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Passive ocean color images have provided a sustained synoptic view of the distribution

of ocean optical properties and color and biogeochemical parameters for the past

20-plus years. These images have revolutionized our view of the ocean. Remote

sensing of ocean color has relied on measurements of the radiance emerging at the

top of the atmosphere, thus neglecting the polarization and the vertical components.

Ocean color remote sensing utilizes the intensity and spectral variation of visible

light scattered upward from beneath the ocean surface to derive concentrations of

biogeochemical constituents and inherent optical properties within the ocean surface

layer. However, these measurements have some limitations. Specifically, the measured

property is a weighted-integrated value over a relatively shallow depth, it provides

no information during the night and retrieval are compromised by clouds, absorbing

aerosols, and low Sun zenithal angles. In addition, ocean color data provide limited

information on the morphology and size distribution of marine particles. Major advances

in our understanding of global ocean ecosystems will require measurements from new

technologies, specifically lidar and polarimetry. These new techniques have been widely

used for atmospheric applications but have not had as much as interest from the

ocean color community. This is due to many factors including limited access to in-situ

instruments and/or space-borne sensors and lack of attention in university courses and

ocean science summer schools curricula. However, lidar and polarimetry technology
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will complement standard ocean color products by providing depth-resolved values

of attenuation and scattering parameters and additional information about particles

morphology and chemical composition. This review aims at presenting the basics of

these techniques, examples of applications and at advocating for the development of

in-situ and space-borne sensors. Recommendations are provided on actions that would

foster the embrace of lidar and polarimetry as powerful remote sensing tools by the ocean

science community.

Keywords: ocean color, lidar, satellite, profiles, polarimetry

INTRODUCTION

Since the inception of ocean color satellite observation systems,
remote sensing has been based on measurements of the radiance
emerging at the top of the Ocean color remote sensing utilizes
the intensity and spectral variation of visible light scattered
upward from beneath the ocean surface to derive concentrations
of biogeochemical constituents and inherent optical properties
within the ocean surface layer. Passive ocean color space-borne
observations began in the late 1970s with the launch of the CZCS
space mission. An uninterrupted record of global ocean color
data has been sustained since 1997 (thanks to SeaWiFS, MODIS-
AQUA, MERIS, VIIRS and OLCI sensors) and will continue
at least until 2035 with the NASA/PACE and ESA/Sentinel-3
space missions. These passive observations have enabled a global
view of the distribution of marine particles [phytoplankton, total
suspended matter (TSM) and colored dissolved organic matter
(CDOM), McClain (2009)]. However, these measurements are
limited to clear sky, day-light, high Sun elevation angles, and are
exponentially weighted toward the ocean surface. Moreover, the
processing of the ocean color images requires the knowledge of
the atmospheric components (gases, air molecules and aerosols).
This step can induce errors (IOCCG, 2010; Jamet et al., 2011;
Goyens et al., 2013 among others). Only non- or weakly-
absorbing aerosols are accounted for, preventing monitoring
some areas over long periods (dust over West coasts of Africa
and Arabian Sea; pollution over East coasts of US and coasts
of China).

Observations of aerosols use different passive and active
remote sensing techniques that could be applied to the
ocean for better characterizing the hydrosols and also to
improve the atmospheric correction processing. Among those
techniques, two are very promising: polarimetry and lidar
(Neukermans et al., 2018).

While the spectral radiance is sensitive to absorption and
scattering properties of the constituents within the water column,
polarized light emerging from the Earth system carries a
plethora of information about the atmosphere, ocean, and its
surface that is currently underutilized in ocean color remote
sensing. Polarized light originating from below the ocean surface
containsmicrophysical information about hydrosols such as their
shape, composition, and attenuation, which is difficult if not
impossible to retrieve from traditional scalar remote sensing
alone. Additionally, polarimetric measurements can be utilized
to improve the characterization and removal of atmosphere

and surface reflectance that confounds the ocean color
measurement. Optical polarimetric remote sensing methods
have been extensively used to study the full characteristics
of the microphysical properties of suspended particles in
the atmosphere, namely aerosols and cloud droplets. The
development of sensors capable of measuring and quantifying the
polarization characteristics of light scattered by the atmosphere-
ocean (AO) system is becoming increasingly important and
is opening a new frontier for understanding climate variables.
Several space agencies worldwide, including the National
Aeronautics and Space Administration (NASA), Centre National
d’Etudes Spatiales (CNES), European Space Agency (ESA),
and Japanese Aerospace Exploration Agency (JAXA), have
launched space observing polarimetric instruments to study
aerosols and clouds. These efforts include NASA APS instrument
oboard the Glory mission (Mishchenko et al., 2007), the CNES
POLDER/PARASOL satellite instruments (Fougnie et al., 2007),
and JAXA’s SGLI on board GCOM-C (Honda et al., 2006).
The aerosol and cloud science communities make increasing
use of polarimetric remote sensing to constrain atmospheric
particle properties of importance to climate and radiative forcing
(Riedi et al., 2010; Dubovik et al., 2011; Hasekamp et al., 2011;
Lacagnina et al., 2015; Marbach et al., 2015; Wu et al., 2016;
Xu et al., 2016, 2017), but application to ocean color science
has been limited, despite a long history of sporadic research in
this area. Waterman (1954) was the first to study the underwater
polarization as a function of illumination and viewing geometry,
while Ivanoff et al. (1961) showed a high degree of polarization in
clear ocean waters. It was decade later that Timofeyeva (1970)
first demonstrated a decreased degree of polarization in more
turbid waters, based on laboratory measurements. Kattawar et al.
(1973) pioneered the vector radiative transfer simulations of a
coupled atmosphere-ocean system, and 30 years passed before
Chowdhary et al. (2006) first modeled the polarized ocean
contribution specifically for photopolarimetric remote sensing
observations of aerosols above the ocean (Chowdhary et al.,
2012), after which interest in ocean applications intensified.
Chami (2007) has shown the potential advantage of utilizing
polarimetry in understanding the optical and microphysical
properties of suspended oceanic particles (hydrosols), based
on Radiative Transfer (RT) simulations. Tonizzo et al. (2009)
developed a hyperspectral, multiangular polarimeter to measure
the polarized light field in the ocean accompanied by an RT
closure analysis validating the theoretical analysis. Voss and
Souaidia (2010) were able to measure the upwelling hemispheric
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polarized radiance at several visible wavelengths showing the
geometrical dependence of polarized light. Adams et al. (2002)
did a closure study in which theymatched themeasured polarized
radiance in clear Mediterranean waters with Monte Carlo
RT simulations employing a simple ocean-atmosphere optical
model. Although practical utilization and field measurements
of the ocean polarized light to retrieve ocean inherent optical
properties (IOPs) have been limited, a plethora of theoretical
RT models have been developed and utilized for research.
Several fully coupled vector radiative transfer (VRT) models
that can simulate photopolarimetric radiative transfer through
the atmosphere and ocean and across the interface have been
constructed and are in current use. These VRT models use
various schemes such as Monte Carlo (Kattawar et al., 1973;
Cohen et al., 2013), Adding-Doubling (Hansen and Travis,
1974; Takashima and Masuda, 1985; Chowdhary et al., 2006),
Discrete Ordinate method (Stamnes et al., 1988; Schulz et al.,
1999), Successive Order of Scattering (SOS) (Ahmad and Fraser,
1982; Lenoble et al., 2007; Zhai et al., 2009), Markov chain
(Xu et al., 2011) and Multi-Component Approximation (Zege
et al., 1993). The 3 × 3 approximation in VRT can be used to
accurately simulate the reflected and transmitted total radiance,
I, and the polarized radiances Q and U in the atmosphere-
ocean system for an unpolarized source such as the Sun (Hansen,
1971; Stamnes et al., 2017). More details are provided in section
Polarimetry Technique.

Lidar is the acronym of Light Detection and Ranging. Lidar
is a “laser radar” technique that has been used for a wide
range of atmospheric applications (Measures, 1984; Weitkamp,
2006) including measurements of aerosols, clouds, atmospheric
trace gases and surface elevation. For ocean applications, lidar
has been mainly employed from aircraft (Churnside, 2014 and
references within). Lidar allows the estimation of the shallow
water depth along coastal waters with a high accuracy and high
spatial density features (Guenther et al., 2000; Hiddale and Raff,
2007; Bailly et al., 2010). Lidar also has a better penetration into
the seawater, up to three times that of passive sensors (Peeri
et al., 2011). Abdallah et al. (2013) studied two scenarios for
spaceborne bathymetric lidar: an ultra-violet (UV) lidar and
a green lidar. Their waveform simulations showed that the
bathymetry detection rate at a 1m depth varied between 19 and
54% for the UV lidar and between 0 and 22% for the green lidar
depending of the type of waters. They also showed that the lidar
accuracy, when the depth is detected, was around 2.8 cm. Lidar
has been widely used for fisheries. The first detection of fish
schools was shown by Murphree et al. (1974), followed by several
additional studies (e.g., Squire and Krumboltz, 1981). Airborne
(Vasilkov et al., 2001) or ship-borne lidar (Bukin et al., 2001)
have been also used to detect scattering layers over the depth.
It is also a very promising technique for the estimation of the
sea temperature profiles using either the Raman or the Brillouin
scattering (Leonard et al., 1979; Rudolf and Walther, 2014
and references within) but these studies were either theoretical
development or laboratory tests. As the lidar equation (section
Basics of Lidar) is a function of the scattering and absorption
coefficients of the marine particles, it is therefore possible to
detect the optical properties of the seawater (Churnside et al.,

1998; Montes et al., 2011). More detailed examples of the use
of airborne lidar in oceanic applications is shown in section
Polarization Lidar.

Despite the oceanic applications of lidar (as shown previously
andmore in details in section Lidar technique), this active remote
sensing technique has not received significant attention from
the ocean color remote sensing community. Several reasons
can explain this: cost and size of the instrument, lack of
sampling swath, few wavelengths, etc. However, this technique
has regained interest from the ocean community in the past
years. New studies used the lidar signal from the space-borne
CALIOP instrument on-board CALIPSO to estimate particulate
backscatter (Behrenfeld et al., 2013, 2017; Churnside et al., 2013;
Lu et al., 2014) and show that the lidar signal from CALIOP
provides accurate estimates of this parameter over the globe.
However, the CALIOP instrument was not designed for ocean
applications and its coarse vertical resolution makes the retrieval
of vertically-resolved ocean properties challenging. In addition,
the standard backscatter technique employed in CALIOP does
not enable the separation of vertical variation in absorption
and from that of scattering. New technologies such as the
High-Spectral Resolution Lidar (HSRL; Hair et al., 2008, 2016;
Hostetler et al., 2018) can help to overcome this issue [section
High-Spectral-Resolution Lidar (HSRL)].

Presently, there is a major need to develop a lidar and
polarimetry ocean community with access to ship and/or
aircraft in-situ instruments. There is also a major need to
develop outreach and education programs (e.g., through summer
schools and curriculum) to develop a new generation of
remote sensing scientists and engineers trained in lidar and
polarimetry techniques (section Outreach and Education). Two
main summer schools are organized for Msc/PhD students
and early career scientists working on ocean color (University
of Maine and IOCCG, respectively). However, no specific or
polarimetry courses are included in their curriculum. This is
mainly due to lack of available instruments and scientists being
able to teach oceanic lidar.

In this review, polarimetry and lidar are presented for
applications in ocean into two separate sections, with their
theoretical description followed by examples of results. A
third section shortly presents the need in term of education
and outreach.

LIDAR TECHNIQUE

Basics of Lidar
Oceanographic lidars can be configured to implement several
different measurement techniques (described below) but all rely
on the same basic principle of operation (see, for instance, Hoge,
2003, 2005; Churnside, 2014; Hostetler et al., 2018). A laser
transmitter emits a short (e.g., 10 ns) pulse of light into the
water. This light pulse interacts with the marine particles (water
molecules, phytoplankton, suspended particulate matter) in ways
that either scatter the transmitted photons or generate photons
at different wavelengths through absorption and re-emission.
A small portion of these photons travel backward toward the
lidar where they are collected by an optical telescope. Optical
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components downstream of the telescope collimate the received
light and optically separate it into various optical channels as
dictated by the particle technique being implemented. Optical
detectors and signal processing electronics respond to the
received optical power and convert it to a digital signal, which
is recorded as a function of time from the initiation of the laser
pulse. The time-of-flight ranging technique is used to convert
this time-profile into a profile as a function of range or depth:
i.e., the “clock” starts at the initiation of the laser pulse, and
the distance that photons have traveled is determined by the
speed of light; photons arriving later come from greater distances
than photons arriving earlier. The range resolution of a lidar
profile is determined by the rate of sampling by its detection
electronics: the higher the rate, the higher the range resolution.
Oceanographic lidars are typically operated in a nadir or near-
nadir pointing geometry such that they provide depth-resolved
profile information.

The most common laser source is the Q-switched, frequency-
doubled Nd:YAG laser, operating at 532 nm. This wavelength
is chosen due to the robustness of available lasers, not as the
optimum wavelength for ocean remote sensing. Gray et al.
(2015) characterized the benefits to use a multi-wavelength lidar
(470/490 nm and ∼570 nm) for improving depth penetration
with wavelengths.

In-situ Lidar
By “in-situ” marine lidars, we refer to lidars that are operated
below the sea surface (in-water) or just above (above-water)
it from ships or other marine vehicles. Advances in lidar
technology, making it more and more rugged, compact, energy
efficient, and inexpensive, have increased the use of in-situ lidar
in marine studies. Regular deployment of these systems on a
variety of platforms becomes increasingly practical, allowing
for continuous remote sensing of the vertical and horizontal
distribution of particles in the ocean. Some basic requirements
of in-situmarine lidars include the following.

1. A watertight, compact, modular and mechanically robust
enclosure system to protect optical and electronic components
from water and sea salt.

2. A rugged, vibration-insensitive laser transmitter that can
operate under the required environmental conditions (e.g.,
variation in temperature) and a structure that can insure
maintenance of transmitter-to-receiver alignment.

3. A receiver with optical filtering bandwidth and stability
required and to spectrally select the return signals of
interest (this can be done through interference filters as
well as spectrometers or interferometers, depending on the
required spectral resolution). For ocean lidar applications, a
large detection dynamic range is required (for fluorescence
applications (described below) this is not as critical). Finally, a
high signal sampling rate is required when small/vertical-scale
structures are to be investigated.

Depending on the objectives of the particular application, the
in-situ lidar systems constructed and deployed can satisfy the
aforementioned requirements to a different extent. Typically,
the in-situ lidar configurations can be identified on the basis

of the interaction between radiation and matter used by the
lidar systems. The mostly common configurations are: (1) Elastic
backscatter lidar and (2) Light Induced Fluorescence lidar. We
also present some results from newer multi-spectral lidars.

Elastic Backscatter Lidar
The lidar equation of an elastic backscatter lidar (EBL) is as
follows (Churnside, 2014):

S (z) =
EAO (z)T0T

2
s ηv

2n (nH + z)2
β (π , z) exp

[

−2

∫ z

0
α

(

z′
)

dz′
]

+ SB (1)

where S is the detector photocathode current, E is the transmitted
pulse energy, A is the receiver area, O is the lidar overlap
function (also known as the geometric form function), TO is
the transmission of the receiver optics, TS is the transmission
through the sea surface, η is the responsivity of the photodetector
(Ampere.Watts−1), n is the refractive index of sea water, v is the
speed of light in vacuum, H is the distance from the lidar to the
surface (height of the aircraft for near-nadir airborne systems),
z is the path length in water (depth for near-nadir airborne
systems), β is the volume scattering coefficient near a scattering
angle of π radians, α is the lidar attenuation coefficient, and SB is
the photocurrent due to background light.

Only research lidars are available for ship-borne applications
(in- or just above-water) and the early versions were mainly
proof-of-concept. However, EBL are now on the market as
industrial products for atmospheric applications (for instance,
Matthais et al., 2004). They are rugged, compact and can work
autonomously with very little human attendance. Two main
types of EBL instruments are available.

- The first type is based on the classical approach, using high
power laser, low repetition rate. Typical specifications are: 10–
100 mJ per pulse, at 10 to 100Hz. The lasers are solid state
laser, using flash lamps and water cooling. These systems are
not eyesafe and so need qualified people to use them. These
systems work very well for laboratory applications or very
short campaigns but cannot be deploy easily in the field.

- The second type is based on themicropulse lidar (Welton et al.,
2001). The typical specifications are: 5–50 µJ, 1 to 400 kHz.
The laser are diode-pumped solid state laser (or even pulsed
laser diode directly). The systems are usually quite compact
compared to standard systems. They can emit laser pulses in
eyesafe regime and need no special qualified people to install
and operate them. Because of the much lower energy, they
work at high repetition rate to get equivalent Signal to Noise
Ratio (SNR) as the standard approach.

These two standard approaches can be used with single
wavelength emitting source, giving only range corrected signal
or with multiple wavelength systems, providing profiles of
diffuse attenuation (Kd) and particle backscatter (bbp). Multiple
emission and reception channels are more complex systems to
operate and tomaintain because of their size and cost. No EBL for
oceanic applications is commercially available but the required
technology is readily available.

EBL has been used for several oceanic applications for the past
20 years. For instance, Reuter et al. (1995) developed a shipboard
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lidar for the estimation of the concentration of chlorophyll-a
concentration and sediments and made measurements in the
Atlantic ocean. Numerous depth profiles were obtained along
the ship track with a resolution of 0.5m, with penetration
depths up to 40 meters. The authors detailed the design of the
instrument which was mounted on the ship hull. The same type
of deployment has been used by Bukin et al. (2001) tomeasure the
space-time distribution of the optical characteristics in oceanic
light scattering layers. They showed that their approach allowed
the investigation of dynamic processes in the upper ocean layer.
Lately, Collister et al. (2018) developed a polarized lidar to
measure laser backscattering and linear depolarization profiles.
A useful aspect of this lidar is the ability to deploy it in the water
(1-m depth). Doing so provides the advantage of avoiding the
specular reflection of the sea surface in the received signal, which
can create transient artifacts in detected signals, but this type
of deployment is possible only at fixed stations rather than in
continuous underway operations.

Light Induced Fluorescence Lidar
The applications of Light Induced Fluorescence (LIF) through
shipborne lidar systems date back to a few decades ago. LIF has
an extensive history of providing data for oceanographic research
and monitoring, as the detection of oil spills (Pisano et al., 2015;
Babichenko et al., 2016) and other pollutants (Barbini et al.,
1999), quantification and characterization of phytoplankton and
CDOM (Palmer et al., 2013), as well as the estimation of TSM
(Aibulatov et al., 2008). LIF Lidar datasets have also successfully
served as validation for satellite-derived oceanographic
measurements (Fiorani et al., 2004, 2006). The fluorescence
echoes from UV excitation assume a direct correlation with the
concentration of the chromophore molecules contained in the
excited target (Hoge and Swift, 1981). Hence, the fluorescence of
chlorophyll-a allows an indirect measurement of phytoplankton
biomass, while estimates of CDOM, also known as yellow
matter, becomes important for the knowledge of marine ecology,
and is a complex mixture of water-soluble organic substances
including mainly humic and fulvic acids. Crude and refined
oils may also be and refined oils may be investigated LIF lidars.
However, the fluorescence bands of such compounds usually lie
in the UVB-UVC spectral regions (<300 nm), and this requires
excitation wavelengths shorter than 300 nm. Usually Nd:YAG
lasers (with fourth harmonic at 266 nm) are employed, because
of their compactness, reliability, and ease of operation.

The intensity of the detected signal depends on several
system parameters: the optical extinction of the crossed
media at the emitted and fluorescent wavelengths (λem and
λfl, respectively); the optical properties of the considered
chromophores (Reuter et al., 1993); the power of the
emitted radiation; the optical efficiencies of the system at the
selected wavelengths.

Usually, the fluorescence signal is not time-resolved, since the
extinction in seawater is quite high for UV radiation, so that
just a few meters can be probed. Also, fluorescence decay times
(typically of the order of some ns) limit the resolution to the
order of 1m, and the small fluorescence cross section makes it
hard to achieve a good signal to noise ratio for small integration
volumes. The strategy is rather to integrate the signal over the

column and to determine the average fluorescence signal, which
must be calibrated against a reference measurement.

The typical instrument design of a LIF lidar includes a
frequency tripled Nd:YAG transmitter laser emitting at 355 nm,
a telescope collecting the return signals of interest and an optical
unit dedicated to the discrimination of the different signals
(e.g., inelastic backscattering returns coming from CDOM at
450 nm, Chla at 685 nm, and the water Raman backscatter signal
at 404 nm). As mentioned before, for oil detection a shorter
wavelength excitation is necessary (i.e., quadrupled Nd:YAG at
266 nm), since the fluorescence bands used for discrimination fall
below 300 nm.

LIF can also be stimulated using frequency-doubled Nd:YAG
lasers emitting at 532 nm, revealing fluorescence of chlorophyll-a
present in almost all marine algae (∼670–690 nm), the distinct
phycobiliprotein fluorescence of cyanobacteria and red algae
(∼540–595 nm), and water Raman scattering (∼645 nm) (Hoge
and Swift, 1981). Using short-pulse pump-and-probe excitation
protocols at 532 nm, the variable fluorescence of chlorophyll-
a was used to study the photochemical characteristics of
phytoplankton from an airborne lidar (Chekalyuk et al., 2000),
but there is no reason this could not be accomplished by in-situ
LIF lidar.

Raman and fluorescence signals are limited by the small cross
sections of both processes and parasite signal contamination. In
the marine environment, these limitations are stressed by the
seawater light absorption and sometimes by the strong return
signal due to the Fresnel reflection from the air/water interface
or sunlight reflection inside the field of view of the instrument.
However, median filters can help overcoming these problems.
These constraints imply the employment of cutting-edge optical
components with strict conditions on the spectral selection of the
return signals.

Multispectral Lidar
In-situ Lidar technology can exploit the spectral reflectance
properties of oceanic biogeochemical constituents. Both
elastic and inelastic reflectance properties can be used
for phytoplankton taxonomic identification, colored
dissolved organic matter chemical species identification
and transformation, and assessing particle size distribution. As
discussed above, fluorescence lidar with one or more excitation
wavelengths can be used to sample the emission spectra of
various optical constituents.

Using 473 and 532 nmmicrochip pulsed lasers, a lidar payload
designed for small autonomous underwater vehicles (AUV)
deployment uses narrow field-of view receiver channels at each
wavelength to estimate range-resolved water column attenuation,
and backscattering coefficients (Strait et al., 2018). These results
suggest that a time/range-resolved differential absorption lidar
(DIAL) approach can be used to resolve water column bio-optical
components. DIAL has been developed to detect concentrations
of atmospheric gas. The simplest DIAL algorithm examines
the ratio of the received power from laser pulse trains at two
wavelengths. If the absorption coefficients of the studied gas are
known at the two wavelengths, it is possible to estimate the gas
concentration for the range interval (Browell et al., 1983).
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FIGURE 1 | Cross-polarized lidar return from phytoplankton layers in the NE

Pacific Ocean as a function of depth, z, and distance along the flight track, d.

The color represents the intensity of the lidar signal. Reuse with permission

from Churnside and Donaghay (2009).

The same DIAL equations can also be used to detect soft
(macro)algal targets on benthic or cryospheric (ice bottom)
substrates, e.g., from a lidar mounted on an AUV. Rehm et al.
(2018) show the ability to detect a soft macroalgal target at 10m
(Sargassum sp.) using this differential absorption approach.

Airborne Lidar
Polarization Lidar
The simplest lidar configuration consists of a polarized laser
transmitter and two receivers that are sensitive to the co-
polarized return and the cross-polarized return. Alternatively, the
first channel can be unpolarized to more readily combine with
ocean color data. In either case, a lidar can be assembled from
commercial components and can operate from a small aircraft.
Depth resolution is generally<1m. In clear waters, a simple lidar
at 532 nm can penetrate to >50m. Penetration is less in more
productive coastal waters (penetration to 3/Kd is a good rule
of thumb, where Kd is the diffuse attenuation coefficient at the
lidar wavelength), but these waters are also more interesting in
terms of ocean ecosystem health and biodiversity. For this type of
study, the cross-polarized return is particularly useful (Figure 1),
because the co-polarized return includes contributions from the
surface specular return, bubbles, and water in addition to the
biological contribution.

In a quasi-single-scattering approximation, the depth-
dependent signals from the two channels of a polarization lidar
are given by Churnside (2008):
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where S is the lidar signal (photocathode current) for the
copolarized or unpolarized (subscript C) and cross-polarized
(subscript X) channels and γ is the rate of depolarization of
the light by multiple forward scattering. For an airborne system,
it is easy to ensure that O(z) = 1 for all depths, leaving four

depth-dependent properties of the water (βC, βX , α, and γ ) to
be estimated from these two equations.

Two approaches to retrieval of these parameters from the
lidar equations have been considered. The first assumes known
relationships between them. For example, the equation for the
unpolarized lidar signal can be used to obtain α and β if the ratio
of these two quantities can be estimated (Churnside et al., 2014).
The second takes advantage of the fact that α and γ are integrated
over depth, reducing the effects of small-scale variations. In
this approach, an average value for attenuation is obtained and
used to produce detailed profiles of scattering (Churnside and
Marchbanks, 2015, 2017).

The lidar measurements can often be related to parameters
commonly used in ocean color retrievals. For airborne lidar,
the lidar-attenuation coefficient is very close to the diffuse-
attenuation coefficient, Kd, as long as the laser spot on the surface
is large (Gordon, 1982), and this relationship has been verified
(Montes et al., 2011; Lee et al., 2013). The most commonly
used scattering parameter in ocean color measurements is the
particulate backscattering coefficient, bbp. This can be obtained
from the volume scattering function measured by the lidar
(Churnside et al., 2017a). The contribution to scattering by
seawater is well-known and can be removed. Then, an empirical
value for the ratio of bbp to the volume scattering function at
180◦ is applied (Churnside et al., 2017a). This approach seems
to work better for single-angle measurements at scattering angles
near 120◦ (Boss and Pegau, 2001; Sullivan and Twardowski, 2009;
Zhang et al., 2014), and more measurements at 180◦ are needed.

Since the first recorded detection of fish by airborne lidar in
1976 (Squire and Krumboltz, 1981), a number of studies have
shown that lidar compares well with traditional techniques for
fish in the upper 30–40m of the water column (Churnside et al.,
2003, 2009, 2017b; Roddewig et al., 2017). The advantage of
airborne lidar for fisheries surveys is that it can cover large areas
quickly and at lower cost than a surface vessel. On the other hand,
these surveys cannot provide the detailed information that can
only be obtained through direct sampling from a vessel. The best
solution would be aerial surveys coupled with adaptive sampling
by surface vessel. Airborne lidar can also be used to document
cases of fish avoiding the research vessel performing the survey.

Lidar has also been used to detect zooplankton. The scattering
from zooplankton is generally less than that from fish, and
detection is more difficult. For copepods, a combination of
thresholding and spatial filter is effective (Churnside and Thorne,
2005). A surface layer of euphausiids was detected, but the
zooplankton signal in that case could not be separated from the
signal produced by the many predators in the layer (Churnside
et al., 2011). Unlike most zooplankton, aggregations of jellyfish
can produce very large lidar signals, and airborne lidar has been
used to describe the internal structure of aggregations of moon
jellyfish (Churnside et al., 2016).

There is often a deep chlorophyll maximum near the bottom
of the mixed layer in the ocean (Cullen, 1982; Lewis et al., 1983),
and the layers of phytoplankton that make up this maximum
have been studied by airborne lidar (Vasilkov et al., 2001;
Goldin et al., 2007; Churnside and Donaghay, 2009). Often,
these layers are very thin (<5m) and very intense (>3 times the
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FIGURE 2 | Power spectral density, S, as a function of spatial frequency, K, for

the lidar return from a depth of 10m across Barrow Canyon, Alaska. Red line

is the K−5/3 relationship characteristic of turbulent mixing.

background density) (Durham and Stocker, 2011). These intense
layers affect primary productivity, since they are often at a depth
that optimizes sunlight and nutrient availability. They also affect
transfer of energy to higher trophic levels, since grazing efficiency
is high within the layers.

Using phytoplankton as a tracer, several important features
of upper ocean dynamics can be measured. The first is the
depth of the mixed layer when there is a layer at the pycnocline
(Churnside and Donaghay, 2009; Churnside and Marchbanks,
2015). The pycnocline is a density gradient, so it will support
propagation of gravity waves, known as internal waves. Internal
waves are important in that they transfer significant amounts of
heat, energy, and momentum in the ocean (Laurent et al., 2012).
Large, non-linear internal waves are particularly interesting,
because of their ability to propagate over large distances. They
are also particularly amenable to characterization by airborne
lidar (Churnside and Ostrovsky, 2005; Churnside et al., 2012).
Turbulent mixing of phytoplankton can also be identified by a
characteristic power law spectrum of number density. Figure 2
shows a plot of power-spectral density of the cross-polarized lidar
return from a constant 10m depth across Barrow Canyon in the
Chukchi Sea west of Utqiaġvik, Alaska. The red line demonstrates
the expected K−5/3 relationship for more than three decades in
spatial scale down to the lidar noise level of about 10−19 A2 km.

High-Spectral-Resolution Lidar (HSRL)
The HSRL technique is similar to the polarization lidar
technique described above and HSRL instruments often
include separate co- and cross-polarized detection channels.
The differentiating feature is the ability HSRL provides for
independent, unambiguous retrieval of attenuation and
particulate backscatter without external assumptions (e.g.,

the assumption of ratio of α to β as described above). The
technique has been employed for decades for aerosol and
cloud studies (Shipley et al., 1983; Piironen and Eloranta, 1994;
Esselborn et al., 2008; Hair et al., 2008), and has only recently
been applied to ocean profiling. The most common approach
involves a single-frequency (vs. multi-mode) laser transmitter
and optical elements in the receiver that spectrally separate
molecular backscatter from particulate backscatter. This spectral
separation hinges on the fact that backscatter from particles is
at the same frequency as the transmitted laser light whereas
backscatter from water molecules is shifted by several GHz
(e.g., ∼7 GHz at 532 nm) due to Brillouin scattering processes.
The receiver directs the light, either interferometrically or
by other means, to separate detection channels that make
range-resolved measurements of backscatter as described in the
previous sections. In most implementations of the technique,
there are two HSRL channels. One channel predominantly
measures molecular backscatter and the other a combination of
molecular and particulate backscatter. The profile of attenuation
is derived from the derivative (with respect to depth) of the
natural logarithm of the molecular channel signal. Particulate
backscatter is derived from an algebraic combination of the two
channels [see Hostetler et al. (2018) for details]. In addition to
independent, accurate retrieval of attenuation and particulate
backscatter, another powerful feature of the HSRL technique
is the ability to maintain calibration through the entire profile.
This is particularly important for higher-altitude airborne (and
future spaceborne) implementations for which the intervening
atmosphere variably attenuates the received ocean signal due to
variations in aerosol and/or cloud optical depth.

Airborne HSRL ocean measurements were first conducted
by NASA in 2012 on a deployment based in the Azores, which
was conducted as a proof-of-concept study. The instrument used
on that study, “HSRL-1,” operated at 532 nm and employed
the iodine filter vapor technique for frequency separation in
the receiver. Based on that experience, improvements were
made to the lidar and it has since acquired data on several
airborne deployments, including the Ship-Aircraft Bio-Optical
Research (SABOR) mission in 2014 and three deployments for
the North Atlantic and Marine Ecosystems Study (NAAMES)
in 2015, 2016, and 2017. The HSRL retrievals of bbp and Kd

show excellent agreement with ship-based in-situ estimates made
on SABOR (Schulien et al., 2017; Hostetler et al., 2018) and
satellite ocean color retrievals (Hair et al., 2016). Data from the
HSRL-1 are also used to retrieve estimates of both total and
particulate depolarization, and those data along with the bbp
and Kd profiles are currently being assessed for information
on community composition. Figure 3 shows aerosol backscatter,
aerosol optical depth, bbp, Kd, and particulate depolarization
retrievals from HSRL-1 on 13 May 2016 NAAMES flight in the
Western North Atlantic. These data illustrate the ability of the
HSRL technique for providing accurate ocean optical properties
despite the high and highly variable aerosol optical depth in the
overlaying atmosphere.

From and engineering perspective, the HSRL technique
is much more challenging than the standard backscatter
and polarization technique described above. In the receiver,
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FIGURE 3 | Aerosol backscatter (a), aerosol optical depth (b), bbp (c), Kd (d), and particulate depolarization (e) retrievals from HSRL-1 on 13 May 2016 NAAMES

flight in the Western North Atlantic Modified from Neukermans et al. (2018).

specially designed optical filters are required to spectrally
separatemolecular and particulate backscatter. In the transmitter,
most implementations require a frequency-tunable single-
mode laser transmitter, which involves injection-seeding a
specially-designed pulse laser with a tunable continuous wave

seed laser for precise control of the output wavelength to
match the optical filters in the receiver. Concepts do exist that
employ multimode laser transmitters; however, these require
interferometric receiver filters that must be precisely matched
to the characteristics of the laser. Perhaps due to the currently
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low demand for HSRL instruments and the high cost of the laser
and receiver components, commercial lidar vendors have not
developed HSRL instruments as a product.

Satellite
While aircraft-flown lidars have provided ocean measurements
for decades (see above), the power of satellite-based lidar
for ocean biology measurements has been demonstrated only
recently (Behrenfeld et al., 2013, 2017; Churnside et al., 2013;
Lu et al., 2014; Hostetler et al., 2018). These studies involved
analysis of data from the CALIOP instrument on the CALIPSO
platform which was designed for atmospheric measurements. It
turned out, however, that its 532-nm channels are also sensitive
to ocean backscatter. The relatively coarse vertical resolution of
CALIOP (30m in the atmosphere and 23m in the ocean) and
poor detector transient response make vertically resolved ocean
retrievals impractical. However, significant scientific impacts
have been realized using vertically integrated CALIOP subsurface
ocean data. Behrenfeld et al. (2013) used CALIOP data to retrieve
particulate backscattering coefficients (bbp) for the global oceans
and, employing published relationships based on bbp, estimated
particulate organic carbon (POC) and phytoplankton biomass,
showing that the lidar retrievals were consistent with those
obtained with the MODIS spaced-based radiometer.

One (of many) particular strengths of satellite lidar
observations is in studying high latitude ocean regions,
where ocean color observations from passive radiometers are
incomplete (indeed, often completely absent) due to low solar
angle and the presence of sea-ice and clouds. Supplying its own
light source, CALIOP has already provided an uninterrupted
record of plankton stocks for the ice-free portions of the polar
oceans. Additionally, being a polar orbiting satellite, the density
of retrievals near the poles is superior to that at lower latitudes.
Behrenfeld et al. (2017) used a decade of monthly-resolved
CALIOP data to demonstrate the processes governing the
balance between phytoplankton division and loss rates, thereby
advancing a new and evolving understanding of plankton blooms
(Behrenfeld, 2010; Behrenfeld and Boss, 2017). An additional
finding was that inter-annual anomalies in northern and
southern polar-zone plankton stocks were of similar magnitude
but driven by different processes. Specifically, growth and loss
processes dominated inter-annual variability in the northern
polar zone, while variations in plankton stocks of the southern
polar zone predominately reflected changes in the extent of
ice-free area.

While the atmosphere-focused CALIOP instrument provides
valuable ocean data products, it has exceeded its 3-year design
lifetime by over 9 years. Significant advances in science capability
are envisioned for a follow-on satellite lidar optimized for
ocean (as well as atmospheric) retrievals (Hostetler et al., 2018)
(Table 1). Several advances are currently possible:

1. Higher vertical resolution: Lidar signals attenuate rapidly with
depth, for instance, by a factor of 400 at three optical depths,
beyond which the lidar signal is generally not useable due
to low signal-to-noise. At CALIOP’s 532-nm wavelength,
this three-optical-depth limit corresponds to about 50m in

TABLE 1 | Characteristics of upper-ocean biology that can be derived from

current and potential future satellite lidar missions Neukermans et al. (2018).

Upper-ocean biology

characteristic

Current satellite lidar:

CALIOP on CALIPSO

Future satellite lidar:

ocean-optimized

Phytoplankton biomass Surface-weighted values

consistent with weighting

of passive ocean color

estimates

Vertically resolved profiles

to∼three optical depths;

separate estimates of

pigment absorption and

CDOM (with addition of

355 nm measurements)

Phytoplankton

composition and

succession

Not available Potential for crude PFT

discrimination from

depolarization and

wavelength dependence of

backscatter

Phytoplankton bloom

phenology and bloom

state

Biomass retrieval under

conditions impossible for

ocean color: high-latitude

winter, night, through

aerosol and optically thin

clouds, between clouds in

broken cloud systems,

and in the proximity of

ice;∼monthly resolution

Same plus vertically

resolved profile of

phytoplankton abundance

to∼three optical depths

Organic carbon pool Surface-weighted

estimates of POC

Vertically resolved estimates

of POC and CDOM.

Particle size distribution Not available Slope of particle size

distribution from particle

backscatter at two

wavelengths at weak

particle absorption

wavelengths

Phytoplankton physiology Not available Nutrient and radiative stress

from day-night comparisons

of Chl-a fluorescence

geometric depth in the clearest waters and much less in more
turbid waters, which leaves only one or two useable points in
the 23-m resolution CALIOP profile. In future space-borne
lidars, vertical resolutions of<3m are achievable with current
technology and would enable profiling of vertical structure
in backscatter to three optical depths. Such profiling would
represent a significant advantage over passive radiometric
measurements, for which the measured signals are weighted
exponentially toward the ocean surface (with 92% of the signal
coming from the first optical depth). Vertically resolved lidar
data of phytoplankton biomass, for instance, will reduce errors
in estimates of net primary productivity that result from using
surface-weighted retrievals to represent ocean properties at
greater depths (Platt and Sathyendranath, 1988; Zhai et al.,
2012; Hill et al., 2013; Schulien et al., 2017).

2. Higher spatiotemporal resolution: In polar regions, CALIOP
or future lidar missions may be used to better document the
marginal ice zone composed of a mixture of sea ice and open
waters, as well as the frequent open-water fractures found in
the ice pack, where phytoplankton growth may be significant
and has been hard to capture (see Figure 4). In particular,
observations in the leads may be exploited to investigate
under-ice phytoplankton dynamics, one of the mysteries of
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FIGURE 4 | Sentinel 1 SAR (Synthetic Aperture Radar) image on 10th April

2017 in the Baffin Bay (pixel size: 100 × 100m), showing open-water fractures

(black pixels) in the ice pack. White lines depict CALIOP tracks over a 16-day

orbit repeat cycle. Red dots indicate where the lidar shots (∼100m footprint;

330m pulse-to-pulse along-track distance) targeted open-water areas. These

represent about 3% of the total shots shown on this image.

polar environments. Major recommendations in order to
achieve this goal would be to increase the spatiotemporal
coverage of future lidar missions. This implies reducing
footprint diameter and distance between footprints.

3. Independent retrieval of attenuation and backscattering: The
standard elastic backscatter lidar technique used for CALIOP
cannot separate the backscattered signal from attenuation,
so bbp retrievals in previous publications required either
assuming a predictable relationship between backscatter and
attenuation or combining CALIOP and passive ocean color
data. The former assumptions can introduce significant errors
when applied at the local scale. By adding one or more
additional channels in the lidar receiver to resolve the
optical signal spectrally, the existing HSRL technique enables
independent and accurate retrieval of particulate backscatter
and attenuation coefficients. The HSRL technique has been
used for decades for aerosol measurements (Shipley et al.,
1983; Piironen and Eloranta, 1994; Esselborn et al., 2008; Hair
et al., 2008), and more recently to retrieve ocean particulate
backscatter and the diffuse attenuation coefficient (Hair et al.,
2016; Schulien et al., 2017).

4. Addition of other backscattering wavelengths: A future space-
borne 532 nm HSRL with high-vertical-resolution capability

would enable vertically resolved estimates of phytoplankton
biomass, POC, and net primary productivity. Adding HSRL
capability at 355 nm in addition to that at 532 would allow
independent estimates of algal and CDOM absorption and
information on the slope of the particle size distribution.

5. Addition of detectors to measure fluorescence emissions: A
further promising direction for application of space-borne
lidar is the retrieval of the fluorescence signature of Chl-a
and CDOM, which would allow studies of phytoplankton
physiology and a better separation of particulate and dissolved
pools of organic carbon in the upper ocean. Laser-excited
fluorescence from both Chl-a and dissolved organic matter
have already been shown to be measurable by airborne lidar
instruments in both coastal and open-sea waters (Hoge et al.,
1993). Additionally, the ratio of chlorophyll fluorescence and
backscattering has been recently found to provide important
constraints for the retrieval of phytoplankton functional types
(PFT) dominating upper ocean communities. With such data,
studies have documented PFT changes through the evolution
of the North Atlantic bloom (Cetinić et al., 2015; Lacour et al.,
2017).

6. Joint retrievals from combined passive and active sensing:
The increase in information obtained with a lidar when
combined with that from passive radiometry (with the
possibility of polarimetry, e.g., Stamnes et al., 2018b; see
section Polarimetry Technique) has been shown to improve
estimates of atmospheric aerosols and, consequently, to
enhance ocean geophysical retrievals (i.e., through improved
atmospheric corrections).

It follows from the above that satellite lidar observations are
a natural complement to passive radiometric remote sensing.
While lidar systems lack the swath width of space-based passive
radiometers, the lidar has many sampling capabilities beyond
those of passive ocean color. These lidar advantages include (1)
measurements independent of solar angle and both day and
night, enabling sensing during all seasons at high latitudes and
documentation of diel plankton cycles, (2) an ocean-optimized
HSRL can provide measurements through aerosol layers of any
type (absorbing, as well as non-absorbing) and through optically
thin clouds, (3) a lidar’s small footprint (e.g., 90m for CALIOP)
enables measurements in gaps between clouds, regardless of
cloud shadowing or adjacency effects that can contaminate
passive retrievals, as well as sampling through small gaps within
and near ice (for CALIOP, the annual coverage is comparable
to MODIS at high latitudes, despite its small footprint), and (4)
a future lidar with high vertical and spatiotemporal resolution
capability would enable the first global three-dimensional view of
global ocean plankton ecosystems in conjunction with BGCArgo
floats (Johnson and Claustre, 2016).

POLARIMETRY TECHNIQUE

Measurement Principle
The overarching goal here is to determine the polarization of light
scattered by suspended particles present in either the atmosphere
or ocean, as a function of wavelength and scattering angle
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in order to derive optical properties and infer microphysical
information about those particles. Due to the transverse nature
of light, a plane electromagnetic wave of light can be modeled
as E=E0e

i(k•r−ωt), where E0 is the complex electric field that
propagates along a unit vector k. This propagation direction
uniquely determines the meridional plane for a beam of light
when combined with the local vertical direction z. The electric
field E0 of the incident light can then be decomposed into parallel

(E
||
0 ) and perpendicular (E⊥0 ) components with respect to this

meridional plane, such that E0 = E
||
0 +E⊥0 . For a monochromatic

energy flux, it is possible to define the 4×1 Stokes column vector
I ≡ {I,Q,U,V} using linear combinations of these complex
electrical field components as follows:
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where c is proportional to the electric permittivity and
the magnetic permeability of the medium. The Degree of

Polarization can then be defined as: DoP =
√

Q2+U2+V2

I ,
which spans from 0 when the light is completely unpolarized
to 1 when the light is fully polarized. When the circular
polarization component, V , is neglected, then the Degree of

Linear Polarization is DoLP =
√
I2+U2

I . A polarimeter provides
Stokes parameters I, Q, U and V by separating and modifying
the orthogonal polarized intensities E‖E‖

∗
and E‖⊥E⊥∗ of

the measured light. The separation and modification can be
achieved by passing the light through a polarizing filter and
retarder before measurement. It is worth to note that the V
component is typically very small at TOA/in the atmosphere and
is not measured (or at least not reported) by most polarimeter
instruments. The general measurement concept is described
by the following equation (Chandrasekhar, 1960; Hansen and
Travis, 1974):

Im (χ , ε) =
1

2
[Ii + Qi cos 2χ + (Ui cos ε − Vi sin ε) sin 2χ] (4)

where subscript i indicates the Stokes vector elements of the
incident light while m indicates the intensity of the measured
light, χ is the rotation angle between polarizer axis and the
parallel electric field direction and ε is a constant retardation
difference between the parallel and perpendicular electrical fields.
Thus, the I, Q, and U components can be measured by recording
intensities of the measured light with three different orientations
of polarizers.

Single Scattering Properties
The Stokes vector defines the polarization state of the incident
andmeasured light. TheMueller matrix is a 4× 4 transformation
matrix describing the scattering process and relating the incident
light to the observed light as a function of scattering angle.
Thus, the Mueller matrix depends on the properties of the
scattering object (i.e., aerosols, hydrosols, or surface). In remote
sensing of aerosols and hydrosols, the Mueller matrix is

obtained through light scattering theory based on the far-
field approximation. Mie scattering refers to light scattering
by homogenous spherical particles with a specific complex
refractive index and size distribution with particle radii of
specific range, which is often used to approximate particle
scattering in turbid media. When particles are much smaller in
size than the wavelength of incident light, the Mueller matrix
can be approximated by the Rayleigh theory of scattering. The
scattering by air molecules follows the Rayleigh scattering theory
supplemented with a specific depolarization ratio to account for
the molecules anisotropy (i.e., molecules do not behave as perfect
dipoles) while pure water follows the Einstein-Smoluchowski-
Cabannes fluctuation theory of light scattering (Litan, 1968).
Also, several numerical approaches have been developed to
calculate properties of single scattering of light by larger particles
of arbitrary shape and composition such as the T-matrix, Finite
Difference Time Domain and Discrete Dipole Approximation
(Waterman, 1971; Purcell and Pennypacker, 1973; Yang and
Liou, 1996; Mishchenko and Travis, 1998; Yurkin and Hoekstra,
2007). Additionally, inhomogeneous spherical particles can
well approximate the backscattering of phytoplankton particles
(Robertson-Lain et al., 2014; Moutier et al., 2017; Poulin
et al., 2018). In the ocean, due to a lack of knowledge of
the shape and composition of hydrosols, spherical particles
are typically assumed for RT studies given a refractive index
and Junge (power-law) slope for the size distribution. Hydrosol
particulates can be separated into organic (phytoplankton) and
in-organic (non-algal particles, NAP). Organic particles have a
low refractive index relative to the water (nph = 1.02∼1.08)
due to the high water content, while NAPs are more refracting
(nnap = 1.1∼1.22) (Aas, 1996; Stramski et al., 2004). The
apparent optical effect (i.e., the bulk or mixed Mueller or
scattering matrix) is calculated as the relative contribution in
scattering of each component. Figure 5 shows the 4 independent
elements of the scattering matrix computed from Mie theory
for phytoplankton (blue curve) and NAP (red curve), and for
mixtures (black curve) based on their scattering coefficient as a
weighted average.

Figure 5 shows the phase function and the normalized
polarization components of the Mie scattering elements (F11,
F12/F11, F33/F11, and F34/F11) for one case of chlorophyll
and NAP concentrations and for one case of Junge Particle
Size Distribution (PSD) slope (ξnap = ξph = 4), as an
illustration. The matrix is calculated for spherical particles.
The polarization elements (F12/F11, F33/F11, and F34/F11) of
the scattering matrix of phytoplankton particles are similar
to those obtained for Rayleigh scattering, because the relative
refractive index is very low, i.e., 1.06, similar to what was
presented in Figure 4 of Gilerson et al. (2013). In contrast,
the shape of the polarized scattering matrix elements of NAPs
are significantly different, due to their high refractive index,
with exception of the near forward and backward direction
where it exhibits a weak polarization effect according to
Mie-Lorenz theory. The figure shows the strong separability
of the two types of particles when using the polarized
components of the scattering matrix, as opposed to the F11
element only.
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FIGURE 5 | Scattering phase function and normalized polarization elements of

the scattering matrix from Mie calculations for one case as an illustration for

nnap = 1.18, nph = 1.06, ξnap = 4.0, ξph = 4.0, [NAP] = 1.45 g m−3, and

[Chl] = 10.5mg m−3 at 440 nm. Reuse with permission from Ibrahim et al.

(2012).

The Utility of Polarimetry in Ocean Remote
Sensing
Inherent Optical Properties

Beam attenuation coefficient
The particulate attenuation coefficient, cp, of hydrosols co-varies
with the particulate organic carbon concentration (POC) as well
as with the phytoplankton carbon biomass (Loisel and Morel,
1998; Behrenfeld and Boss, 2003; Behrenfeld et al., 2005; Cetinić
et al., 2012; Graff et al., 2015; Werdell et al., 2018). Several studies
suggest that there is a first-order relationship between the ratio
of cp to chlorophyll concentration (cp:Chl), which may be used
as an index of phytoplankton carbon (C) biomass to chlorophyll
concentration ratio (C:Chl) and phytoplankton physiology,
which is important for estimating primary production of the
oceans. Thus, retrieval of the attenuation coefficient from remote
sensing would allow for a drastically better understanding of the
carbon cycle on the global scale, which is a primary goal of many
ocean color satellite missions.

Ibrahim et al. (2012, 2016) have shown that there is a direct
relationship between the attenuation to absorption ratio and
the Degree of Linear Polarization (DoLP; which is given by
setting V = 0 in the definition of DoP) just beneath the ocean
surface at three wavelengths in the visible and for a wide range
of viewing geometries. The relationship shown in top row of
Figure 6 is based on VRT simulations for a large dynamic range
of coastal water IOPs (Ibrahim et al., 2016). This relationship was
confirmed with in-water observations showing the possibility of
retrieving the attenuation coefficient of hydrosols as shown in the
lower row of Figure 6. These results are also consistent with the
theoretical analysis of Chami and Defoin Platel (2007) based on
RT modeling. In addition, Tonizzo et al. (2009) also illustrated

the sensitivity of DoLP to variations in water types. Based on in-
water observations, clear waters show high DoLP values in the
blue and green wavelengths, while the opposite occurs for the
more productive water. Adding CDOM in the more turbid water
increases the DoLP in the blue even more, due to the decreased
number of scattering events.

Particle sizes and complex refractive index
Oceanic hydrosols such as plankton and mineral particles vary
in size and composition. Traditionally, the PSD is retrieved from
the spectral slope of the backscattering coefficient, which can be
derived from spaceborne radiometers by assuming the power law
(Junge) size distribution for spherical particles (Loisel et al., 2006;
Kostadinov et al., 2009). Laser diffraction measurements of the
particle size distribution in different oceanic regions showed that
the size distribution of marine particles can be approximated by
the Junge-like power law except in cases where there is are rapid
changes in a phytoplankton species population (Buonassissi and
Dierssen, 2010; Reynolds et al., 2010, 2016).

Organic particles have low refractive index and thus are less
effective scatterers, while inorganic hydrosols such as sediments
have a high refractive index, implying that they are more efficient
scatters that tend to depolarize the light. In coastal waters, the
DoLP is generally smaller than in the open ocean due to the high
amount of sediments with a high bulk refractive index.

In Figure 7, Loisel et al. (2008) showed DoLP for various
scattering angles for low and high refractive index particles.
The molecular scattering exhibits very strong polarization at
90◦ scattering angle, decreasing when moving to smaller/larger
angles. When particles are added, the position of the peak of
polarization, as well as its intensity, changes on particle size,
refractive index, and concentration. For large particles, the DoLP
decreases strongly. For this reason, the measurement of DoLP
provides information on the relative proportion between small
and large particle sizes in the observed field. Multiple scattering
and scattering by non-spherical particles also tend to lower the
DoLP (Ivanoff et al., 1961). Tonizzo et al. (2011) have shown
retrievals of hydrosols microphysical properties using a recursive
fitting of the in-situ DoLP measurements with RT simulations.
For remote sensing applications, Ibrahim et al. (2016) suggested
to estimate the bulk refractive index using the CDOM corrected
spectral attenuation coefficient to approximate the Junge PSD,
derive the backscattering ratio from the backscattering and total
scattering coefficient and apply the method of Twardowski et al.
(2001) based on the Mie theory.

Improved net-primary productivity (Npp)
In complex waters, the separation between the optical
contributions of different ocean constituents becomes more
challenging. The ambiguity in the inverse problem using scalar
radiance is too high. Thus, the estimate of primary productivity
can be biased in these water conditions. Polarimetry potentially
allows the separation of organic and in-organic contributions,
which in-turn allows improved NPP estimates. Chami and
McKee (2007) suggest that it is possible to retrieve the suspended
particulate matter (SPM) from DoLP measurements at the
Brewster angle. Using theoretical modeling they showed that
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FIGURE 6 | The upper row shows the simulated DoLP just beneath the ocean surface vs. the ratio of the attenuation to absorption coefficients for three wavelengths

in the visible wavelengths at one specific geometry and for a wide range of coastal ocean IOPs. The lower row is the validation based on in-water polarimeter

observations and in-water beam attenuation coefficient measurements from WETLabs ac-s. Reuse with permission from Ibrahim et al. (2016).

FIGURE 7 | The DoLP (%) [labeled as P(%)] in-water as a function of scattering angle for four different polydisperse assemblages of hydrosols: size distributions with

the Junge PSD slope ξ = 3 (left) and ξ = 4 (right) and particles with low refractive index (organic particles n = 1.05) and high refractive index (in-organic particles n =
1.26). Reuse with permission from Loisel et al. (2008).

an empirically based inversion approach could retrieve the
concentration of inorganic particles from underwater polarized
radiance measurements regardless of the phytoplankton content
in coastal waters.

Turbidity
Chami et al. (2001) and Chami and McKee (2007) have shown
that it is possible to retrieve the turbidity in complex waters using
the polarized reflectance through a RT sensitivity analysis. It is
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possible to discriminate the sediment concentration from the
phytoplankton using the polarized signal at the red wavelength.
The polarized reflectance shows an enhanced sensitivity to in-
water sediments and their microphysical properties, as compared
to the remote sensing reflectance (Rrs). Chami andMcKee (2007)
showed the potential of the degree of polarization measurements
at the Brewster angle in the specular direction to retrieve
the concentration of sediment particles. Ibrahim et al. (2016)
corroborated some of these results in a recent study.

Enhanced Atmospheric Correction

Improved aerosol characterization
Improved aerosol characterization will improve atmospheric
correction and thus directly benefit ocean color remote sensing.
There is a strong heritage within the atmospheric community
of using multi-angular polarimeters for aerosol characterization,
beginning with POLDER (Deuzé et al., 2000; Hasekamp and
Landgraf, 2005; Dubovik et al., 2011; Hasekamp et al., 2011,
2019; Tanré et al., 2011). This heritage and further studies
have shown that multi-angle polarimetry advances aerosol
characterization beyond the capabilities that single-view total
radiation measurements can achieve in terms of number of
microphysical characteristics retrieved (Chowdhary et al., 2001,
2002, 2005; Waquet et al., 2009, 2013; Harmel and Chami, 2011;
Knobelspiesse et al., 2012; Ottaviani et al., 2013; Peers et al., 2015;
Xu et al., 2016, 2017; Gao et al., 2018; Stamnes et al., 2018a).

Improved glint correction
He et al. (2014) provide evidence of the advantages of including
polarimetry for atmospheric correction over the ocean. They
describe a method for retrieving the normalized water-leaving
radiance (Lwn), using the parallel polarized radiance (PPR =
I + Q), where I and Q are the first two components of
the Stokes vector I. Their results, both from simulations and
from application to POLDER data, demonstrate that use of
PPR provides two important enhancements to ocean color
retrieval. First, it reduces the sun glint at moderate to high
solar zenith angles. Second, it boosts the ocean color signal
relative to the total radiance received by satellite sensors at
large view zenith angles. These advantages are explained by
the compensating effect between the total radiance and the
polarization. For example, as the view zenith angle increases,
because of the longer path length through the atmosphere, the
total radiance received by the satellite increases, causing the
relative ocean color signal reaching the satellite to decrease.
Meanwhile, the magnitude of Q increases with path length,
but in the negative sense, which offsets the increase in I, and
slows down the increase in PPR with path length through the
atmosphere. Harmel and Chami (2013) have also shown that a
better characterization of the glint signal is obtained using multi-
angular polarimetric measurements from the PARASOL sensor.
One may also consider using unpolarized reflectance instead of
total reflectance to retrieve water properties, as suggested by
Frouin et al. (1994) and Krotkov et al. (1992). The contribution
of the water body to the TOA signal is generally enhanced using
this component, except over optically thick atmospheres (due to
multiple scattering), making the atmospheric correction easier.

Sun glint using this method is mitigated and using polarization
information in addition to spectral information in the near
infrared and shortwave infrared facilitates determination of the
aerosol model necessary for the atmospheric correction (Foster
and Gilerson, 2016).

Turbid water atmospheric correction
Zhai et al. (2017) showed that in scattering coastal waters,
the polarized reflectance at the TOA in the NIR bands is less
significant than the scalar radiance, thus enabling improved
separation of aerosol and ocean contributions to the observed
signal. The growing interest in IOPs in the UV poses a new
challenge for atmospheric correction because of the confounding
effects of absorption by aerosols, and specifically lofted smoke
or dust layers. Collocated lidar and polarimetry can help to
unravel the in-water and in-air contributions but, if not available,
emerging passive techniques based on spectral and/or multi-
angle observations in the O2 A-band (∼765 nm) can be used
(Davis and Kalashnikova, 2018, and references therein).

Simultaneous retrieval of aerosol and water-leaving radiance
Several simultaneous retrieval algorithms have been developed
using multi-angle polarization measurements, where the
aerosol properties and the water-leaving radiance are retrieved
simultaneously. Chowdhary et al. (2005) developed a joint
retrieval algorithm using the RSP data that retrieved the aerosol
properties and water optical properties with a bio-optical model
parameterized by chlorophyll concentration. Hasekamp et al.
(2011) developed a retrieval algorithm using measurements
from PARASOL with a bimodal aerosol model and an ocean
model parameterized by chlorophyll concentration, wind speed
and direction, and foam coverage. Xu et al. (2016) developed a
retrieval algorithm using the AirMSPI dataset with a multi-pixel
smoothing constraint and a simplified bio-optical model. Gao
et al. (2018) developed a simultaneous retrieval algorithm for
coastal waters using a bio-optical model including contributions
from phytoplankton, CDOM, and non-algal particles. Stamnes
et al. (2018b) developed a retrieval framework that can combine
lidar and polarimeter measurements (HSRL+RSP) in the
coupled atmosphere-ocean system to simultaneously retrieve the
aerosol microphysical and ocean properties.

Challenges in Polarimetric Ocean
Remote Sensing
Vector Radiative Transfer Models

Bio-optical model
Traditionally, the ocean color community has relied mostly on
scalar radiative transfer codes such as Hydrolight for remote
sensing purposes (Mobley, 1994). However, Hydrolight lacks
the ability to simulate a polarized light field in the ocean, and
therefore cannot support the development of new remote sensing
methods that will make use of polarization measurements.
VRT codes that do simulate the polarized field require better
representation of aerosol and hydrosol optical properties,
including incorporation of the full 4 × 4 single scattering
matrix of particle properties into the VRT code. It is therefore
necessary in order to have a physically consistent scattering
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matrix to specify the PSD, complex refractive index, and shape
and apply one of several single scattering methods such as Mie
(spherical), T-matrix (elliptical), Discrete Dipole Approximation,
or geometric optics to calculate the scattering matrix. In terms of
hydrosols, there is a significant lack of observational information
to constrain particle characteristics, especially morphology, in
order to specify particle microphysical properties and calculate
the intrinsic particle scattering properties. The specification of
particle properties therefore introduces uncertainty into VRT
attempts to simulate the polarized light field. Additionally, a full
coupling between single scattering properties and bulk IOPs is
necessary, and yet are not mapped out.

Fully coupled AO RT models
The ultimate goal of ocean color (scalar and/or polarimetric)
measurements is to obtain information about the “health” of its
biogenic constituents. For this purpose, access to accurate RT
models of the coupled AO system is of paramount importance.
To interpret polarimetric measurements, reliable, accurate, and
efficient modeling of the polarized radiation represented by the
Stokes vector in open oceanic regions as well as turbid coastal
areas is required. For example, as reviewed by Stamnes et al.
(2018a), such modeling is needed to develop forward-inverse
methods required to quantify types and concentrations of aerosol
and cloud particles in the atmosphere, as well as dissolved
organic and particulate biogeochemical matter in lakes, rivers,
coastal and open-ocean water, and to simulate the performance
of remote sensing detectors deployed in space. For example,
machine learning techniques for accurate cloud screening and
retrieval of aerosol and water IOPs in complex AO systems can
be based on extensive RT simulations of the coupled AO system
(Fan et al., 2017; Chen et al., 2018). Polarized VRT simulations
of the coupled AO system can also be used in conjunction with
inverse modeling to retrieve the IOPs and vertical location of
absorbing atmospheric aerosols as discussed by Stamnes et al.
(2018a). Coupled VRT simulations are also required for accurate
simultaneous retrieval of aerosol and ocean properties using
polarimeter data (Xu et al., 2016; Stamnes et al., 2018b). Such
models exist and employ various methods to solve the RT
equation, for example adding and doubling (de Haan et al., 1987;
Chowdhary et al., 2006; Xu et al., 2016), successive-order-of-
scattering (Zhai et al., 2010; Chami et al., 2015), matrix operator
(Ota et al., 2010), andMonte Carlo (Ramon et al., 2019). Research
frontiers on RT modeling in coupled ocean-atmosphere systems
are discussed in great details in Chowdhary et al. (2019). For
applications at high latitudes, the curvature of the Earth should be
accounted for in the RT simulations (Ding and Gordon, 1995; He
et al., 2018), and for analysis of airborne polarimeter data coupled
RT simulations are also required (Xu et al., 2016; Stamnes et al.,
2018b).

In-elastic scattering VRT
Inelastic scattering in ocean waters includes Raman scattering,
Fluorescence by Colored Dissolved Organic Matter (FDOM),
and fluorescence by phytoplankton as a by-product of
photosynthesis. Scalar solutions of the radiation field have
been published with the capability of modeling these effects

FIGURE 8 | Air-sea interface showing the refraction of the light from below to

above the ocean. The solid black lines show the limits of the Snell window.

(Mobley, 1994; Schroeder et al., 2003). In this new era of remote
sensing using polarized signals, it is important to have an
accurate radiative transfer model that can couple the effect of
polarization, flexible atmosphere, and ocean optical properties,
and both elastic and inelastic scattering effects. Zhai et al. (2017)
have developed a vector radiative transfer model that uniquely
combines all these features. Later Zhai et al. (2018) further
incorporated photochemical and non-photochemical quenching
effects in the solution, which can model fluorescence quantum
yield as a function of photosynthetic available radiation. This
new radiative transfer package will be an important tool for
exploring information content in hyperspectral and polarimetric
measurements of ocean constituents.

Multi-angular limitation
Snell’s cone due to surface refraction limits the angular
information from beneath the ocean surface as shown in
Figure 8. A large range of the angular information below the
surface is not transmitted to above the surface due to the
total internal reflection. Thus, the application of algorithms that
utilize the angular distribution of ocean upwelling light, could be
limited, however further analysis is required.

Instrumentation

Characterize hydrosol scattering matrix, size distribution,

and refractive index
So far there are very few measurements of the microphysical
properties of hydrosols such as the refractive index and the
scattering matrix. Voss and Fry (1984) attempted to measure
the scattering matrix of hydrosols in the open ocean. Their
measured scattering matrix in clear water conditions showed that
the elements of the scattering matrix does not follow the Rayleigh
scattering pattern, although there are similarities. All the off-
diagonal elements, except F12 and F21 are zeros due to a slight
particle anisotropy of orientation preference. Their conclusion
is that Mie scattering cannot reproduce the measured scattering
matrix due to the limitations of sphericity assumption. Volten
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TABLE 2 | List of in-situ polarimeters for ocean applications.

Instrument Spectral range Viewing angles Deployment References

CCNY Polarimeter Hyperspectral (350–800 nm) Hyperangular In-water Tonizzo et al., 2009

CCNY HyperSAS-POL Hyperspectral (350–800 nm) Single View angle Continuous Ship-borne or platform Harmel et al., 2011; Ottaviani et al., 2018

POLRADS 410, 436, 486, 526, 548, and 616 nm Hemispheric geometry In-water Voss and Souaidia, 2010

NRL-DC Polarimeter Hyperspectral (380–950 nm) Single View angle Ship-borne (above-water)

TABLE 3 | List of Multi-angular airborne polarimeters that can be used to develop and test algorithms.

Instrument Spectral range* Viewing angles DoLP accuracy Reference

RSP 410, 470, 555, 670, 865, 960,

1,590, 1,880, 2,250 nm

Hyperangular (155 angles) 0.0015 to 0.002 NASA GISS, Brian Cairns

(Chowdhary et al., 2001)

Air-HARP 440, 550, 670, 870 nm 20 angles for 440, 550, 870 nm

bands and 60 for 670 nm

<0.01 UMBC Vanderlei Martins

SPEX-Airborne 400–800 nm (2 nm radiance,

15–45 nm DoLP)

(+/−56◦, +/−42◦, +/−28◦,
+/−14◦, 0◦)

<0.002+0.005*DoLP SRON Otto Hasekamp

(Snik et al., 2010)

AirMSPI 355, 380, 445, 470, 555, 660,

865, and 935 nm

Variable, gimbaled system 0.003 to 0.01 JPL David Diner

(Diner et al., 2013)

Versatile Imager for

Coastal Ocean (VICO)

435, 550, 625, and 750 nm Variable, gimbaled system

(+/– 65◦)
<0.0025 NRL-DC, (Bowles et al., 2015)

* Italic font indicates channels without polarimetric sensitivity.

et al. (1998) realized laboratory measurements of F11 and F12
for phytoplankton cultures signifying that Mie scattering cannot
approximate scattering by phytoplankton particles. Follow-up
in-situ measurements of the scattering matrix in clear waters,
and for different types of turbid waters including sediment-
laden and phytoplankton dominated waters, will be critically
relevant to assessing and improving retrievals using polarimeter
and hyperspectral remote sensors, such as NASA’s PACEmission.
And, measurements of the phase function near or at 180 degrees
will be important for improving understanding of current and
future lidar ocean measurements. Current in-situ commercial
instruments, such as the WETLabs MASCOT and LISST-VSF,
which measures F11 and F12 of the scattering matrix, will provide
additional insight into the hydrosol microphysical properties in
conjunction with PSD instruments such as the Sequoia Scientific
LISST (Karp-Boss et al., 2007; Sullivan and Twardowski, 2009;
You et al., 2011; Gilerson et al., 2013).

In-situ polarimetric instruments
Table 2 shows potential in-situ polarimetric instruments that can
be deployed either in- or just above-water which can be used to
develop and validate algorithms:

Airborne polarimeters
Airborne polarimeters have been used for numerous field
campaigns aimed at studying aerosols and clouds. Some of these
instruments could be used to develop remote sensing algorithms
for IOP retrievals. Table 3 provides some of these instruments.

Previous, Current, and Future Missions
Previous and current ocean color missions sponsored by various
space agencies (see illustrative example in Figure 9) have

focused on utilizing the spectral information at one viewing
geometry. Examples include SeaWiFS, MODIS-Aqua/Terra,
SNPP-VIIRS, MERIS, Sentinel-3, and GOCI. Multi-angle satellite
instruments such as MISR-Terra have been used extensively for
aerosol characterization by utilizing the angular distribution of
scattered light to distinguish the aerosol properties, however the
instrument only measures total (intensity) scattered radiation
and is missing the polarization signal. JAXA’s SGLI onboard
GCOM-C is a single-view instrument that measures the polarized
light at two spectral channels in the red and NIR wavelengths.
Multi-angle polarimetric information, however, is crucial for
retrieving properties about the Atmospheric-Oceanic (AO)
system. While there may be some limited capability for SGLI’s
polarized channels for retrieving ocean properties, SGLI is
expected to help quantify the surface glint contribution, which
is highly polarizing.

Space-borne multi-angle polarimeters such as CNES
POLDER/PARASOL have been successful in characterizing
aerosol and cloud optical and microphysical properties. There
are very few studies examining the utility of POLDER/PARASOL
for ocean remote sensing applications. In fact, only one study by
Loisel et al. (2008) has shown the potential of using the DoLP to
distinguish hydrosols’ microphysical properties from POLDER.
In Figure 10, the radiative transfer simulations, performed for
different polydisperse assemblages of suspended marine particles
showed that there is an hyperbolic trend between Rrs and the
DoLP. The scatter of the POLDER data observed around the
hyperbolic trend may be explained by changes in the bulk
particulate assemblage.

In the next few years we expect the launch of new space-borne
polarimeters. NASA’s PACE mission will host two advanced
polarimeters, HARP2 and SPEXone. HARP2 is a hyperangular
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FIGURE 9 | Observing system configurations of scalar and polarimetric measurements at single and multiple viewing geometries. The data space indicates the

increased dimension of multi-angular polarimeters from single view radiometers as a proxy to the information content of the measurements.

FIGURE 10 | POLDER retrieval of the DoLP shown in the left-hand side figure over complex coastal waters (Rio de la Plata estuary). The right-hand side shows the

relationship, obtained from radiative transfer simulations, between the DoLP (shown as “P” on the x-axis) and the Rrs for different hydrosol microphysical properties.

The black dots show observed data points overlaid the theoretical relationship. Reuse with permission from Loisel et al. (2008).

polarimeters that measures light at 3 visible and 1 NIR channel.
The instrument is designed for cloud remote sensing and is
expected to significantly benefit aerosol remote sensing. SPEXone
is a hyperspectral polarimeter that monitors the spectral range
385–770 nm continuously (resolution 2–5 nm for radiance and
15–40 for DoLP) at five viewing angles. The instrument is
designed specifically for aerosol remote sensing (Hasekamp et al.,
2019). Another NASA mission expected in the same time frame
as PACE is MAIA, which will include a multiangle polarimeter
with nadir spatial resolution of 200m and the ability to point at
specific targets. However, MAIA’s science objectives are public
health, and therefore will be targeting land-based population
centers andwill not obtain global coverage. In addition to the new
NASAmissions, ESA is planning to launch 3MI which is a follow-
on instrument of POLDER, but with added spectral capability
that will enhance its ability to characterize aerosol and cloud
properties (Fougnie et al., 2018). While these planned sensors
will aid ocean color retrievals indirectly by better characterizing
aerosols and improving atmospheric correction, none of these

sensors are designed for direct ocean color applications for the
following reasons:

1) Coarse spatial resolution (3–4 km).
2) Non-pointing instruments, which leads to measurements in

viewing plane that could be contaminated by glint. Aerosol
and cloud polarimetry prefer principal plane measurements
to maximize the range of scattering angles, however ocean
polarimetry needs to measure the light at an off-principal
viewing plane to reduce glint, while still being not be too far
from the principal plane in order to maximize the polarized
signal (i.e., azimuth angle= 30 to 60◦). This preference means
that ocean coverage would be reduced.

For ocean applications, the radiometric accuracy of the
instrument should be very high to enable the detection of
small-scale variations of the polarized light in the ocean. For
example, Ottaviani et al. (2018) have shown that based on
RT simulations, it is possible to detect the polarized ocean
reflectance using sensors better than 8.5 × 10−4 in polarimetric
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accuracy. Detecting variability in DoP due to changes in the IOPs
from space observations is more attainable than the polarized
reflectance due to the fact that DoP is a ratio that primarily
depends on the random noise of the detector. Meanwhile
the polarized reflectance is more sensitive to the systematic
uncertainty of the sensor that can be more significant than
the random noise term, however it depends on the instrument
design. Although, there are no studies on the requirements of
ocean polarimeters, in-terms of detection uncertainties, SPEXone
on-board the planned PACE mission is expected to be utilized
for ocean applications due to its high polarimetric accuracy
(see Table 3), however limited in the spatial resolution. State of
the art sensors, with improved polarization detection capability
designed for ocean color applications are needed.

OUTREACH AND EDUCATION

The aim of this section is to provide some suggestions to better
connect scientist with end-users in the domain of polarimetry
and lidar technologies. End-users include peers, not necessarily
in the same field of work, funding organizations, decision
makers, and the general public. All of them have a role to
play in planning and implementing ocean observation and
monitoring. Polarimetry and lidar technologies have a great
potential in filling gaps in societal and scientific knowledge needs.
But improvements in technologies access, data management,
accessibility and dissemination are clearly needed.

No in-situ or airborne oceanic profiling lidar are currently
commercially available. The current oceanic profiling lidar are
developed in laboratories. For most laboratories, the task of
developing their own in-situ or airborne lidar is intensively labor
and cost consuming that will prevent short-term efforts for the
dissemination of these instruments. This can only be done in
conjunction with small and medium enterprises (SMEs). Because
of the size of the market, public funding will be necessary to
start the collaboration with the SMEs. Without any easy access
to in-situ oceanic profiling lidar, the technique will not be fully
accepted by the ocean color community and no advance in
science will occur.

All the data should be open access, with standardized file
format and metadata. A dedicated website should provide
relevant and easy-to-use distribution tools, with near real time
data visualization. A section on data product description and
documentations with simple infographics on the methods of
measurement are vital to target a large audience. And finally,
an interactive platform where scientists and end-users can
exchange ideas, give feedbacks, ask for specific needs, would be
very appropriate.

In term of education, to our knowledge, the lidar and

polarimetry techniques are not included in Master programs for

Ocean Optics and related fields. In order to increase awareness

of oceanic profiling lidar, the theory and practical use of the

instrument must be included in their curriculum. The same

should also occur during summer schools, such as the one

organized by the University of Maine or the one organized

by the International Ocean Color Coordinating Group. These

Summer Schools are attended by Msc/PhD students and early
career scientists working on ocean color. If we want future
scientists in the field to tackle the use of lidar and polarimetry
techniques, we need to include classes on these topics during
these summer schools.

CONCLUSION AND PERSPECTIVES

Passive radiometric space-borne observations of the ocean
color allow for the estimation of the optical properties and
concentration of the marine particles, weighted- over the first
meters near the surface of the ocean. These observations are
available on a 2+-day global coverage basis for the past 20
years. It is now time to go beyond these observations to get
access to (1) the profiles of these parameters through the first
3 optical depths and (2) information about the shape and
concentration of these marine particles. To do that, the ocean
color community must use other observational techniques that
have been widely used for the study of the aerosols and clouds:
Lidar and polarimetry.

While these techniques have sporadically been used for ocean
studies inr the past 30 years, they did not get as much as attention
in the ocean community as in the aerosol/clouds community
for various reasons (including the unavailability of in-situ and
space-borne instruments dedicated to the ocean). With new
instruments (in-situ and potentially, spaceborne), the time is for
the ocean color community to embrace the scientific potential of
these techniques. To make it possible for the community to more
thoroughly exploit the science benefits of these techniques, we
recommend the following steps be taken:.

Ocean Lidar Recommendations
- Development of compact, cheap and easy to deploy elastic

backscatter and HSRL lidar for shipborne and airborne ocean-
profiling applications. The ocean-profiling lidars are currently
limited to one-off instruments and are not commercially
available. Recent technological advances in lasers and detectors
show promise for reducing the size, power, and cost of
ocean profiling lidars. Collaboration with small and medium
companies is necessary to take advantage of these technologies
and make these instruments available to research laboratories
for deployment on field campaigns.

- Development of a spaceborne HSRL with 355 and 532 nm
wavelengths and a fluorescence sensor at 684 nm. The current
CALIOP lidar instrument on-board the CALIPSO satellite has
a coarse vertical resolution that prevents acquisition of useful
depth-resolved information. A future space mission should
have a vertical resolution of 3 meters or less. Ideally, this
spaceborne lidar should flown in an orbit synergistic with
those of future ocean color instruments.

- Development of radiative transfer code to simulate the laser
path for diverse oceanic water types. Studies on the lidar
waveform are necessary for understanding the impact of the
concentrations of marine particles on the shape and intensity
of the lidar signal.
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Ocean Polarimetry Recommendations
- Radiative transfer codes are as good as their inputs. In

order to understand the theoretical framework of polarimetry
in the ocean a suite of instruments need to be developed
to better characterize the input to radiative transfer. Due
to the lack of understanding hydrosols morphology and
composition, instruments that measure their microphysical
properties (particle size distribution, shape, internal structure,
refractive indices of their internal components) and/or their
full (4 × 4) scattering matrices are necessary to close this
knowledge gap.

- Development of in-situ polarimeters, including those with
hyperangular measurements, and hyperspectral capabilities
from the UV to NIR. These instruments should be deployed in
various water conditions to capture a large dynamic range of
IOPs to allow for the development and validation algorithms.

- Investment in more field campaigns that include both in-
situ and airborne polarimetry. These field campaigns should
focus on ocean applications in scientifically interesting water
and atmospheric conditions (i.e., in plankton bloom, coastal
waters, and in the presence of absorbing aerosols) of which
polarimetry can significantly contribute.

- Development of a spaceborne multi-angular polarimetric
sensors designed for ocean applications. Pointing (gimbled)
sensors are ideal for geometry targeting with high spatial
resolution (1 km or better). The polarimetric accuracy should
be high enough (better than 1% and highly preferably better
than 0.5%) to capture the small polarized signal emerging from
the ocean at the top of atmosphere.

- Development of the polarimetry atmospheric correction
algorithms. These algorithms should have the capacity to
retrieve both the intensity I and the polarization components
(Q, U, and V) from the satellite measured Stokes vector.

Common Recommendations
- Ideally, the ocean polarimeter and ocean lidar airborne field

campaigns should be coordinated together, and including
hyperspectral spectroradiometer ocean color measurements
in the VIS and UV. It may be beneficial to calibrate the
airborne/oceanic polarimeter and hyperspectral (VIS and UV)
instruments together in the lab, prior to and immediately after
the field campaign studies are conducted.

- It is also recommended to provide training and education
materials to students and early career scientists on
ocean lidar and polarimeter techniques through the
development of new courses in Masters and Summer
School curricula. These courses will increase the exposure
of these two important topics and will increase interest
in the ocean optics community to produce novel
research ideas.
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