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ABSTRACT

Assessing the oceanic surface layer's optical properties through CALIOP has been one of the reasons of the extension of the CALIOP mission for 3 more years
(2018-2020). This is the first work evaluating the potential use of CALIOP for ocean applications at regional scale in mid-latitude regions (i.e. Mediterranean, MED,
and Black Sea, BS) and investigating the added information on ocean particles given by the column integrated depolarization ratio (1) parameter. We implemented
and refined a retrieval procedure to estimate this parameter at 1/4 degree of spatial resolution, comparing 7 years of CALIOP observations (2011-2017) to the
corresponding Copernicus multi-sensor L3 ocean colour products of the surface particle backscattering coefficient (by,) and chlorophyll-a concentration (Chl-a). This
study pointed out that the current CALIOP sampling is inadequate to detect subtle day-night difference due to plankton diel variability for these basins. At a basin
scale, 81 covaries with by, for by, = 0.0015 m ™. This is more evident for BS (R = 0.84) than for MED (R = 0.61). The analysis of seasonal distributions confirm this
result for BS, where 81 has a semi-annual cycle in very good agreement with byp. In the MED, characterized by different trophic regimes, 81 shows also some
similarities with Chl-a annual cycle. The combined characterization in the MED bioregions of the annual patterns of by:Chl-a, 8r:Chl-a and 8r:by,, ratios suggested
that 81 parameter can provide valuable information about the non-sphericity and the size of ocean particles.

1. Introduction

Since the quantitative estimates of the downwelling irradiance at-
tenuation coefficient and Chlorophyll-a concentration (Kp and Chl-a,
respectively) provided by the Coastal Zone Colour Scanner (CZCS,
1978-1986), ocean colour observations from passive remote sensing
satellites changed the comprehension of the upper ocean biogeochem-
istry of the global ocean as well as the regional basins (McClain, 2009;
Blondeau-Patissier, 2014; Brewin et al., 2017; Jackson et al., 2017).
Recent improvements both in optical sensors, implemented on in situ
and remote-sensing platforms, and in bio-optical algorithms allowed
the study of oceanic variables and processes over a wide range of
temporal and spatial scales (Brando et al., 2015; Organelli et al., 2017;
Sathyendranath et al., 2019).

Within this frame, Lidar (LIght Detection And Ranging) active re-
mote sensing technique constitutes a highly reliable tool for the in-
vestigation of the marine environment. This technique provides mea-
surements of several optical and physical parameters of seawater with a
resolution and accuracy comparable with that of standard passive re-
mote sensing radiometry (Behrenfeld et al., 2013; Lu et al., 2014). As
demonstrated by the continuously growing body of literature, ship-
borne (Reuter et al., 1995, Barbini et al., 1999, Bukin et al., 2001,
Babichenko et al., 2016, Collister et al., 2018) and aircraft lidar
(Gordon, 1982, Churnside and Thorne, 2005, Churnside 2014, Schulien
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et al., 2017, Churnside et al., 2017, Churnside et al., 2018) have been
extensively employed in oceanographic studies.

During the last decade, new applications for the plankton retrievals
on the global scale were explored with the CALIOP (Cloud-Aerosol
Lidar with Orthogonal Polarization) instrument on-board CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation),
which gave the glimpse of a ‘new lidar era in satellite oceanography’
(Hostetler et al., 2018; Jamet et al., 2019). In fact, though originally
designed for retrieving spatial and optical properties of clouds and
aerosols, several studies demonstrated that CALIOP can provide valu-
able information on oceanic optical properties (Behrenfeld et al., 2013,
2017; Churnside et al., 2013; Lu et al., 2014). Furthermore, satellite
lidars can be operated under thin clouds, between holes in broken
clouds, and in Polar Regions. The first important result was the esti-
mation of the surface particle backscattering coefficient (bpp) at 532 nm
combining the column integrated ratio of cross-polarized to co-polar-
ized signal returns (81), Kp values from MODIS (Moderate Resolution
Imaging Spectroradiometer) instrument, and a few assumptions sup-
ported by empirical evidence (Behrenfeld et al., 2013). Important sci-
entific results were then achieved using CALIOP observations both at
global scale and in specific regions: Behrenfeld et al. (2013) and Lu
et al. (2014) provided global maps of by, at the spatial resolution of 2°,
phytoplankton carbon biomass and total particulate organic carbon
(POC); Behrenfeld et al. (2017) measured the annual cycles of the
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phytoplankton biomass in polar regions. Additionally, the work of Lu
et al. (2014) showed that global chlorophyll-a and POC concentrations
could be estimated from the values of 8, showing a potential new
application for CALIOP.

Nonetheless, the vertical resolution of CALIOP prevents to vertically
resolve ocean properties and the assumptions made to retrieve satellite
by, largely impact the associated uncertainties. Hence, one of the rea-
sons of the 3 year extension of the CALIPSO mission (2018-2020) is the
further assessment of the oceanic surface layer's optical properties
through CALIOP (https://directory.eoportal.org/web/eoportal/
satellite-missions/c-missions/calipso, last access: 10/03/2020). In
fact, the use of CALIOP dataset (and, in perspective, of a future ocea-
nographic lidar satellite) may be especially important to study specific
regions and scientific questions such as: the variations in plankton
properties under conditions of day and night (diel periodicity, Harding
Jr. et al.,, 1981, 1982); the underestimation of the backscattering
models based on Mie theory compared to the measurements of phyto-
plankton backscattering and of the particulate backscattering in the
open ocean (the missing backscattering enigma, Stramski et al., 2004;
Organelli et al., 2018).

Within this frame, the objectives of this study are to investigate: a)
the potential use of CALIOP for ocean applications in mid-latitude re-
gions such as the Mediterranean (MED) and Black (BS) seas, where the
CALIOP ground-tracks are less dense compared to high latitudes due to
the polar orbit of CALIPSO; b) the employment of the column integrated
depolarization ratio (81) not only to derive lidar by, but also as a po-
tential ocean colour variable, analyzing the the added information
about ocean particles (e.g. size and composition) that this parameter
could provide.

To analyze, interpret and reference the CALIOP ocean parameters in
the MED and BS, we used the Ocean Colour products provided by the
Copernicus Marine Environmental Service (CMEMS). In particular, we
compared the CALIOP ocean parameters to the consistently reprocessed
multi-sensor L3 time series of by, at 443 nm and Chl-a over these two
regions (Volpe et al., 2019; Kajiyama et al., 2019). We analyzed the
annual cycles of byp, Chl-a and 8t at basin scale for BS and MED and, for
the latter basin only, also at sub-basin scale; we then examined the
81:Chl-a, 31:by,, and by,,:Chl-a relationships in the MED as a function of
seasons and bioregions.

In Section 2 we describe CALIOP and CMEMS data and the adopted
and refined procedures to retrieve ocean parameters from CALIOP.
Section 3 shows and discusses the results of the comparisons between 81
and by, and Chl-a in the considered basins and, finally, Section 4
summarizes the developed approach and the achieved main results and
provides recommendations for future oceanographic studies using po-
larized lidar measurements.

2. Data and methods

In this section, we describe both the main characteristics of the data
that were extensively used in this work along with the developed rou-
tines that were put in place to process them. The products include the
ocean colour multi-sensor CMEMS data and the CALIOP version 4.1.
The state-of-the-art CALIOP retrieval procedure is based on the methods
developed by Churnside et al. (2013), Behrenfeld et al. (2013) and Lu
et al. (2014).

2.1. CMEMS Ocean colour product

As one of the six services of the Copernicus program, CMEMS pro-
vides sustained observations of physical and biogeochemical variables
for the global ocean and the European seas (Le Traon et al., 2019). For
this work, we used, as reference, the CMEMS multi-sensor regional L3
products of by, at 443 nm and Chl-a in the MED and BS. The multi-
sensor time series is retrieved with a processing chain that involves the
pre-processing of L2 data from different sensors merged together over a
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common set of wavelengths (Volpe et al., 2019): the SeaWiFS, MODIS-
AQUA and VIIRS L2 data were obtained from NASA-OBPG (R2018.0),
while MERIS data are from the ESA third reprocessing with POLYMER
atmospheric correction scheme, made available by Plymouth Marine
Laboratory in the United Kingdom.

The CMEMS regional Chl-a products blend the appropriate regional
algorithms depending on the water types ensuring that the bio-optical
characteristics of each regional sea are accounted for during develop-
ment and data validation (Le Traon et al., 2019; Kajiyama et al., 2019;
Volpe et al., 2019). In the Mediterranean Sea, the blended chlorophyll
product is based on two algorithms: for open ocean waters the MedOC4,
an updated version of the regionally parameterized Maximum Band
Ratio (Volpe et al., 2007, 2019), while for the optically complex waters
domain the ADOC4 algorithm (D'Alimonte and Zibordi, 2003) is used.
For the Black Sea, a merging scheme (Kajiyama et al., 2019) has been
designed to use a two band ratio algorithm (510 and 555 nm, Zibordi
et al., 2015) for open ocean waters whilst a Multilayer Perceptron
(MLP) neural net based on three bands (490, 510 and 555 nm) for the
optically complex waters domain. For both basins, by, at 443 nm is
retrieved using the Quasi-Analytical Algorithm (QAA v6, first devel-
oped by Lee et al., 2002). All data in the CMEMS catalogue are freely
and publicly available at the http://marine.copernicus.eu.

2.2. CALIOP data

The CALIPSO satellite, launched in April 2006, is part of the A-Train
satellite constellation, with a sun-synchronous polar orbit at 705 km
altitude, 16-day repetition cycle and a nominal ascending node Equator
crossing time of 13:30 (01:30) local daytime (night-time) (Liu et al.,
2009). The CALIOP instrument is a three-channel elastic backscatter
lidar that provides measurements of attenuated backscatter coefficients
at 532 nm and at 1064 nm, with an horizontal resolution of 1/3 km and
a vertical resolution varying with altitude: 30 m from ground to 8.2 km,
60 m from 8.2 to 20.2 km, and 180 m from 20.2 to 30.1 km (Winker
et al., 2009; Huang et al., 2015). Fig. 1 depicts the CALIPSO ground
tracks over the Mediterranean and Black seas. At these latitudes, the
neighboring ground tracks are approximately spaced 150 km. To
highlight the spatial sampling difference between night-time and the
corresponding daytime orbit, in Fig. 1 a night-time ground-track N1
(N2) in BS (MED) is labeled with the corresponding daytime ground-
track D1 (D2).

CALIOP version 4.1 level 1 (L1) data products were used here to
derive the ocean parameters of interest for this study. This data version
is characterized by significant upgrades regarding the calibration ac-
curacy and the ancillary data used for the surface detection and cali-
bration with respect to previous versions (Getzewich et al., 2018). In
particular, the likelihood of the signal saturation returning from the
planetary surface is introduced in the data products (Lu et al., 2018).
This information, which is crucial for the retrieval of ocean product (see
Section 2.3), is reported as a flag value assuming the integer values of 0,
1 or 2 for a not saturated, possibly saturated or certainly saturated
detection channel, respectively. More information about the data pro-
ducts can be found at the Atmospheric Science Data Center (ASDC) web
site (https://eosweb.larc.nasa.gov/project/calipso/calipso_table, last
access: 10/03/2020).

2.3. CALIOP retrieval procedure for ocean applications

The primary data set includes the vertical profiles of co-polarized
and cross-polarized component of the attenuated backscatter coeffi-
cients at 532 nm (3, and 3.,, respectively), with a vertical resolution of
30 m (22.5 m, in water) and a single-shot along-track horizontal re-
solution of 330 m. To deal with data with an accuracy as high as pos-
sible, a preliminary filtering procedure is applied to the dataset, ac-
cording to the following criteria:
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Fig. 1. Geographic distribution of CALIPSO ground
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1. only profiles with surface peaks (i.e. maximum peaks of the atte-
nuated backscatter) located within + 120 m ( = 4 bins) of the
“Surface_Elevation” parameter of the Digital Elevation Model (DEM)
recorded in the CALIOP L1 data are considered. This procedure
permits to reject the signal peaks caused by low-lying atmospheric
layers (Lu et al., 2016). If the peak is not within this range, that
profile is not used in the analysis.

2. The surface backscatter signal for both ., and 8., must not be sa-
turated (i.e. Surface_Saturation Flag 532 = 0, Lu et al., 2018).

3. The Integrated Attenuated Backscatter (IAB) must be lower than
0.017 sr™ . This allows selecting only clear sky conditions (Josset
et al., 2010b).

This procedure reduces the original data sample of around 67%
(from 123 k to 42 k B, profiles per year) as reported by Table 1, where
the impact of each filtering step is resumed in terms of number of B,
profiles per year.

After this preliminary filtering, the CALIOP measurements are
averaged into profiles with a horizontal along-track resolution of
10 km, maintaining the 330 m across-track resolution. A similar in-
tegration allows increasing the signal-to-noise ratio of the CALIOP
profile and, thus, taking into account in the procedure the 3th bin below
the surface (~50 m depth, Churnside et al., 2013). The subsurface (3.,
and B, profiles are affected by the strong signal return from the ocean
surface because of the transient response of CALIOP photomultiplier
tubes (PMT). This signal contamination, due to the PMT's noise tail
effect and low-pass filter's broadening effect (Hu et al., 2007; McGill
et al., 2007; Lu et al., 2013, 2014), involves several range bins adjacent
to the surface bin. These effects have a higher impact on the cross-
polarized channel than on the co-polarized channel, providing a de-
polarization profile (i.e. the ratio between 8. and £.,) with under-
estimated values (Lu et al, 2014). Consequently, to remove the

Table 1
List of filtering procedure steps and the corresponding number of analyzed
CALIOP profiles.

Number of
profiles per year

Filtering steps

Starting data (10 km horizontal resolution) 123,000

1) Surface peak signal located within + 4 bins of the 105,000
“Surface_Elevation”

2) Surface_Saturation Flag 532 = 0 92,000

3)IAB < 0.017 sr™! 45,000

4) First 3 bin values below the surface > 0 25,000

5)8r < 0.5 21,000

6)3ms™'=w < 8ms™! 18,000
(7) gridded bins withz < —70 m

Final data (0.25° gridded bins) 3150

18°E 24°E 30°E 36°E 42°E

transient response effect, a de-convolution method (Li et al., 2011; Lu
et al.,, 2014) has been implemented in our analysis. Then, only the
corrected attenuated backscatter coefficient profiles (B¢ocorr and
Ber corr> Tespectively) that have all the first three bins below the surface
with values greater than zero are selected.

The corrected profiles, which reduced to about 20% of the original
data sample (see Table 1), are used to compute the integrated total (81)
and the ocean subsurface depolarization ratio (8,,), defined with the
same notation as Lu et al. (2014):

Zi:l’;-” ﬁcr_corr (zi)
Ziii+2 ﬁcofcorr (Zi) (1)

=
Z :i:f ﬁcorr (z)
W= =2 geor (o)
0 A @) @
where p indicates the peak surface return bin.
The CALIOP data with 8; > 0.05 were removed from our analysis

(Lu et al., 2014). The column-integrated ocean subsurface lidar back-
scatter (y) is then obtained combining Eqn 1 and Eqn 2:

0.0209 tan®9 Sr
= exp|—
47c%cos* 6 202 |1 - 67/8, 3)

where the ocean surface mean squares wave slopes (0%) are estimated
using wind speed (w) derived by the wind re-analysis of ECMWF at-
mospheric reanalysis ERA5 (Hersbach, 2016). To ensure consistency
with previous works (Behrenfeld et al., 2013; Lu et al., 2014), low and
high winds (w < 3ms 'andw > 8 m s %, respectively) have been
both removed from the analyzed dataset. Finally, to avoid the signal
contamination from the sea bottom in the deeper CALIOP bin con-
sidered in the analysis, only the sea grid points deeper than 70 m are
considered in this study. The associated relative uncertainty (Ay/vy) is
0.15, as estimated by Lu et al. (2014). The results of the implemented
procedure, applied to Mediterranean and Black Sea basins, are sum-
marized in Fig. 2. The mean values computed over the period
2011-2017 of Chl-a and by, (Fig. 2 a and b, respectively) from CMEMS
and of 8 (Fig. 2¢) are presented, along the CALIOP ground-tracks with
a final horizontal resolution of 0.25°.

The total number of valid values, after the filtering procedure
(Table 1), is 22,052 for the period 2011-2017: roughly 3150 values per
year. A high correlation (R) is observed between y and 81 for both BS
(R = 0.91, N = 1893) and MED (R = 0.86, N = 20,159). This result,
which is quite similar to the one estimated at a global scale (R = 0.96;
Lu et al., 2014), allows using 8t instead of v in the comparison between
CALIOP and CMEMS data.

The choice of 81 as the focus parameter for this study has the ad-
vantage to use a parameter with a lower associated uncertainty, being
estimated only through lidar measurements without using any
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Fig. 2. Distribution of Chl-a, by, and 8; median values over the period 2011-2017 along the CALIOP ground-tracks (a, b, c, respectively) obtained from CMEMS
products (a and b) and from Eq. (1) for 81 (c). The horizontal resolution of the gridded bins is 0.25°. Only grid points with sea depth > 70 m are depicted.

assumptions and ancillary measurements as in the case of by,
(Behrenfeld et al., 2013). The depolarization ratio parameter has been
extensively studied for atmospheric applications (Cai and Liou, 1982;
Takano and Liou, 1989; Yang and Liou, 1996) but only few works used
it over the ocean (Churnside, 2008; Josset et al., 2010a; Churnside,
2014; Qun et al., 2019). Thus, the drawback is that the information
about the oceanic optical properties carried by the interaction of po-
larized lidar signal with particles in seawater has not been

unequivocally determined and characterized so far. It has to be noted
that absorption processes do not directly affect 8r; this is given by the
fact that the cross- and co-polarized signals do result from elastic
scattering processes between emitted polarized radiation and particles.

3. Results and discussions

To study the relationships between 3; and by, and Chl-a, these
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variables are compared both at basin scale (Section 3.2) and, for the
Mediterranean, at sub-basin scale (Section 3.3). Section 3.4 presents the
behavior of &r:Chl-a and 81:by,, ratios compared to by,,:Chl-a ratio, as a
function of seasons and distinct bioregions. Next section deals with the
issues and the implications linked to the CALIOP sampling strategy
(both day and night) and of the standard ocean colour radiometry
(daytime only).

3.1. Day and night data sampling

CMEMS data include only daytime measurements, whereas CALIOP
acquires data during both night and day. In this study, we used both
CALIOP daytime (ascending orbit) and night-time (descending orbit)
ground-tracks (see Fig. 1) and the corresponding spatial collocated
CMEMS gridded bins. In the case of the daytime acquisitions, the ab-
solute temporal difference (|At|) between each bin of CALIOP and
CMEMS product is <6 h, while it is around 12 h in the case of the night-
time acquisitions.

Recently, the exploitation of daytime and night-time CALIOP
dataset allowed observing the daily vertical migrations of ocean ani-
mals (Behrenfeld et al., 2019). However, over the entire Mediterranean
or Black sea and with the spatial resolution of 0.25°, the two CALIOP
orbits (day and night) cover different bioregions and water types,
making such observations difficult or at least not necessarily linked to
the animals diel vertical migration. To verify the impact of the CALIOP
sampling strategy on the uniformity of the spatial sampling, we calcu-
lated the annual cycles of the Chl-a and by, in MED and BS for the
CMEMS datasets that corresponds to the two types of CALIOP ground-
tracks for the period 2011-2017 (Ngay = 10,294, Npighe = 9865 for
MED and Ngay = 943, Npjghe = 950 for BS). This comparison, depicted
in Fig. 3, highlights that the Chl-a and by, annual cycles are char-
acterized by a large variability in terms of interquartile range. Fur-
thermore, the non-overlapping of the two annual cycles of by, and, in
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part, of Chl-a attests that CALIOP daytime and night-time ground-tracks
observe different water types. Hence, this analysis suggests that, con-
trarily to open ocean areas, at basin scale, CALIOP temporal and spatial
sampling drive the Chl-a and by, variability for the ascending and
descending orbits. This is due to the different bio-optical and trophic
regimes of the considered basins. For these reasons, in Mediterranean
and Black Sea, CALIOP observations are not able to detect subtle day-
night difference associated with plankton optical properties.

3.2. Basin scale analysis

Fig. 4 presents the density plots of 31 against by, and Chl-a for the
two basins. It has to be noted that Fig. 4 is presented in log-log scale
only to improve the readability of the data, but that all the correlation
coefficients and the linear fits reported in this work have been calcu-
lated using non-transformed data. Regarding 8t vs by, moderate
(R = 0.61) and high correlation (R = 0.84) are observed for MED and
BS (Fig. 4a and b, respectively). Conversely, 67 and Chl-a are poorly
(R = 0.42) and no correlated at all (R = 0.01) in the two basins (Fig. 4c
and d, respectively). For significant R values (R > 0.6), the slope of the
linear relationship between 81 and by, is equal to 4.77 (BS) and 5.06
(MED). The observed differences between 81 vs Chl-a and the 81 vs by,
reflect the different trophic regimes and optical conditions character-
izing the two basins. For productive or optically complex waters with
values of by, > 0.0015 m ™', dominated by coastal trophic regime and
river runoffs, as the BS (Ludwig et al., 2009), &1 agrees very well with
the byp,. This confirms the findings of Collister et al. (2018), which
observed that the linear depolarization ratio measured by a shipboard
lidar well agrees with in situ measurements of the particulate back-
scattering ratio (bpp/bp). The correlation between 8t and by, can be
explained, at the first order, by the fact that the cross-polarization
signal received by CALIOP is almost entirely due to the backscatter
from ocean particulate matter, as the contribution in signal polarization

Mediterranean == Day orb.
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b
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o
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Fig. 3. Annual cycles of the Chl-a (a and b panels) and by, (c and d panels) in terms of medians (solid lines) and the interquartile ranges (colored areas) for the day
and night CALIOP ground tracks (red and blue, respectively) in the Black sea (left column) and in the Mediterranean Sea (right column). Note that each panel has its
own optimized y-axis scale. (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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d, respectively) for Mediterranean and Black Sea. The colour code indicates the number of the analyzed values. The black lines represent the results of the linear fit

between the considered parameters.

by either surface Fresnel reflection or water molecules can be negligible
(Churnside, 2008; Behrenfeld et al., 2013).

The different trophic conditions of the MED, where Chl-a and by,
vary over 1 order of magnitude, prevent to observe a clear relationship
between the variables. However, also in this basin, for by, values >
0.0015 m ™, 81 seems to correlate with byp, Whereas for values lower
than 0.0008 m ™! 8; seems to reach a detection limit (see Fig. 4a).

The highlighted differences of the two basins in terms of trophic
regimes and optical conditions clearly arise from Fig. 5, where the
annual cycles of Chl-a, by, and 81 have been computed on a monthly
basis in terms of medians and associated interquartile ranges. For the
Black Sea, 81 has a semi-annual cycle that is in very good agreement
with by, with two maxima around May/June and December/January
and two minima in September and March. For the Mediterranean, 81
has an annual cycle characterized by a summertime minimum and a
winter early spring maximum that has some analogies with Chl-a cycle
but has also some similarity with the by, cycle. Thus, one result
emerging from Figs. 4 and 5 is a sort of ‘dual’ behavior of 8 parameter:
in the Black Sea, which is characterized by the presence of productive
or optically complex waters, 3t is closely related to by, patterns; in the
Mediterranean, where different trophic conditions are present, &t
shows also some similarities with Chl-a annual cycle. It is important to
recall that, as specified in Section 2.3, the 81 parameter is derived using
the first 3 bins below the sea surface. However, recent works
(Behrenfeld et al., 2017, 2019) used the first bin only below surface.
Here, to assess whether the above results depend somehow on the
number of bins used, a sensitivity analysis was performed comparing 8t
computed with 1 and 3 bins, respectively. The result of this analysis
(not shown) attests that the use of 1 or 3 bins produces negligible dif-
ferences both at basin scale, in both basins (MED and BS) and at sub-

basin scale (i.e. in the Mediterranean bioregions considered in Section
3.3).

3.3. Sub-basin scale analysis

The Mediterranean Sea can be divided in several bioregions corre-
sponding to different bio-optical and trophic regimes (D’Ortenzio and
Ribera d’Alcala, 2009, Bellacicco et al., 2016, Basterretxea et al., 2018).
Fig. 6 presents the bioregions used in this work to explore the re-
lationships between Chl-a, by, and 8r: NorthWest (NW), SouthWest
(SW), Tyrrhenian (TY), Ionian (IO), Levantine (LV). Due to the low
number of CALIOP ground-tracks with sea-bottom deeper than 70 m
(see Fig. 2) in the Adriatic sea (AD), this region has been excluded from
the analysis.

Tables 2 and 3 report the seasonal correlation coefficient of 61 with
Chl-a and by, for the Mediterranean bioregions. As for the analysis at
basin scale (see Section 3.2), no significant correlation is observed be-
tween Chl-a and 81, except for the spring in the Tyrrhenian Sea
(Table 2). Conversely, the results of Table 3 suggest that 81 covaries
with by, depending on the season and on the bioregion. In particular, a
significant and systematic correlation is found during spring and winter
for the western regions (NW and SW) and TY. This is not observed for
the oligotrophic sub-basins (I0 and LV) excepting for the winter in LV.

To better comprehend these results, the annual cycles of Chl-a, by,
and 8t are depicted in Fig. 7 for each bioregion. NW, SW and TY sub-
basins have similar patterns in terms of by, and 8r, with highest values
during February/March and minimal values for August/September.
Overall, the significant values of R (Table 3) in correspondence of
winter and spring in the NW, SW and TY are likely due to the high bbp
values (i.e. b,, > 0.0015 m-1) reached in February (for winter) and



D. Dionisi, et al.

- BS

- MED

L
€
1=
E
g 10"
=
3]
Feb Apr Jun Aug Oct Dec
102
E
-3
n.ﬂ
102
Feb Apr Jun Aug Oct Dec
107
102

Feb

Apr Dec

Fig. 5. Annual cycles of Chl-a, by, and 81 (a, b and c panel, respectively) in
terms of medians (black lines) and the interquartile ranges (colored areas) for
the Black Sea and Mediterranean (black and green colors, respectively). (For
interpretation of the references to colour in this figure legend, the reader is
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Table 2

Seasonal correlation coefficients (R) between Chl-a and 8T for the
Mediterranean bioregions (DJF = December January February; MAM = March
April May; JJA = June July August; SON = September October November). In
parenthesis the number of samples. Significant R values (R = 0.6) are high-
lighted in bold. Values are computed without transforming data into their
logarithm.

NW SW TY 10 LV
DJF 0.54(240) 0.52(419) 0.57(196) 0.32(787) 0.43(895)
MAM 0.29(440) 0.50(774) 0.79(377) 0.23(1380) 0.48(1383)
JJA 0.32(773) 0.33(1454) 0.44(554) 0.16(2309) 0.41(2645)
SON 0.47(407) 0.33(757) 0.36(253) 0.21(1869) 0.53(1531)
Table 3

Seasonal correlation coefficients between bbp and 8T for the five Mediterranean
bioregions. In parenthesis the number of samples used for each R. Significant R
values (R = 0.6) are highlighted in bold and the number of samples used for
each R is indicated in parenthesis.

NW SW TY 10 Lv
DJF 0.67 (240) 0.70 (419) 0.83 (196)  0.37 (787) 0.67 (895)
MAM  0.67 (440) 0.60 (774) 0.84 (377)  0.42 (1380) 0.56 (1383)
JJA 0.32 (773) 0.21 (1454)  0.26 (554) 0.16 (2309) 0.28 (2645)
SON 0.42 (407) 0.43 (757) 0.21 (253) 0.15 (1869) 0.44 (1531)

March (for spring), thus affecting the computation. On the contrary, the
relationship between by, and 8y is not observed with low by, values (i.e.
in summer and autumn, and in the oligotrophic sub-basins).

In terms of Chl-a, west MED sub-basins (NW and SW) and TY have
an annual cycle similar to by, and 8t with the exceptions of the March
NW bloom peak and an autumnal increasing trend that is not so visible
in the other variables. This can be interpreted as a sign of photo-
acclimation, for which phytoplankton cells increase their chlorophyll
content to better capture light given the seasonal availability of new
nutrients. For the eastern oligotrophic sub-basins, although the point-
by-point correlation is not significant, the annual cycles of Chl-a and 8
are quite similar with summertime minima and wintertime maxima in
opposition to the by, that seems to be in anti-phase with the highest
values in June and lowest values in November. The low Chl-a signal
associated with the high scattering is an indication of the presence of
non-pigmented particles that populate the upper ocean: low nutrient
low chlorophyll regions are associated with an increased concentration
of small heterotrophs like bacteria in relation to phytoplankton con-
centration, with strong implication for the entire food web (Cho and
Azam, 1990; Gasol et al., 1997).
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Fig. 6. Map of the Mediterranean bioregions: NorthWest (NW), SouthWest (SW), Tyrrhenian (TY), Ionian (IO), Levantine (LV), Adriatic (AD).
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3.4. by,:Chl-a, 87:by, and §1:Chl-a ratio analyses

The by, and Chl-a variables are generally employed as indicators of
POC and phytoplankton carbon biomass concentrations, respectively
(Cullen, 1982; Stramski et al., 1999; Balch et al., 2001; Cetini¢ et al.,
2012; Siegel et al., 2013; Dall'Olmo and Mork, 2014). It is known
however that the chlorophyll concentration variability may also reflect
changes in phytoplankton physiological states. In other words, phyto-
plankton cells must synthesize chlorophyll to capture light for photo-
synthesis in quantity which are inversely proportional to the amount of
ambient light and directly proportional to the availability of nutrients:
this seasonally translates, at the latitudes of the Mediterranean and
Black seas, into high chlorophyll concentration in winter (low light,
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high nutrients) and low at summertime (Bellacicco et al., 2016). This
process is independent on the number of cell divisions, which are as-
sociated with phytoplankton growth (Behrenfeld et al., 2008).

Over wide chlorophyll gradients, by, and Chl-a exhibit high cov-
ariability (Barbieux et al., 2018). However, the relation between Chl-a
and by, is mostly driven by the trophic regime of the region (i.e., the
bioregions): high positive correlation is obtained in correspondence of
regions populated by pigmented particles (phytoplankton), high nega-
tive temporal correlation characterizes regions with a dominance of
seasonal alternation of pigmented and non-pigmented particle. No or
poor correlation is of areas more or less constantly dominated by non-
algal particles (NAPs, Barbieux et al., 2018, Xing et al., 2019). With the
aim of investigating the potential added value that could be provided
by 81, the annual cycles of the by,:Chl-a, 81:Chl-a and 8r:by,, ratios are
depicted in Fig. 8 for the Mediterranean bioregions.

The observed relationship of by,:Chl-a ratio (Fig. 8a—e) for the
considered CMEMS dataset are similar to the results found by Barbieux
et al. (2018) that used biogeochemical-Argo floats. A west-to-east
trophic gradient characterizes this ratio: NW and SW have similar
patterns, lower values for both the ratio and the variability range
(0.008 and 0.008-0.03 mg~! m™2, respectively); conversely, the oli-
gotrophic regions (IO and LV) have the highest values of the ratio
(0.044 mg™* m % and of the variability range
(0.012-0.044 mg ' m™2); TY region seems to be in between these two
bioregions.

The &y:Chl-a ratio (Fig. 8f—j) pattern is very similar to that shown by
bpp:Chl-a ratio, confirming the observed correlation between &1 and by,
(see Sections 3.2 and 3.3): the by:Chl-a patterns for NW and SW are
well reproduced by the &:Chl-a (including the March bloom minimum
of NW); IO and LV bioregions have the highest values of the ratio but a
lower variability range compared to byp:Chl-a (see Section 3.3); the
observed pattern for TY region is similar to those of the west regions.

The analysis of the 3r:by, annual cycle (Fig. 8k-o0) points out some
interesting features: the highest (lowest) values of the ratio are mea-
sured on January (July) for all the bioregions; the eastern sub-basins
(I0 and LV) have a marked decreasing (increasing) trend from January
to July (from July to November); the western sub-basins (NW, SW and
TY) are characterized by less pronounced decreasing trends with dif-
ferent secondary maxima/minima.

The work of Sassen (1991) found that the depolarization ratio va-
lues are mainly dependent on particle shape. Hence, at a first order, the
observed lowering of the 81:by,, ratio could be related to the increase of
particle with spherical shape, which, in turn, could be associated with
the increase of small particles with a near-spherical shape. The values of
the byp:Chl-a ratio has been recently attributed to changes in the phy-
toplankton community composition (Cetinic et al., 2012). The coupled
analysis of 8r:by,, and by,,:Chl-a ratios could help in deriving informa-
tion about these changes. For example, in west MED bioregions (NW
and SW), several works (Marty and Chiaverini, 2010; Mayot et al.,
2016; Siokou-Frangou et al., 2010) explained the low by,:Chl-a values
as due to the predominance of micro-phytoplankton during the spring
bloom, and high by,;:Chl-a values in summer as being mostly due to the
dominant contributions of pico- and nano-phytoplankton to the total
chlorophyll biomass (Barbieux et al., 2018) and by the increase of NAPs
(Sammartino et al., 2015). Thus, the observed decrease of 81:by,, values
from spring to summer could be related to changes in the phyto-
plankton community composition, which impacts the non-sphericity
and the size of the particles. This decrease is more evident in oligo-
trophic regions (I0 and LV), where high values of by,:Chl-a are nor-
mally associated with the photoacclimation of phytoplankton cells to
high light low nutrient conditions (Bellacicco et al., 2016).

These results seems to be confirmed also by looking at the maps of
the Phytoplankton Size Classes (PSCs) estimated by the regional PSC
algorithm developed by Di Cicco et al. (2017). In particular, an increase
of the relative contributions of pico- and nano-phytoplankton to the
total Chl-a concentration is observed during summer over the
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Fig. 8. Annual cycles of the by:Chl-a, 81:Chl-a and 81:by,, ratios for the Mediterranean bioregions defined in Fig. 6 (high, middle and low panel, respectively).

Mediterranean Sea (see Fig. 7a of Di Cicco et al., 2017). However, to
better relate the particle parameters (e.g. size, non-sphericity, etc....) to
the observed seasonal trends of 81:bpp, we need to consider the PSC
variation in terms of particle density (number of particles per unit vo-
lume) and particle volume concentration (total particle volume per unit
volume). This has been done in the work of Di Cicco (2014), where,
following the approach of Kostadinov et al. (2009), the seasonal
variability of the PSC was computed for different MED bioregions. This
study highlighted that the predominance, in density and volume, of the
pico component with respect to the other components increased during
summer, particularly in IO and LV sub-basins. These results are in
agreement with our assumptions that the changes in the phytoplankton
community could be reflected in the observed trend of 81:by, values.

These hypotheses need to be explored with further studies, as the
relationship between the Lidar depolarization ratio and the size para-
meter (i.e. the product of 2;t and radius of the scattering sphere divided
by the wavelength of the incident radiation) is not systematic, de-
pending on particle shape and refractive index (Mishchenko and
Hovenier, 1995; Sassen, 2005). Additionally, before using the in-
formation contained in the depolarization signal, it is necessary to
evaluate the contribution of multiple scattering (Bissonnette, 2005),
which depends on several factors. In particular, a recent work of Qun
et al. (2019) showed that large field-of-view, a high single scattering albedo
and large beam attenuation coefficient enhance the multiple scattering effect
between photons and particles. The impact of these factors on the original
value of 87 still needs to be quantitatively assessed.

4. Summary and conclusions

The main objective of the present work was to evaluate the ocean
application of CALIOP observations at mid-latitude regions (i.e.
Mediterranean and Black Sea). Based on the works of Churnside et al.
(2013), Behrenfeld et al. (2013) and Lu et al. (2014), a retrieval algo-
rithm using the first three lidar bins below the ocean surface was im-
plemented and refined to estimate the CALIOP ocean parameters such
as the integrated total depolarization ratio (8r) and the column-in-
tegrated ocean subsurface lidar backscatter (y) at a horizontal spatial
resolution of 0.25°. These parameters were computed for 7 years of
CALIOP dataset (2011-2017) and compared to the CMEMS multi-sensor
L3 products of by, at 443 nm and Chl-a.

Regarding the CALIOP dataset, this study pointed out that, at these
latitudes, the diel variability at basin scale could be characterized only
by increasing the spatio-temporal coverage of spaceborne lidar missions
(e.g. reducing the distance between ground tracks). In fact, the ob-
served CALIOP day/night variability is mainly driven by the spatial
sampling differences of CALIOP day and night footprints. As CALIOP
instrument was designed for atmospheric applications and it is not
optimized to acquire the signal emerging from the water column, in our
study only clear sky conditions were considered halving the available
data profiles. Overall, only 5% of the CALIOP dataset fulfilled all the
criteria in the retrieval filtering procedure and was successively ana-
lyzed.

Given the high correlation coefficient (R) between y and 81 for both
Black Sea (R = 0.91) and Mediterranean (R = 0.86) datasets, already
shown by Lu et al. (2014) at a global scale, 8t was used as the focus
parameter for this study, instead of an intermediate quantity for the
derivation of standard ocean colour variables (e.g. byp, Chl-a). Thus, we
analyzed the by, vs 81 and Chl-a vs 8 relationships:

® at a basin scale, 8r and Chl-a are not correlated (R = 0.42 and
R = 0.1 for MED and BS, respectively);

e 3y and by, are correlated for waters characterized by
by, > 0.0015 m™ !, in both basins. This is more evident for the
productive and optically complex waters of BS (R = 0.84) than for
MED (R = 0.61) characterized by different trophic regimes.

e at sub-basin scale in MED, by, and & are significantly correlated in
bioregions and seasons characterized by high mean by, values (i.e.
by, > 0.0015 m™ 1Y), whereas low R values correspond to summer,
autumn and the oligotrophic bioregions.

Furthermore, the results of the 81 vs Chl-a and 8t vs by, annual cycle
comparisons both at basins and sub-basin scales indicate a sort of ‘dual’
behavior of the 81 parameter: in the Black Sea, 8 has a semi-annual
cycle in very good agreement with by,,; in the Mediterranean, 8 shows
also some similarities with Chl-a annual cycle.

The combined analysis of the by,,:Chl-a, 81:Chl-a and 8r:by,, ratios in
the Mediterranean bioregions stressed out the accordance between
byp:Chl-a, and 3r:Chl-a annual cycles with a west-to-east trophic gra-
dient, similar to the results by Barbieux et al. (2018). The patterns
observed through the 8r:by, annual cycles pointed the potential
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information of the 81 parameter: here we hypothesize the lowering of
81:bpp values from spring to summer to be related to changes in the
phytoplankton community composition, which reflects the non-
sphericity and the size of particles. This assumption is in agreement
with the PSC seasonal variability in terms of particle density and vo-
lume concentration estimated by Di Cicco (2014) for MED oligotrophic
bioregions (I0 and LV).

In this study, CALIOP & was used as an oceanic variable to describe
the seasonal distributions of ocean particulate optical properties, pro-
viding information about the size and composition of ocean particles
further than the estimates of Chl-a and POC concentrations. The results
presented here confirm those obtained by a shipboard lidar by Collister
et al. (2018), thus opening a new application for the use of CALIOP
observations. A future challenge will be to characterize §r and by, also
in terms of their differences as they could provide information about
phytoplankton community composition. To enable quantitative com-
prehension of the information on the non-sphericity and size of ocean
particles and hence on phytoplankton community composition from &r,
two approaches need to be developed and combined: 1) theoretical
models simulating lidar signal interaction with marine particles that
take into account the different scattering effects (e.g. multiple scat-
tering contribution); 2) experimental comparisons between in-situ in-
herent optical properties (IOPs) and polarization lidar measurements.
In this work, we used the MED and BS as test-beds so that the natural
follow-on will be to expand this approach to other regions (e.g. open
ocean areas) or globally combining the standard ocean colour para-
meters with the added information brought by & parameter.
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