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Airborne measurements of the linear polarization state of light were carried out over coastal and open 

ocean conditions to study aerosol and water column properties and investigate the possibility of using 

a multi-spectral, hyper-angular imaging polarimeter for retrieving aerosol and hydrosol optical proper- 

ties. The instrument, the Versatile Imager for the Coastal Ocean (VICO), is used to support the analysis 

of ocean color polarized observations and their implication for future space-borne polarimetry such as 

the polarimeters planned to be deployed with the NASA Plankton, Aerosol, Cloud, and ocean Ecosystem 

(PACE) mission. Several sets of images at different viewing angles from the visible to the near-infrared 

spectrum were collected and compared with simulations using a vector radiative transfer (VRT) code. 

The simulations were obtained based on measured seawater inherent optical properties from shipborne 

instruments and measured atmospheric parameters from the Aerosol Robotic Network (AERONET) and a 

shipborne sunphotometer at different locations. An uncertainty method has been derived by propagat- 

ing uncertainties from the measured polarized radiances. The method demonstrates practicable uncer- 

tainty formulations that can be used to construct a measurement uncertainty budget for the polarized 

data products. Results from VICO and the VRT simulation are consistent for both radiance and polariza- 

tion spectrum at all the measured viewing angles. The total and polarized water-leaving reflectances are 

retrieved at four bands and varied geometries. It is also shown that the polarized remote sensing re- 

flectance measured at various angles could be used to distinguish between the aerosols’ and hydrosols’ 

optical signatures by exploiting the fact that the polarized reflectance is fairly insensitive to hydrosols for 

given acquisition geometries. This study thus provides an opportunity to investigate various relationships 

between the microphysical properties of the oceanic and atmospheric particulates such as refractive index 

and particle size properties. It also contributes to the development of polarization-based inverse ocean 

color algorithms. Finally, the provided analysis gives insights for the validation of the ocean color param- 

eters that will be retrieved from the forthcoming polarimetric satellite missions. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Total and polarized light emerging from the atmosphere and 

ceans plays a significant role in the Earth’s radiation budget. The 

bjective of the field of ocean color (OC) is to provide accurate 

onitoring of oceanic optical properties and, using remote sensing 

nstrumentation, understand what physical ocean constituents pro- 

ide that signature. Conventional OC sensors are designed to mea- 
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ure the total radiances from below or above water, using ship- 

orne, airborne, or space-borne platforms. The fundamental quan- 

ity derived from OC sensors is the spectral water-leaving radiance 

pwelling from below the ocean surface and passing through the 

cean-air interface. The water-leaving radiance is determined by 

roperties of the incident light and the scattering and absorption 

haracteristics of the ocean water and its constituents. These scat- 

ering and absorption processes are best described by the inher- 

nt optical properties (IOPs) of the seawater. Overall, it is these 

OPs that determine oceanic watercolor. The total radiance mea- 

ured by a satellite sensor is principally controlled by the down- 

elling irradiance, the interactions of that light with the atmo- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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phere, the air-ocean boundary, and the water constituents. To ac- 

urately determine water IOPs, and from them water constituents, 

t is first necessary to compute water-leaving radiance correctly. 

o do so from satellite observations, identifying and removing the 

on-water leaving contributions to the Top of Atmosphere (TOA) 

adiance is essential. This is the goal of atmospheric correction 

AC) techniques. Various AC methods [1 , 2] , along with empirical 

nd semi-analytical IOP retrieval algorithms [3-11] were developed, 

o obtain the water optical properties and to retrieve the IOPs 

f the water constituents from TOA total radiance measurements. 

owever, this process is still challenging in coastal waters where 

he aerosols can be strongly absorbing due to, black carbon, brown 

arbon, and/or mineral dust from the nearby cities. This condi- 

ion is particularly true where atmospheric correction methods do 

ot work well for the 400-470 wavelengths, which are strongly af- 

ected by the blue sky background signal [12 , 13] . Consequently, al- 

orithms that rely on satellite measurements at these wavelengths 

o retrieve IOPs are vulnerable to retrieval inaccuracies [12] . Addi- 

ionally, coastal waters exhibit overlapping absorption spectra be- 

ween water constituents, as well as non-covarying components 

nd overlapping scattering spectra, making it difficult to separate 

ndividual components. The development of inverse ocean color al- 

orithms requires an accurate retrieval of the water-leaving sig- 

al and the capability to determine the full characteristics of the 

erosol and hydrosol particles. Advances in polarimetric remote 

ensing (PRS) provide both higher retrieval accuracy [14-16] and 

dditional information on the determination of the optical and 

icro-physical properties of suspended particulates [17-19] . The 

se of PRS has been widely recognized as a critical tool for reli- 

ble characterization of aerosol and hydrosol parameters [20-22] . 

everal spaceborne and airborne sensors [23-26] were developed 

o measure the polarization state in addition to the scalar radi- 

nce measurements. PRS is expected to yield significant advances 

n ocean color. 

The main objective of this work is to demonstrate the ca- 

abilities of an operational airborne multi-spectral hyper angu- 

ar polarimetric imager, called Versatile Imager for the Coastal 

cean VICO [25] , over open ocean and coastal water conditions. 

ptical closure between VICO and the vector radiative trans- 

er (VRT) forward modeling was achieved based on actual mea- 

urements of aerosol and seawater optical properties obtained 

t two different locations. Results are informative, in compari- 

on with the traditional total radiance imaging, suggesting fur- 

her advancement of polarimetric retrieval over both open ocean 

nd coastal waters should be a goal of the ocean color commu- 

ity. The organization of this paper is as follows: Section 2 pro- 

ides a brief review of the advancement of aerosol and hy- 

rosol polarimetry. Section 3 describes how the field measure- 

ents are analyzed, and the uncertainty methodology applied in 

his work. Section 4 describes the VRT modeling approaches. Re- 

ults and discussions on VICO and the TOA observations with 

he VRT simulations at the different conditions are shown in 

ection 5 . Finally, a summary of the results is presented in 

ection 6. 

. Polarimetric remote sensing 

Over the last several decades, the development of ocean color 

nstruments has been based on measurements of a single-view 

ulti-spectral radiance of the visible light. The Coastal Zone Color 

canner Experiment (CZCS) was the first single-viewed ocean color 

nstrument launched into space in 1978. Following the CZCS, a 

eet of single-view satellite sensors such as SeaWiFS, MODIS, VI- 

RS, MERIS, OLCI, and GOCI was launched, providing a continu- 

us data record of the global ocean over the past two decades. 

hese single-view instrument were used to drive several standard 
2 
cean color products such as surface concentrations and the inher- 

nt optical properties of the different water constituents. In 1999, 

he Multi-angle Imaging SpectroRadiometer (MISR) was launched 

o observe Earth’s climate with cameras pointed at nine different 

ngles. MISR was designed to improve our understanding of the 

mount of sunlight scattered in different directions by the Earth’s 

tmosphere, ocean, land, snow, and ice. The developed single-view 

nd multi-view instruments utilize spectral radiance observations 

o drive several atmosphere-ocean products. 

While these instruments provided a wealth of ocean color in- 

ormation, higher retrievals accuracy and additional products are 

eeded for better characterization of the aerosol and hydrosol con- 

tituents. Polarimetry is well-suited to address these needs. Cur- 

ent and future planned remote sensing polarimeters can mea- 

ure the degree of linear polarization to an absolute accuracy < 

.2%. The radiative transfer codes used to analyze these polarimet- 

ic measurements can provide an accuracy that exceeds state-of- 

he-art polarimeters < 0.2%. Chowdhary et al. [27] provided tabu- 

ated numerical reflectance values of the total and linearly polar- 

zed upwelling radiance just above a rough ocean surface, and at 

he top of the atmosphere (TOA) with high accuracy using three 

ndependent deterministic solutions of the radiative transfer. The 

abulated reflectance values were within 10 –5 - 10 –6 of each other, 

or different viewing geometries, wavelengths, and atmosphere- 

cean systems. The accuracy in the degree of linear polarization 

as less than 0.1% for most simulated cases and better than 0.2% 

verall. The agreements were validated through the use of stochas- 

ic (Monte Carlo) radiative transfer code. Similar agreements were 

chieved between the stochastic and probabilistic solutions of the 

ector radiative transfer. Regardless of the high accuracy achieved 

etween the different VRT methods, it is important to note that 

he agreement here is a measure of how the model represent the 

hysics of the different com plex atmosphere-ocean systems, and 

oes not necessarily mean that measurements of reality should be 

t the same level of accuracy. 

Additionally, the polarized light field showed the capability of 

roviding additional information on the micro-physical and macro- 

hysical properties of aerosol and hydrosol particles, which are dif- 

cult to infer from the scalar scattered radiation observed by the 

urrent ocean color instruments [18 , 28 , 29] . Polarization is sensitive 

o the aerosol and hydrosol particles composition (complex refrac- 

ive index), size, and shape. The polarized light reflected from the 

ea surface contains useful information on the sea state. It is ex- 

ected that the polarized remote sensing will provide an accurate 

tmospheric correction that can lead to improved and new aerosol 

nd hydrosol products [30 , 31] . 

.1. Space-borne and airborne polarimeters 

The first space-based polarimetric imagery was provided by 

he POLarization and Directionality of the Earth’s Reflectance 

POLDER) missions launched by the Centre National d’Etudes Spa- 

iales (CNES) to provide accurate monitoring of aerosol properties 

32-35] . POLDER-1 and 2, onboard the Advanced Earth Observing 

atellite (ADEOS) 1 and 2, were launched in 1996 and 2002, re- 

pectively. Both POLDER missions ended prematurely within nearly 

 year due to host satellite communication failure with POLDER- 

 and satellite’s solar panel malfunctioned with POLDER-2. The 

ongest record of space polarimetric observation was achieved by 

OLDER-3 onboard the Polarization and Anisotropy of Reflectances 

or Atmospheric Sciences coupled with Observations from a Li- 

ar (PARASOL) platform with a lifespan of nine years (2004-2013). 

he polarimetric dataset from these instruments provided the most 

etailed global aerosol products, such as composition and micro- 

hysics of the different aerosol types. Following POLDER, several 

pace-borne and airborne polarimeters were flown by various na- 
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ional and international space agencies for better characterizations 

f Earth’s atmosphere, ocean, and land. A brief summary of the 

urrent and planned polarimeters is given in the following para- 

raphs. 

In 2011, the National Aeronautics and Space Administration 

NASA) launched the Aerosol Polarimetry Sensor (APS) on the Glory 

ission [36 , 37] . The APS was designed to observe the out-going 

op-of-atmosphere (TOA) radiation at nine bands from visible to 

hort wave infrared spectra at a spatial resolution of 5.6 km at 

adir, and a swath of 5.6 km cross-track by 2200 km along-track. 

he linear polarization measurements were made at all wave- 

engths and from 250 viewing angles between + 60 ° and -80 ° with 

espect to nadir. APS was expected to provide the most accu- 

ate data on the chemical, micro-physical, and optical properties 

f aerosols and their spatial and temporal distributions; unfortu- 

ately, the instrument did not successfully enter orbit due to a 

aunch failure. In 2017, the Japan Aerospace Exploration Agency 

JAXA) launched the Second Generation Global Imager (SGLI) on- 

oard the Global Change Observation Mission–Climate (GCOM-C) 

38] . The SGLI was designed to observe the out-going TOA radia- 

ion at 19 bands from near Ultra Violet (UV) to thermal infrared 

pectra at a spatial resolution of 250 m (1 km for the 763 nm 

and), and a swath of ±45 ° (1150 km). The linear polarization mea- 

urements are only available at two wavelengths (673.5 nm and 

68.5 nm) at a spatial resolution of 1 km 

2 and from one view- 

ng angle, providing scattering angle directions between 60 ° and 

20 °.The Chinese Space Agency (CNSA) recently launched several 

olarimeters: the Multi-Angle Polarization Imager MAI [39] on- 

oard the TianGong-2 (TG-2) spacecraft (2016), the Cloud and 

erosol Polarization Imager CAPI [40] onboard of the TanSat mis- 

ion (2016), and the Directional Polarimetric Camera DPC [41] on- 

oard the GaoFen-5 (GF5) spacecraft (2018). The MAI is an Earth 

bservation instrument providing multi-channel multi-angle polar- 

zation measurements at six bands from visible to near-infrared at 

 spatial resolution of 3 km and a swath width of 770 km. The 

inear polarization measurements are only available at three wave- 

engths, centered at 565, 670, and 865 nm, and from 12 different 

iewing directions. The CAPI is a 5 bands imager from near ultra 

iolet to short wave infrared spectra at a spatial resolution of 1 km 

nd a swath of 400 km x 0.5 km. The linear polarization measure- 

ents are only available at two wavelengths (670 nm and 1640 

m) and from one viewing angle. The DPC has 8 channels from vis- 

ble to near infrared at a spatial resolution of 3.3 km and a swath

f 1850 km x 1850 km ( ±50 ° across/along-track). The linear polar- 

zation measurements are available at 3 wavelengths, centered at 

90, 670, and 865 nm, and from 9 different viewing directions. 

To an increasing extent, several future missions are scheduled 

or launch all by 2023. The Multi-Angle Imager for Aerosols (MAIA) 

42-44] planned to fly onboard of the Orbital Test Bed 2 (OTB- 

) spacecraft as a part of the NASA Earth Venture Instrument 

rogram. MAIA is a targeted instrument capable of using a step- 

nd-stare or sweep viewing mode over targeted areas. It is de- 

igned to observe targets at 14 bands from near-ultraviolet to ther- 

al infrared spectra at a spatial resolution of about 200 m at 

adir. The linear polarization measurements are available at three 

avelengths, centered at 4 4 4, 646, and 104 4 nm, and from typi- 

ally 5-9 viewing angles in step-and-stare mode and continuously 

arying viewing angles in sweep mode. NASA plans to fly a hy- 

erspectral imaging radiometer [45] , the Ocean Color Instrument 

OCI), and two polarimeters [46 , 47] the Hyper Angular Rainbow 

olarimeter-2 (HARP2), and the Spectro-Polarimeter for Planetary 

xploration (SPEXone) onboard of the Plankton, Aerosol, Cloud, 

nd ocean Ecosystem (PACE) observatory [4 8] . HARP2 [4 9] was de- 

igned to observe the out-going TOA radiation at four wavelengths 

rom visible to near-infrared spectra at a spatial resolution of 3 

m and a wide swath of ±47 ° (1,556 km at nadir). The linear 
3 
olarization measurements are made at all bands and from 60 

iewing angles for the 670 nm band and 20 viewing angles for 

ther bands. HARP2 viewing angles are spaced over 114 °. SPEX- 

ne [50] was designed to observe hyperspectral linear polariza- 

ion from visible to near-infrared spectra at a spatial resolution of 

.6 × 5.4 km 

2 and a narrow swath of ±4 ° (100 km at nadir). The 

inear polarization measurements are made at five viewing angles 

etween ±57 °. The European Space Agency (ESA) planned to fly 

 hyperspectral imaging spectrometer, the Ultra-violet, Visible and 

ear-infrared Sounder (UVNS) and the Multi-View Multi-Channel 

ulti-Polarization Imaging (3MI) spectro-polarimeter onboard of 

he EUMETSAT Polar System –Second Generation (EPS-SG) as part 

f its Sentinel-5 space mission [51] . 3MI is the successor of POLDER 

atellite series. The instrument was designed to observe the out- 

oing TOA radiation at 12 wavelengths from visible to far infrared 

pectra at a spatial resolution of 4 km 

2 at nadir and a minimum 

wath of 2200 km. The linear polarization measurements are avail- 

ble at 9 wavelengths and at 10 to 14 viewing angles for any 

iven target. The CNSA has approved to launch several space-borne 

olarimeters [20] : the Particulate Observing Scanning Polarime- 

er (POSP) onboard the Chinese Environmental Satellite-2 (HJ-2), 

he Synchronization Monitoring Atmospheric Corrector (SMAC) on- 

oard the High-Resolution Multi-Mode satellite-1 (GFDM-1), the 

olarization CrossFire Suite (PCF) onboard the GaoFen-5 spacecraft, 

nd Directional Polarimetric Camera with polarized Lidar (DPC- 

idar) onboard the Carbon Monitoring satellite-1 (CM-1). The POSP 

s an all polarized scanning polarimeter with channels from near- 

V to SWIR (410-2250 nm) at a spatial resolution of about 6 km 

nd a wide swath of ±32.5 °. The POSP optical design closely fol- 

ows the NASA APS. SMAC will provide linear polarization mea- 

urements at five wavelengths, centered at 490, 670, 870, 1610, and 

250 nm, with a spatial resolution of 7 × 8 km at two observing 

ixels along the cross-track direction. The PCF is a synergetic de- 

ign of both the DPC and POSP instruments, which will allow a 

road spectral and polarization range (380-2250nm) with at least 

00 viewing directions in the angular range of ±50 °.The DPC-Lidar 

ombines passive and active polarimetric measurements. It will 

rovide DPC-like measurements with two spectral channel LIDAR 

entered at 532 (polarized) and 1064 nm. The National Academy 

f Sciences of Ukraine (NASU) planned to launch the Main Astro- 

omical Observatory (MAO) by 2022 [52] . MAO is an all polarized 

canning polarimeter with channel from near-UV to SWIR (370- 

610 nm) at a spatial resolution of 6 km at nadir and a swath of

 50 ° to -60 ° along track and ±0.25 ° across track. 

Airborne polarimeters improve our ability to make polarimetric 

pace measurements. They are developed to provide highly accu- 

ate calibrated observations that can be used to verify the space 

olarimeters concept and validate data processing and algorithms 

erformance. The majority of the developed airborne polarime- 

ers are designed as prototypes of current and planned orbital 

olarimeters. The MICROwavelength POLarimeter (MICROPOL)/the 

bserving System Including PolaRisation (OSIRIS) [53-56] , the Re- 

earch Scanning Polarimeter (RSP) [14 , 17 , 21 , 57-59] , the Airborne 

ultiangle Spectropolarimetric Imager (AirMSPI1 and 2) [60-63] , 

he Airborne SPEX [64 , 65] , and the Airborne HARP (AirHARP), 

erve as the airborne prototypes for POLDER/3MI [32-35 , 66 , 67] , 

PS [36 , 37] , MAIA [42-44] , SPEXone [50] , and HARP2 [49] space

nstruments, respectively [20] . The expected polarimetric accura- 

ies from these polarimeters are 2-3%, < 0.2%, < 1%, 0.3-0.5%, and 

.3-1% in the measured degree of linear polarization (DoLP), re- 

pectively. Most of these polarimetric accuracies are sufficient for 

everal Earth’s remote sensing applications. The current polarimet- 

ic applications are mainly focused on accurately characterizing 

erosol and cloud optical and microphysical properties. However, 

n improved aerosol and cloud characterization results in better at- 

ospheric corrections for the ocean color products and more accu- 
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V  
ate retrievals of total and polarized water-leaving radiances. Sev- 

ral studies focused on developing joint retrieval algorithms that 

etrieve aerosol and water-leaving radiance using data from differ- 

nt multi-angle polarization measurements. Polarimetric datasets 

rom the RSP [21 , 58 , 68] , PARASOL [69] , and AirMSPI [61] were

sed in combination with the coupled atmosphere-ocean simula- 

ions to retrieve the aerosol and hydrosol properties simultane- 

usly. The developed algorithms used different aerosol and bio- 

ptical models with different parameterizations for the joint re- 

rievals.The concepts of the available and planned polarimeters, 

heir technical designs, and the accompanying algorithm devel- 

pment are discussed in greater detail in Dubovik et al. (2019) 

20] . 

.2. Ocean color polarimetry 

The characterization of hydrosol properties from polarimetric 

bservations is limited. There has been only one study that used 

pace sensors measurements [23] to show the potential of us- 

ng polarization to distinguish hydrosols microphysical properties. 

oisel et al. used POLDER observations and the radiative trans- 

er simulations to show a hyperbolic trend between the scalar re- 

ectance and the degree of linear polarization, which could be ex- 

lained by changes in the bulk assemblages of the suspended ma- 

ine particles. Nevertheless, several theoretical and in-situ based 

tudies [15 , 24 , 29 , 70-79] have highlighted the importance of po-

arization in retrieving oceanic constituents. Kattawar et al. (2013) 

29] provided a general review to understand the evolution of po- 

arized light in the ocean and the role of polarization as a possible 

ool for underwater remote sensing. Chowdhary et al. [27] high- 

ighted the ability to simulate and measure linear polarization sig- 

atures accurately and to allow for better characterization of the 

erosol and hydrosol properties. Chami (2007) [15] has shown that 

olarized reflectance could efficiently retrieve the concentration 

f inorganic particles regardless of the phytoplankton content in 

oastal waters using an empirical-based inversion approach. Chami 

nd Defoin-Platel (2007) [16] showed that the consideration of po- 

arization within inverse algorithm leads to a much greater in- 

rease of the performance of the inversion, typically by a factor 

f 4 for the retrieval of the oceanic scattering coefficient. Tonizzo 

t al. (2011) [71] estimated particle composition and size distribu- 

ion from simulated and in-situ measured polarized water-leaving 

adiance. Koestner et al. (2020) [80] examined diverse seawater 

amples from different coastal environments to provide a thor- 

ugh characterization of the size distribution and composition of 

he marine particle with the angle-resolved polarized light scatter- 

ng. Ibrahim et al. (2016) [74] retrieved the ratio of attenuation-to- 

bsorption coefficients from the observed DoLP. Foster et al. (2016) 

81] developed polarized transfer functions to determine the un- 

erwater polarized light field from above sea surface observations. 

l-Habashi et al. (2016, 2017, 2018) [76] were able to retrieve the 

un-induced chlorophyll-a fluorescence, which is un-polarized,in 

 variety of oligotrophic and eutrophic waters utilizing the frac- 

ional reduction in the observed DoLP at the fluorescence region. 

olarimetric measurements and vector radiative transfer (VRT) re- 

ults are potentially promising for improved characterization of the 

erosol and hydrosol particulates. They are expected to yield signif- 

cant advances in OC retrieval algorithms. 

Ocean polarimetry requires off-glint measurements with high 

olarimetric accuracy and high spatial resolution to detect small- 

cale variations of the polarized light in the ocean [30] . Off-glint 

easurements (near-principle plane measurements ~30 ° to 60 ° az- 

muth angle) are more useful for ocean polarimetry to reduce the 

lint-contaminated pixels while still having a sufficient upwelling 

olarized signal. Simultaneously, the principal plane measurements 

re essential for aerosol and cloud polarimetry to maximize the 
4 
ange of scattering angles. The high polarimetric accuracy of the 

PS/RSP ( < 0.2%) and SPEXone/SPEX (0.3 - 0.5%) instruments makes 

hem well suited for the ocean polarimetry applications; however, 

heir polarimetric coverage for the oceanic scenes are limited due 

o their along-track scanning design. AirMSPI, the MAIA prototype 

nstrument, can collect multi-angle observations of the scene be- 

ween ±67 ° using a motorized gimbal system, despite that AirM- 

PI is designed to target land-based populations with the objective 

f monitoring and evaluating the public health with polarimetric 

ccuracy < 1%. SPEXone and HARP2 onboard the upcoming PACE 

ission will collect multi-angle polarized observations over Earth’s 

tmosphere, land surface, and ocean. SPEXone is specifically de- 

igned to enable measurements of optical and micro-physical prop- 

rties of aerosols with unprecedented detail and accuracy. HARP2 

s primarily designed to measure aerosol particles and clouds, as 

ell as properties of land and water surfaces. Although SPEX- 

ne and HARP2 are principally designed for the remote sensing of 

erosol and cloud, respectively, the combined polarimetric datasets 

rom both instruments are expected to provide insights for the 

cean polarimetry, yet with a limited spatial resolution (3-5 km). 

VICO, the presented instrument, is designed to collect hyper- 

ngular linear polarization at four visible and NIR spectral chan- 

els in an imaging mode, as done with the HARP2/PACE instru- 

ent, but with higher polarimetric accuracy, similar to the SPEX- 

ne/PACE instrument. The accuracy level in the measured VICO 

oLP is better than 0.25% [25] with small sufficient angular resolu- 

ion (~0.12 °). In addition, VICO is a pointing instrument (gimbaled 

ystem), which makes it suitable for ocean color applications by al- 

owing the measurement of the polarized light field in and off the 

rinciple-viewing plane. VICO design and specification make it a 

etrieval-capable instrument providing a better characterization of 

he aerosol and hydrosol properties. The polarimetric dataset ac- 

uired by the instrument is expected to be utilized to verify data 

rocessing and validate algorithm performance for spaceborne po- 

arimeters such as HARP2 and SPEXone on the forthcoming PACE 

bservatory. The instrument is discussed in more detail in the fol- 

owing section and in Bowles (2015) [25] . 

. Data and uncertainties 

In this section, we provide an overview of the field campaigns 

nd the instruments used in this work. An assessment of uncer- 

ainty propagation for the collected data parameters is also dis- 

ussed in the following subsections. 

.1. Data 

Measurements from two case studies, representative of both 

oastal and open ocean regimes, were analyzed in this article. 

he first case, noted Case 1, was made on September 8, 2012, 

ear the open ocean region of south Florida (24 ° 32.504’ N, - 

1 ° 2.516’ W). Coastal measurements were made on August 29, 

014, in the Chesapeake Bay coast (38 ° 57.917’ N, -76 ° 23.767’ W) 

noted Case 2). Maps of the geographical locations for each case 

re shown in Fig. 1 . The figure shows a true-color image overlaid 

ith chlorophyll-a concentration (Chl- a ) retrieved from MODIS- 

qua on August 31, 2014. Chl- a in Fig. 1 represent values that are

ypically found in each case. 

.1.1. Airborne measurements 

The main remote sensing instrument used for both case studies 

s the aircraft-based Versatile Imager for the Coastal Ocean (VICO) 

eveloped by the Naval Research Laboratory (NRL). The design, 

abrication, calibration, and airborne deployment methodologies of 

ICO ( Table 1 and Fig. 2 .) are described in more detail by Bowles
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Fig. 1. Maps showing the geographical locations of in situ sites corresponding to 

open ocean waters (noted Case 1) and coastal waters (noted Case 2) types. The 

aircraft flight line patterns used in this study are also shown. The figure shows a 

true color image as it was observed by MODIS-Aqua on August 31, 2014. The image 

is overlaid by the retrieved Chlorophyll-a concentrations. 

Table 1 

VICO Instrument Specifications. CCD, and FOV stand for Charge-Coupled Device and 

full angle Field-Of-View, respectively. The passband bandwidth of each of the spec- 

tral channels is shown in parentheses. 

Property Value 

Focal Plane Technology 12-bit interline transfer CCD 

Focal Plane Size 4872 × 3248 pixels 

Spectral Channels 435 (20), 550 (10), 625 (10), 754 (10) nm 

FOV 40 ° x 26 °
Max Frame Rate 3 Hz 

Nominal Frame Rate 1 Hz 

Fig. 2. (a) The NRL VICO instrument. (b) VICO true color image over the area of 

interest. 
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t al. [25] . To briefly summarize, VICO provides multi-spectral radi- 

nce and linear polarization images at high spatial resolution with 

 ground sample distance (GSD) of 22 cm at nadir from a height 

f 1525 m. Measurement of linear-polarization was obtained us- 

ng a four-camera system. The cameras are rigidly mounted on an 

luminum plate automatically controlled by a rotating stage to al- 

ow imaging at different viewing angles. A wire grid polarizer is 

laced over each camera with orientations at 0 °, 45 °, 90 ° and 135 °
elative to the vertical. The 0 ° filter is aligned with the forward- 

o-aft axis of the aircraft. A motorized filter wheel is attached in 

ront of each polarizing filter to provide multi-spectral measure- 

ents from the system. The filter wheel contains five-positions; 

our contain narrow-band spectral filters centered at 435, 550, 625, 

nd 750 nm and the last position was used for the dark current 

easurements. A combined global positioning system (GPS) with 

n Inertial Measurement Unit (IMU) was mounted on the rotating 

tage to record the attitude and position information. The position 

as also supplied by a more accurate second GPS/IMU system, C- 

iniature integrated GPS/INS tactical system (C-MIGITS), installed 

n the airframe. The attitude and position information from the 

otating stage and airframe were both used in the geometric pro- 

essing to determine the geographical positions and viewing angles 

f each pixel in the data.The cameras imaged at a rate of about 1.1 

z, limited by the speed of the filter wheels, to provide radiances 

easured with the linear polarizers oriented in the 0 °, 45 °, 90 °, 
nd 135 ° directions. The radiance values recorded from the four 

ameras are donated by I 0 , I 45 , I 90 , and I 135 . The calibrated value of

ach recorded radiance was then used to compute the linear Stokes 
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Fig. 3. The left-hand panel shows polar plot of the viewing angles and the specular and backscattering planes in observations and simulations of the upwelling light field. 

The viewing angles are plotted as a function of scattering angles in units of degrees. The right-hand panel shows a polar plot of each VICO flight line for Case 1 and Case 

2 sites. The solar zenith and azimuth angles are at θ0 = 44 °, and φ0 = 110 °, respectively for both cases. The anti-solar point (backscattering direction) indicated by a yellow 

sun disk at θ0 = 44 °. Note that, the aircraft azimuth is relative to the Sun’s azimuth ( φv − φ0 = 0). The letters a, and b in the left-hand polar plot indicate the sunglint 

region, and the anti-solar point for θ0 = 44 °, respectively. The white dash circle, indicated by the letter c, projects the underwater Snell window boundary on the viewing 

geometry ( θv = 48 ° for the underwater viewing perspective). 
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arameters of the incoming light observed at the aircraft altitude 

s follows ( Eq. (1) ): 

¯
 

obs = 

⎡ 

⎢ ⎢ ⎣ 

I 

Q 

U 

⎤ 

⎥ ⎥ ⎦ 

obs 

= 

⎡ 

⎢ ⎢ ⎣ 

0 . 5 ( I 0 + I 90 + I 45 + I 135 ) 

I 0 − I 90 

I 45 − I 135 

⎤ 

⎥ ⎥ ⎦ 

(1) 

here I is equal to the total radiance. Q and U together specify the 

tate of linear polarization to the local meridional plane of refer- 

nce. All parameters are spectrally and geometrically dependent 

 θ v , φv , λ). 

The polar angles diagram in Fig. 3 shows the viewing angles 

nd where the specular and backscattering planes are in the 

bservations and simulations. The figure shows a polar plot of 

cattering angles as a function of viewing zenith and viewing 

zimuth angles in units of degrees. The viewing zenith angle 

 θ v ) is shown as the radial distance of the polar diagram. The 

adial distance ranges from 0 ° at the origin point to 60 ° at the 

ircumference. The viewing azimuth angle ( φv ) is shown as the 

olar angles of the diagram measuring 0 ° at the top moving 

lockwise in a 360 ° circle. The position of the Sun is at θ0 = 44 °
nd φ0 = 110 ° for both of the VICO observation cases. The viewing 

zimuth angles φv are adjusted relative to the Sun’s azimuth 

efining the solar scattering geometry in the principal plane. The 

iagram can be interpreted by considering an observer standing at 

he center of the polar plot. The viewer looks in the Sun’s azimuth 

irection when φv = 0 °. A Sun disk is shown on the top of the

iagram indicating the solar principal plane direction, the specular 

irection at φv = 0 ° (top) and the backscattering direction at φv = 

80 ° (bottom). The specular reflection from the water surface, the 

irect transmission through the atmosphere from the Sun to the 

urface and from the surface to the detector, is indicated by a 

hite star at φv = 0 ° and θ v = 44 °. The white dash circle shows

he border of the Snell window ( θ v = 48 °). 
The aircraft data are taken in what is called a star pattern. The 

otation stage attempts to keep the VICO instrument pointed at 

he same location on the ocean surface, called the image center. 

he aircraft then makes multiple passes over that point, with each 
6 
ass occurring with a different aircraft azimuthal direction relative 

o the Sun. During each of these runs, the VICO is taking data. The 

ocal zenith angle changes at a rate that scales with altitude and 

ircraft speed and also changes based on the proximity to the im- 

ge center. That rate is slower when farther away and reaches a 

aximum rate as the plane overflies the image center. During the 

maging, various frames are taken for each color that overlap in the 

enith/azimuth space. The right-hand panel of Fig. 3 shows a polar 

lot of VICO multiple passes and the solar zenith direction for both 

ases. 

.1.2. Shipborne measurements 

Water optical properties were measured using Sea-Bird Sci- 

ntific/WET Labs instruments carried out by NRL research ves- 

els. Absorption and attenuation in the seawater were measured 

t different depths by the spectral absorption-attenuation spec- 

rophotometers (ac-s) and the ac-9 meter. The ac-s meter was 

sed to measure the particulate absorption and attenuation at 

3 wavelengths in the 400-750 spectral range. The ac-9 meter 

as used to measure the colored dissolved organic matter ab- 

orption at nine wavelengths in the 412-715 nm spectral range. 

he backscattering was measured at three angles (100 °, 125 °, and 

50 °) and three wavelengths (450 nm, 530 nm, and 650 nm) us- 

ng the three-angles, three-wavelengths Volume Scattering Func- 

ion meter ECO-VSF3. Salinity, temperature, and depth were mea- 

ured by the integrated Conductivity Temperature Depth (CTD) 

ensor (SBE 49). Temperature and salinity were used with the pure 

ater to correct the absorption and attenuation measurements 

rom the ac-s and ac-9 instruments. All instruments were cali- 

rated before and after each deployment. The left column of Fig. 4 

hows the corresponding in-water optical properties measured in 

ach case. 

Fluorometric measurements of Chlorophyll-a fluorescence were 

lso available from a calibrated WETStar fluorimeter. Although it 

s widely accepted to relate chlorophyll-a concentration to the 

hlorophyll-a fluorimeter measurements, the relationship suffers 

rom some limitations due to the influence of incident irradiance. 

ariations in incident irradiance influence the chlorophyll-a fluo- 

escence non-photochemical quenching, thus leads to variable es- 
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Fig. 4. The optical properties of hydrosol (left column) and aerosol (right column) for Cases 1 and 2 sites. The left column shows the spectra absorbed (orange), scattered 

(green), and attenuated (purple) by the seawater particles. The spectra absorbed by the Coloured Dissolved Organic Matter (CDOM) and water molecules are shown in yellow 

and blue, respectively, in the left column. The right column shows the spectral Single Scattering Albedo (SSA) and the aerosol size distributions as a function of radius. The 

aerosol and ocean optical coefficients are derived from the remote sensing aerosol network (AERONET) and the ac-s meter measurements, respectively. 
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imates of chlorophyll-a concentration [82] . Because of this poten- 

ial limitation, we estimated the Chl- a from measured absorption 

pectra from the ac-s meter. Chlorophyll concentration was deter- 

ined from a baseline value of the particulate absorption peak 

n the red waveband [82] . The method was shown to be primar- 

ly related to chlorophyll-a concentrations extracted by the high- 

erformance liquid chromatography (HPLC) over a variety of phy- 

oplankton cultures and different water types, thus making it a 

ore effective method to use for the chlorophyll-a concentration 

stimation. The peak is computed from the line-height absorption 

t 676 nm above a linear background between 650 nm and 715 

m. The baseline background is used to remove the contributions 

rom non-algal particles and the minor contributions by accessory 

igments. The phytoplankton absorption peak is primarily associ- 

ted with chlorophyll-a in the red waveband due to much lower 

igment packaging compared to the absorption peak in the blue 

aveband. 

Concentrations of mineral particles were also estimated from 

he measured absorption, and attenuation spectra based on the 

trong relationship observed between in situ measurements of the 

cattering coefficient at 555 nm, and the concentration of total sus- 

ended solids (TSS), particulate organic matters (POC), and partic- 

late inorganic matters (PIC) [83 , 84] . The particulate scattering co- 

fficient was obtained from the difference between the particulate 

ttenuation and absorption coefficients. 

q

7 
Ship-based aerosol optical depth (AOT) measurements were 

ade using the Microtops II sunphotometer (Solar Light Co., Inc). 

icrotops estimates spectral AOT from the measured direct solar 

rradiance at five wavelengths, namely 340 nm, 440 nm, 675 nm, 

70 nm, and 936 nm. 

.1.3. Other measurements 

Measurements from the closest available ground-based Aerosol 

obotic NETwork, (AERONET) were used to obtain more detailed 

erosol parameters for each measured site [85] . AERONET provides 

stimates of the spectral Aerosol Optical Thickness (AOT), effective 

adius (r eff), volume median radius (V eff), standard deviation ( σ ), 

nd volume concentrations (C v ) for both fine and coarse modes 

f the aerosol size distributions [86] . The parameters are derived 

rom the direct and diffuse spectral sun radiation of the total at- 

ospheric column measured by the multiband CE-318 sun pho- 

ometer (CIMEL Electronique). We used the data from Key Biscayne 

nd GSFC AERONET sites located approximately 80 and 20 nautical 

iles away from Cases 1 and 2 sites, respectively. A summary of 

he aerosol and hydrosol parameters used is shown in the right 

olumn of Fig. 4 and Table 2 . 

.2. Uncertainty 

The uncertainties of the measured radiances and their conse- 

uently derived products can be estimated using various methods 
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Table 2 

Aerosol and hydrosol parameters used for Case 1 and Case 2 sites. The wind speed 

is 3 m/s for both cases. Fine/Coarse is the aerosol mode fraction. m fine and m coarse are 

the complex refractive indices of the fine and coarse aerosol particles, respectively. 

Chla, POM, and PIC are the concentrations of Chlorophyll- a ,Particulate Organic Mat- 

ter, and Particulate Inorganic Matter, respectively. c p and b p are the particulate at- 

tenuation and scattering coefficients, respectively. a p and a g are the particulate and 

dissolved absorption coefficients, respectively. AOT, SSA, and the IOPs are all given 

at the 440 nm band. 

Parameter Units 

Case 1 Case 2 

(Open Ocean) (Coastal) 

Aerosol Fine/Coarse % 43 69 

m fine unitless 1.40 + i0.0 2 1.47 + i 0.007 

m coarse unitless 1.45 + i0.0 7 1.53 + i 0.001 

AOT unitless 0.094 0.057 

SSA unitless 0.65 0.094 

Hydrosol Chla μg L −1 0.01 20 

POM μg L −1 0.25 ×10 3 5.8 ×10 3 

PIM μg L −1 0.08 ×10 3 16 ×10 3 

c p m 

−1 0.0715 5.62 

b p m 

−1 0.0650 3.67 

a p m 

−1 0.0065 1.95 

a g m 

−1 0.0280 0.67 
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rom the literature [87-90] . Monte Carlo method provides numer- 

cal estimates of the uncertainties, where the exact shape of the 

ncertainty distributions of the underlying variables is considered. 

he technique is capable of handling the non-linearity and discon- 

inuity in complex derived models. It is deemed to be robust, but 

he added mathematical complexity can be computationally inten- 

ive to implement within the pixel-by-pixel routine data process- 

ng of ocean color. In practice, the analytical law of propagation 

91] is commonly used to approximate uncertainties in the ocean 

olor products [89 , 92 , 93] , where propagated errors are obtained 

rom assumed normal uncertainty distributions. A recent compar- 

son was made between Monte Carlo and the law of propagation 

ramework, showing a good agreement in estimating uncertainties 

or several ocean color products [89] . In this article, we use the 

nalytical law of propagation [87] to propagate uncertainties from 

he measured polarized radiance to the derived parameters. The 

quare of the total uncertainty of each parameter, u 2 x can be esti- 

ated using the variance-covariance matrix of the polarized radi- 

nce inputs, V L polarized 
and the Jacobian matrix, J as: 

 

2 
x = J V L polarized 

J T (2) 

Where x is the target parameter such as I , Q , and U and u 2 x is

he square of the total uncertainties for each of the target parame- 

er u 2 
I 
, u 2 

Q 
, and u 2 

U 
. The square of the total radiance uncertainty, u 2 

I 
an thus be estimated from the means and variances of measured 

olarized radiance quantities as: 

 

2 
I = 

[ 
∂ I 

∂ I 0 

∂ I 

∂ I 45 

∂ I 

∂ I 90 

∂ I 

∂ I 135 

] 

×

⎡ 

⎢ ⎣ 

σ 2 
I 0 

σI 0 I 45 
σI 0 I 90 

σI 0 I 135 

σI 45 I 0 σ 2 
I 45 

σI 45 I 90 
σI 45 I 135 

σI 90 I 0 σI 90 I 45 
σ 2 

I 90 
σI 90 I 135 

σI 135 I 0 σI 135 I 45 
σI 135 I 90 

σ 2 
I 135 

⎤ 

⎥ ⎦ 

×

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

∂ I 

∂ I 0 

∂ I 

∂ I 45 
∂ I 

∂ I 90 

∂ I 

∂ I 135 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(3) 

here the diagonal elements of V L polarized 
are equal to the square 

f the uncertainties in the measured polarized radiance quantities, 
8 
 0 , I 45 , I 90 and I 135 , and the off-diagonal elements are the covari-

nces between them. For the total radiance calculations, we can 

tart by computing the partial derivatives in Eq. (3) : 

 = 

[ 
∂ I 

∂ I 0 

∂ I 

∂ I 45 

∂ I 

∂ I 90 

∂ I 

∂ I 135 

] 
= 

[ 
1 

2 

1 

2 

1 

2 

1 

2 

] 
(4) 

Therefore, the square of the total radiance uncertainty can be 

alculated as: 

 

2 
I = 

1 

4 

(
σ 2 

I 0 
+ σ 2 

I 45 
+ σ 2 

I 90 
+ σ 2 

I 135 
+ 

2( σI 0 I 45 
+ σI 0 I 90 

+ σI 0 I 135 
+ σI 45 I 90 

+ σI 45 I 135 
+ σI 90 I 135 

) 

)
(5) 

The total uncertainties of all parameters are derived from cor- 

elated input quantities. The off-diagonal elements of the variance- 

ovariance matrices are considered in the calculations. All the 

ariance-covariance parameters are calculated from VICO measure- 

ents. Similarly, we can compute the total uncertainties for each 

f the target parameters. Partial derivatives and total uncertainties 

f each target parameter in this study were calculated analytically, 

nd are given in the appendix. 

Several random and systematic processes impact the radiomet- 

ic accuracy. Laboratory work was performed to identify and quan- 

ify the sources of uncertainty and error in the system [25] . 

he typical radiometric uncertainties and errors of the system 

an add up to 4.5%. The radiance uncertainty and error lev- 

ls in a single-pixel of the data can be expressed as, 1.1 0.022 ±
.027 μW cm 

−2 sr −1 nm 

−1 , where 1.1 is the measured radiance value 

t the blue band of Case 2 (I Blue ), and ± 0.027 is the systematic 

ncertainties ( < ∼2.5%) associated with the output radiance of the in- 

egrating sphere (1.5%) plus the process of transferring calibration 

o the integrating sphere (1%) [94] . The radiance exponent, 0.022, 

epresents the photon statistics errors ( < ∼2%) due to stray light, shot 

oise, dark noise, and filter positions. 

Fortunately, errors from the rotational positions of the polariz- 

ng filters can be corrected from any misalignment. Although the 

olarizer’s transmission axes were placed as closely to 0 °, 45 °, 90 °
nd 135 ° angles as possible, the position of the polarization fil- 

ers η1 − 4 were rechecked after installation and corrected for any 

isalignment errors during polarizers placement. First, an exper- 

ment was conducted using the integrating sphere and a refer- 

nce polarizer with a precisely known transmission axis. The po- 

arizer was used to calculate the polarizer orientations in the sys- 

em, within the uncertainty limits of the reference polarimeter. 

ny offset α1 − 4 in the polarizer’s orientations were then deter- 

ined, and a correction method was used to re-orient the system 

nto the proper reference plane (see chapter 3 Ref. [95] ). The cor- 

ection matrix that re-distribute the energy in the VICO detected 

tokes vector is derived as: 

 = 

[ 
1 a b 

0 cos 2 ( η1 + α1 ) − cos 2 ( η3 + α3 ) sin 2 ( η3 + α3 ) − sin 2 ( η1 + α1 ) 
0 cos 2 ( η2 + α2 ) − cos 2 ( η4 + α4 ) sin 2 ( η4 + α4 ) − sin 2 ( η2 + α2 ) 

] −1 

(6) 

here a and b are defined as: 

 = cos 2 ( η1 + α1 ) + cos 2 ( η2 + α2 ) + cos 2 ( η3 + α3 ) + cos 2 ( η4 + α4 ) 

 = − sin 2 ( η1 + α1 ) − sin 2 ( η2 + α2 ) − sin 2 ( η3 + α3 ) − sin 2 ( η4 + α4 ) 

Additionally, data binning and multiple measurements averag- 

ng can significantly reduce the system uncertainties. Two binning 

r averaging steps are possible for the collected data. First, since 

he focal planes are high-resolution (4 872 ×324 8 pixels), the data 

an be significantly binned while maintaining the desired angu- 

ar resolution. Second, the data can be averaged across the over- 

apped frames that are taken during the multiple flight passes (as 

escribed in Sec. 2.1.1 above). A 16 ×16 pixel binning is used in the 

ata processing. The data were also averaged across overlapping 

rames (four frames on average) for each viewing direction in the 
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Fig. 5. At-sensor Stokes parameters and the corresponding uncertainty in percent 

derived from the 16 × 16 pixels binning for Case 1 and Case 2. Radiances are given 

in units of μW cm 

−2 nm 

−1 sr −1 . It is important to note that the presented uncertain- 

ties in this figure come from the measuring instrument errors and uncertainties 

combined with several other environmental factors such as capillary ocean waves 

and shadowing of one facet by another, which add up to the magnitude of the 

quantified laboratory radiometric uncertainties and errors. The increased uncertain- 

ties at the longer wavelength can be primarily attributed to either an atmospheric 

spatial variation, and sea surface contamination (ex. sunglint, and whitecaps) in the 

field. 
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cene. Since the nadir viewing angles were revisited from several 

ight lines, there were more frames to average for these angles; 

owever, the number of frames to average is limited by the flight 

peed at these viewing angles. The use of data binning or averaging 

rovides a proper balance between the angular resolution and the 

ynamic range of the data to observe the ocean features effectively 

25] . The data binning or averaging reduces the angular resolution 

o a sufficient degree (~ 0.12 °) while increasing the signal-to-noise 

atio (SNR), allowing for the reduction in the effects of random 

oise and misregistration (in angle space) of the focal planes. 

The overall uncertainties experienced in the field are shown 

n Fig. 5 . The figure shows the Stokes parameters and the cor- 

esponding uncertainty percentage using the 16 × 16 pixels bin- 

ing ( u x / μx 
∗100%, where the uncertainty of each parameter u x , is

caled by its average value μx ). It is important to note that the 

resented uncertainties in this figure come from the measuring 

nstrument errors and uncertainties combined with several other 

nvironmental factors such as capillary ocean waves and shadow- 

ng of one facet by another, which add up to the magnitude of the 

uantified laboratory radiometric uncertainties and errors. Regard- 

ess of the variability of the environmental condition, the binning 

mproved the radiometric uncertainty to 1.4% at the blue band of 

he coastal case. However, this uncertainty reduction is not always 

he case, as seen with the longer wavelength uncertainties of this 

articular case. The total radiance uncertainty at the 750 nm band 

s about 5%. The increased uncertainties at the longer wavelength 

an be primarily attributed to either an atmospheric spatial vari- 

tion, and sea surface contamination (ex. sunglint, and whitecaps) 

n the field. A relatively small impact of sunglint is expected given 

he solar zenith and viewing geometries ( θ0 = 44 °, and θ v = 0 °, re-

pectively) and the average windspeed (W = 3m/s) compared to a 

ough ocean surface case [81] . Additionally, the signal levels at the 

onger wavelength are much lower compare to other VICO chan- 

els so that the noise level becomes a higher percentance of the 

ignal. 
9 
. Theory and methodology 

We start with optical closures between the observed polarized 

adiances by the airborne polarimeter, and the in-situ measured 

ater and aerosol parameters by the shipborne and the ground- 

ased AERONET near each site. The in-situ measurements were 

sed in the VRT forward modeling to reproduce the observed po- 

arized radiances at the aircraft level for the different cases. The 

se of the shipborne and AERONET measurements in this study is 

ecessary to reach a VRT closure that relies on real-world con- 

itions and not based on adjustments of many optical parame- 

ers. We then compute the linear Stokes contributions of the at- 

osphere and extract the water-leaving total and polarized radi- 

nces based on the closure achieved between the VRT model and 

he VICO observation at each case. Finally, we perform a sensitivity 

tudy for the impact of the different seawater conditions on the 

ircraft level and the TOA total and polarized reflectances. 

.1. At-sensor polarized radiance and atmospheric correction 

The observed linear Stokes parameters, S̄ obs ( Eq. (1) ) acquired 

rom aircraft or spacecraft over the ocean-surface-atmosphere sys- 

em (AOS) can be first-approximated by the following expres- 

ions: 
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(7) 

Following the notations demonstrated by Fraser and Gao et al. 

96 , 97] , the atm + sfc is the sunlight scattered from the combined

tmosphere and ocean surface; w is the sunlight scattered from 

eneath the ocean surface and leaving it; t u is the direct and 

iffuse upwelling transmittance through the atmosphere for the 

ater-leaving light vector; and t g is the total atmospheric gaseous 

ransmittance on the sun-surface sensor path, which is assumed 

o be independent in our process. The divided term, at the end of 

q. (7) (1 − r̄ atm 

) ̄S w , accounts for the effect of atmospheric reflec- 

ion of upward water-leaving light vector back to the ocean sur- 

ace, where r̄ atm 

is the reflectance of the atmosphere. 

All the linear Stokes parameters in Eq. (7) are spectrally and ge- 

metrically dependent ( θ v , φv , θ s , φs , λ). The θ v , and φv are the zenith

nd azimuth viewing angles from an aircraft or a spacecraft to the 

cean surface, respectively. The θ s and φs are the solar zenith and 

olar azimuth angles of the direct sunlight, respectively, and λ is 

he wavelength. The independent parameters in each linear Stokes 

ector are defined as follows: 

τ R Rayleigh optical thickness through the atmospheric profile, 

τ A Aerosol optical thickness through the atmospheric profile, 

τ RA Interaction term between τ R and τ a , 

W Surface wind speed, 

τ IOPs Total optical thickness through the marine profile by 

cumulating the optical thickness of each component: wa- 

ter molecules, phytoplankton, Mineral-Like particles, yellow 

substance, and detritus (Inherent Optical Properties of water 

constituents). 

To obtain the water-leaving radiance and its state of polariza- 

ion, S̄ w , a thorough calculation of radiation and polarization bud- 

et for the atmosphere and ocean surface, atm + sfc is required. The 
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tm + sfc radiation and polarization are necessary to accurately re- 

ove the effects of the scattering by atmospheric molecules and 

erosols, reflections by the air-water interface scattered [98] , and 

he scattering effects of surface foam [99] . These effects can be de- 

ermined based on the Rayleigh component, τ R , the aerosol load, 

a , aerosol type, and the surface wind speed, W , for each of the 

easured AOS conditions. We use the VRT model to account for 

hese effects. We compute and remove the atm + sfc contributions 

rom the observed linear Stokes parameters using the VRT model. 

irst, we simulate the atmosphere-ocean system in a forward sense 

o match the observations at the aircraft altitude using the water 

ptical properties and aerosol parameters measured at each site. 

hen a second set of the simulation was performed to isolate the 

tm + sfc contribution, assuming the same atmosphere, and ocean 

urface, but a fully absorbing ocean (no ocean scattering contribu- 

ion, S̄ w = 0). The atm + sfc contribution was removed from the to- 

al observed radiance and polarization by subtracting the observed 

nd atm + sfc linear Stokes parameters using the two sets of sim- 

lation. The simulation parameters and the VRT model used are 

escribed in the following section. 

.2. Vector radiative transfer modeling 

The Ocean Successive Orders with Atmosphere - Advanced 

OSOAA) vector radiative transfer code was used to model the 

eld measurement. OSOAA allows the computation of the com- 

lete radiance field and the polarization state in a coupled ocean- 

tmosphere system. It calculates the radiative parameters for each 

omponent of the environment, assuming a set of plane-parallel 

omogeneous layers throughout the atmospheric and marine pro- 

les [27] . The code numerically computes the contribution of 

ach scattering order based on the successive orders of scattering 

ethod [100 , 101] . A detailed description of the code is presented 

n [102] . 

The OSOAA model was used in a forward sense to compute 

adiance and polarization for various viewing angles at the air- 

raft level. Scattering and absorption by molecules were character- 

zed by their optical depths and depolarization ratio. The OSOAA 

odel does not take into account the gaseous absorption. The ef- 

ects of gaseous absorption were calculated using the temperature- 

ependent absorption cross-section data [103 , 104] . The transmit- 

ance spectra of gaseous absorption ( t g ( λ)) was calculated indepen- 

ently based on the empirical relationship [105-107] : 

 g ( λ, θ0 ) = exp 

(
− [ τo3 ( λ) + τo2 ( λ) + τN2 o ( λ) + τH 2 o ( λ) ] 

cos θ0 

)
(8) 

here O 3 , O 2 , N 2 O , and H 2 O are the ozone, oxygen, nitrogen diox-

de and water vapor optical thicknesses, respectively, for a given 

olar zenith angle ( θ0 ). 

The radiative properties of aerosol and hydrosol particles were 

escribed by the single scattering albedo, optical depth, and single- 

cattering Mueller matrix. The coupled atmosphere-ocean system 

sed in these computations is described as follows: The modeled 

tmosphere consists of air molecules (Rayleigh) and aerosol scat- 

erers. Their amounts (related to their optical thicknesses) vary ex- 

onentially with altitude with scale heights of 8 km for molecules 

nd 2 km for aerosols. The aerosol volume distribution is mod- 

led using a bimodal lognormal distribution consisting of fine and 

oarse modes. Both modes parameterized by volumetric radii, r V , 

nd standard deviations, σ V , volumetric concentrations, C V , as well 

s complex aerosol refractive index spectra, m . The air/sea inter- 

ace was modeled for a rough sea defined by the wind speed and 

he correlated sea surface slope variance for an isotropic slope dis- 

ribution [108] . The modeled ocean body assumes a homogenous 

ixture of pure seawater, particulate (phytoplankton, and NAP), 

nd dissolved (CDOM) components. 
10 
For realistic Mueller matrices, a hybrid model that combines the 

nalytical Fournier-Forand (FF) phase function with Voss and Fry 

VF) reduced Mueller matrices was used for the underwater par- 

icles [109] . The VF reduced Mueller matrices, without the magni- 

ude information, effectively provide the normalized light scatter- 

ng polarization matrix based on real measurements of the ocean 

aters. The FF analytical model can very well reproduce the shapes 

f oceanic phase functions, especially at very small angles, based 

n measured IOPs [110 , 111] . To construct the particulate phase 

unction, we first normalized the VF Mueller matrices by its scat- 

ering function (VF M 11 ( ϴ)element) at each scattering angle, and 

hen multiplied by FF scattering function (FF M 11 ( ϴ) element) 

68] . The variations in the FF phase function is based on the real 

ndex of refraction of the particles ( m r ), and the Junge slope pa-

ameter ( γ ), for an ensemble of particles that have a hyperbolic 

article size distribution (PSD). The real part of the bulk refractive 

ndex was calculated from the measured particulate backscattering 

atio using the inversion model in [68 , 112] . Although FF uses only 

he real part of the index of refraction, the addition of the imag- 

nary part of the index of refraction (the amounts of absorption) 

oes not significantly change the shape of the phase functions 

enerated by FF analytical model [110] . The PSD hyperbolic slope 

as estimated from the measured particulate attenuation spec- 

rum [113] . Lastly, to obtain the total Mueller matrix of the water 

ody, the pure seawater phase function, similar to Rayleigh scat- 

ering, is then mixed by the OSOAA with the particulate Mueller 

atrix to obtain the total Mueller matrix of the water. To account 

or molecular anisotropy of water molecules, we used the Rayleigh 

epolarization factor of 0.039 [114 , 115] . 

.3. Observed parameters 

In this article, the bi-directional reflectance ρ , the degree of lin- 

ar polarization, DoLP , and the angle of linear polarization, AoLP , 

re the main parameters we use to describe the incoming light 

elds at the aircraft observational altitude. They are calculated us- 

ng the linear Stokes parameters defined in Eq. (1) as follows: 

 

 

 

 

ρ

DoLP 

AoLP 

⎤ 

⎥ ⎥ ⎦ 

Z 

= 

⎡ 

⎢ ⎢ ⎢ ⎣ 

ρu + ρp √ 

Q 

2 + U 

2 /I 

0 . 5 × tan 

−1 ( U/Q ) 

⎤ 

⎥ ⎥ ⎥ ⎦ 

(9) 

here all parameters are spectrally and geometrically dependent, 

 θ v , φv , λ) and can be calculated at any given level, Z , for each stud-

ed case. The bi-directional reflectance, ρ , is a linear combination 

f the un-polarized ρu and a polarized ρp components. The bi- 

irectional reflectance components are the total radiance and the 

inearly polarized radiance, each scaled by the solar reflected radi- 

tion. 
 

ρu 

ρp 

] 

= 

π r 2 0 

μ0 F 0 
×

[ 

( 1 − DoLP ) × I 

DoLP × I 

] 

(10) 

here the extraterrestrial solar irradiance [116] , F 0 , the cosine of 

olar zenith angle, μ0, and the Sun-Earth distance correction factor, 

 

2 
0 
, describes the solar radiation at the top of the atmosphere, TOA. 

The advantage of using the reflectance and DoLP parameters is 

o represent the at-sensor’s incoming unpolarized and polarized 

ight independently from the solar radiation, and the choice of a 

eference plane for the Q and U parameters. Along with that, the 

rror level in DoLP and AoLP parameters must be less since these 

uantities are derived from measured radiance ratios at the same 

ixel. This error reduction is only valid with proper calibration of 

he four separate camera system, thus eliminating the gain and 

ransmission errors due to pixels differences in the final image. The 
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Fig. 6. Relative differences in the spectral and angular total ρ , DoLP and AoLP parameters for the two measured cases. The left-hand panel shows the spectra of each of these 

parameters at the nadir viewing direction; the right-hand panel shows the 435 nm band of each parameter as a function of viewing nadir angles and at the azimuth line 

of φv = 35 ° relative to the Sun. A gray line, in the middle polar diagram of the figure, indicates the flight line pattern of both cases. A Sun disk is shown on the top of the 

middle polar diagram, indicating the solar principal plane direction, the specular direction at φv = 0 ° (top), and the backscattering direction at φv = 180 ° (bottom). The solar 

position of the Sun was at θ0 = 44 ° and φ0 = 110 ° for both cases. Notice the large AoLP deviation between the two cases coinciding with the DoLP neutral point of Case 2 

(gray dot). 
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ystematic errors associated with integrating sphere radiance level 

lso cancels out. Similarly, rescaled linear Stokes parameters (Q/I 

nd U/I) are unaffected by these particular errors. The DoLP accu- 

acy of VICO is better than 0.25% [25] . 

. Results and discussion 

We describe the results for VICO flying over oligotrophic and 

urbid water-types. The first water-type, Case 1, is representative 

f bright blue-like waters found in the large portion of the open 

cean and characterized by low Chla concentrations. Scattering 

nd absorption are dominated by phytoplankton and the water 

olecules themselves. The second water-type, Case 2, is character- 

zed by high Chla, medium non-algal particles, and medium CDOM 

oncentrations representative of green-like waters typically found 

n productive phytoplankton waters. The atmospheric condition of 

he first case is characterized by a lower SSA, indicating more ab- 

orbing aerosol compared to the second case. The aerosol optical 

hickness, at 500nm, is about twice lower (0.046) for Case 2 than 

or Case 1 (0.084). Differences in the measured aerosol and in- 

ater optical properties are shown in Fig. 4 and Table 2 above for 

oth cases. In this section, we first start with the result of VICO 

25] observations at different conditions. We then show the results 

f VRT match to VICO observations and the estimated total and po- 

arized water leaving reflectances. Lastly, we perform an analysis 

f the total and polarized reflectances variation due to the oceanic 

arameters used in the VRT modeling of the different conditions. 

his analysis is described at both the aircraft level and the TOA 

evel. 
11 
.1. Comparison of VICO observations between Cases 1 and 2 sites 

In Fig. 6 , we highlight the relative differences in the total re- 

ectance, DoLP, and AoLP parameters for the two measured cases. 

s expected, a higher blue reflectance for the first case across 

ll the nadir viewing geometry partially pertained to the in- 

reased scattering in the open ocean case at this band in compar- 

son to the second case. The relative difference between the two 

ases is high in the green and red bands of the DoLP (10-15%), 

hown in the spectral DoLP figure (left panel of Fig. 6 ), and rel-

tively small in overall the AoLP spectra within 3 ° differences. An- 

ther feature observed is that the DoLP crosses a neutral point 

or Case 2, indicated as a gray dot in the angular DoLP figure 

right panel of Fig. 6 ), whereas that for the first case, the DoLP 

razes a neutral point. Notice the corresponding AoLP disconti- 

uity in the second case, marked as a gray dot in the angular 

oLP figure (right panel of Fig. 6 ), and the large AoLP deviation 

cross the nadir viewing direction (0 ° to 90 °) between the two 

ases. 

The differences can be explained by the variation seen in 

erosol and ocean optical properties at each observation, shown 

n Fig. 4 above. The results indicate that small adjustments to the 

erosol and ocean microphysical and optical properties can cause 

nique angular and spectral patterns in the observed total and po- 

arized light field. It is important to note that all the differences 

re shown at the same viewing angles and illumination conditions 

or both cases. 
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Fig. 7. Multi-spectral, and -angular VRT match with aircraft Stokes parameter ( I, Q , 

and U ) observations for Cases 1 and 2. The matches and residuals (i.e., measurement 

minus model) of the observed parameters are shown in the left and right-hand 

axes, respectively. The shaded red areas outline the slope of the Stokes parameter 

residuals across the spectral bands. Each spectral band is shown as a function of 

scattering angles. The values of the scattering angle 110 ° and 145 ° are indicated for 

each wavelength. The solar position is at θ0 = 44 ° and φ0 = 110 ° for both cases. 
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Fig. 8. Multi-spectral, and -angular VRT match with aircraft ρ , DoLP , and AoLP ob- 

servations for Cases 1 and 2. The matches and residuals (i.e., measurement minus 

model) of the observed parameters are shown in the left and right-hand axes, re- 

spectively. The shaded red areas outline the slope for each of the observed param- 

eter residuals across the spectral bands. Each spectral band is shown as a function 

of scattering angles. The values of the scattering angle 110 ° and 145 ° are indicated 

for each wavelength. The solar position is at θ0 = 44 ° and φ0 = 110 ° for both cases. 
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.2. Comparison of VICO measurements with the VRT simulations 

In this section, we present the results from the VRT modeling of 

ICO airborne observations over the two cases. The VRT input pa- 

ameters were estimated from the atmospheric and oceanic optical 

roperties measured at each location, as described in Section 3.2 . 

he optical properties of both sites are summarized in Table 2 and 

ig. 4 above. The multi-spectral and hyper-angular VRT matches 

re shown in the following subsections. 

.2.1. Multi-spectral and multi-angular VRT match 

Figs. 7 and 8 show the spectral VRT match of Case 1 and Case 2

tokes parameters as a function of scattering angles ranging from 

10 ° to 145 °. Case 1, Case 2, and the VRT are color-coded in blue,

range, and gray, respectively. The VRT match is quite consistent 

ith the observed VICO Stokes parameters across the spectrum 

nd the different scattering angles. Slightly less accuracy is no- 

iced in reproducing the Q and U components, probably due to 

he AERONET inversion performance. Indeed, adjustments in the 

ERONET microphysical parameter for the fine aerosol mode tend 

o further improve the VRT modeling results at the longer wave- 

engths and viewing angles toward the Sun. As was highlighted 

reviously [117 , 118] , the aerosol retrieval accuracies from AERONET 

re affected by the lack of using polarization measurements in the 

ERONET inversion. A higher match accuracy could be possibly 

chieved by an optimization routine of a complex configurations, 

owever it is important to note that, the VRT models could be also 

imited. The VRT models are only as good as their internal repre- 

entation of the physics underlying the modeled atmosphere-ocean 

ystem. 
12 
.2.2. Hyper-angular VRT match 

As described in Sec. 2.1.1, the aircraft was flown in a star-shaped 

attern with multiple flight lines to fill the angular space viewed 

ver the area of interest measured by VICO (see Fig. 3 ). In this

ight pattern, all lines crossed a stationary point (the area of in- 

erest) where each line defined a different azimuthal space rela- 

ive to the Sun. The instrument mounting stage was rotated during 

ach flight-line, yielding several sets of images at different viewing 

ngles. The total sampling time of the star-shaped pattern was ap- 

roximately 15 minutes. The variability of the seawater and atmo- 

pheric condition was recorded and analyzed during the flight time 

sing data from the ac-s meter, Microtops, and AERONET. No sig- 

ificant changes were observed. We checked the variability of the 

ERONET AOD measurements within ±15 minutes from the air- 

raft overpass. The AOD values were similar at the different mea- 

urement times. The AOD standard deviations were ± 0.002 and ±
.003 for Cases 1 and 2, respectively. 

To visualize the bidirectional changes, we illustrated the results 

sing the polar angles diagram described previously in Fig. 3 . In 

igs. 9 and 11 , we exploit the results of the VRT modeling and VICO

bservations from many different viewing angles. The radiation 

nd the directionality pattern of the light field are primarily char- 

cterized by the illumination condition and by the atmospheric 

nd oceanic optical properties of the observed scenes. The total 

nd polarized light obtained from the coastal water observations 

t the 443 nm band is described by the Stokes vector components 

, Q, U, in Fig. 9 , and by the ρ , DoLP , and AoLP in Fig. 11 . The top

ows in Figs. 9 and 11 show VICO measurements, and the bottom 

ows show the corresponding result of the VRT simulations. The 
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Fig. 9. Hyper-angular VRT match with aircraft Stokes parameter ( I, Q , and U ) observations. Comparison of the total Stokes components I, Q, and U at different viewing angles. 

The top row shows the VRT model, and the bottom row shows the VICO measurements. The results are shown for Case 2 and at the 443 nm band. The solar position is 

at θ0 = 44 ° and φ0 = 110 °. The specular point location is indicated as a white star in the first polar plot in the figure. The white dash circle projects the underwater Snell 

window boundary on the viewing geometry ( θ v = 48 ° for the underwater viewing perspective). Radiances are given in units of μW cm 

−2 nm 

−1 sr −1 . 
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esiduals between measurements and simulations in Figs 9 and 

1 are shown in Figs. 10 and 12 , respectievely. Both figures exhibit 

onsiderable match quality. The match is consistent with all the 

easured viewing angles, thus illustrating that light scattering and 

bsorbing observed features of the atmosphere-ocean systems are 

ell reproduced by the model. 

.2.2.1. Stokes components. The Stokes components match is shown 

n the unit of radiance in Fig. 9 . It is worth noting that the values

f Q and U parameters in Fig. 9 depend on the choice of the plane

f reference in the coordinate system described above (meridional 

lane). Thus, pixel-by-pixel adjustment was considered to geomet- 

ically project the Q and U components on the reference plane of 

ight. For these observations, the I component was lowest in nadir 

irection and largest in the directions toward Sun and near the 

orizon. The Q and U components take shape according to Eq. (1) . 

hey both switch signs across the viewing geometry, indicating the 

ifferent planes of polarization observed from the time-averaged 

adiance measurements and the associated simulations. To define 

 and U, first we pick the ( ̂  x , ˆ y , ˆ z ) coordinate system as a refer-

nce where ˆ x is the horizontal, ˆ y is the vertical, and ˆ z is in the 

irection of propagation ( ̂ z = ̂ x × ˆ y ). The Linearly polarized light ly- 

ng in the x or y planes can be identified with U = 0 and Q > 0 or

 < 0, respectively. Similarly, for the linearly polarized light lying in 

he 45 ° or 135 ° planes except with Q = 0 and U > 0 or U < 0, respec-

ively. The angular separation from which the magnitude of the 
13 
 pattern decreases to zero occurs roughly at 60 °, 150 °, 210 ° and 

00 ° azimuth angles forming an infinity-like shape centered at the 

rigin of the polar diagram (color-coded in white). U pattern de- 

reases to zero roughly at 0 °, 120 °, 180 °, and 240 ° azimuth angles.

s expected, the U component is precisely zero at the principal 

lane while the Q component is of much higher values (Q >> U), 

aking the sunglint profile mostly carried by the Q component 

117 , 119] . 

.2.2.2. Reflectance, DoLP, and AoLP. In Fig. 11 , the total reflectance 

ives similar results as the total radiance in Fig. 9 . The DoLP is

aximum in the VRT model and the data in and around the spec- 

lar plane, forming a sunglint profile. Such a feature is uniquely 

efined by the Sun direct beam and the surface Fresnel reflection 

arameters at the principal plane of reference. Noticeable changes 

n the sunglint patterns were observed in the collected images 

not shown). Differences in the sea surface roughness affect the 

ymmetry of the sunglint patterns to the principal plane. Sunglint 

atterns can be a useful tool to yield information about the state 

f the sea surface, such as the speed and direction of the wind 

108] and the flight attitude angles [14] . The radiance and DoLP 

f sunglint can also be used to cross-calibrate the different wave- 

ands in the visible and NIR wavelengths [74-76] and to retrieve 

he refractive index of the surface layer [120 , 121] . 

The other feature in the data is the formation of neutral points 

n the DoLP polar diagram. The modeled DoLP shows symmetric 
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Fig. 10. Stokes parameters residuals (i.e., measurement minus model) for the hyper- 

angular VRT match shown in Fig. 9 . The residuals are shown between VICO mea- 

surement and VRT simulation for the I, Q, and U parameters. Radiance residuals are 

given in units of μW cm 

−2 nm 

−1 sr −1 . The mean, median and mode of the residuals 

are specified in the figure legend. 
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eutral points around the principal plane. The measured DoLP con- 

rmed the findings of the neutral point on one of the sides of the 
ig. 11. Hyper-angular VRT match with aircraft ρ , DoLP , and AoLP observations. The top r

esults are shown for Case 2 at the 443 nm band.The solar position is at θ 0 = 44 ° and φ

lot in the figure. The white dash circle projects the underwater Snell window boundary

otal ρ , DoLP , and AoLP are given in units of sr −1 , % , and °, respectively. 

14 
rincipal plane. Neutral points arise from the zero polarization of 

he observed light field. This zero polarization can also be seen 

n Fig. 9 at the viewing geometries where both Q and U neutral 

ines intersect (Q = U = 0). The neutral points vary in position with 

ltitude [58] and with different aerosol and hydrosols conditions 

n the atmosphere-ocean systems [122 , 123] . Previous studies re- 

orted their sensitivity to the imaginary refractive index of absorb- 

ng aerosols [20 , 58] , the droplet size distribution in the top layer of

louds [59 , 124] and the chlorophyll-a concentration in the ocean 

14] . 

Similar results were observed at the different bands of VICO. 

he angular pattern was generally similar with few differences. 

he total reflectance decreases as the wavelengths increase primar- 

ly due to the decreasing amount of Rayleigh and aerosol scatter- 

ng from the atmosphere. The DoLP neutral points shift toward the 

adir direction with the longer wavelengths [25] . 

Regardless of how well the models represent the underlying 

hysical process, multiple other factors affect the correctness of 

oth the measurements and the modeling causing the residuals 

een in Fig. 12 . The observed residuals in this figure could be pos- 

ibly due to wrong modeling assumptions in the aerosol and hy- 

rosol micro- and macro-physics (ex. refractive indices, particles 

ize, and shapes, etc.), random and systematic photons statistics 

rrors ( [25] and Sec. 3.2 ) caused by the measuring instrument er- 

ors and uncertainties in the field, and several other environmen- 
ow shows the VRT model, and the bottom row shows the VICO measurements. The 

0 = 110 °. The specular point location is indicated as a white star in the first polar 

 on the viewing geometry ( θ v = 48 ° for the underwater viewing perspective). The 
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Fig. 12. Residuals (i.e., measurement minus model) for the hyper-angular VRT match shown in Figs. 11 . The residuals are shown between VICO measurement and VRT 

simulation for the total ρ, DoLP , and AoLP parameters. 

Fig. 13. The estimated total and polarized water-leaving reflectances at θs = 110 °. 
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Fig. 14. The estimated total and polarized water-leaving bi-directional reflectances 

of Case 2 at the 443 nm band as a function of viewing angles. 
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al factors such as capillary ocean waves, shadowing of one facet 

y another, sun-glint contamination, etc. The combined effect of 

hese multiple factors adds to the magnitude of the quantified lab- 

ratory radiometric errors and uncertainties. To that end, the ob- 

erved residuals and the negative bias seen in the DoLP residual 

f Fig. 12 are the results of several combined effects that lead to 

 misestimation in both the measured and modeled radiance and 

inear polarization. It is important to note that, regardless of the 

bserved residuals in this figure, the polarimetric accuracy is well 

ithin the stated VICO DoLP accuracy ( < 0.25%), which is not al- 

ays necessarily the case, given the modeling assumptions made 

n the unknown variables and parameters and the difficulties ex- 

erienced in the field measurements. 

.3. Total and polarized ocean reflectance using VICO and VRT 

Total and linear polarized water-leaving reflectances were es- 

imated using the VRT computations. The VRT was used to com- 

ute and remove the atmospheric path Stokes components using 

imulations set to run with the atmospheric parameters measured 

t the time of the imagery acquisitions and with the black ocean 

ody assumption. The retrieved total and polarized water-leaving 

eflectances are shown in Figs. 13 and 14 . In Fig. 13 we show

he retrieved water-leaving spectra of Cases 1 and 2. The retrieved 

pectra are similar to the water-leaving spectra typically found in 

he open ocean and coastal waters areas. The total reflectance of 

he open ocean case exhibited higher values at 435 nm, indicat- 
15 
ng more blue water and nearly zero value in the NIR. The coastal 

ater case shows slightly higher values at the NIR band, indicat- 

ng the presence of higher particulate scattering, such as miner- 

ls. In Fig. 14 , we show the coastal water observations at the 443 

m band from many different viewing angles. The retrieved polar- 

zed reflectances in Fig. 14 are similar to those measured by un- 

erwater polarimeters in turbid waters [24 , 125 , 126] . The polarized 

ight maximum is approximately at around 100 ° scattering angle. 

he polarized light minimum is well off of the principal plane, 

oughly at θ v = 40 ° to 55 ° and φ0 = 260 ° to 220 °, indicating possi-

le sources of areas of zero, or low, polarization [125] . The impact 

f the retrieved water-leaving radiance and polarization on the ob- 

erved total and polarized reflectances at the aircraft and TOA alti- 

udes will be discussed in the following section. 
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Fig. 15. The spectral differences in total and polarized reflectances obtained from 

the comparison between the in-water optical properties measured in the open 

ocean (blue) and coastal water (orange) cases and a pure ocean case (i.e., only 

molecular scattering and absorption). The differences are shown at θv = 70 °
and φv = 35 °, the light blue and light orange curves show the differences at the 

TOA, and the dark blue and dark orange curves show the differences at the flight 

altitude (1500 m). 
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Fig. 16. The viewing angular differences in total and polarized reflectances obtained fro

ocean and coastal water cases and a pure ocean case (i.e., only molecular scattering and a

differences at the TOA and the bottom row shows the differences at the flight altitude (15

point location is indicated as a white star in the first polar plot in the figure. The white da

( θ v = 48 ° for the underwater viewing perspective). Reflectance values below the polarimet

16 
.4. Sensitivity study for space (or airborne) observations 

The aerosol composition primarily determines the top of the 

tmosphere (TOA) polarized reflectance ( ρp ). Meanwhile, several 

tudies [14 , 70 , 117 , 127] have shown the potential sensitivity of TOA

ρp to changes in the water optical properties. In this section, the 

ensitivity of the remotely sensed total and polarized reflectance to 

he measured in-water optical properties was analyzed at the air- 

raft altitude and the TOA level. Figs. 15 and 16 show total and po- 

arized reflectance’s difference at 1500 m and at TOA when a pure 

cean is considered (only molecular scattering and absorption) in- 

tead of the one characterized by the measured IOPs. Fig. 15 shows 

he difference in the spectrum for the open ocean and coastal wa- 

er cases. The polarimetric accuracy limits of the POLDER instru- 

ent (| ρp | > 8.5 × 10 −4 sr −1 ) and of currently achievable accura- 

ies (| ρp | > 1 × 10 −4 sr −1 ) are outlined as solid and dash lines,

espectively. It is interesting to note that the total reflectance of 

he open ocean case and the polarized reflectance of both open 

cean and coastal waters are fairly insensitive to the hydrosols at 

avelengths greater than 550 nm for the geometrical configuration 

onsidered in Fig. 15 ( θ v = 70 °, and φv = 35 °). These wavelengths

ould thus be preferentially used for the characterization of the at- 

ospheric optical properties. However, such a feature is not true 

t shorter wavelengths because of the more significant influence 

f the scattering processes in the water body, as corroborated by 

he significant differences observed in the total reflectance for the 

ase 2 water type. For such a latter water type, the polarized re- 

ectance could also be used at short bands with relevance for the 

etection and characterization of the hydrosols. 
m the comparison between the in-water optical properties measured in the open 

bsorption). The differences are shown for the 443 nm band; the top row shows the 

00 m). The solar position is at θ 0 = 44 ° and φ0 = 110 ° for both cases. The specular 

sh circle projects the underwater Snell window boundary on the viewing geometry 

ric accuracy limits of POLDER instrument (8.5 × 10 −4 Sr −1 ) are color-coded in white. 



A. El-Habashi, J. Bowles, R. Foster et al. Journal of Quantitative Spectroscopy & Radiative Transfer 262 (2021) 107515 

4

fl

i

l

s

b

b

N

p

o

t

s

s

a

s

a

r

1  

t

-  

T

a

a

m

t

v

r

v  

×
s

6

a

V

a

n

a

t

c

w

t

p

t

c

[

o

d

c

o

t

h

t

s

m

T

v

f

s

w

p

r

f

t

s

t

t

t

r

a

a

r

c

a

t

f

(

t

D

A

s

H

N

n

t

t

(

k

H

p

f

W

M

r

i

A

 

r[

Q

t

s

t

i

c

d

Fig. 16 shows the difference across the viewing angles at the 

43 nm band for the open ocean and coastal water cases. Re- 

ectance values below the polarimetric accuracy limits of POLDER 

nstrument (8.5 × 10 −4 ) are color-coded in white. At such wave- 

ength, the polarized reflectance ( ρp ) could be significantly sen- 

itive to the hydrosols across most viewing angles. Again, this is 

ecause of the higher amount of the scattering processes induced 

y the suspended particulate matter, especially in coastal waters. 

ote that the white areas observed for the polarized reflectance 

olar plots ( Fig. 16 b) could be potentially used as relevant ge- 

metries to derive information on the aerosols’ optical proper- 

ies from a multi-angular polarimetric satellite or airborne sen- 

or. Therefore, multi-angular polarized reflectance measured from 

pace could be exploited to distinguish the hydrosols from the 

erosols from a single observation of a given scene. Note that the 

ensitivity analysis in Fig. 15 is shown from VICO altitude (1.5 km) 

nd PACE-like observations (TOA). Both altitudes showed polarized 

eflectance ( ρp ) variation for the open ocean case ranged from - 

5.4 to 2.6 × 10 −3 Sr −1 , and - 12 to 1.5 ×10 −3 Sr −1 , respectively. For

he coastal water case, the polarized reflectance ( ρp ) ranged from 

20.4 to 2.8 × 10 −3 Sr −1 and - 15.6 to 1.7 ×10 −3 Sr −1 , respectively.

he analysis was also computed for the high altitude NASA ER-2 

ircraft (typically 20 km). NASA ER-2 aircraft is frequently used for 

irborne field experiments and was recently used to deploy several 

ulti-angle polarimeter prototypes during the Polarimeter Defini- 

ion Experiment (PODEX) [88] . Both NASA ER-2 and TOA altitudes 

ary in a similar angular pattern with slightly lower magnitude 

anges. The NASA ER-2 altitude showed polarized reflectance ( ρp ) 

ariation ranged from -12.3 to 1.6 × 10 −3 Sr −1 , and - 15.9 to 1.8

10 −3 Sr −1 , for the open ocean and coastal cases, respectively (not 

hown). 

. Summary and conclusion 

In this work, we demonstrated the strong consistency between 

n airborne multi-spectral hyper-angular polarimetric imager and 

RT simulations over coastal and clear water conditions. Radi- 

nce and linear polarization data were collected in the visible and 

ear-infrared part of the spectrum and at many different viewing 

ngles using the VICO instrument. The observed data have gone 

hrough rigorous calibration procedures. Geometric correction is 

onsidered for the projection of reference planes of light. The data 

ere adjusted pixel-by-pixel according to their radiometric, spec- 

ral, and spatial calibrations. A method has been implemented to 

ropagate uncertainties in the measured polarized radiances and 

heir consequently derived products. The approach is an analyti- 

al approximation based on the law of propagation of uncertainty 

87 , 91] . 

Radiative transfer simulations for the coupled atmosphere- 

cean system were run to adequately analyze the observed VICO 

ata with theory. First, the optical properties of aerosol and ocean 

onstituents were measured at different conditions. The measured 

ptical properties were used in forward-modeling to propagate to- 

al and linearly polarized radiances to the aircraft altitude. We 

ave shown that the radiance and the linearly polarized light of 

he observed scenes matches well the VRT simulations. Slightly 

uperior VRT modeling results are achieved with further refine- 

ent in the microphysical parameters of the fine aerosol mode. 

he match was consistent at different wavelengths and at various 

iewing angles, thus illustrating that light scattering and absorbing 

eatures of the atmosphere-ocean systems are well reproduced by 

imulations. 

Second, total and linear polarized water-leaving reflectances 

ere estimated using the VRT computations and the atmospheric 

arameters measured at the time of the imagery acquisitions. The 
17 
eflectance retrievals were similar to those reflectances typically 

ound in coastal and open ocean waters. Finally, the sensitivity of 

he remotely sensed total and polarized reflectance to the mea- 

ured in-water optical properties was analyzed at the aircraft al- 

itude and the TOA. Total and polarized values above and below 

he detection limits were highlighted for both elevations. Overall, 

he results demonstrated the ability to measure and model the 

emotely sensed polarized reflectance from airborne observations 

nd the potential to provide additional information about aerosol 

nd water constituents from airborne and space-borne polarimet- 

ic observations, such as particle size and type. This study clearly 

onfirms that it remains important to continue the development of 

dvanced ocean color retrieval algorithms based on the exploita- 

ion of multi-angular polarimetric remote sensing measurements 

or use in forthcoming satellite sensors such as the PACE sensors 

NASA) or the Multidirectional, Multipolarization, and Multispec- 

ral (3MI) instrument (ESA and EUMETSAT). 
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ppendix 

The square of the total uncertainties in Q and U , can be first de-

ived analytically from the partial derivatives in Eq. (2) as follows: 
 

u 

2 
Q 

u 

2 
U 

] 

= 

[ 

σ 2 
I 0 

− σI 0 I 90 
− σI 90 I 0 + σ 2 

I 90 

σ 2 
I 45 

− σI 45 I 135 
− σI 135 I 45 

+ σ 2 
I 135 

] 

Note that the uncertainty in the rotation angle ( u α) used with 

 and U calculations is considered in all the uncertainty propaga- 

ion calculations. However, the uncertainty formulations has been 

implified in the article by ignoring the rotation angle uncertainty 

erm ( σα<< ). 

To estimate the total uncertainties in DoLP and AoLP , we analyt- 

cally compute the partial derivatives in Eq. (2) . We start by cal- 

ulating the partial derivatives in Eq. (3) for DoLP . The DoLP partial 

erivatives can be simplified as follow: 

∂DoLP 

∂ I 0 
= 

−U 

2 − Q ( I + 2 I 90 ) 

2 I 2 
√ 

Q 

2 + U 

2 

∂DoLP 

∂ I 45 

= 

−Q 

2 − U ( I − 2 I 135 ) 

2 I 2 
√ 

Q 

2 + U 

2 
, 

∂DoLP 

∂ I 90 

= 

−U 

2 − Q ( I + 2 I 0 ) 

2 I 2 
√ 

Q 

2 + U 

2 
, 

https://github.com/CNES/RadiativeTransferCode-OSOAA
https://worldview.earthdata.nasa.gov


A. El-Habashi, J. Bowles, R. Foster et al. Journal of Quantitative Spectroscopy & Radiative Transfer 262 (2021) 107515 

p  

f

u

⎛
⎜⎜⎝

 

 

 

 

⎡
⎢⎣
w

c

t

f

W

T

i

u

 

 

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∂DoLP 

∂ I 135 

= 

−Q 

2 − U ( I + 2 I 45 ) 

2 I 2 
√ 

Q 

2 + U 

2 

To obtain the total uncertainty of DoLP , we substitute the DoLP 

artial derivatives in Eq. (2) . Thus, the u 2 
DoLP 

, can be simplified as

ollow: 

 

2 
DoLP = 

1 

I 2 
(
Q 

2 + U 

2 
)

 

 

 

 

((
U 

2 + Q ( I 45 + 2 I 90 + I 135 ) 
)

×
(
a 1 σ 2 

I 0 
+ a 2 σI 45 I 0 + a 3 σI 90 I 0 + a 4 σI 135 I 0 

))
+ 

((
Q 

2 + U ( I 0 + I 90 − 2 I 135 ) 
)

×
(
a 1 σI 0 I 45 

+ a 2 σ
2 
I 45 

+ a 3 σI 90 I 45 
+ a 4 σI 135 I 45 

))
+ 

((
U 

2 + Q ( 2 I 0 + I 45 + I 135 ) 
)

×
(
a 1 σI 0 I 90 

+ a 2 σI 45 I 90 
+ a 3 σ 2 

I 90 
+ a 4 σI 135 I 90 

))
+ 

((
Q 

2 + U ( I 0 + 2 I 45 + I 90 ) 
)

×
(
a 1 σI 0 I 135 

+ a 2 σI 45 I 135 
+ a 3 σI 90 I 135 

+ a 4 σ 2 
I 135 

))
⎞
⎟⎟⎠

The coefficients a 1 , a 2 , a 3 , and a 4 are defined by 
 

 

 

a 1 
a 2 
a 3 
a 4 

⎤ 

⎥ ⎦ 

= 

1 

I 2 
(
Q 

2 + U 

2 
)
⎡ 

⎢ ⎣ 

U 

2 + Q ( I 45 + 2 I 90 + I 135 ) 
Q 

2 + U ( I 0 + I 90 − 2 I 135 ) 
U 

2 + Q ( 2 I 0 + I 45 + I 135 ) 
Q 

2 + U ( I 0 + 2 I 45 + I 90 ) 

⎤ 

⎥ ⎦ 

here σ 2 
I 0 

, σ 2 
I 45 

, σ 2 
I 90 

, and σ 2 
I 135 

are the variances of each Stocks 

omponent, and σI 0 I 45 
, σI 0 I 90 

, and σI 0 I 135 
are the covariances be- 

ween each of the Stocks components. All parameters above come 

rom the imager measurements. 

Similarly, we compute the total uncertainties in AoLP parameter. 

e start by calculating the partial derivatives in Eq. (2) for AoLP . 

he AoLP partial derivatives can be simplified as follows: 

∂AoLP 

∂ I 0 
= −∂AoLP 

∂ I 90 

= 

−U 

Q 

2 
(

2 U 2 

Q 2 
+ 2 
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∂AoLP 

∂ I 45 

= −∂AoLP 

∂ I 135 
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Q 

(
2 U 2 

Q 2 
+ 2 

) , 

The u 2 
AoLP 

can be obtained by substituting the partial derivatives 

n Eq. (2) as follows: 
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