process begun between 11:06 and 12:48 of the 21st of March and

Fig. 8. Maps of the CMEMS bbp(443) product in the NAS for the 21st (a) and 22nd March 2013 (b), with the yellow and black isolines identifying the bbp(443) area
respectively of 0.03m−1 and 0.06m−1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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probably most of this reduction has been concentrated during a few
hours on the first day, as it can be observed from Fig. 9c.

In order to compare our results with the AAOT bbp(443) dynamics,
in Fig. 12 the time series of the in situ, original and adjusted VIIRS
bbp(443) is shown.

From the in situ observations an increase of bbp(443) is observed
during the morning, confirmed by the southward shift of the front
previously observed in Fig. 9c, while between 13 and 15 UTC of 21st of
March a large decrease of bbp(443) is observed for the AAOT data.
During the second day a lower variability of bbp(443) is observed from

Fig. 9. Analysis of the bbp(443) variability during the 21st of March 2013, derived from the adjusted VIIRS Rrs. In a the bbp(443) map at 11:06 UTC, in b the bbp(443)
map at 12:48 UTC, in c the map of the difference between the two images (b minus a). The yellow and black isolines identify the bbp(443) area respectively of
0.03 m−1 and 0.06m−1. In figure c the isolines are those from figure a. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the in situ data in comparison with the 21st of March, confirming the
results of the previous analysis, where great part of the reduction ob-
served between the two days is due to a process which has taken place
in a short time range during the first day. Indeed, during the two days,
also in the AAOT area a large bbp(443) reduction is observed (Fig. 11b),

despite the initial increase detected between the two images on 21st of
March.

The adjusted VIIRS observations show a good agreement with the in
situ ones, indeed for the second orbit of the two days concurrent AAOT
and VIIRS observations are available, showing a percentage difference

Fig. 10. Analysis of the bbp(443) variability during the 22nd of March 2013, derived from the adjusted VIIRS Rrs. In a the bbp(443) map at 10:48 UTC, in b the
bbp(443) map at 12:30 UTC, in c the map of the difference between the two images (b minus a). The yellow and black isolines identify the bbp(443) area respectively
of 0.03m−1 and 0.06m−1. In figure c the isolines are those from figure a. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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respectively of −4.1% and 13.1%. During the second day, the original
VIIRS bbp(443) shows a better agreement with the in situ observation,
than the adjusted one, but the latter seems to better capture the
variability. Indeed, the in situ and adjusted VIIRS observations show an
increase of this parameter, while the original VIIRS shows a decrease.

4. Summary and future perspective

In this work, the suitability of the adjusted overlapping VIIRS in

adequately capture the short time variability of bbp(443) in the NAS
was presented. A match-up analysis between the original VIIRS and
AAOT Rrs data was performed. To the best of our knowledge, there is no
literature on the validation of VIIRS in the NAS; nonetheless, the re-
trieved values of MAPD for MUA1 are very similar to those calculated
for MODIS-A and SeaWiFS in previous analyses (Zibordi et al., 2009b;
Mélin et al., 2011).

The notable differences, observed between the VIIRS and AAOT Rrs

for observations performed at SZA > 50°, confirm the results obtained
in the work of Barnes and Hu (2016), and that the data acquired at
SZA > 60° should be masked. To reduce the dependence of the Rrs

from the SZA and, consequently, making the HSZ observations avail-
able, an adjustment, based on an MLR scheme, was applied, following
D'Alimonte et al. (2008). The adjustment brought to a significant im-
provement of the satellite Rrs retrieval. The data at SZA > 50° were
those improved the most, and consequently, the HSZ observations were
made available in the analysis. This enabled to have a larger number of
days (9 of 16) with a full VIIRS overlap, in comparison with the only
one almost complete overlap available masking the HSZ observations.
Hence, only with the use of those, it is possible to exploit the overlaps of
VIIRS to capture short time scale processes in the NAS. Further works
should be addressed in the future to reduce the spatial artefacts, ob-
served for pixels acquired at the edge of the swath.

Due to the high uncertainties tied to the QAA adg(443) retrieval (Lee
et al., 2010; Wei and Lee, 2015), the analysis of the short time varia-
bility of this IOP was discarded from the study. Different models must
be used in the future to retrieve this parameter, starting from the ad-
justed VIIRS Rrs spectrum (Brando et al., 2012; Loisel et al., 2018;
Werdell et al., 2013; Werdell et al., 2018). On the contrary, due to the
good agreement between the retrieved QAA and the in situ bbp in the
NAS (Pitarch et al., 2016), it was possible to analyse its variability.

In the analysed case study, the CMEMS multi daily product, due to
its temporal resolution and the applied flags, could detect only the off-
shore reduction of bbp(443) on a 24 h scale. On the contrary, using the

Fig. 11. Analysis of the bbp(443) ~24 h variability. In figure a the difference between the two daily CMEMS bbp(443) images (Fig. 8b minus Fig. 8a, the isolines are
those from Fig. 8a). In b the difference between the second VIIRS image of 22nd of March and the first one of 21st of March (Fig. 10b minus Fig. 9a, the isolines are
those from Fig. 9a).

Fig. 12. Analysis of the bbp(443) variability in the AAOT area during 21st and
22nd of March 2013. The green line represents the QAA bbp(443) derived from
the AAOT Rrs, while the blue and the red line represents the QAA bbp(443)
derived from the original and the adjusted VIIRS Rrs respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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adjusted overlapping VIIRS, on the first day the coastal and off-shore
reduction of bbp(443) was detected, while in the second day a low
variability was observed in the northern part. The ~24 h reduction, in
the northern part, observed from both CMEMS and VIIRS images was
probably due to processes mainly concentrated in few hours during the
first day and this was also confirmed by the AAOT observations. The
large variability observed in the northern part of the basin during the
first day can be attributed to the strong reduction of Livenza and Piave
discharges, starting from the 20th of March, and to the settling of the
sediment carried by the rivers during the previous days. On the con-
trary, the tide should not have play a significant role in the bbp(443)
dynamics. Indeed, the negligible effect of the tide on sediment transport
has been already pointed out in the work of Wang et al. (2007). Fur-
thermore, accordingly to the data acquired at the station of Venezia
Puntasalute (Comune di Venezia 2019), a low tidal reduction (respec-
tively 9 and 24 cm) was observed between the two VIIRS images during
both days, and this cannot explain the bbp(443) dynamics observed
during the case study.

Our work allowed to acquire more information on both temporal
and spatial scale in comparison with the CMEMS multi-daily product or
other single sensor data. Indeed, by not masking for SL, it was possible
to acquire information also for the pixels closest to the shore. Surely, a
stricter analysis will be needed in the future to characterize, and
eventually reduce, the uncertainties due to the stray-light effect on the
previously SL masked data (Bulgarelli et al., 2018).

The approach presented here can be extended to all the middle la-
titudes coastal areas where an automatic radiometric station re-
presentative of the entire basin optical properties is present. It can be
also more powerful at high latitudes, where the overlaps are more
frequent and more than two images a day may be available.

The use of VIIRS is still insufficient to capture all the bbp(443)
variability in the NAS; indeed, the use of this sensor in those areas is
limited to hours between 10.30 and 13.00 UTC and no more than two
images are available during the same day. Moreover, the presence of
clouds and the application of other masks, do not guarantee two full
VIIRS images for the days when the overlaps are available.

The work of Mouw et al. (2015) pointed out how only a geosta-
tionary sensor, like GOCI, has the needed spatial, temporal and radio-
metric resolutions to adequately capture the coastal optical variability.
The use of multiple observations from different OCR polar orbiting
sensors is needed to compensate the absence of a geostationary OCR
sensor above different coastal environments, like the NAS, as in this
area only the retrieval of Turbidity/SPM is feasible from SEVIRI. In-
deed, the exploitation of the VIIRS observations, it is a first step in the
creation of a virtual geostationary OCR sensor. The latter, exploiting the
multiple images (> 2) provided by the daily observations from dif-
ferent OCR sensors, could allow capturing short time scale events in the
coastal areas. The systematic differences between the different OCR
sensors can be reduced using the MLR adjustment, used in this work,
but in this case the differences between them can be due, not only to the
different observation geometries (Barnes and Hu, 2016), but also due to
their different processing, and spatial and spectral resolutions. Hence,
further considerations should be made on such differences before ap-
plying this approach to the different sensors.
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