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Changes in airborne high spectral resolution lidar (HSRL) measurements of scattering,
depolarization, and attenuation coincided with a shift in phytoplankton community
composition across an anticyclonic eddy in the North Atlantic. We normalized the total
depolarization ratio (δ) by the particulate backscattering coefficient (bbp) to account for
the covariance in δ and bbp that has been attributed to multiple scattering. A 15%
increase in δ/bbp inside the eddy coincided with decreased phytoplankton biomass and
a shift to smaller and more elongated phytoplankton cells. Taxonomic changes (reduced
dinoflagellate relative abundance inside the eddy) were also observed. The δ signal is
thus potentially most sensitive to changes in phytoplankton shape because neither the
observed change in the particle size distribution (PSD) nor refractive index (assuming
average refractive indices) are consistent with previous theoretical modeling results.
We additionally calculated chlorophyll-a (Chl) concentrations from measurements of
the diffuse light attenuation coefficient (Kd) and divided by bbp to evaluate another
optical metric of phytoplankton community composition (Chl:bbp), which decreased
by more than a factor of two inside the eddy. This case study demonstrates that
the HSRL is able to detect changes in phytoplankton community composition. High
spectral resolution lidar measurements reveal complex structures in both the vertical
and horizontal distribution of phytoplankton in the mixed layer providing a valuable new
tool to support other remote sensing techniques for studying mixed layer dynamics.
Our results identify fronts at the periphery of mesoscale eddies as locations of abrupt
changes in near-surface optical properties.
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INTRODUCTION

An understanding of phytoplankton community composition
and its changes through time is critical for determining the
ecological and biogeochemical role of water masses (Richardson
and Jackson, 2007; Uitz et al., 2010). Significant variability
in phytoplankton community composition, from decadal to
seasonal, and basin to meso- and submesoscale, makes this
challenging (Vaillancourt et al., 2003; Dandonneau et al.,
2004; Anderson et al., 2008). Mesoscale eddies in the western
North Atlantic are highly energetic and play a large role in
modulating near-surface chlorophyll-a concentrations (Gaube
et al., 2014; Gaube and McGillicuddy, 2017). Mesoscale eddies
can affect near-surface particle populations by modifying the
local mixing field (Dufois et al., 2014; Gaube et al., 2019),
trapping and transporting water masses and their associated
particle populations over long distances (Lehahn et al., 2011;
Gaube et al., 2014), stirring ambient gradients (Chelton
et al., 2011), and modulating vertical fluxes of nutrients and
particles (McGillicuddy et al., 2007; Falkowski et al., 2011;
Gaube et al., 2015).

Satellites have played an important role in characterizing
spatiotemporal variability in marine ecosystems and significant
progress has been made toward describing phytoplankton
community structure from ocean color satellite radiometry
(Hood et al., 2006; Mouw et al., 2017). Multiple algorithms
for retrieving phytoplankton functional types (PFTs; i.e.,
phytoplankton groups that share a similar biogeochemical
role) are now available and applied in both coastal and
open ocean environments (Kostadinov et al., 2010; Werdell
et al., 2014; Uitz et al., 2015; Mouw et al., 2017). These
algorithms use the magnitude and/or spectral shape of
satellite remote-sensing reflectance to derive properties
(e.g., chlorophyll, inherent optical properties) associated
with different PFTs. In contrast, the ocean-optimized high
spectral resolution lidar (HSRL) directly measures the
particulate backscattering coefficient (bbp) and depolarization
ratio (δ), measurements which have previously been used to
characterize particles in the ocean but with limited validation
with in situ measurements (Fry and Voss, 1985; Loisel et al.,
2008; Fournier and Neukermans, 2017). The HSRL technique
thus has the potential to provide important information
for characterizing phytoplankton community composition.
Furthermore, the HSRL returns profiles of ocean properties
to approximately 2.5–3 optical depths (Schulien et al., 2017)
which can yield new insights on the vertical structure of
phytoplankton communities.

The Lorenz-Mie theory and T-matrix models, combined with
the vector radiative transfer equation, provide a single scattering
framework from which we can evaluate how PSD, shape, and
refractive index impact the scattering and polarization properties
of the incident light. Numerous studies have used these models,
in combination with polarization measurements, to distinguish
water masses dominated by inorganic particles (Loisel et al., 2008;
Lotsberg and Stamnes, 2010). Chami and McKee (2007) used
concurrent in situ measurements of scattered light and particle
type to derive an empirical relationship based on the degree of

polarization that predicts the concentration of inorganic particles
to within±13%.

Mie theory, which assumes that particles are homogeneous
spheres, predicts a positive relationship between depolarization
and both mean size and refractive index of particles (Loisel et al.,
2008). However, no simple relationship exists between the degree
of particle asphericity and depolarization (Mishchenko and
Travis, 1998). Volten et al. (1998) measured the scattering
functions of 15 different phytoplankton species in the
laboratory and found no clear relationship between the
degree of linear polarization (from 20◦ to 60◦) and particle
shape. Instead, the presence of internal cell structures,
specifically gas vacuoles, appeared to have a greater effect
on the polarization measurements. These results highlight
some of the challenges in relating depolarization measurements
to changes in phytoplankton taxonomy. In this study, we
recognize that these challenges exist, but take the first steps
toward relating in situ high spatial resolution phytoplankton
community composition measurements with nearly coincident
lidar depolarization and backscatter data and investigate the
potential significance of our results.

This study presents coincident airborne HSRL and extensive
ship measurements across a distinct eddy feature in the subarctic
Atlantic Ocean. This unique combination of measurement types
is used to provide a case study in the context of Lorenz–
Mie theory single scattering framework. The primary goal of
the present study is to understand the sources of variability,
including phytoplankton community composition changes, in
HSRL-retrieved values of δ and bbp.

MATERIALS AND METHODS

Field data were collected as part of the North Atlantic Aerosols
and Marine Ecosystem Study (NAAMES) field campaign, which
consisted of four coordinated ship-aircraft field campaigns
conducted between November 2015 and April 2018 (Behrenfeld
et al., 2019b). Data presented here were collected across an
anticyclonic eddy encountered during the first NAAMES field
campaign, with the ship track and study region shown in
Figure 1. Continuous underway measurements of conductivity,
temperature, and optical properties were collected (SBE9+
thermosalinograph, WETStar fluorometer, WetLabs ECO-BB3,
ac-s spectral absorption and attenuation sensor, Sea-Bird
Scientific, Bellevue, WA). Discrete water samples were also
analyzed for phytoplankton community composition using
an imaging flow cytobot (IFCB; McLean Research Labs, Inc.,
East Falmouth, MA), with an average spatial resolution of
7 km along the ship track. These measurements provide
information on the PSD, shape, and taxonomic composition
of phytoplankton between ∼8 and 150 µm. Additional flow
cytometer measurements (three samples collected across the
eddy) were made using a BD Influx Cell Sorter (ICS; BD
Biosciences, San Jose, CA) capable of analyzing particles in
the ∼0.2–50 µm size range. These measurements provide
information on phytoplankton community structure for
smaller size classes (pico- and nano-phytoplankton), with the
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FIGURE 1 | (a) Psudo-color map of sea level anomaly (SLA) overlaid with contours at an interval of 7 cm in the NAAMES study region. Positive SLA (anticyclones)
are shown in the solid contours and negative anomalies (cyclones) are displayed by dashed contours. The ship track is indicated by the solid black line and the
region analyzed here is bounded in the black hashed box. (b) Zoomed in version of the map shown in panel (a) with a contour interval of 3 cm. The red star indicates
the point from which the “Distance along track” is calculated and marks the first measurement collected on November 12, 2015. The solid black line highlights the
data collected on November 12, 2015 with the hashed lines indicating data collected before and after this day.

upper size limit largely determined by the volume of water
analyzed, ranging from 1 to 2 mL of whole seawater for
this study. Changes in in situ bio-optical and phytoplankton
properties were related to measurements of δ and bbp from an
ocean-optimized airborne HSRL.

In-Line Measurements
Hyperspectral particulate absorption (ap) and beam attenuation
(cp) data were collected using an ac-s spectrophotometer installed
in a flow-through setup allowing continuous measurements from
the ship’s underway intake system located at ∼5 m depth. We
diverted the seawater intake line away from the ship’s pump and
installed our own diaphragm pump to minimize disturbances
to particle assemblages. Particulate spectra were obtained by
differencing water passed through a 0.2 µm filter from total
water, where the water was directed automatically through
the filter for 10 min h−1 (Slade et al., 2010). This method
is calibration-independent, eliminating the need to diagnose
and correct for instrument drift. Particulate absorption and
attenuation spectra were quality controlled during processing to
manually remove regions of known contamination by bubbles.
Data were binned to one-minute temporal resolution and then
smoothed using a five-point moving average.

A size index parameter (γ), which is inversely related to the
mean particle size, was computed from the spectral slope of cp:

cp (λ) = A (λ)−γ. (1)

The particulate backscattering coefficient was calculated as:

bbp (λ) = [cp (λ)− ap (λ)] × 0.0072, (2)

with the particulate backscattering ratio of 0.0072 determined
from available ECO-BB3 measurements. Direct measurements
of particulate backscattering from an ECO-BB3 are only
available for the beginning section of the ship track. The
magnitudes, however, are consistent with bbp calculated from
ac-s measurements.

The IFCB combines flow cytometry and imaging techniques to
capture images of individual particles as they pass through a flow
cell (Sosik and Olson, 2007). It was operated in a flow-through
mode, where 5 mL of seawater were automatically drawn
from the ship’s flow-through tubing approximately once every
20 min. Acquisition of phytoplankton images was triggered by
laser-stimulated chlorophyll fluorescence and image processing
was completed using custom made software developed at the
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Sosik lab (WHOI)1. Processed images, their derived features [e.g.,
biovolume, equivalent spherical diameter (ESD), eccentricity,
etc.] and associated metadata are stored on EcoTaxa, a web-based
platform for the curation and annotation of plankton images
(Picheral et al., 2017). Images were classified into taxonomic
or functional groups using a supervised machine learning
algorithm (random forest) and a training set comprised of
manually validated phytoplankton images from the same cruise.
Annotations predicted by the computer were then manually
checked and re-classified as needed. The average number of living
cells and chains imaged per sample for the data analyzed in this
study is 475, which does not include the particles identified as
non-living (i.e., detritus). A total of 9,494 images were used in the
analysis of the eddy region. Morphological features of individual
cells, including biovolume, ESD, and eccentricity were used
as parameters in the evaluation of phytoplankton community
composition in addition to taxonomic classification.

Abundances of Synechococcus spp., picoeukaryotes, and
nanoeukaryotes (defined here to include cells up to 50 µm)
across the eddy were assessed with the ICS. Four milliliter of
seawater were collected from the in-line flow-through seawater
system from ∼ 5 m depth into sterile 5 mL polypropylene
tubes (3× rinsed) and immediately stored in the dark at 4◦C
until analysis. Samples were analyzed within 30 min or less
of collection. The ICS was equipped with a blue (488 nm)
laser and four detectors. The detectors included forward scatter
(FSC, 2–30◦) with enhanced small particle detection, side
scatter (SSC, 90◦), fluorescence at 692 ± 20 nm (FL692), and
fluorescence at 530 ± 20 nm (FL530). Samples were analyzed
following Graff et al. (2015) and Graff and Behrenfeld (2018).
Briefly, a minimum of 7,000 total cells were interrogated per
sample. Sample flow rates required for normalizing cell counts
collected to volume analyzed were calculated from volumetric
changes in a 1 mL water sample over time (≥60 s) and were

1https://github.com/hsosik/ifcb-analysis/wiki

determined immediately after sample analysis. The ICS was
calibrated daily with fluorescent beads and following standard
protocols (Spherotech, SPHERO TM 3.0 µm Ultra Rainbow
Calibration Particles). The mean and total scattering and
fluorescence properties were determined for each group using
FlowJo v. 10.0.6. Group identification was determined using
fluorescence and scattering properties and directly calibrated
to size using phytoplankton cultures of known dimensions.
Direct calibration to cultures was conducted in order to avoid
the additional step of relating calibration bead dimensions to
those of cells (Sieracki and Poulton, 2011). Phytoplankton cells
are optically complex compared to beads, which can lead to
incorrect estimations of cell sizes. Differences in photomultiplier
(PMT) gain settings between samples were accounted for using
empirically determined relationships between cellular properties
of phytoplankton cultures characterized over the dynamic range
of PMT settings.

Airborne HSRL Measurements
High spectral resolution lidar measurements at 180◦ of ocean
δ and bbp at 532 nm were collected onboard a NASA C-130
aircraft on November 23, 2015 at approximately 7-7.5 km altitude
with the NASA Langley HSRL-1 instrument (Hair et al., 2016;
Hostetler et al., 2018; Figure 2). The laser transmits linearly
polarized pulses and the receiver optically separates backscatter
polarized parallel and perpendicular to the transmitted pulse
(to the “Co-Polarized Channel” and “Cross-Polarized Channel”).
The HSRL technique is applied to the co-polarized backscatter by
optically splitting off a large fraction of the signal to the Molecular
Channel, in which an iodine vapor filter implements an optical
notch filter that blocks the particulate backscatter and passes
only the Brillouin-shifted backscatter from water molecules.
Data on all channels were acquired at 1-m vertical resolution
and profiles from individual laser shots were accumulated on
10-s intervals achieving a horizontal resolution of ∼1.5 km
along the flight track. Calibration operations were conducted

FIGURE 2 | Simplified block diagram of the HSRL-1 instrument deployed on the NASA C-130 aircraft for the NAAMES mission.
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during flight to determine the relative optical and electronic
gain ratios of all receiver channels using the techniques
described in Hair et al. (2008).

The volume depolarization ratio, δ, is the depolarization in the
returned signal for all scatterers in the volume (molecules and
particles) and is calculated from the ratio of the Cross-Polarized
to the Co-Polarized signals at every depth (z):

δ(z) =
SX(z)
SC(z)

(3)

where SX and SC are the cross- and co-polarized channel signals.
Particulate backscatter, bbp, at every depth (z) is calculated as
follows:

bbp (z) = χ ∗ β̂M ∗
SC (z)+ SX (z)

SM (z)
(4)

where SM is the measured backscatter from water molecules,
β̂M is the 180◦ backscatter coefficient for seawater
(2.45 × 10−4 m−1 sr−1), and χ is the scaling factor from 180◦
particulate backscatter to hemispheric particulate backscatter
and has been set to 0.5 (Hostetler et al., 2018). For both Eqs 3
and 4, the notation has been simplified by assuming that the
measured signals have been corrected for differences in optical
transmission and electronic gains in the receiver. The diffuse
attenuation coefficient at 532 nm (Kd) was calculated as the
slope of the co-polarized molecular signal (Hostetler et al.,
2018) and used to calculate chlorophyll-a (Chl) concentrations
according to Morel et al. (2007).

Backscatter from water molecules is almost entirely parallel
to the transmitted pulse, so departure of δ from zero is driven
significantly by the depolarization induced by particles. As noted
above, depolarization is influenced by changes in PSD, shape,
and index of refraction in the single scattering regime, hence
changes in δ should provide an indication of changes in particle
properties. However, δ also reflects the complicating influence
of multiple scattering. Received photons that have undergone
more than one scattering event exhibit additional depolarization
over singly scattered photons. Higher concentrations of particles
give rise to increased multiple scattering and, therefore, increased
depolarization (Ivanoff et al., 1961; Loisel et al., 2008; Collister
et al., 2018; Liu et al., 2019). The measured volume depolarization
therefore depends both on the properties of the particles and
their concentration.

Seeking a way to remove the dependence of δ on particle
concentration, we focus on the ratio of volume depolarization
ratio to particulate backscatter, δ/bbp, as a parameter that
better trends with the depolarization induced by particle
properties. Dividing δ by bbp does not completely remove the
impact of multiple scattering since other optical properties,
including absorption, impact the scattering signal. However, it
does provide a parameter that more directly reflects changes
in particle properties by suppressing the impact of changes
in concentration and is therefore a potential tool to assess
changes in phytoplankton community composition between
different water masses.

Satellite Observations and Lagrangian
Analysis
We used a combination of satellite observations of sea surface
temperature (SST), sea level anomaly (SLA) and geostrophic
currents derived from altimetry to help place the ship-based
in situ observations into a more regional eddy-wide context.
Sea surface temperature observations were downloaded from
the GHRSST Level 4 G1SST website2. This product, a merge
between different satellite observations and data from in situ
drifting and moored buoys, is distributed on a daily basis with
a spatial resolution of 1 km. Sea level anomaly observations
were downloaded from the Copernicus Marine Environment
Monitoring Service (CMEMS) and are distributed on a daily basis
as 1/4◦ maps. Ship measurements were collected on November
12, 2015, eleven days prior to the aircraft flight on November
23, 2015. We evaluated whether the water parcel sampled by
the ship was comparable to the water mass sampled from
the aircraft by estimating maps of origin for water parcels
(d’Ovidio et al., 2015; Della Penna and Gaube, 2019). To
do this, we downloaded geostrophic currents data from the
CMEMS and used the Lagrangian scheme LAMTA to advect
water parcels backward in time and identify their spatial origin
15 days previous to the aircraft measurements (Della Penna
and Gaube, 2019). The vertical structure in the HSRL data was
additionally related to frontal maps derived from the Finite Size
Lyapunov Exponents (FSLE). Maps of FSLE, an index of frontal
activity and confluence of water parcels, were calculated using
LAMTA (d’Ovidio et al., 2015). Details about the method, its
limitations and the parameters used for this specific calculation
are reported in Della Penna and Gaube (2019).

RESULTS

The SST and SLA fields suggest that the water parcel sampled
by the ship and plane was contained within a coherent
mesoscale eddy, and remained within this coherent structure
over the sampling period (Figures 3a,b). Backtracking of water
parcels advected by geostrophic currents indicates that the
anticyclonic eddy sampled by the ship and aircraft had been
recirculating during the previous several weeks, with only a small
contribution of waters coming from roughly 45◦S (Figures 3c,d).
Even though the altimetry-derived geostrophic currents do not
necessarily represent the currents observed within the mixed
layer to which the phytoplankton community is constrained,
it is reasonable to assume that advective influences were small
compared to those outside the eddy and had only a minor impact
on community composition, suggesting that the ship-based
measurements should be comparable to airborne HSRL data
collected 11 days later.

Salinity and temperature were elevated inside the eddy when
compared to measurements made outside the eddy (Figure 4a).
Phytoplankton biomass (assumed to scale linearly with bbp) and
chlorophyll-a were highly correlated, with both properties having
lower values inside the eddy (Figure 4b). Cell shape and size

2https://podaac.jpl.nasa.gov/dataset/JPL_OUROCEAN-L4UHfnd-GLOB-G1SST
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FIGURE 3 | Map of the study region with positive sea level anomalies (SLA) shown in the solid contours and negative anomalies shown in the hashed contours at an
interval of 5 cm. (a) Sea surface temperature (SST) on November 23, 2015 from the MUR SST product. (b) Same as (a) but for November 12, 2015. (c) The
latitudinal orgin of each water parcel 15 days prior to November 23, 2015. Thick and thin black lines indicate the airplaine and ship tracks, respectively. Dots
represent passive tracers advected using the Lagrangian routine described in the methods section with a start data of November 23, 2015. (d) Same as (c) but for
November 12, 2015. The red dots in both panels (c,d) represent the particles backtracked from November 23, 2015 and ending on November 12, 2015. Yellow
dots in panel (d) represent the particles backtracked from November 12, 2015 to October 22, 2015.
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FIGURE 4 | Underway measurements collected along the November 12, 2015 ship track. (a) Salinity and temperature are shown in red and blue, respectively. The
eddy boundaries (defined using the derivative of bbp) are indicated by the vertical hashed lines. (b) bbp and chlorophyll-a concentrations are shown in red and blue,
respectively. The green dots are the available ECO-BB3 measurements. (c) The size index parameter (γ) and average particle eccentricity are shown in red and blue,
respectively.

measurements from the IFCB and the optically-based estimate of
the size index parameter (γ) revealed that particles were smaller
and more eccentric inside the eddy (Figure 4c).

Imaging flow cytobot data show that cell abundances for
all phytoplankton groups (>8 µm) decreased inside the eddy
(Figure 5), with the largest decrease observed for dinoflagellates.
Dinoflagellates (all groups), on average, accounted for 25% of the
total phytoplankton community outside the eddy and 16% inside
the eddy. Cells of the class Dinophyceae (mean equivalent sphere
diameter (x̄rmESD) = 10.6 ± 2.8 µm) decreased from an average
of 22 cells mL−1 outside the eddy compared to ∼4 cells mL−1

inside the eddy. Additionally, smaller dinoflagellates of the
genus Oxytoxum (x̄rmESD = 8.5 ± 1.1 µm) decreased from an
average concentration of ∼7 cells mL−1 outside the eddy to
concentrations that were too low to report with confidence
(∼1 cell mL−1) inside the eddy. Less than ten large dinoflagellate
cells (>20 µm) total were present in samples from within the
eddy. However, statistical counting errors of rarely observed cells
are relatively high.

Influx Cell Sorter data show decreased abundances of
Synechococcus spp. and nanoeukaryotes inside the eddy
compared to outside, while picoeukaryotes decreased from
north to south (Table 1). The most significant change was the
reduction in nanoeukaryotes and larger cells inside of the eddy,
consistent with the IFCB results for this narrow phytoplankton

size range where these two instrument measurements overlap.
Mean cellular FSC (except for Synechococcus spp.) and SSC were
lower inside the eddy, though the change was much greater in
the SSC channel (Table 1). The mean SSC more than doubled
for pico- and nanoeukaryotes outside of the eddy compared to
inside, suggesting a change in community structure, size, and/or
cellular composition within phytoplankton groups that are below
the detection limit of the IFCB.

High spectral resolution lidar bbp values were lower inside the
eddy with sharp gradients observed along the eddy periphery
(Figure 6a). The gradients along the north side of the eddy are
weaker than those to the south, likely due to enhanced mixing
along the northern front. The depolarization ratio was lower
inside the eddy (Figure 6b) and was correlated with bbp for
measurements collected both inside (R2 = 0.77; p < 0.001) and
outside the eddy (R2 = 0.89; p < 0.001). The ratio, δ/bbp, was
15% greater inside the eddy (Figure 6c). Linear models were
fit to bbp and δ for both water types (i.e., eddy, outside eddy)
for data collected between 5 and 15 m (Figure 7A). This depth
range was chosen to eliminate surface effects (e.g., bubbles) and
maximize the signal-to-noise ratio of the data analyzed. Data
collected from 115 to 150 km along track (between the red and
yellow arrows in Figure 6) were excluded from the analysis since
this region contains water characteristic of inside and outside
the eddy. Over the full data range measured by the HSRL, the
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FIGURE 5 | Group-specific cell abundance per 5 mL sample for each station measured using the Imaging Flow Cytobot (IFCB). There is a break in the x-axis from
80 to 175 km (instrument was diverted from the in-line system). The hashed red box denotes the samples collected in the eddy core.

TABLE 1 | Cell counts, forward scatter (FSC) and side scatter (SSC) properties measured from the ICS for Synechococcus spp. (SYN), picoeukaryotes (PICO) and
nanoeukaryotes (NANO).

Sample ID Latitude Longitude Cell Counts Mean FSC Mean SSC

SYN PICO NANO SYN PICO NANO SYN PICO NANO

South 48.9947 -46.4007 8.77E + 06 4.42E + 06 4.66E + 05 12.46 71.42 637.42 1.00 2.00 39.94

Eddy 51.0474 -43.6218 7.68E + 06 4.77E + 06 4.17E + 05 12.72 50.88 430.81 0.50 0.63 7.15

North 51.4777 -43.1453 1.02E + 07 5.30E + 06 7.88E + 05 13.21 59.13 460.79 1.08 2.29 23.93

relationship between bbp and δ is linear at low bbp and asymptotes
at higher values (Figure 7B). The dynamic range for the data
presented in this study is much narrower than the dynamic range
encountered in September 2017 (Figure 7B). This is because the
non-blooming phase of the annual phytoplankton bloom cycle
occurs in November, while in September, ecological processes
have acted in different ways resulting in greater spatiotemporal
variability in phytoplankton biomass. However, the general shape
of this relationship is consistent across all ocean waters with the
slope, δ/bbp, changing between water masses. We attribute the
slope differences (changes in δ/bbp) to changes in the optical
properties of the bulk particle assemblage.

Additional support showing that the ratio, δ/bbp, is tracking
changes in phytoplankton community composition is the twofold
decrease in the Chl:bbp ratio inside the eddy (Figure 6d). This
ratio has previously been used an optical index for tracking
changes in phytoplankton community composition (Cetinić
et al., 2015; Lacour et al., 2019), though can also be impacted by
the photoacclimation state of the cells (Behrenfeld et al., 2016).

The boundaries observed in lidar-retrieved properties are
spatially coincident with geostrophically-driven frontal regions
calculated from FSLE (Figure 8). The northern boundary in the
ratio, δ/bbp, shifted to∼150 km along track, which corresponds to
another frontal feature highlighted as a ridge of FSLE (Figure 8).
The vertically-resolved lidar measurements highlight an abrupt

boundary (indicated by the triangles in Figure 6) between water
masses within the mixed layer (estimated at ∼100 m; Mojica
and Gaube, Submitted Journal of Marine Systems). Further, these
measurements reveal vertical heterogeneity of phytoplankton
within the mixed layer. This is particularly evident in the strata
between 9 and 15 m depth where the low bbp values extend further
along the track when compared to the near-surface layer (3–7 m).

DISCUSSION

This is the first study illustrating the use of HSRL measurements
of δ, bbp, and Kd in detecting changes in phytoplankton
assemblages along an environmental gradient. The increase in
δ/bbp inside the warm and saline anticyclonic eddy coincided
with a twofold decrease in Chl:bbp, providing further evidence
that the changes observed in HSRL bio-optical properties
were being driven by changes in phytoplankton community
composition. Phytoplankton cells were smaller and less spherical
in shape. Biomass was lower inside the eddy and there
was a significant decrease in the relative abundance of
dinoflagellates. Dinoflagellates have a unique cellular structure
among phytoplankton, giving this group a higher refractive
index relative to other phytoplankton classes, except for
coccolithophorids (Aas, 1981), which were not observed in
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FIGURE 6 | HSRL measurements of (a) bbp, m−1; (b) the depolarization ratio, δ (unitless); (c) the ratio δ/bbp; and (d) the Chl:bbp ratio across the eddy. The red
triangles mark the eddy core boundaries. The yellow triangle marks the boundary in the ratio, bbp/δ. Chl was calculated as a function of Kd following
Morel et al. (2007).

FIGURE 7 | Scatter plots showing the relationship between the particulate backscattering coefficient (bbp, m−1) and the depolarization ratio (δ, unitless) shown as a
function of the ratio, δ/bbp. (A) Measurements collected on November 23, 2015 (data presented in this study) are shown. The linear models for data collected inside
and outside the eddy are presented with R2 values. (B) Measurements collected on September 20, 2017 are shown. No in situ data are available for this flight. The
hashed box shows the dynamic range of data presented in this study. (C) The inset shows δ/bbp along the entire September 20, 2017 flight line.
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FIGURE 8 | Geostrophic fronts derived from the Finite Size Lyapunov
Exponents (FSLE) overlaid with contours of SLA (solid and dashed contours of
positive and negative SLA, respectively, at an interval of 3 cm). The thick black
line corresponds to the segment of the flight track shown in Figure 6 and the
red line shows the eddy core.

our samples. Dinoflagellates have high internal cellular carbon
content compared to other phytoplankton groups (Vaillancourt
et al., 2004) and a unique internal structure, including specialized
vacuoles called pusules (Dodge, 1972; Graham and Wilcox, 2000)
and a highly condensed nucleus (Bhaud et al., 2000), which all
contribute to this group having a high refractive index compared
to other phytoplankton groups. We would thus predict a decrease
in the bulk index of refraction inside the eddy resulting from
the threefold reduction in this group, assuming no change in the
composition or the proportion of non-living particles. Significant
variability in backscattering within and among species exists, so
the role of the refractive index in driving the scattering signal
could not be evaluated directly in this study.

Assuming a reduction in the bulk index of refraction
resulting from the observed relative decrease in dinoflagellates,
Lorenz-Mie theory predicts a negative change in depolarization,
which is opposite to the pattern observed here. Also inconsistent
with theory, the IFCB, flow cytometer, and γ calculated from
spectral cp (See Eq. 1), all indicate a shift to smaller cells
inside the eddy. These results suggest that the depolarization
ratio at 180◦ is potentially most sensitive to changes in cell
shape over the range of cell types observed during the sampling

period. Voss and Fry (1984) measured depolarization (10◦–160◦)
for optically diverse ocean waters (over 200 Mueller matrices
measured) and found cell shape deviations from sphericity
resulted in depolarization. Fry and Voss (1985) and Quinby-
Hunt et al. (1989) measured Mueller matrices (near 180◦)
from phytoplankton cultures and also found depolarization
measurements sensitive to changes in cell shape. Our results are
consistent with these findings, such that the relative decrease
in spherical dinoflagellates inside the eddy resulted in a greater
proportion of non-spherical cells.

Dinoflagellates are notoriously difficult to identify using ocean
color data alone because of their overlapping pigment and size
distributions with other phytoplankton groups (Dierssen et al.,
2006; Mouw et al., 2017), although some regional algorithms
developed using absorption and scattering data have been applied
in the context of HABs (Cannizzaro et al., 2008; Tomlinson et al.,
2009; Palacios et al., 2015). The ability to relate lidar-retrieved
properties to changes in dinoflagellate abundance is encouraging
for future studies of this ecologically important group of
phytoplankton (Smayda, 1997; Hinder et al., 2012).

In addition to community changes identified by IFCB
for larger phytoplankton, ICS data documented a clear shift
in contributions from Synechococcus spp., picoeukaryotes,
and nanoeukaryotes. Mean SSC, a measure of cellular
complexity/structure (Moutier et al., 2017 and references
therein), was significantly lower inside the eddy compared
to outside. Using a coated-sphere model and in situ optical
measurements, Organelli et al. (2018) show that 50% of
backscattered signal comes from particles 3–4 µm in diameter,
indicating that changes in these groups also contribute to the
observed the δ/bbp variability. Additional research will be needed
to further understand how the smaller phytoplankton groups
impact the HSRL-retrieved scattering properties.

Our primary hypothesis was that δ/bbp tracks changes in
particulate depolarization that are related to phytoplankton
cell properties. An alternative explanation for the consistency
between observed changes in community composition with
changes δ/bbp is that the ensemble particle phase function varies
with community composition. For instance, Collister et al. (2018)
reported a strong correlation of lidar depolarization with in situ
observations of bbp/bp and attributed variation in the latter
to differences in particle composition. Their study, however,
concerned a different formulation of lidar depolarization (i.e.,
cross-polarized signal/total signal) from a ship-based elastic
backscatter lidar. It is also possible that the changes observed in
δ/bbp could be due to changes in composition or proportion of
non-living particles. However, the consistency of the NAAMES
airborne HSRL results with in situ observations builds confidence
that the lidar observations of δ/bbp do indeed track changes in
community composition.

Looking at the transect data as a whole, a significant
feature in the HSRL profiles is the abrupt transitions in
water properties at the eddy boundaries. These observations
highlight how mesoscale eddies can generate abrupt changes
in the near-surface optical properties. Further, these gradients
were spatially coincident with frontal regions calculated from
geostrophic currents. This implies, to first order, that fronts in
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the vertically-integrated geostrophic velocity field correspond
to abrupt changes in the lidar-retrieved properties in the top
2.5 optical depths. This is encouraging for the application
of geostrophic velocity data to define boundaries of different
biological regimes, which is somewhat surprising as these
currents do not include the effect of wind, waves, and small-scale
processes. Finally, it must be noted that such subsurface
structure in phytoplankton biomass cannot be detected using
contemporary passive satellite remote sensing techniques.

The results of this study demonstrate that airborne HSRL
measurements of δ and bbp track changes in phytoplankton
community composition and that this signal is potentially most
sensitive to changes in phytoplankton shape. While additional
research is needed to address some of the interpretations
discussed here, this study represents a significant step forward
in adding scientific relevance to satellite lidar observations. This
study is contributing to a series of documented advantages of
lidar measurements that have led to a greater understanding
of ocean biological processes and biogeochemistry (Behrenfeld
et al., 2017, 2019a; Schulien et al., 2017).
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