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The 2013–2015Hyperspectral Infrared Imager (HyspIRI) Preparatory Flight Campaign, using the Airborne Visible/
Infrared Imaging Spectrometer (AVIRIS) and MODIS/ASTER Airborne Simulator (MASTER), seeks to demonstrate
appropriate sensor signal, spatial and spectral resolution, and orbital pass geometry for a global mission to reveal
ecological and climatic gradients expressed in the selected California, USA study area. One of the awarded projects
focused on the flight transects covering the coastal ocean to demonstrate that the AVIRIS data can be used to infer
phytoplankton functional types at the land–sea interface. Specifically, this project directly assesses whether
HyspIRI can provide adequate signal in the complex aquatic environment of the coastal zone to address questions
of algal bloom dynamics, water quality, transient responses to human disturbance, river runoff, and red tides. Phy-
toplankton functional type (PFT), or biodiversity, can be determined fromocean color using the PhytoplanktonDe-
tection with Optics (PHYDOTax) algorithm and this information can be used to detect and monitor for harmful
algal blooms. PHYDOTax is sensitive to spectral shape and accurate retrievals of ocean color across the visible spec-
tral range is needed. The specific goal of this paper is to address the challenges of sensor capabilities and atmo-
spheric correction in coastal environments by assessing two atmospheric correction methods using AVIRIS data
for the retrieval of ocean color for use in derived products of chlorophyll-a and phytoplankton functional type.
The atmospheric correction algorithms Atmospheric Removal (ATREM) and Tafkaa were applied to AVIRIS imag-
ery of Monterey Bay, CA collected on 10 April 2013 and 31 October 2013. Data products from the imagery were
compared with shipboard measurements including chlorophyll-a from whole-water samples and phytoplankton
community structure estimated from diagnostic pigment markers using CHEMical TAXonomy (CHEMTAX). Using
ATREM and Tafkaa and a selected set of input parameters for the scenes, we were unable to produce accurate re-
trievals of ocean color for the determination of chlorophyll-a and phytoplankton diversity. Amodified ATREM cor-
rection produced science-quality data in which chlorophyll-a was accurately estimated using the Ocean Color 3
(OC3) chlorophyll-a algorithm, but biodiversity using PHYDOTax was not accurately estimated. Improvements
in sensor calibration, sensitivity, and atmospheric correction of the HyspIRI imagery data set is needed in order
to adequately estimate biogeochemically meaningful data products for the ocean such as chlorophyll-a, inherent
optical properties, or PFTs. The HyspIRI Science Team is seeking improvements so the HyspIRI Airborne Campaign
data set can be used for algorithmdevelopment to understand biodiversity and ecosystem function of coastal hab-
itats that are facing increasing threats of human impact and climate change.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The National Research Council (2007) identified key science ques-
tions in its 2007 Decadal Survey to study the world's ecosystems and
provide critical information on natural disasters such aswildfires, volca-
noes, drought, and harmful algal blooms. The Hyperspectral Infrared
Imager (HyspIRI)was borne out of the Decadal Survey and is a proposed
satellite sensor for imaging the Earth's surface in the visible to short-
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wave infrared (VSWIR, 380 nm to 2500 nm) at high spectral resolution
and in the thermal infrared (TIR, 3–12 μm) as a multispectral sensor
(Devred et al., 2013) with a 19-day revisit and ground spatial sampling
of 30 m. With respect to aquatic remote sensing, the HyspIRI mission
addresses the following science questions (http://hyspiri.jpl.nasa.gov/
science):

1) How do inland, coastal, and open ocean aquatic ecosystems change
due to local and regional thermal climate, land use change, and
other factors?

2) Howdo species functional type, and biodiversity compositionwithin
ecosystems influence the energy, water, and biogeochemical cycles
under varying climatic conditions?

3) How is the consumptive use of global freshwater supplies
responding to changes in climate and demand, andwhat are the im-
plications for sustainable management of water resources?

4) What is the global spatial pattern of ecosystem and diversity distri-
butions and how do ecosystems differ in their composition or biodi-
versity?

5) What are the seasonal expressions and cycles for terrestrial and
aquatic ecosystems, functional groups, and diagnostic species?
How are these being altered by changes in climate, land use, and dis-
turbance?

6) How are the biogeochemical cycles that sustain life on Earth being
altered/disrupted by natural and human-induced environmental
change? How do these changes affect the composition and health
of ecosystems and what are the feedbacks with other components
of the Earth system?

7) How do changes in ecosystem composition and function affect
human health, resource use, and resource management?

The HyspIRI Airborne Preparatory Campaign was initiated in 2012
with the objective of collecting representative imaging of terrestrial
and aquatic ecosystems over three seasons for three years to capture
temporal variability. Themission defined five flight regions in California
including coastal areas near Los Angeles, Santa Barbara, Monterey Bay,
and San Francisco Bay. Each flight region was imaged in the VIS-SWIR
with the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) sen-
sor and the VIS, NIR, and TIR with the MODIS/ASTER (MASTER) sensor
from the high-altitude NASA ER-2 platform to simulate the type of im-
agery the HyspIRI sensor would collect. Data sets from the airborne
campaign are being used for algorithm development and testing for
the future satellite sensor. The primary focus of this study was to
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Fig. 1. Study site. Monterey Bay, CA (USA). M0 — Legacy M0 Mooring,
understand how the HyspIRI sensormight be used to assess water qual-
ity and phytoplankton biodiversity in coastal ecosystems. As primary
producers, phytoplankton are a vital first step in understanding the
fate of oceanic carbon and energy flow. Whether discriminating algae
by size, biogeochemical function, or by taxon, high spectral and spatial
resolution data are important for developing mathematically sophisti-
cated phytoplankton functional type (PFT) algorithms that can differen-
tiate phytoplankton groups at finer and finer taxonomic scales. The
HyspIRI sensor, with its proposed high spatial and spectral resolution,
and inclusion of a thermal sensor will enable more sophisticated PFT
and other biological productivity algorithms that depend on coincident
ocean color and thermal measurements.

Monterey Bay (Fig. 1) is an open embayment along the central coast
of California (USA) that opens to the California Current of the Eastern
Pacific. As an eastern boundary current it has thin surface flow that is
transported offshore by the combined effect of equator-ward winds
and Coriolis-driven mass transport (Ekman Transport). Its circulation
has been described extensively elsewhere (Breaker & Broenkow,
1994; Pennington & Chavez, 2000) but follows a climatological trend
that includes three seasons characterized by their wind patterns,
which in turn affect coastal circulation. Two of the seasons are the
focus of this study. FromApril to August, equator-wardwinds are stron-
gest, and coastal upwelling delivers bio-available nutrients to the sur-
face, promoting phytoplankton growth (Smayda & Reynolds, 2001).
Diatoms are dominant, including the episodically toxic Pseudo-nitzschia
(Scholin et al., 2000). During the oceanic season, September to October,
equator-ward winds relax, the water column warms and stratifies, and
there is a transition to dinoflagellates from diatoms. Many dinoflagel-
lates are susceptible to sheer-stress during upwelling (Smayda, 1997)
and have developed strategies to take up nutrients, during periods of re-
source limitation as found in awarm, stratifiedwater column. Strategies
for nutrient uptake include mixotrophy and diel vertical migration to
below the thermocline where nutrient concentrations are higher. Dur-
ing the oceanic period, dinoflagellates proliferate to densities that dis-
color the water and form red tides (Ryan et al., 2009). Red tides in
Monterey Bay are rarely toxic, but due to unseasonal reversals in
winds that drive upwelling, patchy diatom blooms can occur and mix
with the red tides (Fawcett, Pitcher, Bernard, Cembella, & Kudela,
2007). If these diatom blooms are toxic, this can form a second-order
harmful algal bloom (HAB) that is also a red tide (Kudela, pers. observa-
tion). Recent developments in ocean color algorithms that detect the
presence of surface aggregations of phytoplankton (Ryan, Davis,
California

PRM — Pajaro River Mouth, RTI— Red Tide Incubator, Pinto Lake.
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Tufllaro, Kudela, & Gao, 2014) or differentiate between diatoms and di-
noflagellates (Palacios, 2012) can improve monitoring efforts of these
toxic or nuisance organisms. This capability would enhance the obser-
vation potential for warnings of compromised coastal water quality
(Frolov, Kudela, & Bellingham, 2013) and would influence decision
making for managing coastal ecosystems (e.g., fisheries).

Water quality is awidely-applied and loosely-defined term that gen-
erally describeswater transparency and its inherent effect on ecosystem
health within the water column and the benthos (Kirk, 1994). For the
purpose of this study, water quality refers to the optically active constit-
uentswithin thewater column that are used to infer phytoplankton bio-
diversity. Constituents include phytoplankton, non-algal particles, and
chromophoric (or colored) dissolved organic matter (CDOM). Coastal
California experiences seasonal variation in phytoplankton biodiversity.
Physical and biological forcing drive different phytoplankton taxon-
dominated ecosystems and this can have profound effects on ecosystem
dynamics and biogeochemical cycling (Ryan et al., 2009; Rykaczewski &
Checkley, 2008; Smayda & Reynolds, 2001). The region also has a legacy
of harmful algal blooms toxic to both humans and marine animals
(Howard, Silver, & Kudela, 2008; Kudela, Lane, & Cochlan, 2008;
Kudela, Ryan, Blakely, & Peterson, 2008; Kudela et al., 2005; Ryan
et al., 2008; Scholin et al., 2000). Toxic vectoring to commercially har-
vested fisheries can have disastrous effects on human health, so fisher-
ies are regulated and intensively monitored to prevent illness or loss of
human life. These monitoring programs are costly and remote sensing
of phytoplankton biodiversity has been explored to improve the effi-
ciency and scope of monitoring efforts (Frolov et al., 2013).

The PFT algorithm, Phytoplankton Detection with Optics
(PHYDOTax) was created to differentiate among the major taxa within
Monterey Bay to use as a tool for adaptive sampling decisions related
to HAB monitoring (Palacios, Peterson, & Kudela, 2012). PHYDOTax is
an ocean color algorithm that discriminates phytoplankton taxa
contained in a natural sample. It is both a spectral library of representa-
tive phytoplankton taxa as well as a linear un-mixing scheme to sepa-
rate library end-members from the remote sensing reflectance (Rrs)
spectrum of a natural sample. Among the six phytoplankton taxa differ-
entiated by PHYDOTax (dinoflagellates, diatoms, haptophytes,
chlorophytes, cryptophytes, and cyanobacteria), diatoms and dinofla-
gellates are the groups of most concern in the Monterey Bay as they
causemost of the toxic bloomsor red tides. PHYDOTax is sensitive to ac-
curacies in spectral shape. Dinoflagellates and diatoms contain some of
the same pigments, so their light absorption characteristics are similar,
but due to their structure (e.g., cell wall material and shape) their opti-
cal backscattering characteristics are different (Dierssen, Kudela, Ryan,
& Zimmerman, 2006). The Rrs incorporates both of these attributes,
and PHYDOTax is able to discriminate between these two groups be-
cause of variability in the Rrs spectral shape. Any sensor flaws or image
pre-processing steps that introduce spurious inflections in the spectrum
relative to accurate retrievals from shipboard measurements must be
closely evaluated. Atmospheric correction is one such pre-processing
step.

Ocean color retrievals in the optically complex waters of the coastal
zone can be difficult to achieve due to the presence of optically active
constituents in the water column (Carder, Steward, Harvey, & Ortner,
1989), such as high turbidity or CDOM that confound the efficacy of
the atmospheric correction algorithms (Gao & Goetz, 1990; Gao,
Montes, Ahmad, & Davis, 2000) that rely on the assumption of an
optically dark target in the ultraviolet (UV) or near infra-red (NIR).
Open ocean waters are typically defined as Case 1, where chlorophyll-
a (chl-a) co-varies with other optically active constituents such as
CDOM and particle concentration. Case 2 waters are relatively more
complex to model as the optically active constituents do not co-vary
and each may be controlled by independent physical or biological pro-
cesses that have little to dowith chl-a concentration (Kirk, 1994). Coast-
al waters are typically Case 2. In these waters, high turbidity or biomass
can conflate atmospheric effects, which causes failures in some
algorithms (Ruddick, Ovidio, & Rijkeboer, 2000; Siegel, Wang,
Maritorena, & Robinson, 2000). As a result, pixels with otherwisemean-
ingful scientific merit will be flagged and eliminated from study. These
failures are a consequence of the legacy of remote sensing efforts in
the relatively simpler Case 1 waters where these confounding constitu-
ents are less important to the overall water-leaving radiance signal
(Gordon, 1997; Gordon & Clark, 1981). When measuring water-
leaving radiance, LW(λ), in the blue region of the visible (VIS) domain
and in the UV domain, most remote sensing systems exhibit a low
signal-to-noise ratio (SNR) and often produce negative values using
standard reprocessing methods. These VIS and UV radiances are critical
for discriminating pigments from CDOM, potentially useful for identifi-
cation of features such as red tides, and for use in atmospheric correc-
tion. These issues for productive waters include necessitating the use
of a nonzero near-infrared (NIR) reflectance in atmospheric correction
schemes, which complicates atmospheric correction based on NIR or
shortwave infrared (SWIR) wavelengths (Siegel et al., 2000; Werdell,
Franz, & Bailey, 2010).

The advent of high spectral resolution (“hyperspectral”) imaging
spectrometers further complicates atmospheric correction in Case 2
waters and has led to the development, with continued refinement, of
atmospheric correction algorithms that can tolerate higher spectral
resolution in these optically complex waters. One algorithm, the ATmo-
spheric REMoval Algorithm (ATREM) was developed by Gao,
Heidebrecht, and Goetz (1993) for airborne and satellite sensors. Origi-
nally developed for terrestrial targets, ATREM was refined for coastal
systems. ATREM uses the imagery, radiative transfer modeling of the
atmosphere using aerosol and gaseous concentration, and estimates of
atmospheric scattering to derive pixel-by-pixel estimates of the atmo-
spheric contribution due to sky-light, and then subtracts that quantity
from the at-sensor radiance to obtain surface reflectance. A next gener-
ation atmospheric correction algorithm, “The algorithm formerly
known as ATREM” (Tafkaa) is a heavily modified version of ATREM.
The version used in this study, Tafkaa Tabular (Gao et al., 2000), hereaf-
ter referred to as Tafkaa, applies a similar approach but uses a different
atmospheric transmittance radiative transfer model than ATREM and
also includes a correction for the specular reflection present at the air–
sea interface. Error in the spectral shape of ocean color retrievals can
vary due to the inputs used for aerosol optical model, aerosol optical
depth, columnwater vapor, relative humidity, or atmospheric gas com-
position (e.g., ozone, CO, CO2, N2O).

An intended outcome of the HyspIRI Airborne Campaign is to devel-
op or refine remote sensing and standard processing algorithms tomore
rapidly deliver research-ready data to the scientific community to ad-
dress science questions related to ecosystem function. In order to esti-
mate chl-a or phytoplankton biodiversity from ocean color, it is
necessary to accurately remove the atmosphere from retrievals of
water-leaving radiance or remote sensing reflectance. The primary
objective of this study is to evaluate two atmospheric correction algo-
rithms with respect to estimates of chl-a concentration derived from a
standard ocean color algorithm and phytoplankton biodiversity using
the spectral shape algorithm, PHYDOTax.

2. Methods

This study was conducted as a part of the HyspIRI Airborne Prepara-
tory Campaign overflights located in California, USA (2013–2015)
(http://hyspiri.jpl.nasa.gov/airborne). There were five flight “boxes” in
the state, one of which was centered over the San Francisco Bay area
(Fig. 2) in which Monterey Bay is located. Flight lines were optimized
to avoid sun glint on the water surface. Results presented in this study
are from two periods in 2013 representing a period of coastal upwelling
(10 April 2013) and the oceanic period (31October 2013). TheApril col-
lection coincided with a diatom bloom, and the October collection was
during a horizontally patchy red tide. High spectral- and spatial-
resolution imagery was collected using the Airborne Visible/Infrared

http://hyspiri.jpl.nasa.gov/airborne


Fig. 2. Flight box for San Francisco Bay. Red lines depict flight vector of NASA ER-2 on 10 April 2013. This flight pattern was repeated for each of three seasons for the HyspIRI Airborne
Preparatory Campaign.
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Imaging Spectrometer (AVIRIS) and thermal imagery was collected
using the MODIS/ASTER Airborne Simulator (MASTER) aboard the
NASA ER-2 airborne platform. Only AVIRIS imagery was used in this
study.

Concurrent shipboard and land-based measurements of aerosol
optical depth (AOD), water-leaving radiance (LW(λ)), remote sensing
reflectance (Rrs), profiles of inherent optical properties (IOPs), size frac-
tionated chl-a concentration, and phytoplankton High Performance
Liquid Chromatography (HPLC) pigments were collected for calibration
and validation of imagery and algorithms. Imagery data sets were proc-
essed through two atmospheric correction schemes, ATREM and Tafkaa.
Chl-a concentration and phytoplankton biodiversity were computed
using standard chl-a algorithms and PHYDOTax and validated with
ground-truth measurements of chl-a and phytoplankton biodiversity.

2.1. Field data

Coincident with overflights, shipboard and land-based calibration
and validation measurements were collected to support validation of
the imagery and subsequent data products. Shipboard measurements
were collected aboard the R/V John H. Martin (Moss Landing Marine
Laboratory). There were three ocean stations in Monterey Bay (Fig. 1):
the legacy location of the MBARI M0 mooring, the mouth of the Pajaro
River (PRM), and the Red Tide Incubator (RTI) (Ryan et al., 2008), and
one land-based station at Pinto Lake near the town of Watsonville, CA.
While the RTI is afixed location and often the site of red tides in autumn,
the name is a descriptor as red tides can occur in any part of the bay and
at times not at the RTI. These represent the “permanent” stations used
for calibration and validation of the HyspIRI Airborne data in theMonte-
rey Bay region. They were selected to capture variability in both the Rrs
and seasonality, including ‘blue’ water, river plume, and high phyto-
plankton biomass. Relative AOD was measured using a Microtops II
Sunphotometer (Solar Light Company) at the Pinto Lake stations, but
all other land-based data from this station were used for a corollary
study submitted to this special issue (Kudela et al., 2015) and not
reported here. Additional land-basedmeasurements that support verifi-
cation of atmospheric correction approaches included field spectral
measurements at an invariant bright target near Moss Landing, CA;



Table 1
Error estimate. Remote sensing reflectance. Compared tomean shipboard HyperPromea-
surements of Rrs, ATREM+ had the smallest error (RMSE).

Date Station Mean RMSE

HyperPro ATREM ATREM+ Tafkaa

10-Apr-13 M0 0.0030 0.0021 0.0006 0.0028
PRM 0.0059 0.0013 0.0003 0.0030
RTI 0.0023 0.0020 0.0004 0.0027

31-Oct-13 M0 0.0020 0.0027 0.0006 0.0031
PRM 0.0014 0.0013 0.0004 0.0015
RTI 0.0016 0.0017 0.0005 0.0033
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acquired using the Field Spec spectroradiometer (351 nm to 2500 nm;
ASD/PANalytics) for use by the AVIRIS data processing team to improve
atmospheric correction.

Ship-basedwatermeasurements included the underwaydata acqui-
sition, discrete water samples, and surface and profile measurements of
inherent and apparent optical properties (IOPs and AOPs). At each
ocean station,we collecteddiscrete samples of surfacewater tomeasure
size-fractionated chl-a (0.7–1 μm, 1–10 μm, and N10 μm), CDOM, light
absorption by phytoplankton and non-algal particles, phytoplankton
HPLC-measured pigments, and nutrients. Chl-a was determined follow-
ing the methods described in Kudela, Cochlan, Peterson, and Trick
(2006). Phytoplankton biodiversity was derived using CHEMical TAX-
onomy, or CHEMTAX (Mackey, Mackey, Higgins, & Wright, 1996),
tuned for the California Current System (Anderson, Siegel, Brzezinski,
& Guillocheau, 2008). CHEMTAX is a matrix factorization and best fit
optimization program for estimating algal class abundances using
the ratios of diagnostic algal pigments to chlorophyll-a. CHEMTAX is ini-
tiated with a ‘best guess’ of pigment ratios for a particular region, so a
priori knowledge of the algal groups present in a region is needed
before implementing this approach to reconstruct algal community
composition from HPLC-measured pigments. Diagnostic pigments
were used to determine six phytoplankton taxa present in the sample:
dinoflagellates, diatoms, haptophytes, chlorophytes, cryptophytes, and
cyanobacteria. These in-water phytoplankton biodiversity estimates
were used as the in-water validation data set. Measurements of surface
and profiling LW(λ) as well as above-water downwelling irradiance
were collected using a Satlantic HyperPro II profiling spectroradiometer
(350 nm–796 nm). Surface remote sensing reflectance was computed
from these measurements with ProSoft 7.7.16 (Satlantic, Inc.) and
used in this study to radiometrically estimate chl-a and phytoplankton
biodiversity at the sea surface. Profiles and sub-surface measurements
of IOPs included optical backscattering at six wavelengths using a
HydroScat 6 (420 nm, 442 nm, 470 nm, 510 nm, 590 nm, 700 nm;
HOBILabs, Inc.) and total absorption and attenuation at 86 wavelengths
using the spectral absorption and attenuation spectrophotometer, AC-S
(400 nm to 728 nm; WETLabs, Inc). These IOP measurements are not
reported here.

2.2. Airborne image acquisition and atmospheric correction

AVIRIS data were acquired over Monterey Bay on 10 April 2013 and
31 October 2013 from the NASA ER-2 airborne platform flying at an
altitude of approximately 20 km. The April 2013 data were from flight
number 13-937-00, and include four flight lines that cover Monterey
Bay and Pinto Lake. The October 2013 data consist of four flight lines
from flight 14-902-00. Over bright targets, such as land, AVIRIS has a
peak signal-to-noise ratio of 1000 in the green region (~550 nm) of
the visible spectrum, declining to approximately 500 in the near infra-
red and to below 100 in the UV (Green et al., 1998). The sensor collects
data at 224 spectral bands ranging from380 nm to 2500nmwith a sam-
ple interval of 10 nm (Green et al., 1998).

The AVIRIS group at the Jet Propulsion Lab distributed data to the
HyspIRI project in several formats. Files used for this study included
1) the L1B non-orthocorrected data for use in running the atmospheric
correction algorithm Tafkaa by our group, 2) the orthocorrected Level 1
B (L1B) data (at-sensor radiance) with associated supporting files
(e.g., geo-location files used to orthocorrect the Tafkaa-corrected imag-
ery), and 3) the atmospherically corrected and orthocorrected L2 data
(surface reflectance) distributed by the AVIRIS team. This L2 imagery
was corrected using ATREM (http://aviris.jpl.nasa.gov/documents/
AVIRIS_HyspIRI_Reflectance_Data.readme) and sampled to a ground
sample distance (GSD) of 20m per pixel. These L2 data were converted
to Rrs.

ATREM (Gao et al., 1993, 2000) models light absorption and scatter-
ing within the atmosphere and from the Earth's surface. It uses as input
atmospheric gas concentration, column water vapor, relative humidity,
AOD, aerosol particle size distribution model, viewing geometry, and
imager altitude to derive atmospheric transmittance. Scattering in the
atmosphere is determined using the Second Simulation of the Satellite
Signal in the Solar Spectrum (6S) (Vermote, Tanre, Deuze, Herman, &
Morcette, 1997). Next, air column water vapor is estimated from the
water light-absorption bands at 940 nmand 1140nmand this is applied
to the imagery to obtain surface reflectance (Lambertian surface
assumed). Surface reflectance is served to the community by the JPL
AVIRIS team as the standard L2 data product.

Tafkaa (Montes &Gao, 2004;Montes, Gao, &Davis, 2001) uses a sim-
ilar scheme as ATREM, but instead of using 6S, it uses a series of pre-
calculated look-up tables for the various atmospheric scattering quanti-
ties under different atmospheric scenarios (e.g., maritime, coastal,
urban) and also includes the specular effects of the air–sea interface
that is lacking in ATREM. Inputs to Tafkaa included the L1B non-
orthocorrected at-sensor radiance from the AVIRIS sensor, AOD mea-
surements computed from the Microtops II Sunphotometer, ozone
from the Ozone Monitoring Instrument (OMI) satellite sensor, and sev-
eral housekeeping files computed from the image itself, the instrument
specifications, and flight heading to compute the Rrs pixel-by-pixel for
the entire flight line. Data were orthocorrected following processing
for atmospheric correction, and then spectra from both the ATREM
and Tafkaa-corrected imagery were collected at the same location as
the ship stations to use for the comparison of imagery and ground-
truth observations.

The resultant Rrs spectra from both the ATREM and Tafkaa-derived
atmospheric correction schemes did not provide realistic results in the
blue to green range (400 nm to 520 nm), so we used the ATREM+
data provided by the AVIRIS team (processing details below). Reasons
for the mismatch may include incorrect input parameters to the atmo-
spheric correction algorithm, problemswith the atmospheric correction
algorithm itself, low signal-to-noise introducing significant error — a
known problem with hyperspectral imagers (Moses, Bowles, Lucke, &
Corson, 2012), and the AVIRIS imager not sufficiently calibrated in the
blue part of the spectrum for retrievals of the relatively low in-water
signal. No one underlying reason could be defined within the scope of
this study, so in order to provide science quality data, the JPL AVIRIS
team specially corrected one image flightline for each of the two sea-
sons. The correction was performed by empirically fitting the ATREM-
corrected image reflectance spectrum co-located with the ground-
truth reflectance spectrum collected by the HyperPro spectrometer at
a few in situ locations. These forced fits dramatically improved the util-
ity of the image spectra for this study. The new empirically corrected
image is hereafter named ATREM+. These ATREM+ data resolved
issues with both the atmospheric correction and sensor calibration.
The lack of useable data from the ATREM and Tafkaa corrections was
due mainly to the input imagery. The underlying theory of the ATREM
and Tafkaa algorithms is sound, and it is hoped by the community that
these algorithms will continue to evolve as hyperspectral imagers are
more widely adopted and knowledge of aerosol optical properties im-
proves. These ATREM and Tafkaa results were retained for the study to
highlight problems that may arise as a result of confounding factors
such as low sensor signal-to-noise introducing significant error, or to
address how atmospheric correction may improve.

http://aviris.jpl.nasa.gov/documents/AVIRIS_HyspIRI_Reflectance_Data.readme
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Table 2
Chlorophyll-a. Chl-a concentration (mgm−3) from discrete water samples and estimated
radiometrically using the OC3 standard chl-a algorithm and Rrs spectra at each ocean sta-
tion and for each correction algorithm evaluated: HyperPro in-water spectra, and the
ATREM, ATREM+, and Tafkaa corrections.

Date Station Water sample HyperPro ATREM ATREM+ Tafkaa

10-Apr-13 M0 7.43 7.72 1.35 4.64 0.96
PRM 7.54 5.41 2.99 5.88 1.31
RTI 9.55 8.08 4.87 6.34 1.13

31-Oct-13 M0 3.06 1.69 0.78 4.38 0.98
PRM 15.90 10.53 3.7 2.48 3.7
RTI 11.52 6.68 1.13 2.89 1.11
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A root-mean square error test was used to compare image spectra to
ship-based measurements. The ATREM+ method minimized RMSE,
compared to the other atmospherically corrected data, and was consid-
ered best (Table 1). Regrettably, thismethod is not scalable to coastal im-
agery collected for other flightlines on the same day, other flight days, or
other flightline locations unless concomitant ground truth data are avail-
able or another approach to empirically fit the image spectra can be
developed. More work is needed to resolve why the AVIRIS sensor and
correction methods are not suitable for ocean color retrievals over a
dark target, i.e., optically deep water, without using a case-by-case
approach to atmospheric and sensor correction.

2.3. Radiometrically-derived chlorophyll and phytoplankton functional
type

Chl-a concentration and phytoplankton biodiversity were derived
from radiometric measurements from both the ship-based radiometer
and the atmospherically-corrected imagery. The standard OC3 ocean
color algorithm (O'Reilly et al., 2000) was used to compute chl-a in
the Case 2 waters of Monterey Bay. Chl-a was used as a low threshold
validation goal, as the algorithm is widely used and validated, is the
ratio of only two spectral bands, and so is less sensitive to subtleties of
inflection in the spectral shape that can be the consequence of incorrect
atmospheric correction.

Phytoplankton biodiversity was derived with the PFT algorithm,
PHYDOTax (Palacios, 2012). PHYDOTax is a semi-analytical linear un-
mixing algorithm based on first principles of phytoplankton bio-optics.
PHYDOTax is composed of a Rrs library computed using phytoplankton
species-specific inputs of IOPs into the radiative transfer equations
(HydroLight™) to derive Rrs spectra. Thirteen species common to
Monterey Baywere used in the spectral library and included representa-
tives from the diatoms, dinoflagellates, haptophytes, cryptophytes,
chlorophytes, and cyanobacteria. The taxon-specific Rrs spectra are
then normalized to the maximum Rrs peak height between 670 nm
and 710 nm as a method to normalize by chl-a biomass to produce a
quantity, normalized Rrs (Rrs-norm). This approach is similar to normaliz-
ing by the Fluorescence Line Height (FLH), an estimate of chlorophyll-a
biomass (Abbott & Letelier, 2006). In this approach, the “adaptive peak
height”method used allows the peak location to vary, and then normal-
izes by the true fluorescence peak (Ryan et al., 2014). This allows for a
wider range of chlorophyll-a concentrations that may be encountered
during a bloom event such as a red tide (Palacios, 2012; Ryan et al.,
2014). These spectra were subsetted from 455 nm to 650 nm at 10 nm
intervals to form the spectral library. Measured in situ Rrs were normal-
ized using the same method and then decomposed into proportions of
the representative taxa in the spectral library using an inverse matrix
computation. To obtain taxon-specific biomass, these proportions can
be multiplied by the chl-a concentration.

2.4. Validation

Validation was performed on the radiometrically-derived chl-a con-
centration and phytoplankton biodiversity estimates. For chl-a valida-
tion, both the ship-based measurements and image-derived chl-a were
compared to chl-a measured from water samples using a paired t-test.
Both years and stations were pooled for a comparison of six expected
chl-a concentrations against six radiometrically determined chl-a con-
centrations for each of the four treatments: ship-based spectra, spectra
from both ATREM corrections, and spectra from the Tafkaa correction.
The null hypothesis was no difference between the in-water measured
and derived chl-a values, where a critical p-value of 0.05 was used to in-
dicate significance. Validation of phytoplankton biodiversity was per-
formed by comparing CHEMTAX derived phytoplankton taxon
proportions to PHYDOTax proportions from the ship-based measure-
ments and those obtained from the imagery using a chi-square cross tab-
ulation. The null hypothesis was no difference between proportions
between the CHEMTAX-derived biodiversity proportions and
PHYDOTax-derived proportions from ship-based and image Rrs-norm
spectra. A critical p-value of 0.05 was used to test significance.

3. Results

3.1. Environmental conditions

Seasonal patterns during both of the overflights were typical of
climatology with April being a time of wind-driven coastal upwelling
and October a warm stratified oceanic state. The region was experienc-
ing a widespread drought during the sample year and no recent rain
events occurred prior to sampling. During April, therewas a patchy phy-
toplankton bloom offshore and within the Monterey Bay. Chlorophyll-a
concentrations as high as 60 mg m−3 in some regions of the bay were
reported fromMODIS imagery from the sample day. The phytoplankton
assemblage at the Santa Cruz wharf was dominated by diatoms (K.
Negrey, pers. obs). The day of the overflight had calm seas and low
winds. Aerosol optical depth at 550 nm was 0.095, water vapor was
1.08 cm, and column ozone concentration was 0.258 (these values
were used as inputs to the Tafkaa correction). Visibility was clear and
there were no clouds over the study area.

In September and October 2013, there was a widespread and hori-
zontally patchy red tide in northernMonterey Bay. The originally sched-
uled overflight at the beginning of October was postponed due to the
government shutdown of 2013, but the red tide persisted beyond its
typical climatological window until the end of the month and beyond.
This was fortuitous for sampling. On 31 October, a patch of the
dinoflagellate-dominated red tide was located at the PRM station with
moderate chl-a concentration, 15.90 mgm−3 (Table 2). Aerosol optical
depth at 550 nmwas 0.087, water vapor was 1.3 cm, and column ozone
was 0.258. Visibility was clear and there were no clouds over the study
area.

3.2. Radiometric observations from ship and imagery

Rrs observations were obtained from shipboard measurements and
from co-located pixels from theATREM, ATREM+, and Tafkaa corrected
imagery (Fig. 3). The ATREM+ algorithm spectra showed greater fidel-
ity to the ship-basedmeasurements compared to the ATREMand Tafkaa
corrections (Table 1). Ship-based HyperPro Rrs measurements for April
(Fig. 3A–C) show that the PRM had a large peak at 560 nm, consistent
with the presence of an algal bloom. Both the RTI and M0 stations had
peaks lower than the PRM spectra. Even so, phytoplankton were abun-
dant at all three stations as evidenced by the distinctive peak in the
spectra at 560 nm and corresponding trough at 660 nm, and by chl-a
concentrations (Fig. 3A–C, Table 2). The April spectra showed a distinc-
tive shoulder between 600 nm and 650 nm, indicative of diatoms
(Palacios, 2012). Shipboard observations of Rrs in October (Fig. 3D–F)
again had distinctive peaks and troughs in all spectra, indicating phyto-
plankton biomass. Additionally, the M0 station shoaled in the blue part
of the spectrum, suggesting the presence of small particles, detritus, or
cyanobacteria. In April, the spectral shape and relative magnitudes
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among stations are preserved in the ATREM+ correction from 500 nm
to 650 nm,with the exception of Fig. 3B. This is significant as PHYDOTax
uses Rrs-norm between 455 nm and 650 nm for its library.

3.3. Chlorophyll-a estimates

The chl-a concentrations from whole water samples and estimated
from radiometric observations using the standard OC3 chl-a algorithm
are presented in Table 2. For all dates and stations, chl-a concentrations
(from thewater samples) were elevated to bloom levels, or above the 2
to 5 mg m−3 background concentration typical of Monterey Bay.
Table 3
Validation of Chl-a. A comparison of measured chlorophyll from water samples and de-
rived chlorophyll from spectra using the OC3 chlorophyll algorithm. A paired t-test was
used to evaluate the null hypothesis that the chlorophyll concentrations were the same.
In this case, H0 = 1 means that chlorophyll concentrations were different (critical p =
0.05).

Measurement df tstat sd p-value H0

HyperPro 10 1.16 3.72 0.27 0
ATREM 10 3.54 3.28 0.01 1
ATREM+ 10 2.16 5.34 0.08 0
Tafkaa 10 4.19 3.16 0.00 1
Radiometric estimates of chl-a using ship-based HyperPro measure-
ments follow a similar pattern in derived chl-a concentration, more so
in April than in October when chl-a is underestimated. The ATREM+
corrected imagery produced statistically accurate, thoughweakly corre-
lated inmagnitude, chl-a estimates (Table 3, Fig. 4). Chl-a concentration
computed from the ATREM and Tafkaa corrected imagery failed to accu-
rately estimate chl-a concentration. Chl-a estimates from radiometry
are a low-threshold test as the algorithm uses only two bands. The
failure of the standard ATREM and Tafkaa corrections, and the weak fit
of ATREM+, suggest that correction of the imagery is in need of
improvement.

3.4. Phytoplankton biodiversity

Phytoplankton biodiversity estimated for in-water pigment compo-
sition using CHEMTAX and for radiometric estimates using PHYDOTax,
are presented in Table 4. Estimates of phytoplankton biodiversity
(i.e., dinoflagellates, diatoms, and cyanobacteria) using PHYDOTax is
shown for both April and October 2013 in Fig. 5. In-water CHEMTAX es-
timates in April suggest a diatom dominated system at all three stations
at 52–67% of the population, with cyanophytes composing 18–24% of
the community. Cryptophytes are estimated to be present only at the
PRM and M0 stations at 13% and 20%, respectively. These in-water
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CHEMTAX population estimates were compared to the ship-based
HyperPro radiometric measurements as a test of how well PHYDOTax
was working. The patterns of relative abundance of each taxon were
not statistically significant for most of the stations on either of the
dates (Table 5). Nevertheless, trends in taxon composition did exist dur-
ing the 10 April 2013 collection (Table 4). The ATREM+-based
Table 4
Phytoplankton functional types. Proportions of each phytoplankton taxon, determined
fromCHEMTAXusing in-water diagnostic HPLC pigments, and fromPHYDOTax using nor-
malized Rrsmeasurements from shipboard HyperPro observations, ATREM, ATREM+, and
Tafkaa corrected imagery spectra. Dino = dinoflagellate, hapto = haptophyte, chloro =
chlorophyte, crypto = cryptophyte, cyano = cyanophyte.

10-Apr-13

Station Input Dino Diatom Hapto Chloro Crypto Cyano

M0 In-water 0.01 0.55 0.04 0.01 0.20 0.18
M0 HyperPro 0.12 0.67 0.00 0.00 0.00 0.21
M0 ATREM 0.36 0.44 0.05 0.16 0.00 0.00
M0 ATREM+ 0.18 0.58 0.02 0.00 0.00 0.22
M0 Tafkaa 0.39 0.40 0.08 0.09 0.03 0.00
PRM In-water 0.03 0.52 0.06 0.02 0.13 0.24
PRM HyperPro 0.13 0.71 0.02 0.00 0.00 0.13
PRM ATREM 0.27 0.62 0.04 0.00 0.00 0.07
PRM ATREM+ 0.18 0.58 0.02 0.00 0.00 0.22
PRM Tafkaa 0.40 0.38 0.08 0.08 0.05 0.00
RTI In-water 0.09 0.67 0.01 0.02 0.00 0.21
RTI HyperPro 0.07 0.64 0.05 0.00 0.00 0.25
RTI ATREM 0.23 0.68 0.01 0.05 0.00 0.04
RTI ATREM+ 0.21 0.58 0.03 0.00 0.00 0.19
RTI Tafkaa 0.40 0.38 0.09 0.10 0.04 0.00

31-Oct-13

Station Input Dino Diatom Hapto Chloro Crypto Cyano

M0 In-water 0.42 0.12 0.30 0.03 0.10 0.02
M0 HyperPro 0.31 0.36 0.01 0.00 0.22 0.10
M0 ATREM 0.34 0.50 0.06 0.08 0.02 0.00
M0 ATREM+ 0.39 0.47 0.00 0.02 0.05 0.06
M0 Tafkaa 0.40 0.38 0.08 0.08 0.06 0.00
PRM In-water 0.89 0.03 0.03 0.01 0.03 0.01
PRM HyperPro 0.59 0.31 0.01 0.08 0.01 0.00
PRM ATREM 0.29 0.69 0.02 0.00 0.00 0.00
PRM ATREM+ 0.44 0.43 0.00 0.05 0.01 0.06
PRM Tafkaa 0.29 0.69 0.02 0.00 0.00 0.00
RTI In-water 0.92 0.00 0.02 0.01 0.04 0.00
RTI HyperPro 0.57 0.34 0.02 0.00 0.07 0.00
RTI ATREM 0.36 0.45 0.07 0.11 0.00 0.00
RTI ATREM+ 0.49 0.40 0.01 0.10 0.00 0.00
RTI Tafkaa 0.40 0.39 0.08 0.07 0.05 0.00
estimateswere consistentwith the predictions from theHyperPromea-
surements, but the ATREM and Tafkaa-based estimates were not for
April. PHYDOTax failed to accurately predict biodiversity for 31 October
2013, except for the PRM (Table 5). The predicted community structure
was statistically different from the in-water estimates and the propor-
tions did not appear to follow any clear trend on this date as they did
in April 2013. This was a period of an intense and patchy dinoflagellate
bloom, especially so at the PRM and RTI stations as evidenced in the in-
water estimates. PHYDOTax mostly failed to adequately discriminate
between diatoms and dinoflagellates for October (Table 5) for the
ship-based radiometric spectra and the image spectra. The dominant di-
noflagellate genus was Ceratium, a large, armored peridinin-containing
dinoflagellate. This mismatch suggests that more work is needed to re-
fine PHYDOTax in its skill differentiating between diatoms and
dinoflagellates.

4. Discussion

The modified ATREM correction, ATREM+, produced an adequate
HyspIRI simulation data product for remote sensing reflectance for use
in developing and refiningwater quality and phytoplankton biodiversi-
ty algorithms in the coastal zone. The OC3 chl-a algorithmaccurately es-
timated surface chl-a concentrations for the ship-based radiometry
spectra andweakly for the ATREM+ spectra for both April and October
2013. The PHYDOTax-derived biodiversity estimates from ship-based
radiometry measurements were not statistically significant but did fol-
low the same demographic trends in April as the ground-truth data set
derived from CHEMTAX. This was not the case for October 2013. The
lack of a trend and statistical significance of the ship-based PHYDOTax
estimates warrants further study and refinement of the PHYDOTax al-
gorithm. A more direct cell-enumeration instrument like the Imaging
Flow Cytobot (Olson & Sosik, 2007; Sosik & Olson, 2007), not available
for this study, would have provided a more credible validation data
set for PHYDOTax than the error-prone CHEMTAX approach. When
comparing PHYDOTax biodiversity estimates derived from image re-
trievals to the ship-based radiometric estimates, ATREM+ had the
best fit for both April and October.

The proposed HyspIRI satellite is expected to deliver information
and data products for awide range of habitats to understand theworld's
ecosystems and provide critical information on natural disasters such as
wildfires, volcanoes, drought, and harmful algal blooms. To meet this
ambitious goal, the proposed sensor suite will collect information
from the ultraviolet to the visible, near infrared, short-wave infrared,
and into the thermal spectral range at hyperspectral (UV-SWIR) and
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multispectral (TIR) resolution, at a spatial scale of 60 m GSD, with a 19-
day return rate. Competing interests necessarily influence the develop-
ment of this satellite sensor suite to optimally image the Earth to ad-
dress the science questions put forth by the Decadal Survey.

The Case 2waters of the coastal zonehave special needswith respect
to sensor sensitivity, sensor calibration (Kohler, Bissett, Steward, &
Davis, 2004), dark pixel constraints (Gao & Davis, 1997), and atmo-
spheric correction (Gao & Goetz, 1990). The ocean is a radiometrically
dark target with a surface albedo in the range of 5–10% (Kirk, 1994).
As a result, image sensors collecting light emitted from optically deep
ocean targets must have the appropriate sensitivity, or SNR, for such
an environment. Historically, imager SNR is optimized in the green
(~550 nm) part of the visible spectrum with decreasing SNR towards
the blue and UV and also towards the NIR (Moses et al., 2012), as is
the case with the AVIRIS sensor (Green et al., 1998). Sensor design for
dark ocean targets must reconcile the competing need for high SNR
throughout the visible range and high dynamic range (or saturation ra-
diance) in theNIR in order to both quantify small magnitude differences



Table 5
Validation of phytoplankton functional types. A comparison between expected propor-
tions (computed from ship-based Rrs-norm spectra) and observed from two atmospheric
correction algorithms applied to imagery. H0— no difference between proportions, reject
H0 if χ2 is greater than expected χ2 (df = 6, expected χ2 = 12.8).

Station Measurement 10-Apr-13 31-Oct-13

χ2 p-Value Reject H0 χ2 p-Value Reject H0

M0 HyperPro 14.0 0.30 Y 30 0.22 Y
M0 ATREM 18.0 0.32 Y 30 0.22 Y
M0 ATREM+ 19.5 0.24 Y 30 0.22 Y
M0 Tafkaa 24.0 0.24 Y 24.0 0.24 Y
PRM HyperPro 18.0 0.26 Y 12.0 0.15 N
PRM ATREM 24.0 0.24 Y 8.6 0.19 N
PRM ATREM+ 24.0 0.24 Y 12.0 0.29 N
PRM Tafkaa 24.0 0.24 Y 8.6 0.19 N
RTI HyperPro 24.0 0.24 Y 19.5 0.24 Y
RTI ATREM 30.0 0.22 Y 19.5 0.24 Y
RTI ATREM+ 24.0 0.24 Y 19.5 0.24 Y
RTI Tafkaa 30.0 0.22 Y 24.0 0.24 Y
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in ocean properties and to permit the range needed for atmospheric
correction using NIR bands (Hu et al., 2012). Hu et al. (2012) pro-
posed the following SNR for the future GEO-CAPE mission: N1000
for λ between 350 and 720, N600 for 720–900 nm, and N100–200
for the shortwave infrared (SWIR). Aquatic constituents, chl-a, detri-
tus, CDOM, and water itself, are optically active in the blue to green
region of the spectrum. A sensor with fair to poor SNR in those re-
gions of the spectrum will perform poorly in capturing the signal
needed to accurately characterize the true ocean color andwill result
in inaccurate derived products. This problem is especially acute for
coastal remote sensing in Case 2 waters where sediment plumes,
re-suspended sediment, and runoff of terrestrially-derived CDOM
may be present and absorbing light in the blue part of the spectrum.
The SNR for hyperspectral sensors should be optimized in the blue to
green range of the spectrum in order to accurately retrieve ocean
color (Moses et al., 2012). Additionally, sensor calibration must in-
clude the full visible spectrum, and not be red-biased which is typi-
cally the case using integrating sphere calibration methods alone
(Kohler et al., 2004). The AVIRIS sensor used for the HyspIRI Airborne
Campaign lacked the appropriate SNR and calibration in the blue to
green range (Green et al., 1998). Estimates of ocean chl-a would be
improved with higher sensitivity and better calibration in the blue
to green region of the visible spectrum. A promising new sensor,
the Portable Remote Imaging Spectrometer (PRISM) is a push-
broom sensor that captures imagery in the 350 nm–1050 nm range,
with a separate spot radiometer at 1240 nm and 1610 nm for use in
atmospheric correction. PRISM offers higher SNR and spectral reso-
lution in the 380 nm–600 nm range (Mouroulis et al., 2014) and pro-
vides adequate SNR for ocean applications. Use of this sensor in
future HyspIRI Airborne Campaigns would overcome many of the
shortcomings of the AVIRIS sensor over water and provide a demon-
stration data set appropriate for ocean color algorithm development
and refinement. The PRISM sensor may provide a model for the de-
velopment of the future HyspIRI UV-SWIR sensor.

Atmospheric correction poses amajor challenge in the Case 2waters
of the coastal zone. Atmospheric correction takes into account the sur-
face reflectance, the absorption of light by atmospheric gases, and the
scattering and absorption of light by atmospheric aerosols. These pro-
cesses are incorporated into an atmospheric radiative transfer model
to determine the radiance attributed to atmospheric constituents and
geometry so that it can be subtracted from the at-sensor radiance mea-
sured by the imaging spectrometer. Inputs to the atmospheric correc-
tion algorithm include sensor geometry, a pre-defined aerosol model,
column water vapor, relative humidity, ozone and other atmospheric
gases, aerosol optical depth at 550 nm (typically), and surface geometry
(Gao & Davis, 1997; Gao et al., 2000; Montes et al., 2001). Aerosols are
responsible for approximately 80% of scattered light in the atmosphere
(Mobley, Boss, Roesler, & Taylor, 2015). All aerosols scatter light and
some aerosols absorb strongly in the blue to green region of the spec-
trum. Poorly constrained inputs into the correction algorithmwill result
in inaccurate ocean color retrievals. ATREM, and other atmospheric cor-
rection algorithms, use five pre-defined aerosol models (coastal,
coastal-a, maritime, urban, and tropospheric), which characterize the
uni- or bi-modal distribution of aerosol particle size distribution in the
atmosphere. Recently, Ahmad et al. (2010), proposed an expansion of
the number of possible aerosol models to account for more realistic
aerosol particle size distributions found in nature. This is especially rel-
evant for the coastal ocean where a mixture of aerosol model type may
be present (e.g., both urban and coastal).

A re-evaluation of atmospheric correction, especially for the coastal
zone, is needed. The surface retrievals from the proposedHyspIRI sensor
would greatly benefit from such an effort to build innovative new
methods for atmospheric correction in the coastal zone. These methods
include the addition of concomitant surface imaging spectrometry and
atmospheric measurements. Ground-based Aerosol Robotic Network
(AERONET) and AERONET with Ocean Color measurements
(AERONET-OC) stations provide this information (Zibordi et al., 2006).
AERONET-OC stations are sparsely distributed, so an important pathway
to improved atmospheric correction is coincident imagery and atmo-
spheric measurements from airborne platforms. Atmospheric measure-
ments can be used to inform the atmospheric correction algorithm and
improve ocean color retrievals. In addition to innovativemethods to col-
lect calibration and validation data sets, the correction algorithms them-
selves need improvement. Areas of consideration include: 1) increasing
the number and diversity of aerosol models, 2) enable the use of AOD at
more than just 550 nm, 3) include the capability to incorporate horizon-
tal heterogeneity of aerosols into the correction algorithm to account for
dynamic atmospheric conditions at the land–sea interface, 4) allow for
increased flexibility in computing vertical structure of the atmospheric
column, 5) address problems with thresholds that flag and remove
bright pixels (e.g., river plumes and algal blooms), and 6) re-consider
the dark pixel assumption at 865 nm in coastal waters. The sensor com-
munity has acknowledged someof the issues related to SNR, calibration,
and atmospheric correction and is working to address those problems
(e.g., by sampling in the SWIR for dark pixels Mouroulis et al., 2014).

There is great anticipation in the aquatic sciences community for
the proposed HyspIRI sensor (Devred et al., 2013). The Hyperspectral
Imager for the Coastal Ocean (HICO) was an experimental sensor on
the International Space Station from September 2009 to September
2014. It was a targeted sensor that provided hyperspectral ocean
color retrievals (400 nm–900 nm) at 90 m GSD. It was operational
for four years beyond its expected lifetime and has provided a valu-
able demonstration data set for the coastal and inland aquatic re-
mote sensing community. Between the HyspIRI Aquatic Sciences
Group (renamed Aqua RS) and the more international HICO User's
Group, a number of innovative studies have been reported. The
existing body of work using HICO includes seagrass mapping (Cho
et al., 2014), bathymetry mapping (Z. Lee pers. comm.), water qual-
ity (Braga et al., 2013; Kudela et al., 2015), red tide detection (Ryan
et al., 2014), improved chl-a detection (Moses et al., 2013), cloud re-
moval (Gao & Li, 2012), harmful cyanobacteria bloom detection
(Kudela et al., 2015), and internal wave detection. The hyperspectral
data sets delivered by HICO and proposed by HyspIRI will enable the
development of more sophisticated ocean color algorithms that ex-
ploit the data richness of the high resolution data. With the high
spectral and spatial resolution data sets, and with the loss of HICO,
these types of studies are possible only with the proposed HyspIRI
sensor. At 1 km per pixel resolution, the proposed PACE satellite sen-
sor lacks the spatial resolution needed for the finer scale dynamics in
the coastal zone or inland waters. Loss of HICO in 2014 opened a void
for coastal imaging that will not be filled by PACE. In the current
NASA satellite mission plan, only the HyspIRI sensor will fill this im-
portant gap at the land–sea interface and for inland waters.
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Accurate ocean color retrievals are imperative to assessing ecosys-
tem status in the coastal zone. Improvements in sensor sensitivity, sen-
sor calibration, and atmospheric correction are likely the best
opportunity to constrain errors in retrievals. Until accurate ocean re-
trievals are possible, the promise of a high resolution imaging spectrom-
eter for the coastal zone, such as HyspIRI, will fall short of the goal to
study theworld's ecosystems and to provide critical information on eco-
system function and natural disasters such as harmful algal blooms.
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