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Abstract

BIDIRECTIONAL REFLECTANCE CORRECTION MODEL FOR COASTAL
WATERSAND ITSAPPLICATION TO MINIMIZATION OF UNCERTAINTIESIN
SATELLITE AND IN-SITU WATER LEAVING RADIANCESAT LONG ISLAND
SOUND COASTAL OBSERVATORY SITE

by

Soe Min Hlaing

Adviser: Professor Alexander Gilerson

Co — adviser: Professor Samir Ahmed

Ocean Color data validation is the absolute requirement to prthedgeady and reliable Ocean
Color data stream. In the validation of Ocean Color data, waténtpeadiances, retrieved from
in situ or satellite measurements, need to be compared inc@mate manner. Both in-situ and
satellite data to be used in the comparisons are required to bepteeentative of the typical
water and environmental condition at the site without being affegteéiebunexpected natural
and environmental perturbation. As the result, assessments of théauniesr in the water
leaving radiance data must be carried out in the measuremenhenevdry step of data
processing procedure. With the hyper- and multi-spectral wedgimg radiance data retrieved
for the different viewing geometries of the instruments at tbagLlsland Sound Coastal
Observatory (LISCO), uncertainties in the water leaving radiaata and processing procedures
have been assessed and quantified. Recommendations and algorithm impteveve been
also made to reduce the uncertainties in the processing and walidgatOcean Color data.

Particularly, remote sensing reflectance model to corredbitheectional angular dependencies
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in both in-situ and satellite data have been proposed. The proposed modeVvaiflated with a

one year time series of in situ above-water measurements extdpyir collocated multi- and

hyper-spectral radiometers which have different viewing gedgsetistalled at LISCO. Match-
ups and inter-comparisons performed on these concurrent measurshoenthat the proposed
algorithm outperforms the algorithm currently in use at all veagths, with spectral average
improvement of 2.4%. LISCO’s time series data has also been usedltiate improvements in
the match-up comparisons of MODIS satellite data when the prdgisirectional Reflectance
Distribution Function (BRDF) correction is used in lieu of therentr algorithm. It has been
shown that the discrepancies between coincident in-situ sed-laask satellite data were
decreased by 3.15% with the use of the proposed algorithm. Possibility application of the

developed BRDF algorithm for the open ocean conditions is also considered.
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1 Introduction

In the industrialized world, more than 50% of the population lives within 100 km of the ceast. A
this population expands, continued anthropogenic pressures are placedtahregams [1].
Consequently, coastal resource management is becoming increasipglyant and the ability
to provide large-scale synoptic monitoring of the coastal water quality isorithe assessments
of the anthropogenic impacts on the natural environments of coesaal As the result, Ocean
Color (OC) satellite sensors such as the Sea-viewing Widel-&fieiew (SeaWiFS) [2]
(operational till December 2010), Medium-spectral Resolution Inga§pectrometer (MERIS)
[3] and the Moderate-resolution Imaging Spectrometer (MODIS) b#ith( are currently
operational) as well as Visible and Infra-red Imaging Radiongutées (VIIRS)[5, 6] (on orbit
since October 2011), are becoming the crucial assets for the OC resganchraty in its ability
to provide large-scale, synoptic observations of phytoplankton bionres®e productivity,
suspended sediment load, and other valuable parameters of the dpevastal areas of the

ocean.

Because of the opportunities afforded by the data obtained through tGes&téllite sensors, a
wide variety of ocean color models which relate the optical sigmaif the ocean to in-water
constituents have been developed during the past decades[7-10].sAgrtbdels continue to
evolve, their success in retrieving the in-water constituenta the OC satellite data entirely
depends on the accurate determinations of the optical signaturegafeeleaving radiance and
remote sensing reflectance) which carry the information daggithe optical properties of that
water. However, determination of the water leaving radiance (comstyguemote sensing

reflectance) from the measurements made from OC satsdlitsors is not straight forward



requiring the multiple rigorous processing steps such as the domese to remove the
contribution of atmospheric and ocean surface radiances to thedadi@hce measured by the
satellite sensor and the bidirectional correction of the wadeirlg radiances to eliminate their

dependency on angular variations.

It is well recognized that more than 90% of the signal medshyean ocean color satellite
sensor is due to the confounding influence of the atmosphere [11]. The atroapldeocean
surface effects must be removed before ocean radiance signale @nalyzed for the purposes
of understanding the ocean biosphere. These so called atmospheritiaonpeocedures for
satellite OC data of the ocean waters have been developed [12, 13baed fr be providing
the corrections with the reasonable accuracies for the open aceas and moderate coastal

waters with low turbidity index [14].

Similarly, resulting water-leaving radiances after theasjpheric correction procedures must be
further processed to remove the bidirectional angular variatioeem in order to standardize
the data and make them comparable with each other [15]. This b@hadatorrection step is the
most important step in the processing of satellite retrieve@rdeaving radiance after the
atmospheric correction step because the water-leaving radiancgpeally vary 10 - 20%
depending on the solar and viewing (observation) angles [16]. The angu&bilitg in the
emerging water leaving radiance field is mainly resultechfthe non-isotropic character of the
volume scattering function (VSF) of the water body, and thusatsis the function of the in-
water constituents [17-19]. Therefore, removing the bidirectidifettefrom the retrieved water-
leaving radiance requires the extensive knowledge of the optical pespeftthe water body

itself beforehand. Due to the importance of the subject, variatiotie bidirectional properties



of the upward radiance field have already been extensively stidieably, Morel and Gentili
[15] reported the variations in the bidirectional properties of the igprealiative field for case 1
(open ocean) waters, and their studies related the bidirectionatimasi of water leaving
radiance field to phytoplankton particulate (i.e. chlorophyll) conceotra®heir finding were
tentatively extended to typical case 2 (coastal) waters, rencbiarently being used in the NASA
ocean color data processing procedures as the operational coragorithm for the retrieval
of water leaving radiance from both case 1 and case 2 waes [§p]. The efficacy of the
current operational bidirectional correctional algorithm has ajreaeén confirmed [19, 20] and
considered to be reasonably effective for the case 1 water ioosdiHowever, unlike open
ocean waters in which variability in the optical properties arainly driven by the
phytoplankton particulate, in-water constituents of the coastalsaare usually dominated by
sediment or by colored dissolved organic matter (CDOM)[9, 21]. Tdrerethe validity of using
this correction algorithm, which was developed based on singleaté type (phytoplankton)
assumption, in case 2 water conditions is questionable [16, 22-24]. Awglgrdhe need for an
improved version of a bidirectional reflectance correction algorparticularly tuned for typical
case 2 water conditions is the general consensus among the oceaadioloetry community

[16, 22-24].

In the coastal waters, variability of optical properties and biogeochlkecoiestituents tends to be
particularly high [25, 26]. Moreover, optically complex aerosols l@mvn away from the
mainland and might lie up to a couple of days over the coastal @nea.overall optical
complexity of the atmospheric-water system makes observatiam $pace highly challenging
because geophysical processing of the satellite data is gghgitive to the atmospheric and

water composition. Consequently, the retrieved water-leavinglsigrhich carries information
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on water optical properties and water composition, is not erroafrééts reliability needs to be
assessed and validated against actual high quality in-siturfieasurements. The assessments
and validations are usually done by performing the matchup and ceonmbetween the field
measurements usually carried out from the boats or offshorerptatfand coincident satellite
data of the location [27-30]. These matchup comparisons between ¢higesahd in-situ data
can provide the valuable information regarding the effectiveness aiityvalf the overall
satellite OC data processing and correction procedures [27, 31]. Howlese®e comparisons
themselves require the bidirectional correction because the oliseraat illumination angles
of the in-situ instrument and those of satellite sensor are ydliffitrent from one another.
Unless correction algorithm appropriate for the water typegbeuestigated is used, validity of
the OC sensor data may not be properly assessed and even leaddoweriinterpretation of the

validation results.

Aiming at supporting the requirement of satellite data vabdatnetwork of observational
platforms equipped with spectral radiometers that measure ttencademerging from the sea
(i.e., water-leaving radiance) as well as sky and sokadiance were established throughout the
coastal areas around the world to provide the satellite ocean cbttatioa activities through
standardized measurements performed at different sites [29, 3243&].Adrosol Robotic
Network (AERONET) [35], developed primarily to sustain atmosplsttidies at various scales
with measurements from worldwide distributed autonomous sun-photometdrsdraextended
with the additional capability of measuring the radiance eimgrgom the sea to support ocean
color remote sensing applications [30, 36]. This new network componeht aditional
capability of measuring water-leaving radiance are calldBR@NET — Ocean Color

(AERONET-OC). As part of the AERONET-OC, City College Néw York (CCNY) has
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established a new scientifically comprehensive off-shore phatfdhe Long Island Sound
Coastal Observatory (LISCO) to support present and future mult- fayper-spectral
calibration/validation activities, as well as the development of ma&surement and retrieval
techniques and algorithms for coastal waters [33, 37, 38]. LISCO'anmesit suite includes the
two independent above water radiometers which have different vieyaometries from one
another. As the result, match-ups and inter-comparisons performed orcottwairrent
measurements of these co-located instruments permit us yoochithe detailed analysis on the
angular variations of the water-leaving radiance field of tf&C0 site [23]. In addition, these
coincident measurements also allow us to perform the assessmhéné intrinsic uncertainties
in the in-situ data associated with the in-situ above watasurements and data processing
procedures. These concurrent measurements also permit tlygia@if-checking of data and
thus, consistent and reliable time series in-situ data recorduseldefor the validation of the OC

satellite data can be created.

Background analysis of LISCO area water characteristiosdbas the time-series OC satellite
data has been carried out and it was found that water paramedesgical for coastal waters
with the moderate variability [34]. The combination of LISCO's dgpicoastal water
characteristics and ability of its instruments to make concurveater-leaving radiance
measurements from the different viewing geometries enahite (Jsquantify the uncertainties in
the in-situ above water measurements and create self - guiaditked and reliable time series
in-situ OC data records; (ii) analyze the bidirectional progemf the water-leaving radiance
field typical to coastal water conditions; (iii) develop the Mdilonal correction algorithm
optimized for the coastal water conditions and test the validitheo algorithm by using it in

data processing in lieu of the current operational one (iv)ittdei the validation of the OC
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satellite data and processing procedures with the use of qusdityed LISCO data processed

with the appropriate bidirectional correction algorithm for the coastal watwfitions.

In the second chapter, background of the satellite OC sensbsirdamental processing and
correction procedures for the OC radiometry data currently inuilsdoe discussed. Next, in
chapter 3, fundamental inherent optical properties will be explained. Ireclgpte will present
the characteristics of the LISCO and its measurement sysikmg with the above water data
processing procedure being used in the OC data validation. Assesshighe uncertainties in
the above water measurements and data processing procedures will lbdeocaiiriechapter 5. In
chapter 6, representativeness of LISCO as the validation #iteewierified and uncertainties in
the satellite OC data will be assessed with the use of yyaakured above water data of LISCO.
Chapter 7 details the radiative transfer simulations performedtHer development of
bidirectional correction algorithm. Moreover, analysis on the amglépendencies of the water
leaving radiance field will be also carried out based on therwhgracteristics. In chapter 8,
assessments of the proposed algorithm are made based on tretesinualtaset, in-situ and

satellite data. Summary and conclusions are presented in chapter 9.



2 Background of the Ocean Color Remote Sensing

2.1 Ocean color satellite sensors

The use of satellite remote sensing data to investigate oqaacesses has become essential for
oceanographic research and monitoring [39]. Remote sensing of oceafraol space began in
1978 with the successful launch of NASA's Coastal Zone Color Sc@@B€sS) [40, 41]. CZCS
mission demonstrated the possibility of mapping the phytoplankton pigraroéntration in the
upper ocean layers with an optical remote sensor and provided a worldwatigiee of oceanic
biomass[40-42]. Despite the fact that CZCS was an experimamgaion intended to last only
one year, the sensor continued to generate a valuable timeefeilegs over selected test sites
until early 1986[30]. This achievement led to the development of nundbfersreasingly
advanced ocean color sensors capable of producing global imagesridwide oceanographic
studies. Among these are the Moderate Optoelectrical Scann@S)(¥B], Ocean Color
Temperature Scanner (OCTS)[44] and POLarization and Directipnalit the Earth's
Reflectances (POLDER)[45], and Sea-viewing Wide Field-of-\v&@msor (SeaWiFS)[2]. Ocean
color remote sensing was brought to next level with the launchooehte-resolution Imaging
Spectroradiometer (MODIS) instrument launched into Earth orbit AANin 1999 on board
the Terra Satellite, and in 2002 on board the Aqua satellite [46, 47inSthements capture data
in 36 spectral bands ranging in wavelength from 0.4 um to 14.4 pmtaratyang spatial
resolutions (2 bands at 250 m, 5 bands at 500 m and 29 bands at 1 km). TingeMe&DIS
instruments image the entire Earth every 1 to 2 days. Also in 208@uM Resolution Imaging
Spectrometer (MERIS) was launched on board the European Space ABS#ys Envisat

satellite[48]. The MERIS instrument provides 15 spectral banaginmg from 412 to 1050nm,
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which are programmable in position, width and gain. The highest lspegticdution provided by
the detector is 300 m near nadir at the Earth's surface @ad#nown as the 'Full Resolution
(FR)" product. The more common 'Reduced Resolution (RR)" products aezatgel by
aggregating the FR data to a nominal resolution of 1200 m. Theiathbf view of MERIS is
68.5 degrees around nadir (yielding a swath width of 1150 km), which is sufficient to catkect d

for the entire planet every 3 days (in equatorial regions).

Several new ocean-color sensors have recently been launched amdrgtiire planned for the
near future by various space agencies. Recent success inrtbRite of the Visible and Infra-
Red Imaging Radiometer Suite (VIIRS)[5] [49, 50](which has thelainspectral bands in
visible region as MODIS but with the higher resolution) makes ples#iie continuity of the
reliable OC data stream as the new sensor can be validatedtapa currently operational
sensors which are already in space[6]. Therefore, OC reseamumunity has been recently
paying much attention to the validation activities of the both new amért operational OC

sensors and, as the result, reliable data processing and correcticghalgare urgently needed.

2.2 Ocean color data

Microscopic plant lives called phytoplankton are at the base of éh@menfood chain and are the
primary food and energy source for the ocean ecosystem. Phytoplaoktaertcnutrients into
plant material through the process called photosynthesis by usinghsumith the help of the
optically active green pigment called chlorophyll. In the procdss; tonvert carbon dioxide
from sea water into organic carbon and oxygen as a by-product andmuarf important part

of the global carbon cycle [26]. Therefore, the global assessmehtytplankton biomass and



its variations in time and space is essential for the lomg-tvaluation of ocean ecosystem

health and for understanding changes in the ocean carbon cycle [26, 51, 52].

In the case Ivater phytoplankton is the main water constituent [8]. The color @hroshifts

from blue to green with the increasing presence of phytoplanktdrepsbsorb light strongly in
the blue regions of the spectrum and scatter light in the greganse These spectrally
dependent absorption and scattering properties of phytoplankton areddsuit the optically

active pigment called chlorophyll. As the result, chlorophyll comegioh [Chl], mg/mi, has

been used as the proxy data to quantify the phytoplankton biomass ocelfue waters. The
sheer size of the ocean and the costs associated with itsuirsasnpling has led to the
deployment of satellite ocean color missions [42, 53, 54]. These glelbaiminations of the
upper ocean chlorophyll distribution have produced the first consistens wikthe space/time
dynamics of the ocean biosphere [42, 55]. Figure 2.1 shows the [@p§ af the Long Island
Sound and the vicinity areas for the different seasons of the eydabiting the seasonal

variability in phytoplankton biomass of the area.
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Figure 2-1. Chlorophyll concentration [Chl], mg]rof the Long Island Sound and
vicinity areas for different times of the year. [Chl] imagesrateeved from the

Level 2 MODIS data of AQUA satellite.

Other indicators of the biogeochemical process of the seasasieh as the color dissolved
organic matter (CDOM) and sediment concentration can be alsdivaffgassessed from the
OC data [10, 56, 57]. In addition to the geophysical products like th€sdat images can also
be directly derived into the basic optical properties, such as almsogrtd backscattering of the

water body with the use of the inversion algorithms [58, 59]. These optical preeanti¢hen be
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related to the events occurred naturally or resulted from theogotnic impacts for the further
understanding of the phenomenon. For example, particulate backsgateificients and the
mineral concentration are known to be strongly correlated [60lthAsresult, backscattering
coefficients of the water body can be used as the proxy for sikbadge of the sediment flow

which is usually abundant with the mineral rich particles.

Figure 2.2 exhibits particulate back-scattering coefficieapsnof the Long Island Sound and its
vicinity areas for three particular days (March 9, 16 and 2hefyear 2010). The particulate
back-scattering coefficient of these satellite imagesohtained by using the Quasi Analytical
Algorithm (QAA) [59]. In fact, these three images were recorefore and after the severe
storm event occurred in New York region on March 14 of 2010. The inwgady show the

flows of the sediment discharged from the rivers of the area dématmg the potentials to make

the assessments to the extent and impact of the storm.
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Figure 2-2. Maps of the particulate back-scattering coefficient at 443nm for
Long Island Sound and its vicinity areas, images shown above are retrieved

from the Level 2 MODIS data of AQUA satellite.

2.3 Processing of the Satellite Ocean Color Radiometric Data

It is well recognized that about 90% of the signal measureghlycean color satellite sensor is
resulted from the confounding influence of the atmosphere [11]. Refléiglet from ocean

surface also contributes noticeably to the total radiance meamurenade from top of the
12



atmosphere [61]. The atmospheric and ocean surface effects mustnbeed before ocean
radiance signals can be analyzed for the purposes of understaneliogean biosphere and
doing so requires the multiple rigorous processing steps [61]. &tti®s of the chapter mainly
addresses the fundamental radiometric quantities that are useddoean color remote sensing
and derivation of those quantities from the top of the atmosphere mmeasitse detailing the

processing procedures at each derivation step.

2.3.1 Top of atmosphere (TOA) radiance

Retrieving of the water leaving radiance data which carries the infiormaftthe optically active
constituents of the seawater accurately from the total radidatee measured by the satellite
sensor is the one of the main objectives in the Ocean Color daesgirag [11, 61, 62]. The
water leaving radiancé,, (mW/cnf/um/sr), which propagates in upward direction through the
atmosphere, is modified by the atmosphere through absorption andirsgattel exits the top of
the atmosphere, where it is measured by the space borne oceasserdor. In general, the
radiance exiting the top of the atmosphere (TOA) in an arbittmegtion, denoted a€, in a

spectral band centeredal ro1a(€2, 1) can be written as follows:
Lo (2 4) = L, (,4) + L (,4) + L, (Q, 1) + LI°A(Q, 1) + LIA(Q, 1) (2.1)

where L, represents the radiance resulting from the scatteringitbynolecules (Rayleigh
scattering) L, similarly is the radiance resulting from scattering bysels in the absence of air,
L. is the resulting radiance due to interaction between moleculareangoh scattering,.s' >

andL,'°" are the radiance specularly reflected from the direer smam at the ruffled ocean

surface, and the water-leaving radiance that were trandntittéhe top of the atmosphere. In

equation 2.1L,, L,, andL,, are the contribution of the solar photons which are scattered to the
13



sensor direction along the path through atmosphere, and the summatioemofate called
usually atmospheric path radiandg.n These atmospheric path radiantg.f) and air sea
surface reflected radiancés(®”) typically constitute 80-90% of the total radiance seen by a

satellite when looking at the ocean, only 10-20% of the signal comes fromttrd g 62].

2.3.2 Atmospheric correction procedures

2% and remove it from the total

Atmospheric correction procedures estimaig, as well ad
radianceLtota, measured by sensor obtaining an estimate of the water-leadiagce that was
transmitted to the top of the atmospharg'*” However, algorithms for estimating the I10Ps of
the water are based on the water-leaving radiance at the suatace L, not at the TOA. On

the other hand,., can be related to thg,"°* through the diffuse transmittance of the atmosphere

in the sea surface to sensor directignas described in the following equation.

L, (€2,4) =% (2.2)

The equation (2.1) and (2.2) imply that retrieving from the total radiance measured by the
space borne sensdiyea, IS Not straightforward requiring the precise estimationshetlgam,
LSTOA

and ty which in turn also need the extensive information of the atmospbetical

properties.

To achieve the task of estimating atmospheric and sea suveféexded radiances contribution in
the total radiance measurements and atmospheric diffuse tramsmifiarametety] in order to

produce estimates of the water-leaving spectrum, differenbsgtheric correction algorithms
have been implemented since the early eighties for open oceas ildtel12, 62-64]. Most of

these algorithms assume that the water-leaving radian@gligjible in the near-infrared (NIR)
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part of the spectrum to determine the atmospheric optical praparitk subsequently estimate
the water-leaving radiance. However, this assumption may break fowhe coastal waters
with highly turbid conditions whose optically active constituents migioiduce significant
scattering in the NIR region. New modalities of the atmospleeni@ction algorithms have been
accordingly developed to adjust the NIR water-leaving contributiorthen overall data
processing. The atmospheric correction step is the one @hadlséimportant steps in OC data
processing. Although detail analysis of the atmospheric d¢ameprocedures in the OC data
processing is beyond the scope of this research, some of atmosgplnexation issues associated
with the in-situ measurements and OC satellite data validattivities will be addressed briefly

in the following sections.

2.3.3 Normalization step to remove the environmental effects

In the processing of the ocean color radiometric data, thealspatl temporal consistency of
spectral radiance data is of crucial importance. In other wordsinolg the standardizdd, data
which ideally varies only with the IOP of the seawatemhis prerequisite when data observed
within a satellite sensor swath, along the orbit, or viewed dutingessive days, or by various
sensors in flight, are to be compared [65, 66]. In fact, one of thegoala of the International
Ocean Color Coordinating Group (IOCCG) is to achieve the data piaggsecedures that will
enable the merging of the ocean color data (such as conaargrafichlorophyll and sediment)
captured by several instruments operating simultaneously and,Hedjrid generate the reliable
global time series ocean color satellite imageries [53].réfbee, resultingL,, data of the
equation (2.2) must be further processed into standardized form (iwatbeleaving radiance
data which is not influenced by the factors such as varyiagitiation conditions due to the

seasonal as well as natural environmental changes and observatiwgitibns which depend on
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the illumination and viewing geometries). This standardization isréhairement especially
when in situ field data are to be compared with the data captunedtiie space borne sensor.
Consequently, the concept of spectral "normalized water-leavingnedi' denoted asLw(1)
was introduced by Gordon and Clark in an attempt to fulfill teiguirement [67, 68]. The
rationale is to produce the standardized hypothetical water leeadrances that are independent
from the environmental conditions and observation geometries at thatinftmeasurement. In
the processing, the environmental influences are firstly remoyeébriming the following
intermediate quantity:

L.,(6;.6,.¢,4)

Lun (05,0, ¢,2) = £, (0..1)

x Fo (1) (2.3)

In the above equation, the water-leaving radiabgehas been written in the more precise form
in which its arguments being wavelength, the direction of the exiting water leaving radia
(the same as the viewing zenith angl&), sensor's relative azimuth angle from the Sun’s
directiong, and the solar zenith angls, The convention used fgrthroughout this thesis is=

0° when the sensor is in opposition with the Suh@r 180° when the Sun is behind the sensor.
It should be recalled here tHat has been described only as the function of iesction, denoted
asQ and. up until now. In fact, for any instantaneous otaaBon, measured radiance data at a
given wavelengtii can be completely described by its own directiod quantity. Nevertheless,
this may no longer be sufficient if those measumevere to be comparable with other
measurements taken under varying environmentalmifiation and observation conditions.
Therefore, the standardization (normalization) psscrequires the information regarding the
environmental conditions as well as observatiomggtdes of the instant at which the radiance

measurement is made.
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In the equation (2.3Fq(2) is the extraterrestrial solar irradiance (i.dasdlux at the top of the
atmosphere) measured in mW/gam. In contrastEy is the down-welling irradiance just above
the sea surface also measured in m\Wiiem and it is a function of the solar zenith angleand

the wavelengtli. As Eq4 by definition is the measurement that were to leerjust above the sea
surface, its quantity cannot be directly determifieasn the measurements made from space
borne ocean color sensors. As the result, it matiter be indirectly derived from the
atmospheric parameters as it is governed by tliesdifatmospheric transmittance in the sun to

sea surface directioty . Derivation ofEy can be described in the following equation:
E, (6., 4) = D, (6, 4) cosd,F, (1) (2.4)

The termD? in (2.4) accounts for the variation of the SuntEalistance with the day of the year
in order to computdsy for the mean Sun-Earth distance there by elimigathe underlying

seasonal variation in solar radiation that reathesrth.

The samd_,n quantity can be interpreted in another way: thigrmediate normalized water
leaving radiance is the hypothetical radiance waitld be measured if the Sun were at zenith, in
the absence of atmosphere, and when the Earthtsraean distance from the Sun. In spite of
this interpretatiorL,, is still a quantity depending on observation ahgnination geometry

[15].

2.3.4 Bidirectional correction to remove angular dependency
Indeed, the water-leaving radiance field emergiramf sea water is not generally isotropic
because of the nonisotropic character of the volsca¢tering function (VSF) of the water body,

coupled with nonisotropic illumination conditionsat generally prevail above the sea surface.
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Furthermore, the wavy nature of the water surféee laas noticeable influence over the angular
distribution of the water leaving radiance field{19, 24]. However, the initial quantity, has
been obtained under specific angular viewing aluihation conditions),, ¢, andfs. So this
angular dependence must be removed and this priacessied the bidirectional correction. A
way to remove this remaining dependence on theahg@ometrical conditions consists of
assumption that the observation was ideally madbeagyh the pixel was seen vertically (nadir
viewing) and the Sun was at zenith. Practicallycdtresponds to carrying out the following
operations: (i) deriving the approximate of t#° of water body under observation through the
Lwn; (i) estimating the Volume Scattering FunctionSE) of the water body based on the
approximatedOP; (iii) calculating the angular distribution of theater leaving radiance based
on the estimated VSF; (iv) calculating the cor@ttiactor (i.e. adjustment to thgy in order to
obtain the radiance field that propagate throughwihter-air surface to the nadir direction at the

hypothetical illumination condition of the Sun hetZenith) according to the assumed VSF.

The normalized water leaving radianogw, is then obtained frorh,n by multiplying it with
the correction factor as below:

Lw(es’ev!¢!ﬂ')

nLw(4)=C 0,,6,,9,W,10P, 1
wW(4) sror (Os ¢ ) X E, (0., )

% Fy () (2.5)

In the equation (2.5Fsrpr IS the correction factor for the bidirectionalest. It is the function of
IOP in addition to the geometries,( ¢, andfd,), sea state defined by the win spe®@d and

wavelength {).

The anisotropy in the water leaving radiance fiblas implications, particularly, in the

processing of data from ocean-color satellite sena® well as in calibration-validation activities
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for ocean-color sensors in which water-leaving andes obtained under various geometrical
configurations have to be quantitatively and adelyacompared [28, 30, 32]. Morel and Gentili

developed an approach which relates the bidiregtiproperties of the water-leaving radiance
field to the chlorophyll concentration of the watand the approach is currently employed in the

OC data processing as an operational algorithm [15]

2.3.5 Remote sensing reflectance

Another quantity routinely used in the ocean codgnote sensing is remote sensing reflectance,
Rrs, which is measured in the sunit. Rrsis the standard input to many of the derived peodu
algorithms [59, 69]. It is calculated by dividinget normalized water leaving radiance by the
Fo(4). Thus,Rrq) after the bidirectional angular dependenciegamoved can be described as:

LW(QS’QV’¢’ /1)

RrqA)=C 0,,0,,4,10P, 1
A1) sror (Os ¢ ) X E,(0,,1)

(2.6)
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3 Fundanmental Inherent Optical Properties

3.1 Inherent and apparent optical properties

The optical properties of water can be separatéal tiwo categories: inherent and apparent.
Inherent optical properties (IOPs) such as absmipéind scattering coefficients depend only
upon the medium while the apparent optical propertf{AOPs) such as reflectance are
determined by the medium and the geometric straaifithe surrounding light field. The overall

optical properties of natural waters are determinegart, by the optically active constituents in
water. The AOPs can be computed through the radiatransfer equation (RTE) or

approximations of the RTE from empirical modelsngghe combined IOPs as inputs. For the
analysis purpose, the AOPs are also routely oldaim®ugh raidative transfer simulations fed
with input IOPs independently modeled for each tiarent of the water body [60]. This chapter
is devoted to the derivation and phyical meaningthed basic optical properties, namely
absorption, scattering, attenuation and the seagt@hase function of the water body that will be

used in the paper from this point forward.
3.2 Basicinherent optical properties

Two of the fundamental IOP’s are the absorptiorffament and the volume scattering function.
Consider a small volumaV of water with thickness\r, illuminated by a narrow collimated
beam of monochromatic light with spectral radiamwpr R(A), Wnm*, as schematically
illustrated in Figure 3.1. Some part of incideniveo is absorbed within the volume of water
P4(A); some part is scattered out of the beam at ateandg’s(y, A); and the remaining light,

P(2), propagates in the same direction as the ingiBtgn and transmitted through the volume.
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Figure 3-1. lllustration of the IOP parameters

3.2.1 Absorption coefficient
The spectral absorption coefficient is defined tas fraction of incident power that has been
absorbed per unit length and defined as follows:

a(A) = lim R(4) m™
a0 P (A)Ar

(3.1)

3.2.2 Volume scattering function

The angular scattered power per unit length antlsatid angle when normalized to the incident
power is defined as volume scattering function (WYS&Estomarily written as3(y, 1) (m™sr?),

which is a function of the angle between the dioes of incident and scattered light(y varies

from O ton):

o Ps(yv,4) 11
Py = W oraaa M S

3.2.3 Scattering coefficient

Integration of (i, 1) over the 4 space is the total fraction of incident power peit distance

that has been scattered, and is defined as thersogtcoefficient()):
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b(2) = Jf%%z 4f(w;/1)d9=27rjﬂ(l//;/1)sinwdl// m ! (3.3)
0

3.2.4 Attenuation coefficient

The attenuation coefficien{)) is defined as:
c(A)=a(l)+b(1) m* (3.4)
which describes the fraction of incident power Ipss unit distance, either absorbed or scattered.

If a water body contains several different substanwhich have scattering or absorption
coefficienta;, b for thei™ substances, themor b of the whole water body is simply the addition

of all of g; or b:

a:Za,. andb:ZbI (3.5)

Similar approaches can be also applied to thewstean coefficient.

3.3 Spectral scattering phase function

The spectral scattering phase function (SPF), @éenag 3 (i, 1) , is defined by:

7 _ By, 4) -1
By, )= b(2) (sr) (3.6)

Writing the volume scattering functiof¥(w, 1) as the product of the scattering coefficib(?)
and the phase functioB(y, 1) partitions B(w,A)into a factor giving the strength of the

scattering,b(Z) with units of n, and a factor giving the angular distribution bé tscattered
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photons, B(w, A) with units of si*. Combining equation (3) and (6) gives the nornagicn

condition for the phase function:
T
Zﬁj-ﬁ((//,/i) singdy =1 (3.7)
0

The I0Ps as just defined give us a full descriptdithe optical properties of a water body as
needed for the interpretation and prediction ofamater light fields within the framework of

radiative transfer theory.
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4 Longlsland Sound Coastal Observatory for Ocean Color Data Validation

4.1 Background of Ocean Color Data Validation

The accurate determination of satellite retriekg@l) values requires the absolute calibration of
the space sensor, precise removal of the atmosphed sea surface perturbing effects, and
proper correction for the angular dependenciesltezs@rom bidirectional properties of water.
The accuracy of the absolute calibration and thiece¥eness of the atmospheric and
bidirectional correction can be determined by commgacontemporaneous satellite derived and
in situLy(2) data or, alternatively, derived quantities like hormalized water leaving radiance
nLw(1) and remote sensing reflectané&q1). The generalized process of ground truth
comparison under a wide range of environmental itiong is usually called validation. The
validation and merging of remote sensing produasfdifferent satellite OC sensors require
accurate, frequent, globally-distributed and higbbnsistent in-situ measurements nhfm4).
This requirement led to idea of developing a nekwadrconsolidated above-water autonomous
radiometers operated at sites encompassing distetelrr types suitable for satellite ocean color
validation activities in coastal regions [29]. larpcular, the objective is to generate in-situ
datasets which are representative of various maramphic regimes by relying on standardized
measurements obtained with identical instrumentstopols, calibration facility and processing
code. This approach is expected to lessen potémti@hsistencies inherent to global data sets of
in situ measurements so far obtained by groupin@g diem several independent sources
intrinsically affected by uncertainties due to eiint field instruments, diverse sampling

methods, a variety of calibration sources and pa#) and assorted processing schemes [70].
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In fact, a network of sites for Earth Observati&@®O] satellite sensor validation have already
been established since early 1990 in the form olbajly-distributed autonomous robotic sun-
photometers to support atmospheric studies atwssoales through standardized measurements
of the direct sun irradiance and sky-radiance [33je so called Aerosol Robotic Network
(AERONET) which is made up of the identical robatin-photometers, offers the regional to
global scale aerosol monitoring and characterinatemd has been instrumental to the
investigation of aerosol optical properties, theation of global aerosol climatology, and the
validation of atmospheric remote sensing produgiisce 2006, the network has been expanded
through a new component called AERONET — Ocean r@&RONET-OC) which provides
the additional capability of determining the radiaremerging from the sea from which the
normalized water-leaving radianad,w(1), is derived with modified sun-photometers ingall

on offshore fixed platforms. The ultimate purposeAERONET — OC is the production of
standardized measurements performed at differéed 8iith identical measuring systems and
protocols, calibrated using a single reference @and method, and processed with the same

code to provide the reliable data streamlof(1) for OC data validation [28].

4.2 Longlsland Sound Coastal Observatory (L1SCO)

In order to support present and future multi- aggen-spectral calibration/validation activities
for the Ocean Color Radiometry satellites, as waglthe development of new measurements and
retrieval techniques for coastal waters, City Quleof New York along with Naval Research
Laboratory has established a scientifically comensive observational platform, Long Island
Sound Coastal Observatory (LISCO). LISCO is angrgepart of the NASA AERONET — OC

Network which has been designed to support long-teatellite ocean color investigations
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through cross-site consistent and accurate measutsncollected by autonomous radiometer
systems deployed on offshore fixed platforms anueatng measurements from above water
[37]. In addition to the standard AERONET-OC mudéstral SeaPRISM instrument, LISCO
expands observational capabilities for the contisuononitoring and assessment of the

hyperspectral and polarized properties of coasatérs through HyperSAS sensor suite.

In this section, characteristics of the LISCO aisdmeasurement systems will be detailed along
with the above-water data acquisition systems andessing procedures employed in the OC

satellite data validation activities.

421 LISCOlocation

The Long Island Sound Coastal Observatory (LISC@ifgrm is located at around 3 km from
the shore of Long Island near Northport, NY, USAeTcoordinates of the site are N 40°57°16",
W 73°20'30” [Figure 4.1.(a)]. The bathymetry in tinemediate vicinity of the platform exhibits
a plateau at around 13 meters depth [Figure 4]1I(BCO is located in the area of western
Long Island Sound which is usually moderately tdylviery productive and principally driven by
phytoplankton biomass and associated detrital madégerrather than suspended sediments.
Steady surface currents in the LISCO area are droum & in average according to NOAA

HF Radar dataset.
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Figure 4-1. (a) Long Island Sound Coastal ObserydtdSCO) map (LISCO
coordinates N40.955°; W73.342°). (b) LISCO sitenpatetry derived from the

General Bathymetric Chart of the Oceans (GEBC Oyt

4.2.2 LISCO Instrumentation

The platform combines a multispectral SeaPRISMesgsiCIMEL ELECTRONIQUE, France)
as a part of AERONET — OC Network [29-31], with @located hyperspectral HyperSAS
system (Satlantic Inc, Canada). The instrumentspasitioned on a retractable tower on the
platform with an elevation of 12m. Both instrumentsre installed on the LISCO platform in
October 2009 and have been providing data singe figure 4.2 illustrates LISCO's retractable
instrument tower with its instrument panel at thp,tand the solar panel which generates the

electricity for the operation of the instruments.
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Figure 4-2. lllustration of LISCO tower.

4.2.2.1 SeaPRISM system

SeaPRISM system is made up of CE-318 sun photosngtee Figure 4.3) modified to meet
requirements for above-water radiometry [32]. Thetpmeters perform radiance measurements
with a full-angle field of view of 1.2° to deternarthe total radiance from the se&fs, 6, ¢, 1),

and the skyLi(6s, 6, ¢, 1), for the relative azimuth angle with respect he sung and the
respective viewing angleg andé, with 6, =« - 6,. With the use of the programmable robotic
arm of SeaPRISM, the azimughs always set to 90° regardless the sun positi@gdownwards
viewing angled, is set to 40° from the nadir position. These valuese determined in order to
minimize the perturbations resulting from the sumtgof the sea surface [71] and the

deployment superstructure itself or its shadow J&),
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Figure 4-3. SeaPRISM instrument.

The instrument acquires the measurements at sesealemgths performing one channel at a
time by sequentially moving a filter wheel. Eachasigrement sequence consists of 3 sky and 11
sea measurements and the execution of a compleisuneenent sequence takes approximately 6

minutes.

Sun position at noon
for LISCO location
W
N
e, Azimuth range for total sea

f“*/ radiance observation
/k bl

-l ] Azimuth angle @ is set to 90° to minimize
—— e ] " . =
s I sun glint contamination

.-‘;'

* o

———kem e ——

SeaPRISM Instrument

Figure 4-4. Top view of the deployment strategyhef SeaPRISM system.
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The SeaPRISM system configuration of LISCO perfootsan color measurements at the 412,
443, 491, 551, 668, 870 and 1018 nm center wavilenghese center wavelengths were
selected to be as close as possible to the bandgreint ocean color EO systems [2, 39, 48] in
order to support essential validation activitiesatldition to these ocean color measurements, the
regular data acquisition of AERONET are achievedctvtenables retrievals of the aerosol

optical thickness and the fine-coarse aerosol nradéon [73].

4.2.2.2 HyperSAS system

Figure 4-5. Hyperspectral radiance sensors of F§f8rsystem.

The hyperspectral measurements are achieved bypar84S system providing high precision
hyperspectral measurements of total spectral radifrom the sea and the sky. The radiance and
irradiance measurements of HyperSAS system are\ahifor 180 channels regularly spaced
between 305 and 905 nm. Two radiance sensors igee f4.5) are mounted on the same
location as SeaPRISM system and have a full-angle 6f view of 3°. Consequently, the sea
target sensed by HyperSAS is slightly larger tHaen $eaPRISM one. These radiance sensors
provide the total sea measuremdni(ds, 6., ¢, A), and the skyLi(6s, 6\, ¢, 4), for a fixed
geometrical configuration with = 40° from the nadir view and pointing exactly wesrds. As a

result, the relative azimuth is changing with respect to the sun position. TI3eaPRISM and
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HyperSAS point at the same area when the Sun ihward in other words around 12:00 PM
local time (LT). In addition to the radiance serssdiyperSAS system also include a hyper-
spectral irradiance sensor to make down-wellingadiance, Eq4(fs4), measurements.

Furthermore, three customized hyperspectral Hyp8rSystems (HyperSAS-POL) were added

to LISCO platform in June 2010 enabling polarizatmeasurements.

4.2.2.3 Calibration and data acquisition

Each HyperSAS and SeaPRISM sea-viewing measureseegaence is executed every 30 min
within plus or minus 4 hours of 12:00 PM LT. Se#FMR data are transferred by the satellite
link to NASA, processed by the NASA AERONET grouplgosted on the NASA AERONET
website [74]. The near-real-time transmission ofpehSAS data is achieved by broadband
cellular service to the CCNY server. The calibnatad the SeaPRISM sun-photometer is carried
out by NASA in the standard way of AERONET-OC. THgperSAS system calibration is
carried out by Satlantic, Inc. The recalibratiortted HyperSAS sensors has shown a radiometric

stability over a time period of approximately 9 rttobetter than 0.5%.

4.3 AboveWater Data Processing

4.3.1 Decomposition of the above water radiometric data

The most common above-water methods for producji make use of measurements of the
total radiance_(0s, 6, ¢, A) taken while pointing a radiance sensor at thgd8a However, the
radiance sensor pointing toward the sea surfagg and¢ direction measures the sum of the
water-leaving radiancd,,, and any incident sky radiance that has beenctefleby the sea
surface intd), andg direction. Therefore precise retrievallqgf entirely depends on the accurate
estimation of the contribution of the surface retibel radiance, denoted &gy, in the Ly
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measurement..e;can be related to the incident sky radiahgemeasured in the direction 6§=

-6y and ¢, by deploying a radiance sensor pointing toware $ky, through the surface
reflection coefficientp. Therefore,L,, in principle, can be derived from two simultangou
measurements (i.&.1(0s, 6y, ¢, 1) andLi(0s, 0y, ¢, 1)) taken by deploying the two radiance
sensors concurrently with the geometrical configjoramentioned above and can be described

with the following equation [71]:
L, (6;.0,.0,2) = L1 (6,.6,.4,2) — p(6,) - L (6;.6;.4,2) (4.1)

In the above equation surface reflection coeffigiencan be easily calculated via the Fresnel
equation for the gived, with the use of the known refractive index of wafethe flat water
surface is assumed. However, in reality, sea seiifanot flat; it is roughened by the wind-blown
surface wave and gravity wave. Therefore, calauatf p is not straightforward, it requires
taking into account the varying slope of the fac#tshe wavy sea surface which effectively
change the sensor viewing angle within the senstat 6f view (FOV). Because of the wavy sea
surface, sky radiance in any downward direction icaprinciple be reflected into the detector
and this may result in erroneous retrieval@fespecially when the sky radiance distribution is

not uniform throughout the hemisphere.

Consequentlyp depends not only on direction, wavelength &nd wind speed/), but also on

the detector FOV and on the sky radiance distrdoutiAlthoughp is sometimes called the
Fresnel reflectance, this is incorrect terminolqggepends on, but in general does not equal, the
Fresnel reflectance of the surface at viewing afigl€onsequentlyp should be viewed simply

as non-dimensional quantity whose functional depeod can be expressedpas, 6\, ¢, W, 1)

[71].
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Figure 4-6. lllustration of the above water radidrigesystem installed on an
offshore tower which includes two radiance sensmrs, pointing upward toward
sky to measurg; and another downward toward sea to medsyregether with an
irradiance sensor for down-welling irradianEg, measurement. Three components
of total radiancel.,, (green) Lrf (Qray) andq (red), are shown in dotted lines

together with the underwater upwelling radiabgésolid green line).

In addition, glint radiances which are mostly proeld by the perturbations of the surface wave
(i.e. solar and sky radiance, which are not froenghinting direction of the sky radiance sensor,
directly reflected in the direction of the wateewing sensor FOV) and whose spectral shape
significantly differs from that of; may also have compounding effects on the retrietal,
[75]. If present, these so called glint radiancg,adds the offset spectra to the measured total

radiance. Determination &fy contribution toL; spectral is also complicated because it depends
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on the atmospheric conditions, solar position amadistics of the wave slopes which in turn

require the exact knowledge of the wind directiad apeed [36].

With the considerations mentioned above, equatoh) (n general should be rewritten in the

realistic form as below:
L, (6,,6,,6,2) = L (6,,0,,4,4) — p(0s,0,,6,W, 1) - L (6,,0,,6,4) = L, (6,0,,6W, 1)  (4.2)

4.3.2 Surfacereflectance factor p

Various attempts have been made in order to esimat the equation above [71]. Notably,
Austin presents tables pfcomputed for various wind speeds, solar angled,veawing angles
using the Cox—Munk capillary wave-slope statis{ic§]. Mobley also generated the look up
tables ofp for the whole range of illumination and viewingogeetries for different wind speeds
using Hydrolight radiative transfer simulation sate assuming uniform sky radiance
distribution [71, 77]. These look up tables arepdd as the standard protocol for the estimation
of p by ocean color community and currently being erygtbin the retrieval algorithms for
above water ocean color data processing. Figurerésents the simulatedvalues at the fixed
viewing angle §, = 40) as the function of solar angle&)(for two relative azimuth angles €

90° and 138) and three wind speeds (W = 0, 5 and 13)mis the figure, it can be observed that
p values for the different wind speeds at every ositions significantly differ from each other
underscoring the importance of the precise detextioin of sea state in the retrieval process of

LW-
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Figure 4-7. Hydrolight simulatggalvalues at the fixed viewing anglé, € 40)
as the function of solar angles)(for two relative azimuth angles € 9¢° and

135) and three wind speeds (W = 0, 5 and 13)ms

4.3.3 Removal of the surface wave perturbation effect

As shown in equation (4.2), glint radiance spectrug(2), resulted from the surface wave
perturbation depends not only on the viewing ahanination geometries but also on the wind
speed which is used to approximate the statistich@ randomly fluctuating wave slopes.
However, in the current operational above watecgssing for the validation of OC satellite
sensorsLy is estimated by employing a simple approach whitikes use of the multiple
successive total radiance measurements [28, 3, 832|n the approach successivespectral
measurements are taken within a short (two to thmeeites) period, then, only few lowest (5 to
20 % of the total number of measurements) are dereil to be qualified for further processing

discarding the high total sea radiance measurenasstsning they are affected by the glints due
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to wave perturbation. After that, average of thealifjed total sea radiance measurement,
denoted asl, 1, is considered free of glint contamination andHer processed for the sky glint

removal step. Thug,, can be described in the following form:
L (05,04, 2) = L7 (05,0, 6,2) = p(0s,0,,6:W, 2) - L; (65, 6,6, 2) (4.3)

Although this glint filtering procedure, which mexk use of the lowest total sea radiance
measurements only in the removal of the glint nackaresulted from the surface wave
perturbation, provides the simple and straight aodwvay of retrievind.,, the effectiveness of
the approach may also vary with the sensor FOViatggration time. Consequently, detailed
analysis of this approach has been performed wiéh use of the coincident above water
measurements obtained from the co-located instrtgvarLISCO. This analysis will be further

discussed in chapter 5.

4.3.4 Normalized water leaving radiance and remote sensing reflectance
As discussed in chapter 2, the normalized wateringaradiancenLw, and remote sensing

reflectanceRrsare calculated as follows:

Ly (05,64, 4)

nLV\(/I) = CBRDF(QS’ 9\/,¢, IOP,/I) X Ed (95’/1) X FO (/1) (44)
Rre(4) = Cgpor (65,6,,4,10P, 1) E.(0.) (4.5)

whereCgrpr is the correction factor for the bidirectionalesft.

In the above equations, down-welling irradiagecarries the information of the environmental

conditions which prevail above the water surfacéer&fore, accurate determination of
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standardizechLw and Rrs data which are free of environmental effects aadywnly as the

function of water constituents entirely dependstioa preciseEy measurements. HyperSAS
instrument makes the direct measurementSyoh hyper-spectral scales via vertically installed
irradiance sensor. However, in the case of SeaPREMas to be derived from the diffuse

atmospheric transmittandg(l), and it is calculated as follows in agreemenhJ209]:

L) = ex;{— (=7 (A)7a(A) + A= 2o (1A (D)7A(A) + 7o (@J (4.6)
COSsY,

wheretg, 7a, andzp are the Rayleigh, aerosol, and ozone optical thicknesssgsctivelywa is
the aerosol single scattering albedo; amg,and . are the Rayleigh and aerosol forward
scattering probabilitiegr(1) quantity can be related to the atmospheric pressureaodated,
as in [79, 80] by the following equation:

2(2) = p(a+B-H) . ) (3916+00741+005/ 1) 4.7)

0

wherep is the station pressure in nii, = 1013.26 mb and H is the elevation in kilometers.

and g are atmosphere model- dependent constants tabulatddragian of latitude and season.
a and pgvalues for LISCO site are 8.3781 and 0.0036 for wintet 83827 and 0.0069 for

summer weather. Rayleigh forward scattering probabijityis taken as a constant and equal to
0.52 [29]. The quantityara(4) is also assumed to be spectrally constant and the vadet tis

be 0.16.

a(2) is computed applying the Angstréom equation using theficimefts produced from series of

sky radiance and direct solar irradiance SeaPRISM measnote. The ozone optical thickness,
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7,(1), data is obtained from the Total Ozone Mapping Spectronf€@KS). Thent, (1 )s

related to the down welling irradian&g,(4 , gs follows:
E,(4) = D°F,(4) -ty (1) - cos@;) (4.8)

where D? term takes into account for earth-sun distance adjustmentarisl mean solar
irradiance at the top of the atmosphere. Therefore, @6#aPRISM instrument, equation (4.4)
and (4.5) can be rewritten into following form:

L.(0.6,,¢,4)

. (4.9)
D°t,(4)-cos@)

NLW(A) = Cor (6,6, 4,10P, 1) x

Ly (05,6,.4,4)

. (4.10)
D I:o (/1) 'td (/1) ' COSGS)

Rro4) = Cgrpr (6,6, , 9, 10P, A1) x

In the current operational OC data processing procedudiediional correction factor
CsroH0s,0\,0,10P,1) is calculated with the use of the coefficients obtained flloenseries of
lookup tables based on the estimated chlorophyll concentrgtin This current operational
algorithm is developed based on the single phytoplankton datédype assumption and, as the
result, optimized for open ocean waters. Validity of the afsthis algorithm in coastal water
conditions has never been verified. Analysis and assessmokthe implications resulting from
the use of case 1 water optimized correction algorithm inZasaditions like LISCO's location

which typically exhibits coastal water characteristics will beitketan chapter 7.
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5 Assessment of Above Surface Water L eaving Radiance M easur ement
Uncertainties Using Collocated M ulti and Hyper-spectral Sensors of

L1SCO

5.1 Abovewater measurement uncertainties

As discussed in chapter 4, one of the major difficultiesalmbve-water measurements is to
correct the observations from the reflected sunlight andgékybomponents [78], which are
randomly fluctuating with the effect of surface waves. €h#lsctuations induce different
geophysical noise that needs to be removed from SeaPRh8NHyperSAS data, respectively.
Based on the retrieval scheme of SeaPRISM [29, 30,a3BYperspectral-based procedure has
been developed to derive thw(1l) and Rrg1) from the HyperSAS measurements. The
coincident datasets of theLw(l) and Rrg(1) derived from the measurements of the two
collocated instruments are obtained for a period of moredharyear (from October 2009 up to
January 2011) encompassing the full natural variability ofogpineric and water conditions.
Then, with the use of these datasets, the consistency ardfithency of the above-water data

processing have been assessed.

The detail analysis of these two collocated and coincidentedstast only allows us to obtain
quality assured field data set but also permits us to makessments of the intrinsic
uncertainties, which are resulted from the perturbationasfyveéea surface and the estimations
made in the above water data processing procedureg, fielthdata itself. In fact, quantification
of the intrinsic uncertainties of the field data is the preréguisone needs to make assessments

of uncertainties in the OC satellite data and identify sourcélsosE uncertainties [36, 81]. In
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this chapter, we will firstly present the data filtering and qualdggurance procedures for the
HyperSAS measurement. After that, uncertainties in the abater data will be identified by
carrying out matchup comparisons between HyperSAS SeaPRISM data at each step of

measurement and processing procedure.

5.2 Datafiltering procedure

Data filtering procedure for SeaPRISM system has alreadg developed in the framework of
AERONET-OC distribution [29]. All the SeaPRISM data usedhis study are cloud screened
level 1.5 data. On the other hand, a specific HyperSAS fitgeang has been developed
independently of SeaPRISM and can be summarized asvéollirst, the negative data are
filtered and their values are replaced with zero, in the tede¢he measurement is very close to
the dark value. Second, for each HyperSAS measuressgpuience, the ratio of the down-
welling irradianceEy measured at 443 nm to its theoretical clear-sky value ipu@a. The
theoretical irradiance is computed for the actual Sun elevaiibn68V radiative transfer code
[82, 83] for an aerosol optical thickness of 0.1 at B@vhich is commonly the case in LISCO
area. If the Sun is covered by cloud, the measitiedonsequently drops down and the
irradiance ratio departs from one. On the basis of the distibof the measured-to-computed
Eq ratio (Figure 5.1.a) and following Antoine et al. [84], thkole measurement sequence is
eliminated from the data quality process if the ratio is outidg0.85,1.1] interval. Third, the
relative standard deviation of sky radiantess computed for each measurement sequence. If
the sky is partially cloudy, for instance, this standard tiariais enhanced by the cloud

progression through the field of view during the 2 minute tawguisition. In order to filter the
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HyperSAS dataset for clear sky conditiondy, the relative standard deviation threshold of

has been set on the basis of the HyperSAS timessstatistics (Figure 5.1.
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Figure 5-1 (a) Histogram of the ratio of the irradiarEq measured at 443 n
by HyperSAS to its theoretical cle-sky value computed from 6SV radiati
transfer code. The value of this ratio must be betw0.85 and 1.1 (shaded area
that the corresponding data would be included éndé#ita quality proces<h)
Histogram of the relative standard deviation of skjiance:L; having passed tt
Eq ratio filter. The values must be lower than 0.0faed area) to pass the d
quality process. N is the total number of corresjpog data for the period froi

Octobe 2009 up to January 2011.

5.3 HyperSASIntrinsic Uncertainty Assessment

A major difficulty with abovewater measurements is associated with the correctio the
observations for the effect of surface waves thabduce significant fluctuations into 1 glint

and reflected skylight components. These fluctuationduce different geophysical noise
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respect to the Sun position and viewing geometry [78]. Ber&lyperSAS and SeaPRISM do
not have the same viewing geometry along the day, it israfpgaunt importance to quantify the
HyperSAS data quality independently of SeaPRISM. Afier first quality assessment it will be
possible to make use of HyperSAS and SeaPRISM time sermsler to cross-validate both

systems.

The data quality assessment of HyperSAS system alongitwitbpecific data processing is
addressed here. First, all measurement sequences flegtiedl HyperSAS data filtering steps,
which were discussed in previous section, have been elidifiae the analysis in order to
assure the required clear sky condition over the whole etatdscond, for each measurement
sequence the HyperSAS data processing has been apphdd total sea radiance acquisitions
separately, with NTequal to 20% of the NT sea-radiance measurements exhitsignigwest
radiance levels. It is reminded that NT varies from 44 @ \&ithin a measurement sequence of
3 minutes. In addition, it should be noted that this elimination efhighest sea-radiances
corresponds to glint effect removal part of the above wdsta processing. Consequently, NT
values of the normalized water-leaving radiance specitai), are retrieved for each
HyperSAS measurement sequence. From timhs€1), the estimator of the relative standard

deviation is calculated as follows:

1
Grel = st
nLw?

JN*1—1§(nLW(i) LW (5.1)

wherenLw**' is the normalized water leaving radiance estimatedhe operational HyperSAS
processing based on the mean value of the seancadizomputed over the Nindividual
measurements of each sequence. Thus, the valug, @ an estimator of the uncertainties
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induced by the geophysical noise (i.e. environmeeftacts) and propagated through the whole

data processing. This value is used to quantifigdaphysical uncertainty of HyperSAS system.

The parameteb, has been computed for all the wavelengths in msfpethe time of the
measurement sequences for the different seasahe géar. The seasonal mean valuesgare
plotted in Figure 5.2(a - d). The effect of the sund sky light on the sea surface is primarily
driven by the sun position in the sky and the winifled sea [85-88]. Because sun position and
wind regimes change over the year, the HyperSA&naiaties are analyzed for each season
independently. It can be noted that the time akib®plots of Figure 5.2 is given in UTC minus
4 hours as a local time indicator. In addition,raygscale is used whefy is lower than 5%,
which is the target accuracy for water-leaving aade in ocean color remote sensing [89],
whereas a color scale is reciprocally used. ImgpfFigure 5.2.a), the uncertainty estimatgr

at 550 nm is below 5% from early in the morninguaue 8:30am up to 2:30pm. After 3pm, the
impact of the sun glint is enhanced owing to thatnee position of the sun to the radiance
sensor. Consequently, the glint removal part ofdat processing become inefficient ang

increases above 15% at 550nm.
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Figure 5-2. Relative standard deviatiane, of nLw retrieved by HyperSAS
system. Color maps are plotted for (a) SpringSimnmer, (c) Fall and (d) Winter
seasons. The color values are displayed in respdéoe time of acquisition and all

the HyperSAS spectral bands.

On the other hand, the relative uncertainties ekhibpectral dependence. At 12pm, is lower
than 5% over the whole spectral range from 340 46nimh. Outside from this range and
particularly in the near infrared part of the speit the uncertainties increase up to 8% at 800nm
and 30% at 860nm. In this specific part of the #pec, L,, is significantly low or negligible in
comparison to the sky and sun radiances. As atrésalcorrection of the sea radiance from the

wave induced reflected light cannot be sufficiergtbcurate any longer. Based on the statistics
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done over April to July 2010 (Figure 5.2.a), thepEisSAS data quality can be summarized as
follows: (i) uncertainties are below 5% for the sjpal range of 330 to 740 nm until local noon,

(i) between 12pm and 2pm acceptable uncertairtiesretrieved for a smaller spectral range,
(i) after 2:30pm the contribution of the sun glirs strongly increased and no data stay

sufficiently accurate.

Regarding to the summer period, thg values lead to quite similar conclusions. Nevées® it
should be noted that the lack of data between 813@pd 5pm (Figure 5.2.b) is resulted from the
application of the HyperSAS filtering step which m@oys sky radiance relative standard
deviation threshold. In fact, the sky radiance eeims pointing to the vicinity of the sun during
this period. The measured sky radiance is subsédgueghly variable over the 3 minutes of the
sequence inducing a strong standard deviationailyilo the situation of cloud passing through
the sensor field of view. During fall and winterigére 5.2.c and d), the time range of accurate
data is substantially longer from around 9am tcd0grB8. However, the spectral range of the
acceptable uncertainties are slightly reduced;@slbein fall where this range is limited by 420

and 690 nm in average.

A more synoptic view of the HyperSAS uncertaintas be expressed by plotting the mean

in respect to the viewing and illumination geoneticonfiguration. This configuration is totally
described by the Sun zenith anglg, and the relative azimuth angle, while the HyperSAS
viewing anglef,, is fixed and set to 40° from the nadir directidine results are displayed in
Figure 5.3 for three center wavelengths (443, 5% &70 nm) that are widely used in ocean
color radiometry purposes. For these three baweds)ts show minimum uncertainties around

= 130° which is consistent with previous theordtistudies [71]. The contamination by
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environmental effects of the retrievedlw becomes sensitive far < 60° whatever the Sun

elevation with uncertainties higher than 5%. Insguence, it is concluded that quality assured

HyperSAS data can be possible only for> 60° range. For that relative azimuth range,

uncertainty levels stay lower than 5% thereby shgva large range of viewing configuration

available for acquiring accurate water-leaving aade from above water.
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Comparisons between Hyper SAS and SeaPRI SM data

According to the data processing procedures destiibchapter 4, the hyperspectral normalized

water-leaving radiance spectrd,w(1), are retrieved from the HyperSAS measurements ave

more than one year period. SeaPRISM and HyperSA& ate compared assuming that both

systems on LISCO platform measure the same geagahysarget, i.e. the same water

composition, in the same time. As an exampiew4l) retrieved from SeaPRISM and

46



HYPERSAS measurements are displayed for Noventb&089 in Figure 5.4. This comparison
shows a satisfactory spectral agreement betweenwthdatasets. In addition, it should be noted

that the hyperspectral data exhibit supplementaigrination not contained in the multispectral

one supplied by SeaPRISM [90].
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Figure 5-4. Examples of concomitant HYPERSAS (bldats) and SeaPRISM

(red circles) data for Novembef 2010.

The time series matchups and comparisons betweemdhmalized water leaving radiance
obtained with SeaPRISM and HyperSAS instrument&\atso carried out at specific SeaPRISM
center wavelengths (i.e. 412, 443, 491, 551and ®8Ror the comparison purpogeg(1), Li(1)

and E4(1) measurements of HyperSAS instruments are condgolvigh the spectral response

function of SeaPRISM instrument in order to prodieemultispectral data that is comparable to

those of SeaPRISM. Calculations are carried oflksvs:

f(v)=[¢(A-v)-H(2)-d2

(5.2)
y

a7



WhereH(2) represents the measurement made by HyperSASiimestt, £(1)is the spectral

response function of SeaPRISM instrument, amid the specific center wavelengths of
SeaPRISM. The resultingf (u)is the measurement quantity which is comparablethi®

measurements of SeaPRISM at its center wavelengths.

532 Timeseriesanalysis

The 1-year time series ofLw(1) data at two SeaPRISM spectral bands are plottedhie
SeaPRISM and HyperSAS instruments in Figure 5.8s@&ltvalues are derived from the quality-
checked measurements taken between 9:00 and 16:06ca time. In addition, all the
HyperSAS measurements with a relative azimuth smétlan 70° have been eliminated based
on the uncertainty analysis described in the pres/gection to avoid the glint contamination. For
each day, the mean value and the standard var@tioooalculated for SeaPRISM and HyperSAS

respectively.

In the figure, time series analysis exhibits stra@®psonal variations for both datasets. In
addition, agreement between two datasets in tefntenagporal variability can be also clearly
observed. For instance, a specific pattern of igter-leaving radiances is observable on March
17" 2010 resulting from an increase of sediment canagion following a significant storm
event due to higher riverine input and water bodyimy. As a result, it can be concluded that
the seasonal changes are well captured by bothealater measurement systems. This
temporal agreement combined with the spectral sagmement of the LISCO data motivates us
to further analyze the inherent uncertainties ie #@bove water measurements and data
processing procedures by performing the quantégathatchup comparisons between the two

datasets.
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deviation.

5.3.3 Assessments of uncertaintiesin above water measurements

To further quantify the uncertainty in theLw data obtained with the above-water
instrumentation, matchup inter-comparisons weréopmed for the whole set of data measured
or retrieved by SeaPRISM and HyperSAS systems.d&lte involved in the following analysis
were restricted so that SeaPRISM and HyperSAS measmt sequences are taken within £10
minutes time window. This time window restrictioa applied to minimize the temporal
variability between the two observations resulteanf the natural changes in environmental and
water conditions. In the comparisons, we carrietdtioe statistical analysis of the discrepancies

between the measurements or retrieved data oivihaystems at each step of above water data
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processing procedures. In the statistical approadbpted here, neither SeaPRISM nor
HyperSAS data are assigned as reference sincespstttms are in above-water configurations.
Instead, the inter-comparisons were assessednrs tef the percent differences relative to the
average of the two data being compared. Two statigbarameters, namely absolute relative
percent difference (ARPD) and unbiased relativeeqr difference (URPD), are used as the

uncertainty quantifiers of the comparisons.

The absolute relative percent difference (ARP)ained as:

ARPD= 2002 k] (5.3)
o Xty
and the unbiased relative percent different (URBDIefined as:
URPD= @z Yi ~ (5.4)

i=1 X| + yl
where SeaPRISM data are takexasnd HyperSAS data are takenyas

In the comparisons, the statistical indicator ARP®vides the information regarding the
dispersion while URPD can be used to assess thecepbias between the compared datasets.
Other statistical indicators such as coefficientdeferminationR?, and regression slopes for

each comparison are also obtained in additiond@#rameters described above.

5.3.3.1 Comparison of sky radiance measurements

Figure 5.6 (a) shows the comparison between theageealdirect sky radiance measurements of
SeaPRISM, denoted &gspn, and those of HyperSAS, denotedLass), for the relative azimuth
angles for HyperSAS observations restricted in 708 <4< 180 range. The comparison
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exhibits strong correlations between HyperSAS ardPRISM data with a spectral aver:

coefficient of determinatior¢) greater than 0.91. It can be observed that thgedsion betwee

the two data is high exhibiting ARPD and URPD valuet.9% anc-8.9% respectively. |

addition, slope of the regression line betweentihe data deviates significantly from the :

line.
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Figure 5-6 Comparisons between HyperSAS and SeaPRISM gasigy radiancel;
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Nevertheless, it should be reminded that the dssperbetween the two data is almost entirely
resulted from the variations in the intensity disition of the sky radiance field [91] rather than
from the measurement uncertainties between twauiments. In fact, alliispr measurements are
taken pointing toward the direction perpendicutathte solar plane because of the configuration
of SeaPRISM instrument in which its is always set to 90°. Conversely, due to the fixed
configuration of HyperSAS instrumerit; sy measurements are taken with varyipgralues
throughout the day resulting in values relativelwér thanLiispn for ¢ > 90 range and higher
than Lispn for ¢ < 9¢°. The consistency between two measurement systamsbe readily
observed in the Figure 5.6 (b) in which pointingedtions of HyperSAS and SeaPRISM are
within 1. It was found thaR® of L; comparison increases up to 0.987. URPD and ARRD ar
reduced down to 1.96% and 5.51% respectively amedrégression line between two data
becomes very close to the 1:1 line. Thus, statistidfferences between the two comparisons

clearly identify the directional variations in thky radiance distribution.

Table 5.1 shows the statistical summary of the @mspns between thkjspy and Lins)
measurements. The statistical summary_faomparison with restricted azimuth range confirms
the spectral consistencies between the two measutesystems exhibiting very strong
correlation at every wavelength wif values in the 0.949 to 0.985 range. URPD valuesrar

the range of -2.01% in 412nm to 4.04% in 668nm.
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Table 5-1. Statistical summary of the comparisdrisgy) and Lns) measurements.

(1st row) HyperSAS observations are restricted&n809 < ¢ < 100 range. (2nd row)

Wavelength (nm)

HyperSAS observations restricted in th€ Z0p < 180 range.

Spectral Average

412 443 491 551 668
R? 0.9¢ 0.9¢ 0.9¢ 0.9¢ 0.9¢ 0.98i
URPD (%) -2.01 1.5¢ 3.0¢ 3.22 4.0¢ 1.96¢
ARPD (%) 3.91 4.5¢ 5.61 6.62 6.€ 5.51(
R? 0.76 0.77¢ 0.78¢ 0.81 0.83¢ 0.91Z
URPD (%) -12.4 -8.97 -8.22 -8.3 -6.€ -8.6
ARPD (%) 14.1 13.1 14.Z 15.¢ 17.£ 14.€

5.3.3.2 Comparison of the down-welling irradiance

Comparison between the down-welling irradianEg, data of SeaPRISM and HyperSAS is
shown in the figure 5.7. It should be recalled Hbeg, unlike HyperSAS, SeaPRISM instrument
does not have the capability of making down-wellimgdiance measurements directly. As the
result, Eyspy, has to be calculated from the diffuse atmosphesizsmittancety, using equation
(4.8). On the other hant, is derived from the Rayleigh)], aerosol £4), and ozonezf) optical
thicknesses (see equation (4.6)) which are stanABRIONET data products. It is also worth
noting here that the down-welling irradiance measwnts of HyperSAS system have been
corrected for the effects of non-ideal cosine respo[92] of the irradiance sensor. The
estimation of the impact of the non-cosine respaeféect over the measured down-welling

irradiance requires the characterization of theukargresponse of the HyperSAS irradiance
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sensor and the additional calibration it was conducted at Satlantic, Ino quantify the
deviations of the sensor characteristics from pabispecification for the full range o
wavelength and inciden@ngles Based on this specification of the sensglog, resulting errcon
the downwelling irradiance was simulated by radiative tfensomputationsperformed with
Hydrolight 5 assuming clear sky condition (which realisticallyprerequisite for the satelli
data validation) andh at 550nm wavelength equal to . Then, with the use of those simulat
results and following [92]wavelength and solar zenith angle deper correction factors wer
produced and the dowmelling irradianc measurements of HyperSAS are adjusted accord
The resulting comparison exhit strong correlation between two data with the spéetverage

R? value equal to 0.99. In addition, recsion line between the two data is close to 1:1
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Figure 5-7 Comparison of the dov-welling irradiance (in mW cr? pm?)

derived from SeaPRISM and HyperSAS measurer
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Spectral consistency between the two data can && @karly observed from the strong
correlations between the two data at every wavéhefgge Table 5.2). The comparison also
shows the existence of systematic negative biageest the two data depicting -1.82% in
spectral average URPD value. Nevertheless, giverfdatt that the two systems acquire He
data in completely different methods, the obsergisdrepancy between the two data is not
substantial. The observed negative bias can beeast Ipartially explained by the possible
presence of the absorbing aerosols, which areakentinto account by the current SeaPRISM
atmospheric transmittance retrieval model, in theaaof the LISCO platform [93]. If the
absorbing aerosols are present, their absorptibavi@ can be quite pronounced, and as the
result, SeaPRISM model output can be inadequataddiition, SeaPRISM parameterization of
the atmospheric transmittance is limited to a tdiorensional ideal atmosphere, which cannot
encompass the full range of environmental varigbilh the atmospheric attenuation (e.g.,
surrounding clouds, water vapor spatial distribniticConversely, it should be also reminded that
HyperSASEy measurements can be as well affected by the lgtayperturbations which might
be quite pronounced for hyperspectral radiometerthé blue spectral region [94]. Although
both the SeaPRISM parameterization and possitdg fight effect on the retrievals of tte
data should be further investigated, this atmosphetated study is beyond the scope of this

research.
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Table 5-2. Statistical summary of the comparisdriSy@,n and Es)

Wavelength (nm)

Spectral Average

412 443 491 551 668
R 0.99: 0.99: 0.99:¢ 0.99:¢ 0.99:2 0.9¢
URPD (%) -2.14 -4.3¢ -1.32 -1.01 -0.3¢ -1.82
ARPD (%) 2.4z 5.4z 2.5¢8 2.21 1.82 3.0¢

5.3.3.3 Comparison of total sea radiance measurements

Similarly, comparison of the total sea radiance sneaments of HyperSAS, denotedLéﬁ(Hs),

and SeaPRISM, denoted BSysp) for 80 <¢ < 100 range is shown in Figure 5.8. For this
range, both instruments are pointing toward appnaxely the same direction (i.e. within £10
from each other), as the result, geophysical targe¢ also approximately the same. In this
comparisonl 1 values of both systems are calculated by averabmdpwest total sea radiance
measurements. The correlation between HyperSASSaadPRISM data for this comparison is
very strong with a coefficient of determination gpex than 0.989. Nevertheless, spectral average
URPD between two data is 7.81% clearly showinghias between the measurements of two

systems (see Table 5.3 for detail statistical surgma
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Figure 5-8. Inter-comparisons of HyperSAS and Sé&MRsea radianck 't (in

mWenmi? srt pm™). for 80 < ¢ < 100 range.

The observed discrepancy is at least partiallyearisom the differences between the two
systems, namely integration time and field of viéwegration time of SeaPRISM instrument is
0.075 seconds where as that of HyperSAS is abmeatc@nds. Field of view is also higher for
HyperSAS, with 3°, compared to SeaPRISM with 1T2fe different responses of the HyperSAS
and SeaPRISM to the same filtering procedure (nametess sky glint perturbation removal
procedure) may have caused at least some of tleevelosdiscrepancies. It has been observed in
our previous study [33] that the excess sky glamhoval procedure, in which only the lowest
20% of multiple successive total sea radiance measents are utilized for further processing,
eliminates mostly the remainder of sun glint conganwhich was not eliminated by other

filtering procedures established in [33] and alszussed in section 5.2 and 5.3 for HyperSAS.
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Then again, this approach, clearly empirical, wlasws to be quite effective for SeaPRISM
instrument in the previous studies [29, 30]. Howewewas also clearly stated in those same
studies that the scheme can certainly produce arcorrection of sky glint perturbations, and as
the result, underestimation in the total sea raianeasurements. It should also be pointed out
that Hyper SAS system's longer integration time majpably reduce the ability to filter out the
rapidly changing sky glint perturbation effects ahdrefore existence of the offset background
spectrum in the HyperSAS total sea radiance measunts is possible. A dedicated study should
be granted to further investigate the performantethe HyperSAS system as well the

possibilities of overcorrections in the sky-glirfurbation procedure applied to SeaPRISM.

Table 5-3. Statistical summary of the comparisdris g(spnandL s

measurements. HyperSAS observations are restiictbeé 80 < ¢ < 100 range.

Wavelength (nm)

Spectral Average

412 443 491 551 668

R? 0.947 0.95: 0.96¢ 0.98: 0.967 0.98¢
URPD (%) 7.2 9.82 5.2¢ 3.8¢ 9.1z 7.317
ARPD (%)  7.71 9.9/ 5.31 3.9¢ 9.2 7.81

We further carried out the comparison using thelitysassured Level 1.5 average total sea
radiance data for SeaPRISM in lieu of the lowesesonFigure 5.9 (a & b) depicts the
comparisons between the average total sea radidr8=aPRISM, denoted &gspj, andL s
Here, L tns)and Lyspy data can be considered free of sun-glint pertuhagifects as the sun-

glint infected measurements have been effectiviltgréd out by taking the lowest values in the
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case of HyperSASnd by using measurement geometry and by accounting for fietcszaints

in the case of SeaPRISM.
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Figure 5-9. Intecomparisons of HyperSAS and SeaPRISM sea radL t (in
mWem 2 st um™). (a) relative azimuthngles for HyperSAS observations
restricted in the < ¢ < 18(° range; (b) relative azimuth angles are restriote

80° < ¢ <100 range.

It can be seen in the Figure 5.9 and Table 5.4digaificant statistical improvements are mi
by taking ths step. Discrepancies between the two data areeddwy 6% showing reduction
both ARPD and URPD values throughout the spectRiegression line for the comparison w
the restricted azimuth rangewhich permits minimization of the impact of bothe

bidirectionality dependence and the differencethensurfac-reflected radiance contributions
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the water-leaving radiance derivations, is alsoy/wdose to 1:1. In addition, the discrepancy

between the two datasets is becoming almost irfgignt with its URPD value close to 1%.

Table 5-4. Statistical summary of the comparisdrisrgsy) and Lrs)
measurements. (1st row) HyperSAS observationseatgated in the 80< ¢ < 100

range. (2nd row) HyperSAS observations restriatetthé 76 < ¢ < 180 range.

Wavelength (nm)

Spectral Average

412 443 491 551 668
R? 0.97¢ 0.94¢ 0.971 0.97¢ 0.96: 0.98¢
URPD (%)  -2.8% 1.62 0.89: 1.6¢ 4.6¢ 1.2
ARPD (%)  2.19t 1.99¢ 1.7¢ 1.8€ 3.18¢ 2.21
R? 0.89¢ 0.90¢ 0.94¢ 0.95¢ 0.88¢ 0.97¢
URPD (%)  0.27¢ 4.3: 2.51 2.2¢ 5.3 2.9¢
ARPD (%)  5.7: 6.0 A.71 4.9¢ 7.8¢ 5.8¢

Therefore, for the SeaPRISM instrument, this vearst fstep of the data acquisition has been
revised and sea radiance data used from this fpointard are the average of the total sea
radiance measurements. With the considerationsiomet above, it is concluded that (i) the
appropriateness of the excess sky glint removalromgh which only utilizes lowest
measurements should be further investigated asr-uadmation in total sea radiance data can
be occurred with the use of this approach; (ii) aleo recognize the possibility of both
SeaPRISM and HyperSAS data equally being affecyetthér potential residual excess sky glint
with the use of the average of the total sea radiameasurements for SeaPRISM instrument and

therefore shall explore the impacts of this possitdsidual component on the bi-directional
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correction procedure in detail. Thus, extensivelyaimg with the use of the readiative transfer
simulations and synthetically generated noise $sghave been carried out in order to further
investigate the implications resulting from the sibke residual Sun and sky glint perturbations

on the correction and retrieval procedures andligaissions will be presented in chapter 8.

5.3.4 Assessments of uncertaintiesin above water data processing

Using the direct measurements of HyperSAS or SeaMREeveral data processing steps are
applied to obtain the exact normalized water-legwiadiance as described in chapter 4. The
uncertainties generated by each of these stepsnalgzed here by means of comparisons over

the whole LISCO data acquisition period.

5.3.4.1 Sky radiance reflection removal

The first step of the data processing correspoadhd removal of the sky radiance reflection
from the total sea radiance measurement to olhainvater-leaving radiands,. ThelL,, values
derived from HyperSAS and SeaPRISM are compareigare 5.10. The comparison show
datasets are well correlated with the spectralamef® value higher than 0.97. It is observed
that significant positive bias is introduced foretbomparison with the unrestricted relative
azimuth range (see Figure 5.10.a) exhibiting URRDi&s more than 9% which is almost 6.2%
higher than the one observed in tat@h radiance comparisons. Thus it can be conchhdédhe
first step of data processing procedure induceatttitional 6.2% in dispersion compared to the
uncorrected total sea radiance data. This dragstrease in the dispersion is mainly driven by the
sky glint removal step in the shorter wavelengthemsLt are usually low andl measurements

are high relative to the values at the longer wavgth, and as the result degradation in the
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consistency between the HyperSAS and SeaPRISMiedsed at the shorter wavelengths (see

Table 5.5).
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Figure 5-10. Inter-comparisons of HyperSAS and B&8W! water-leaving
radiancely (in mWem? srt um™). (a) relative azimuth angles for HyperSAS
observations are restricted in thé Z@ < 180 range; (b) relative azimuth angles

are restricted to 86 ¢ < 100 range.

In addition, overall observed bias throughoutgpectrum can be at least partially explained by
directional variations in the bidirectional struewf the water leaving radiance field. It has been
observed through the radiative transfer simulatiwhgh will be detailed in chapter 7 that the
water leaving radiances measured at the SeaPRISkhedey (i.e. relative azimuth angie =

90") are usually lower than those measured at otHative azimuth angles for solar zenith
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anglesds greater than 30which are the cases for more than 80% of the stadan in the figure.

Nevertheless, for the case of restricted relatarmath range in which directional variations are
minimal (see Figure 5.10.b), URPD value remaing/ \&nall (about -1%) and regression line
between two data is very close to 1:1 line with toerelation coefficient greater than 0.99

exhibiting the excellent agreement between theratreevals.

Table 5-5. Statistical summary of the comparisdisagspnandLwgs)
retrievals. (i'row) HyperSAS observations are restricted in tHfe<gf< 100

range. (2"row) HyperSAS observations restricted in th8 2@ < 18C range.

Wavelength (nm)

Spectral Average

412 443 491 551 668
R? 0.91¢ 0.94¢ 0.97¢ 0.98: 0.97¢ 0.991
URPD (%) -6.0¢ -0.27¢ -1.17 0.50¢ 2.5 -0.90¢
ARPD (%) 1C 6.0z 3.7¢ 3.3¢ 5.5¢ 5.7¢
R? 0.80¢ 0.86¢ 0.941 0.95¢ 0.88i 0.972
URPD (%) 14.¢ 13.¢ 5.7¢ 3.82 8.0¢ 9.1
ARPD (%) 21.1 16.5 7.9¢ 5.8 10.€ 12.4

5.3.4.2 Normalization for angular dependency and environtalegffects

Normalization of the water leaving radiance is ieariout in two steps. An intermediate product,
denoted a& is calculated in the first stepy is the water-leaving radiance normalized by the
cosine of the solar zenith angle and the diffuseoapheric transmittancg,cos)s, as described

in chapter 4 in order to remove the environmeri@ces on the water-leaving radiance. In the
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second stemdjustments for viewing and illumination angle degence or for the effects of tl
non-sotropic distribution of the -water light field are made in order to obtain theaf

normalized water leaving radiannLw.
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Figure 5-11. Intecomparisons of HyperSAS and SeaPRISM normalizedi-leaving
radiancenLw(in mWen? sit um™). (a) relative azimuth angles for HyperS,
observations are restricted in the® < ¢ < 187 range; (b) relative azimuth anglare

restricted to 8° < ¢ < 100 range.

As it has been shown in section 5.3.3.2 the unicéytbudget originates from the differences
derivation of downwelling irradiance (as the result diffuse atmospgh&mnsmittancety,) data
between the SeaPRISM and HyperSAS is about 1.88#0ddh small, this needs to be impro

in order to reconcile the two measured datasetsrdar to minimize the impact of this step,
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HyperSAS data has been processed using the resp&saPRISM atmospheric transmittance
values in the normalization of the water-leavingli@ace. Figure 5.11 (a & b) shows the

comparisons of the final exact normalized watevilgaradiancenLw(1).

Table 5-6. Statistical summary of the comparisdns.esphandnLwgs)
retrievals. (i'row) HyperSAS observations are restricted in tHe<g8f < 100

range. (2"row) HyperSAS observations restricted in th8 2@ < 18C range.

Wavelength (nm)

Spectral Average

412 443 491 551 668
R? 0.90: 0.95¢ 0.981 0.98¢ 0.97¢ 0.98¢
URPD (%)  -6.21 -0.40¢ 1.3 0.34: 2.3¢ -1.0¢
ARPD (%)  10.1 6.0 3.9¢ 3.3¢ 5.5¢ 5.81
R? 0.72¢ 0.86: 0.947 0.951 0.89¢ 0.96¢
URPD (%)  12.7 11.€ 4.01 2.0€ 6.3¢ 7.3¢
ARPD (%)  21. 16.€ 8.2¢ 5.92 11.1 12.7

As the samdy data has been used in the normalization for theospheric effect, statistical
differences arisen in this step are the resultthefbi-directional correction procedure which

removes the angular dependency of the water lea@d@nce. It can be observed in Figure

5.11.a that thelLw(1) comparison for the ?0<? < 180 relative azimuth angle range shows
slight degradation in the consistency between wedatasets resulting in relatively wealk®r

values of 0.966 and higher ARPD values for all viewgths compared to the similar comparison
performed between the two data before the norntedizatep (see Figure 5.10 and Table 5.5).

Nevertheless, decreases in URPD values are alsrvelosthroughout the spectrum resulting
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1.8% spectral average reduction. This result semithe importance of the bi-directional

correction and further detail analysis of it wi# made in the later chapters.

54 Summary of the Chapter

We have developed a specific hyper spectral da&aifig procedure for HyperSAS instrument
based on the framework of AERONET-OC data procgssirachieve the quality assured hyper-
spectral time series data to be used in the assessmf uncertainties in the above water and
satellite OC data. This data filtering procedurdgclvimakes use of the sky radiance and down-
welling irradiance measurements effectively elinénhe measurements corrupted by the severe
weather conditions or cloud. With the use of thisldy assured hyper-spectral dataset, we
further investigate the uncertainties in the abeweger data associated with the randomly
fluctuating wave perturbation effects. As relata@muth anglep, of HyperSASmeasurements
changes as the day progress, uncertainties in d@ker feaving radiance field can be analyzed as
the function of viewing geometry. Thus, this anaysermits us to define the azimuth range in
which above water data can be acquired with themable level of uncertainty. It has been
shown that environmental effects of the retriemeav becomes sensitive far < 60° whatever
the Sun elevation with uncertainties higher than B%consequence, it is concluded that quality
assurance HyperSAS data can be possible onky f060° range. HyperSAS data accuracy has
been also shown on the basis of statistics of dagasurements gathered over more than one
year (i.e. October 2009 until January 2011), eximpiuncertainties below 5% within consistent
spectral and time ranges which are suitable foraceolor radiometry satellite validation

activities.
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Furthermore, with the use of quality assured Hy&S%hd SeaPRISM data, we carried out the
time series analysis of the above water data odxean the LISCO site. The 1-year time series of
nLwW(A) data obtained with the collocated instrumentshaththat the seasonal changes are well

captured by both above-water measurement systems.

To further quantify the uncertainty of theLw obtained by above-water instrumentation,
matchup comparisons were performed for the whoteoSedata measured or retrieved by
SeaPRISM and HyperSAS systems. The comparisonsrpefl for the sky radiancé;, and
total sea radiancé;r, exhibit strong correlations between HyperSAS 8rdPRISM data with a
coefficient of determination greater than 0.987 foth comparisons. Uncertainties of the two
measurements are very low with the URPD valuesthess 2% foil; and 1.2% folLt . We also
made assessments to the uncertainty induced iabibree water data processing procedures by
performing comparisons between HyperSAS and SedR[i#a at each data processing step. It
is also observed that the bidirectional correctidrich is optimized for case 1water actually
reduces about 1.8% of uncertainty between two dathibiting potential for further
improvements in above water data processing iféational correction developed for the case 2

condition were used.

67



6 Representativenessof L1SCO asthe Ocean Color Data Validation Site

6.1 Ocean color validation site

An ideal site for the validation activity of sattdtderived parameters would provide ground
truth data within a range and statistical distitntclosely matching those of the satellite data
[28, 29, 89]. In coastal areas, the oceanic andspheric parameters might be very variable
from site to site and highly affect the measuremémm space [95]. In addition, specificity of
each site has to be preliminarily investigated mdeo to assess its representativeness and
suitability for satellite validation activities owicarious calibration effort [89]. Such
investigations are detailed in this chapter for tH6CO site based on the standard OBPG
distribution of MERIS, MODIS and SeaWIFS as welltlas SeaPRISM data of the AERONET-
OC distribution over a two year period. To inveateythe representativeness of LISCO as a
validation site, detail analyses were carried artipularly for (i) adjacency effect with the use
of the top-of-atmosphere (TOA) radiance of the Oghser images, (i) effectiveness of
atmospheric correction process by comparing thgitinand satellite retrieved aerosol optical
thickness, and (iii) time series matchup and compas between satellite and in-sitbw(1) to

verify the statistical and seasonal consistencidsden the two datasets.

6.2 Adjacency effect

In coastal areas, the top-of-atmosphere (TOA) redianeasured by satellite over sea can be
affected by a fraction of light reflected from theainland. Reflected light originated from the
land may reduce the image contrast when the atneospturbidity increases [96, 97], and the

phenomenon is routinely called adjacency effecthis Tadjacency effect is produced by a
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difference in the reflectance of adjacent surfaaes, the magnitude of the related perturbations
in satellite data and they are typically a functidrihe spectral reflectance of surfaces and of the
optical properties of the atmosphere (i.e., theoswrtype and load). Therefore, a basic
requirement for operating calibration/validatiotess to be located in a marine (or lake) region
at a distance from the mainland that minimizesdtimcency effects in satellite observations
[29]. In order to determine whether the LISCO siteets the objectives of validating coastal
ocean color products, the distributions of the adatmosphere radiances of the Level 1 MERIS
satellite data has been analyzed to quantify theoitance of the adjacency effect over the

LISCO area.

The high resolution Level 1 MERIS data provide T@#ectances with a spatial resolution of
260 m by 300 m. Those images have been screeneca@~gear period from January 2008 to
the end of 2010. 28 perfectly cloud-free imageseHasen selected over the LISCO site and its
surrounding shores. These selected images corr@gpanide range of atmospheric conditions
from very clear atmosphere to moderately turbidosiphere with the aerosol optical thicknesses
values ranging from 0.003 to 0.15 at 870 nm, assorea by the LISCO SeaPRISM system,
thereby encompassing realistic variability of tieeosol loading and type. The TOA reflectances
at 865 nm have been extracted from image transeeisthe whole set of the Level 1 MERIS
data. The image transects correspond to the notitindine passing through Long Island Sound
by the LISCO platform. The TOA reflectances arettglh, in Figure 6.1, in respect to the

distance from the LISCO platform.
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Figure 6-1. (a) Tomf-atmosphere (TOA) reflectance at 865 nm from 28a
free L1 MERIS images in respect to the distancenftdSCO site. The black line
the mean value of TOA reflectance for a S-North transect passing over Lo
Island Sound (WATER) and ttsurroundings coasts (LAND); the gray envel
stands for plus or minus the corresponding standevéation. The coast boundar

are denoted by vertical red lines. (b) Magnificatad the water part of the transe

The mean value of the TOA reflecta is comprised between 0.2 and 0.3 over the land$
drops down to 0.02 over the LISCO surrounding veatéigure 6.1.a). Interestingly, the TC
reflectances are observed to be dramatically decrgavhen passing the shore. Neverthel
this collapse sips two kilometers before the platform locatione($égure 6.1.b). Based on t
delimitation of the TOA reflectance at 865 nm né#ae shore, it can be concluded that

adjacency effect is significant up to 1.5 km frohe tcoast, that is, 2 km beforee platform
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location, and becomes negligible in the directnitgiof the platform and further offshore. From
this analysis we concluded that the LISCO siteuisable to carry out calibration/validation
activities of any satellite sensors measuring #ukance field in the visible and near-infrared part

of the spectrum using pixels whose edge is at [e&stm away from the coast.

6.3 Atmospheric parameters

The atmospheric parameters, i.e. aerosol optigekribss,z;, were retrieved by applying the
standard iterative-NIR atmospheric correction pdoce [11] to MERIS, MODIS and SeaWiFS
images. The pixels used for matchup comparisoraliextracted from a 3 km by 3 km region
centering the LISCO location. This extracted regias been screened to have a minimum
distance from the shore larger than 2 km. Furtheemmdividual pixel within the extracted
region is excluded from the matchup comparison gsedf it has been flagged, through the data
processing, by at least one of these conditiomsl, laloud, stray light contamination, failure in
atmospheric correction, reduced or bad navigatiality, negative Rayleigh-corrected radiance,
viewing angle larger than 60°, solar zenith angtgér than 70°, aerosol optical thickness at 550

nm greater than 0.4.

Then satellite retrieved, data is compared with the appropriate SeaPRISK ofatISCO site
derived through the standard NASA AERONET procagdBecause the aerosols might be very
variable in time due to atmospheric transport, tthree window centered on satellite overpass
time was restricted to £30 minutes to select thaP®RISM data. The results of the matchup
comparisons ot, taken around 443 nm are shown in Figure 6.2.a-¢he different satellite
missions. Note that every data points of the pixels within the extractedeagvhich passed the

flag test specified earlier are included in thelygsia.
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Figure 6-2Matchup comparisons of aerosol parameters dernoed $atellite an
SeaPRISM measurements (NASA processing) at LIS@drsim October 2009 to Ju
2011. The aerosol optical thickness is comparedapMERIS, (b) MODIS, (c) SeaWiF
satellite. The redne is the regression line whose y is the equaihthe dotted gre

lines are the uncertainty level of the AERONET déatas the total number of satelli

For every satellite mission, field and satelliata are significantly correlated with values of
coefficient of determinatiof®’ close to 0.7 for MERIS and SeaWiFS and greater €han for
MODIS data. It should be noted that the Io\R? value retrieved for MERIS is mainly due
spatial heterogeneity af, derived over the -by-3-km pixel box because of the higher spe
resolution of MERIS images (~300 m) in comparisolrMODIS and SeaWiFS-km spatial
resolution, as it can be readily seen with theie@irdistribution of the matchup points ingure
6.2.a. The regression lines for the three missaasvery close to the 1:1 line showing that
significant bias or nofinearity are present in the satellite retrievéisthe analysis, we used t

median of the absolute percentage differencenoted asnAPD, as statistical estimattmAPD
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AERONET = ,(443nm)

0.0
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T T T T
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images considered in each matchup compal

is defined as:
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MAPD=100x mediarEMJ 6.1)
X.

with x taken for in-situ ang for satellite data.

The main reason to use the median value of thebgmercentage differences as the statistical
parameter is to avoid the inclusion of extreme guamts in the analysismAPD values are
consistent with results achieved over the globahlsse of the AERONET sites with values
ranging from 17% for MODIS to 27% for SeaWiFS WMERIS as an intermediate with 24%.
Furthermore, most of the satellite data falls wittie uncertainty of the AERONET data which
can be estimated by the following equation 0.85x0.03 [98]. It is worth mentioning that the
matchup points of MERIS outside the AERONET uncetya range occur when the
heterogeneity of the scene is high. However, phthose matchup points is well within this
range showing the consistency of the MERIS rettielspite the variability of the aerosols
through the region of interest. The satisfactoryivd¢ion of the aerosol loading by three
different missions using equivalent data procesgiraves the suitability of LISCO site for

validation purposes of satellite atmospheric prasluc

6.4 Timeseriescomparison between L1SCO and satellite data

For the time series analysis purpose, satellitenabzed water leaving radianced,w(1), were

retrieved using the standard iterative-NIR atmospheorrection procedure [11] and current
operational bi-directional correction algorithm [I®&m MERIS, MODIS and SeaWiFS images.
The SeaPRISM data of LISCO site used in this sardyquality assured level 1.5 data (which is
filtered through an automatic cloud screening basedalmucantar and principal plane sky

radiance measurements, and an elimination of det&isg negative value, or exceedingly high
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variance of measured radiances) and have been tyachecked to make sure that no corrupted

spectra were present in this dataset.

All MERIS, MODIS and SeaWiFS images were procedsedhe region over the LISCO site
and for the period of LISCO activity since OctoRe09 up to July 2011. For the obtained level
2 images, a region of 9 km by 9 km is selected rategly to the specific geography of the
LISCO site. This region is then screened to lotla¢epixels flagged as cloudy pixel. As clouds
are very bright in comparison to water, the presafccloud in the vicinity of LISCO might very
likely induce stray light effect for the non-clougixels. Thus, if more than 10% of the pixels of
this region are cloudy, the satellite image is edet from the matchup comparison procedure.
The pixels used for matchup comparison are albeid from a smaller region of 3 km by 3 km
region around the LISCO platform and a minimumatise from the shore larger than 2 km.
Thus, this selected region of interest is expetdeaffer a minimum spatial heterogeneity of the
water optical properties. Furthermore, any indiaidpixel is excluded from the matchup
comparison process if it has been flagged, thrabhghdata processing, by at least one of these
conditions: land, cloud, stray light contaminatidaijure in atmospheric correction, reduced or
bad navigation quality, negative Rayleigh-correctadiance, viewing angle larger than 60°,
solar zenith angle larger than 70°, and aerosaktalpthickness at 550 nm greater than 0.4.
Finally, the average values of the 3 km x 3 km areaconsidered qualified for comparison with

in situ data when at least 50% of the pixels are not tdteby these standard flags.

The time series of comparisons of satellite OC @engMODIS, MERIS and SeaWiFS) and
SeaPRISMLw(%) data are plotted in Figure 6.3 for the periodafuary I to December Jiof

2010. Center wavelength sets of all OC sensorsSaadPRISM instrument are slightly different
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from one another. As the resuil,w data were adjusted to a set of common center wagtis
shown in Figure 6.3 by linear interpolation. Forl4851 and 668nm wavelengths thlex data
exhibit significant seasonal variations in agreetmween the three satellite missions and the
field data. In particular, a specific pattern ajlinwater-leaving radiances is observable on March
17" 2010 resulting from an increase of sediment camaton following a significant storm
event with higher riverine input and water body imix As a result, it is concluded that the
temporal and seasonal changes are captured wethdysatellite missions and the field
instrumentation over the one year datasets of m®nt acquisitions at the LISCO site. On the
other hand, it should be noted that no outliersdesenguishable over this period in the satellite
data, especially for the 491, 551 and 668nm wagtheny after application of the filtering
scheme. This proves that no unexpected environineffieats, which are not handled by the data
processing, are perturbing the atmospheric cooegtrocedure. It can be therefore concluded
that satellite acquisitions over LISCO site ardahle for Ocean Color Radiometry purposes in
this region, thereby demonstrating the ability t® uhe LISCO data for the satellite OC data
validation, and development of the retrieval andrexdion algorithm specific for the typical

coastal water conditions.
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6.5 Assessmentsof uncertaintiesin satellite Ocean Color data

The same procedures mentioned in the previousosectiong with the selection of the in-situ
data for the corresponding time window of +2 hawestered on the satellite overpass have been
used to plot the matchup comparisons between unS88PRISM and satellite data. Within that
time window, SeaPRISM data collected at the mostctdent times relative to the satellite
overpass times are further selected to minimizaugsations induced by the temporal and spatial
variability of the sea and atmosphere. Rigorousa daiality screening procedures results in 35
MODIS, 10 MERIS and 7 SeaWiFS images to be perfdrthe matchup comparisons against
SeaPRISM measurements. The comparisons shown umeFg&g4 indicate both qualitative and
quantitative agreements between in-situ normalizater leaving radianc&lLwsprf4), and the
one derived from the satellitejLwsam(4), data. The strong spectral average correlation
coefficient with the value greater than 0.91 alsondnstrates the capacity for consistently
monitoringnLw(1) data of the LISCO location from space. It wa® &sind that regression lines

between the satellite and in-situw at those wavelength are very close to 1:1 line.

Statistical parameters such as, unbiased averagenpelifference (UPD) defined as:

L%V,
UPD=— ' 6.2
Nz1 X 62

and absolute average percent difference (AAPDhddfas:

N —V.
AAPDz%ZM 6.3)
i=1

X
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where in-situ data are takenxaand satellite data are takenyasre obtained along with tHe&
values at each wavelength. These statistical paeasneharacterizing the comparison between
the satellite and in-situ data are shown in Tdble Very strong correlations witR® values
around 0.9 were observed for 491 and 551nm waveilsrexhibiting the statistical consistency

between the in-situ and satellite data for thoseelengths.

MODIS & MERIS ® SeaWiFS
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& 2F R=00912
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Figure 6-4. Scatter plot of the normalized watawieg radiance of MERIS,
MODIS and SeaWiFS denotedr@sysar(4) with that of SeaPRISM denoted as
nLwspr(4). N is the total number of points for each spéctratchup R is
coefficient of determination and UPD is the spdaxa@rage unbiased percent

difference. The black and red lines are regressi@hl:1 lines respectively.
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The UPD parameters of every wavelengths exhibisfeatory values which are within £13% at
every wavelengths except for 668nm and their speatrerage is around 105%. Nevertheless,
spectral average AAPD value is observed to be about and the values are variable with the
wavelength ranging from 16.53% at 551nm to 43%J1&rn. Although this is consistent with
the known behavior of the atmospheric correctiooeatainties, which increase from the red to
the blue wavelengths [99], further analysis is egetb quantify these effects and such study
however is beyond the scope of this research wiicekmphasized on the assessments of
uncertainties in the OC data and reducing thosertaiaties related only to the bidirectional

correction effects.

Table 6-1. Statistical summary of the comparisdnmsleysynandnLwsar) retrievals.

Wavelength (nm)

Spectral Average

412 443 491 551 668
R? 0.43: 0.752 0.871 0.90: 0.71: 0.912¢
UPD (%) -9.9C 12.5] 12.6: 11.72 17.61 10.521:
AAPD (%)  43.8¢ 25.5¢ 21.52 16.5: 32.4% 27.639.

The relatively high AAPD values obtained for théedlde versus SeaPRISM data comparisons
appear to challenge the validation process, butaateally quite common in the analysis of
satellite versus in situ data. To put the resutieved in this study in a more general context, it
is appropriate to compare them with the similadgtperformed at the other AERONET-OC
sites [30] and the matchup comparisons carriechetween the satellite water-leaving radiance

data and the in-situ one obtained from an opticabmng sited in deep ocean waters [100]. In
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those studies, the latter exhibit 36.1, 22.0, 18279 and 40.3 in AAPD values at 412, 443, 491,
551 and 668nm wavelengths respectively for the Imgtccomparison performed with the
MODIS. Similarly, the former study also exhibit$fdrences on the order of tens of percent even
though the comparisons are made in rather homogen@ase-1 waters. Therefore, it is
reasonably to conclude that the preliminary valaeatresults presented for the LISGQwWA)

data are consistent with those obtained from sinaagdidation exercises for coastal waters.
6.6 Summary of the chapter

This chapter was devoted to the analysis that tigages LISCO's appropriateness as the OC
data validation site. Detail analyses were caraet using the OC data retrieved from MERIS,
MODIS and SeaWIFS sensors. From the analysiscongluded that: (i) the adjacency effect is
significant up to 1.5 km from the coast, that i%n2 before the platform location, and becomes
negligible in the direct vicinity of the platformnd further offshore, (ii) for every satellite
mission, atmospheric data of in-situ and satebiite significantly correlated with values
greater than 0.7 for MERIS and SeaWiFS and grélader 0.87 for MODIS data thereby proving
the suitability of LISCO site for validation purpogiii) nLw data exhibit significant seasonal
variations in agreement between the three sateafliiesions and the field data, and (iv)
SeaPRISMnLw data strongly correlate with satellitbw data of every missions showirf
value greater than 0.75 and 0.9 for the waveleggtater than 412 and 490nm respectively.
Spectral average UPD value between the in-situsanellite data are around 10% while UPD
parameters of every wavelengths exhibit satisfgct@ues which are within £13% at every
wavelengths shorter than 668nm. However, a largpedsion between the in-situ and satellite

data is observed at shorter wavelengths, partigudr412nm which is quite common in the
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analysis of satellite versus in situ data due ®khown behavior of the atmospheric correction
uncertainties combined with the low water leaviadiance at the blue channel because of the
increased absorption by CDOM typical for the cdakteation like LISCO. Nevertheless the

overall results presented for the LISCGDwWA) data are consistent with those obtained from

similar validation exercises for coastal waters.
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7 Development of the Case 2 Water Optimized Bidirectional Correction

Algorithm for the Above Water and Satellite Water L eaving Radiance

7.1 Introduction tothebi-directional correction

The water leaving radiance field emerging from weder is not generally isotropic because of
the non-isotropic character of the volume scattefimction (VSF) of the water body, coupled
with non-isotropic illumination conditions that gaally prevail above the sea surface.
Furthermore, the wavy nature of water surface h&sonoticeable influence over the anisotropy
of the water leaving radiance field. The bidirest@ibstructure of the emerging radiance field has
implications, particularly, in the processing otalérom ocean-color satellite sensors as well as
in calibration-validation activities for ocean-colsensors in which water-leaving radiances
obtained under various geometrical configuratiomsehto be quantitatively and accurately

compared.

Variations in the bidirectional properties of thpward radiative field have already been
extensively studied. Morel and Gentili [17] repadrthe variations in the bidirectional properties
of the upward radiative field for case 1 watersd dheir studies related the bidirectional
variations of water leaving radiance field to cblayll concentration, [Chl]. Their findings were
also corroborated by field measurements obtainéalgusn underwater radiance distribution
camera system in low-chlorophyll case 1 waters.[I9]e anisotropy of the water-leaving
radiance was also discerned from the series of BRIBRsurements carried out from research
aircraft for both case 1 and case 2 waters [10¢s& airborne measurements results show good
overall agreement with theoretical simulations. sAlbased on the field measurements

exclusively performed for case 1 water types, \@ss$ Morel reported that th@ factor, defined
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as the ratio between upwelling irradiance and ulwgelradiance from the sea surface, was
predicted to vary within 7% [20]. These predictineestigations were tentatively extended to
typical case 2 waters, usually dominated by sedirerby colored dissolved organic matter
(CDOM), and are currently being used in the NASA&at color data processing procedures as
the operational correction algorithm [15] for thedrieval of water leaving radiance from both
case 1 and case 2 water types. Although the cuwpatational algorithm is considered
reasonably effective for case 1 water conditiomg validity of using of this correction
algorithm in case 2 water types has not beenyredtified in natural environments [16].
Accordingly, the need for an improved version diidirectional reflectance correction algorithm
particularly tuned for typical case 2 water corui is the general consensus among the ocean

color radiometry community [16, 22].

In case 2 waters, the more complex variability bé twater composition results in the
bidirectional properties of the upwelling radiarie#d being severely affected by concentrations
of CDOM and mineral particles, which can have digant consequences on the correction
factors both spectrally and angularly [22]. Consatly, extensive studies of the bidirectional
properties of case 2 waters have been made thrauaiigtive transfer simulations with inputs of
inherent optical properties (IOPs) typical for casavater types. Lee et al. proposed a semi-
analytical model which relates nadir viewing remsg¢asing reflectance to single backscattering
albedo and the solar zenith angle for both deepshatlow waters [102, 103]. Their model was
later extended as both viewing and solar zenitHeasndependent to be used for measurements
made at other viewing angles [103]. Parameterigabiothe remote sensing reflectance as the
function of single backscattering albedo, solaritheas well as sensor viewing angles and the

sea surface wind speed was also developed by Adteal. [104, 105]. Nevertheless, these
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models do not take into account the solar-sendative azimuth angle as an input parameter
and, as a result, bidirectional variations in themaithal direction cannot be analyzed with the
use of these models. Notably, Park and Ruddick fit6posed a remote sensing reflectance
model based on lookup tables of coefficients gaadréor large range of solar zenith, sensor
viewing and solar-sensor relative azimuth anglesstonate the directional variation of the water
leaving radiance field of both case 1 and case t2raiaHowever, their model requires a phase
function parameter defined by the contribution obgended particles to the backscattering
coefficients. But in remote sensing of coastal vgtaccurate retrieval of such parameters of the
water body remains highly challenging, and this luanit the operational use of the algorithm.

Lee et al. [24] also proposed an approach centandgtie inherent optical properties of water to
remove the angular variations in remote sensinigaiince measurements. The evaluations of
the overall performance of their BRDF correctiohesoe carried out with the use of the field

measured data indicate slight improvement ovectineent standard correction algorithm.

In our previous studies [22], bidirectional refl@ate effects of coastal waters were analyzed
through extensive radiative transfer simulationseofiote sensing reflectances typical for a wide
range of coastal water conditions. Based on thadyais, we proposed a model that relates the
single backscattering albedo to the remote sensfigctance through a least mean squared

optimization for a large range of IOPs and of viegvand illumination geometries.

7.2 Theorectical Background of Bidirectional Reflectance Distribution Function

The fundamental equation, shown below, relatesstenyted radiance exiting the watey,, to
the down-welling irradiance just above the sea ama#fEy, and to the absorption and

backscattering coefficients of the water body gnd b,) through three quantitiesi (a
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dimensionless factor which merges all the reflectamd refraction effects that occur when
downward irradiance and upward radiance propadateugh the air-water interface), (a
dimensionless coefficient which relates the magi@taf the irradiance reflectance just below the
surface to the IOPs, namalyandb,) andQ (the bidirectional function with units of §ras
follows [15]:

f(6AW,10P hy(A)
b, &, 4,W,10P)  &(2) +h,(4)

LW((95,9V,¢J,,W,|OF§=Ed(ﬁs,ﬂ)xi}{(esﬁ\',,\/\/)x (7.1)

The water-leaving radianck,, at a given wavelength, depends on its own direction, depicted
by 6,, the viewing zenith angle, and, the relative azimuth angle from the Sun’s di@ttion
the illumination conditions (determined by the solenith angle,ds), on the sea state
(parameterized via the wind spe&d), and the IOPs of the water body itself. In coriirggis a
function of the solar zenith anglé;, and the wavelength only. The last factpf(a+by) is
customarily called single backscattering albedd, iars routinely denoted as. In the Equation
(1) @ is the in-water viewing angle and it is relateddhrough Snell’s law (st = n sir¢’,

where n is the refractive index of water).

In the equation (7.1), bidirectional reflectancergpaer Q is defined as the ratio between

upwelling irradiancek,, and upwelling radiancé,, just below the sea surface:

E, (6s,4)

Q(bs, 6,4, 4, W, I0P) = L, (6, 6,,,2,W, 1OP)

(7.2)

Equation (7.2) implies that th@ would be a constant value offor all viewing and illumination
angles if the underwater radiance field were igmtrowvhich is not usually the case. Our

preliminary analysis [22] based on a microphysioaidel of the water constituents suggested

85



thatQ can vary from 3.8 to 4.55 fa&, = 0° andds = 3¢ depending on the water compositions.
and have variations with wavelength of about 15%. F.1 (a & b) shows th® spectrum of the
two specific coastal water conditons. It can bartjeseen in the figure®) values are highly
variable with the wavelength and their spectrarage values are around 4.3 suling out the
isotropic under water radiance field condition fbe assumed water types. Dependeny on the
water constitutents can be also confirmed fromagations in both magnitude and spectral
shape of each spectrum. The observed spectrativagan Q parameter implies that overall bi-

directional distribution function will also be spatdependent.

Q(sr)

26 . c . L . . L . . L L 1 1
~a00 450  BOO 550 600 B850 00 750 BOO 400 450 B00 550 600 850 00
Wavelength (nm) Wavelength (nm)

Figure 7-1. Simulated spectra@fparameter for various water conditions: (a)
20 < [Chl] < 40 mg/My acpom(400nm) > 4rit, NAP < 1 mg/m; (b) 20 < [Chl] <

40 mg/ni, 0< apom(400nm) <1 rit, 10<NAP < 15 mg/rh

The above-water remote sensing reflectance isetbts [71]:

L.(6.,0,,4, AW, IOP) 7.3
E, (6.,4) |

Rrs(é,,6,,4,1,W,10P) =
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Therefore, from equations (7.1) and (7.3ys can be related t®, f, Q and the 10Ps of the

water as follows:

f(6,,2,W,|OP)
Q(6b..6.,4,4,W,I0OP)

Rrs(6,,0,,4,4,W, IOP) = R(6., 0., W) x (1) (7.4)

7.3 Remote sensing reflectance model for the bidirectional correction of coastal waters

Gordon et.al [106] showed that nadir viewed rensaesing reflectance can be modeled as the
polynomial function of thew. It was also shown in [104, 107] that the factbr Qcan be
parameterized as the functionwfds andé, for both deep and shallow waters. In fagctcan be
considered as the representative of IOP input aegtito f / Q factor and relationship between
them has to be subsequently expressed in lineligber order polynomial functions [22, 104,
107]. Consequently, relationship betwdRrsl) andw(1) is also considered to be a second or
higher degree polynomial [16, 24, 59, 105-107}this study, we moddRrg1) as the third order

polynomial of w(4) as follows:
3 .
Rrs(6,,6,,¢,4,0) =Y a,(6,,6,,4,A)0' (1) gY.
i=1

and the model coefficients;, of the relationship (7.5) are tabulated for aéarange of solar
zenith @s), viewing @,), and relative azimuthp] angles as well as for wavelengti3. (This
polynomial model merges all bi-directional effeetsd directly relates th&rs to the single
parameterw, allowing the BRDF correction to be performed gsionly the information on
viewing and illumination geometries at the timeRvs measurements. Thus, the model offers the

computationally straightforward and simple approémhperforming the directional correction
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by forgoing the potential to model the differenfluences onL,, (and consequently oRrs)

separately as in equation (7.1) and (7.4).

Based on the simulated dataset which will be dedai the following section, it was found that
higher order polynomial render less Least SquaB€))Lcurve fitting errors. Nevertheless, it was
also observed that higher than third order polymbrfittings also show tendencies to give
unrealisticRrsvalues if the inputs values were outside the range of the simulateaisdat Thus
we decided to use the third order as the optimdynpomial degree in our modeling.
Fundamental difference between the proposed mauklitze previous models is that, unlike
previous studies, model coefficients of Res - w relationship are generated as the wavelength
dependent in order to better deal with the knowecspl variation inQ factor [15, 22, 107].
Thus this proposed model allows the BRDF correctmrbe performed for each wavelength
independently demonstrating the potential in bettaling with the spectral dependency of the
BRDF. In the proposed model, thefactor is integrated in the formulation by direatdfatingw

to the above-water simulatd®trs Morel et al. previously reported large variation’R with
wind speed [15, 18]. Nevertheless, Gordon’s rewi$i®8] of their results later showed that the
influence of surface roughness on the transferutisgrface radiance through the air—water
interface is minimal for surface viewing anglés< 6(°. Wang's evaluation of the surface
reflection effects (in terms of the surface irraudi@ transmittance) on the water-leaving radiance
with the change of solar-zenith angle for varioesoaol optical properties, different wind
speeds, and at various visible wavelengths as neathed to similar conclusion [109]. Albert
and Mobley have also studied the dependence afiamee reflectance for infinitely deep waters
on surface wind obtaining the same results [10430APark and Ruddick [16], based on the

Hydrolight simulations for IOPs of both case 1 @waters with the different input wind speeds
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(0, 5 and 10m9Y), showed that the effect of wind speed on bidioeet reflectance to be small.
Following these conclusions we did not incorpottéie wind speedW) as an input parameter
because its influence on both transfer of subserfadiance through the air-water interface and

underwater radiance field is minimal [24, 108].

7.4 Coastal Waters Radiative Transfer M odeling

7.4.1 Inherent Optical Properties (IOP) Model

A dataset of remote sensing reflectance speRiis)), typical for coastal water conditions have
been generated by us through radiative transfeulations using Hydrolight 5 [110]. In these
simulations, a four-component bio-optical model vwaasumed. The four components are: pure
sea water, colored dissolved organic matters (CDOMbN-algal particulates, (NAP) and
chlorophyll containing particles (phytoplankton).eWise the subscripts “w”, “y”, “NAP” and
“Chl” to identify these four components in the t&elow. The input parameters for the modeled
IOPs of the components (except for pure sea waier)generated as uniformly distributed
random variables in the prescribed ranges typioal doastal water conditions. The most
important relationships used to compute the in@R parameters are detailed in the following

paragraphs.

The total spectral absorption coefficieft) is given as:
a(4) = a, (1) +a,(4) +acy (1) + aysp(4) (7.6)

where the water absorption spectrag(l) was obtained from Pope and Fry [111]. The
chlorophyll absorption coefficient for case 2 wateras considered proportional to [Chl] as is
often assumed [112] and is given by:
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achi(4) =[Chl]-acy(4) (7.7)

wherea cn(/) is the specific chlorophyll absorption coefficieint,m?/mg. With a wide variety of
specific absorption spectra available, in our satiahs the set of specific chlorophyll
absorptions was taken from Ciottial. [113] as a sum of specific absorptions of micranton

(@ micro) and pico-planktong pico) With different weighting factorsg, as follows:
a::m (A) =S 'a;ico(/l) +@1-S)- a:nicro(/I) (7.8)

where & = [0.1, 0.2, 0.3]. However, a recent study [9] whd that the use of these values

generally leads to an underestimatior@f, in the red and near infra-red parts of the spattru
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0.035¢F Sf= 02 1
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0.02f

0.015

* 2 1
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Figure 7-2. Specific chlorophyll absorption spectsad in simulations.
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Consequently, we modified the spectra shape 682700 nm part of the spectrum by setting
a cn values at 675nm to 0.0142, 0.0156 and 0.62ng for S = 0.1, 0.2 and 0.3 respectively.

Figure 7.2 shows the specific chlorophyll absomspectra used in the simulations.

The absorption spectra of both NAP and CDOM werth oodeled as having exponentially
decreasing magnitudes with respect to the wavdieamgti determined from their base reference
values at 400 nm as in [114, 115]. Minerogenic iplarttype is assumed for NAP and its

absorption spectra is modeled as follows

aNAP(Z‘) = CNAP ) al*\lAP(4OQ ) eXpGSNAP(Z‘ - 40@) (7.9)

wherea nap(400) is the specific absorption of non-algal mées at 400nm, in ffig andCyap is

their concentration in g/iInCDOM absorption was also modeled as shown below:
a,(4) = a,(400) -exp(-S, (1 —400) (7.10)

wherea,(400) is the absorption of CDOM at 400nm. In thaagmpn (7.9) and (7.18wapandS

denote the spectral slopes for the absorption speitNAP and CDOM respectively.
In a similar way, the total scattering coefficievdas simulated as a sum of three components:
b(4) = by (1) +bep (4) + byap (1) (7.11)

whereb(}) is the total scattering coefficient, in‘mThe scattering of NAP is modeled as a power

law function [58] as follows:

7NAP
550) (7.12)

bNAP(ﬂ) = CNAP ) bl*\lAP(55Q ) (7
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whereb yax(550) is the specific scattering of non-algal &8 at 550 nm, in frg.

The scattering coefficient of phytoplankton is cédted as the difference between the

attenuation and the absorption coefficients:

ben (4) = Ceni (4) — acni (4) (7.13)
wherebcn (1) and Cchi(d) are the scattering and attenuation spectra ofopkgnkton. Then the
attenuation spectrum is modeled as a power lawtimf116] as follows:

Con(A) = p-[CH** (?} (7.14)

The backscattering coefficient can be decomposdteasum of the contributions of the main

scattering constituents:
by (4) = byw(2) +Bocpy *beni (2) + Bonap * buap(4) 19)

where byy(1) is obtained in accordance with [117], ahg,, andEDNAPare the backscattering
ratios for chlorophyll and non-algal particles, &sed to be independent of wavelenggh, is

calculated according to the following empirical graeterization proposed by Morel [15]:
Bycp = 0.002+ {001[0.5— 025log,,(Ch)]} (7.16)

This allows us to use a particle phase functionctvlis able to change progressively with [Chl]

value, in such a way that the backscattering efficy can decrease with increasing [Chl] [15].

BDNAPis taken as a fixed value of 0.0183 assuming agtnaineral component in NAP.
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Similar to the procedures followed for total absmp and scattering coefficients, the volume
scattering function (VSF), denoted g&), is decomposed as the sum of the contributions of
pure water £,), non-algal particlestiap), and chlorophyll containing particlesc(,) and can be

written into the summation of all three components:

By)=Bwy)+ Bnap (W) + Ben (v) (7.17)

Equation (12) can be also written in terms of scaty coefficients and scattering phase

functions (SPFs) of the contributing componentlsw [60]:

bﬁ(‘//) = bwﬁw(l//) + bNAPBNAP(‘//) + bChIIEChI (¥) 18)

whereg () is the SPF of sea water. The SPF of pure sea wigtdnas been well studied and,

for our simulations, is taken from [117]. In corsirdo SPF of pure sea water, SPFs of non-algal
and chlorophyllic particles are not well establghend show high variability with the water
types because of the diversity of size distribugjaefractive indices, and shape anisotropies of
particles [16]. The most commonly used SPF is R&tzaverage-particle phase function
derived from eight VSF measurements carried ouPétzold in the San Diego Harbor [118,

119]. However, Petzold’'s phase function resultsainonstant backscattering ratio of 0.0183,
thereby prohibiting application of variabkg.,, values (which decrease with increasing [Chl], see

equation (7.16)).

To meet this requirement for the backscattering rate employed the phase functions given by
the Fournier and Forand (FF) analytic expressi@@]lwhich is physically based on Mie theory
and has reasonable assumptions about the indexfrattion and particle size distribution of

oceanic particles [119]. In its analytical formethhase function is given by following equation:
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Pee (W) = {v(l— 0)-[L-56")+[6@-0")-v(@- )] sin{%ﬂ

1
A (l- §)Z§V
+ 1- 51\/80
167[(5180 _1)51\180

(7.19)

(3cosy -1)

wherev:e’_—” and g = 4 - sinz(ﬂj.
2 3(n-1) 2

Here y is the scattering angl@, is the real index of refraction of the particlasis the slope

parameter of the hyperbolic distribution, adgo is § evaluated aty=18C. Integration of
B () over backward scattering direction (i.e° 80y < 180) gives the backscattering ratio,
b, and the close form of the integral can be written following equation:

b —1 1- 50t - 0.5(1V— Sas)
(1_ 590)590

(7.20)

wheredy is 6 evaluated ap=90".

With the use of the FF analytical expression, pHasetions with the desired backscattering

ratios can be generated by setting the real inflesfmction of the particlesy, and Junge slope

parameter of their assumed distributign Thus, g, used in our simulations are generated as
FF phase functions by setting ., to a fix value of 1.06 while varying theu ., values to
achieve the desired, ., values as described in [58, 119]. In other worfls, are generated for

single particle type but with varying sizes. It sltbbe noted here that the shape of tifg,

obtained with the FF phase functions is very simaahat of Morel [15] obtained through the T-

matrix method (assuming randomly oriented sphetqideicles for all [Chl] levels used in our
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simulations),BNAP is also computed through the FF expression bynggn ., and s, to 1.1

and 3.58 respectively to give backscattering raid83 as iff119].

Fig. 7.3 shows FF scattering phase functions: witlackscattering ratio of 0.0045 (red) usec
algal particles with [Chl] = 10mg/m3, with a back&#ering ratio of 0.007 reen) used for alg:
particles with [Chl] = 1mg/m3, and with a backsestig ratio of 0.0183 (blue) used for I-
algal particles, together with the w-known Petzold’'s average particle phase functioponted

for comparison.

Particle Scattering Phase Function B(¥)

2 Fh =
10 FF b, =0.0045
FFT)b =0.007
FFTJb =0.0183
_ 100 LN PctzoldT)b= 0.0183
>
=t
107
10" ' ' :
0 50 100 150

Scattering Angle ¥ (degree)

Figure 7-3 SPFs of particles used in simulations:b,=0.0045 (red) is the SF
with a backscattering ratio of 0.0045 and usedafgal particles with [Chl] -
10mg/m3, FF p=0.007 (green) is with [Chl] = 1mg/m3, Ib, =0.0183 (kue) is
used for norelgal particles, and Petzchb, =0.0183 (black dotted line) is Petzolt

average particle phase function.
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7.4.2 Input Parametersfor Simulation

IOP input parameters for the simulation are geedras independent random variables with
uniform distribution in the prescribed ranges. Eheglected ranges of the input parameters
comprehensively cover the realistic synoptic seadder conditions for typical coastal waters

[121]. In addition, as input parameters are eachdependently generated from one another,
resulting input dataset truly represents the camubstof the coastal waters in which constituents
of the water body vary independently. Table 7.1cdbss the ranges of the input parameters

used in the simulation.

Table 7-1. Ranges of the IOP model input parametszd in the simulations

(all parameters are randomly generated in the pbestranges with a uniform

distribution).
Parameters Range
[ChI] 1 ~ 10 mg/m
a, (400 0~2m'
Cne 0.01 ~ 2.5 mg/m
S, 0.01 ~ 0.02nm

Suar 0.007 ~ 0.015nm
a,(40Q | 0.02~0.1rg

by.p(550 0.5~ 1 nilg

7Ch| Ol -~ 16
Y Nap 05~2
p 0.1~0.5
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With these assumed parameters, total absorptidheolvater at 412nng(412), is in the range
0.1 - 2.3nT, the total particulate backscattering coefficieaties from 0.001 to 0.114mand
(1) are in the range of 0.005 to 0.3. Figure 7.4 d@rsl exhibits the total absorption and

backscattering spectra resulted from the inputrpatars described in Table 7.1.

2.5

1.5§

a (m'l)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 7-4. Total spectra absorption coefficiat), in m™ resulted from the input

parameters used in simulations. All spectra use¢kdrsimulations are shown here.
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Figure 7-5. Total spectra backscattering coeffiisign (1), used in simulations.

Remote sensing reflectanders, water leaving radiancé,,, and sea surface reflectangewere

computed with Hydrolight with the following criterusing the IOP parameters specified above.

. 6 wavelength&: 412, 443, 491, 551, 668 and 753 nm

. 9 solar zenith angle% : 0 to 80° at 10° intervals

. 9 sensor zenith anglés: 0 to 80° at 10° intervals

. 13 relative azimuth angles: O to 180° at 15° intervals

. Wind speedV : 5 m/s with cloud free skies for the data setemfiote sensing reflectance

and radiance.

The three angles used as simulation inputs areetefas following: solar zenith angh,, and
sensor zenith angle),, are the angles between the zenith line pointmgard and the direction
to the Sun and the sensor respectively; the relaarmuth angley , is defined as the angular

difference between the sensor azimuth angle andsthter azimuth angle (i.e. the relative
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azimuth isp = 0° when the sensor is in opposition with the &od ¢ = 180° when the Sun is

exactly behind the sensor.).

In our simulations we modeled the water as a homeges and infinitely deep medium for the
sake of simplicity; therefore this modeling is apable only to the optically deep waters where
bottom reflectance is negligible. Only elastic sa@tg was considered and Raman inelastic
scattering and fluorescence emission were notdecduHowever, exclusion of Raman inelastic
scattering has only a negligible impact on the eaxyiof the modeling because of the relatively
high particulate concentrations considered [15]lo@iphyll fluorescence should not have
impact on the output of water leaving radiance bsedhe selected wavelengths are far from the
fluorescence emission peak (located around 685a@9, [123]. The Hydrolight standard quad
layout which essentially provides “Lfesolution in zenith®) and 18 in azimuth ¢) directions
was used. Hydrolight’s built-in clear sky radianoedel of Harrison and Coombes [124] and
irradiance model of Gregg and Carder [125] wereleysal. Other atmospheric conditions such
as sea-level pressure, relative humidity, horizowtability, and ozone concentration are set at

default values which are described in the Hydrdlgkechnical documentation [77, 110].
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Figure 7-6 Rrg4) with respect tan(2) at viewing anglej, = 40° for 2 = 551nm

(top row) andi = 412nm (bottom row) and for the relative azimutiglase = 45°,

90° and 180° (from left to right). Simulations atewn for three solar zenith

angleg), = 0° (red), 30° (green) and 60° (blue).



7.5 Simulation resultsand analysis

In generalRrg2) is strongly correlated withw(1) as known from the previous studies [16, 104,
106]. However, the value d¢trq1) for a given value ofo(1) does vary with the illumination
and viewing geometries (i.e. solar and sensor ahgle discussed in previous chapter. Fig.7.6
shows the simulateRrq1) data as the function oto(1) for the three conditions of solar and
viewing angles at 412 and 551nm. It is observed ttierelationships betwedrg1) andw(4)
have a strong dependency on solar angles at loativel azimuth ¢) angles and that the
dependency is becoming gradually weaker with irgngn ¢ values. Similarly, Figure7-7
presentsRrq1) data as the function @6(1) for the three conditions of sensor viewing and
relative azimuth angles at 412 and 551nm at thelfsolar zenith anglé; = 4C. Similar pattern

regarding the changes in relative azimuth angtdserved as in the previous case.

Using the simulate®&rq1) andw(1) data, we computed the sets of tabulated coefisiefor the
gridded values ofé,, 65, ¢ and according to equation (4). For each grid,used 500 data
points of Rr§1) and w(4) in a third order polynomial least-mean-squarénfit procedure to
produce the coefficients corresponding to the retspe geometries and wavelengths. Table 7.2
shows the coefficients; for the nadir viewing and solar angles which anatinely employed in

the estimation oRrsfrom w.
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Table 7-2. Coefficientsy, for the nadir viewing and solar angle & 0° andd,= 0°).

A(nm)
412 443 491 551 668
ay 0.04115 0.04073 0.04030 0.04023 0.03879
a 0.10186 0.09755 0.11102 0.1171 0.09425
a3 0.01986 0.002898 0.00524  -0.01355 0.09660
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Figure 7-8. Color plots of the coefficieat4.,6,,4,1) : a, (1st column),a,
(2nd column) andx; (3rd column) are shown as a function of the séagenith

angle @, (x - axis) and the solar zenith andle(y - axis) while the relative azimuth

angleoe is kept constant at 90°. The coefficients arexshfor two wavelengthst

= 443nm (top row), and 551nm (bottom row).

103



3 (443nm) o (443nm) 0.3(443nm)
80
60
40
20

H

0 (degree)

= 0 0
0 60 120 180 0 60 120 180 0 60 120 180
3 (551nm) o (551nm) 0[3(551nm)

80 80
60
40
20
O

60
40

60 120 180 0 60 120 180 0 60 120 180

d(degree) o(degree) d(degree)

0 (degree)

s

%

20

Figure 7-9.¢; (1st column),a, (2nd column) andx; (3rd column) are shown
as function ofp (x - axis) and the solar zenith angl&s(y - axis) while the

sensor’s viewing anglé, is kept constant at 40°. Color intensity valuestae

same as in the figure above.

Figure 7.8 and Figure 7.9 illustrate the variapibf the coefficientsy for the whole range of
viewing and illumination geometries. Figure 7.8Hiights the dependency of the coefficients
on the solar and the sensor’s zenith angles windedlative azimuth angle)is kept constant at
90° at which in situ above-water measurements arellysperformed in order to minimize sky
and sun glitters. In the figure, variations in batbntour structure and color intensity are
observed for the coefficient images of the different wavelengths and therehyficoing the
wavelength dependency of tRes - o relationship. Figure 7.9 also shows the varigbiif the
coefficientsa; with respect toe (x - axis) and¥s (y - axis) whered, is kept constant at 40° for

the same wavelengths as in Figure 7.8.
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7.6 Summary of the chapter

In this chapter, we presented the detailed disonssif the theoretical analysis of the
bidirectional structure of water leaving radiandeldf based on its dependency on the
illumination and viewing geometries, effects of semface roughness, wavelength dependency
of Q factors and water constituents. Based on the ttieswetical analysis, we proposed a third
order polynomial remote sensing reflectance modetdrrect the bidirectional effects of the

water leaving radiances retrieved from above watapace borne OC sensors.

We created a dataset of remote sensing reflectsmeetra,Rrg6,, 6s, ¢, 1), through radiative
transfer simulations made with Hydrolight. Simubais were performed for all ranges of viewing
and illumination geometries with input parametefshe IOP model generated as uniformly
distributed random variables in the prescribed eangypical for coastal waters. A four-
component microphysical bio-optical model was assdinm the simulations to synthetize the
realistics coastal marine environment conditiongmgtthe constituents vary independent of each
other. Variability of the parameters for the eacmponent of biooptical model are also arranged
in the realistics behaviors of the coastal envirentn based on the field observation. Specific
considerations are included so that both absorptiod scattering of the phytoplanton
particulates vary with the size. In addition, paeti scattering phase functions (SPF) are
generated as the function of the particle size gmtogs and type for each input biooptical
component of each IOP datapoint. Therefore, tipsitimlata set fully cover the conditions of the
natural coastal water environments exhibiting tbeeptial to create the dataset of wide range of

remote sensing reflectance spectra typical focteestal waters.
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With the use of the simulated remote sensing reffee and input IOPs, we carried out the
detailed analysis of the relationships betwBesnandw based on the remote sensing reflectance
model we proposed. From the analysis the coeffisienfor the whole range of viewing and
illumination geometries have been obtained. Theeddpncy of the coefficientg on the solar,
sensor’s zenith and relative azimuth angles weatyaad and found to be sensitive enough to be
used for the bidirectional correction of remotesseg reflectance. Moreover, variationsRns -

o relationship with wavelengths was also observedettly confirming validity of the proposed

model's wavelength dependent polynomial coeffis@sisumption.
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8 Assessment of the Bidirectional Correction Algorithm

8.1 Theoretical Analysis

Based on the simulated dataset discussed in ch@ptee carried out the assessment of the
bidirectional correction performed with the propbsmodel (hereafter referred to &CNY
algorithm) as well as with the current operaticalgbrithm [15] (referred to adG algorithm). It
should be noted that, althou@yhG algorithm is operationally used by current aboatewx and
satellite data processing [28] for bidirectiondeet correction regardless of the water types, it
was initially developed for case 1 water conditioRsus, this theoretical analysis mainly intends
to identify the amount of deviation induced by ttase 1 - optimized bidirectional algorithm in
typical coastal water conditions. In the followiagalysis we focus oRrd/) for a fixed viewing
angle ¢, = 40) at which the sea-based above-water radiance meeasnts are usually
performed [30, 126]. The solar zenith angle is agdrom 20 to 7, and the relative azimuth
angle, o, from 60 to 180. These solar zenith and relative azimuth anglgeancover the
realistic conditions in which above-water measumgisiean be performed with the relatively low

contaminations of environmental effects [33].

In our assessments, simulated remote sensing teeftex at various viewing and illumination
geometriesRrq6,, 0s, ¢, 1), are initially translated into the nadir remotnsing reflectance,
Rrg6,=0, 6s=0, ¢=0, 1), using bothCCNYandMG algorithms. Then, those nadir remote sensing
reflectanceRrq6,=0, 6=0, ¢=0, 1), obtained with th&€CNY algorithm , (from here on denoted
as Rrderieveqceny), and MG algorithm, (denoted aRrSiemievequc)), are compared with the
corresponding exactly simulated nadir remote sensieflectance denoted aBr<acuar

Rrsoretrieveqccw is calculated as follows: (ip(1) is derived by fittingRrq6,, 05, ¢, 1) to the
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respectiveni(6y, 05, ¢, 1) of the equation (4) ; (iiRrsOretrievedCCNy) is then calculated by plugging

in w(1) obtained in the first step into equation (4) agagether withy (6,=0, =0, ¢p=0, 1).

However, in the case of tiMG algorithm, prior estimation of [Chl] is requirethis estimation
of [Chl] is carried out by using an empirical forlawvhich relates the ratio of the water leaving
radiances of the blue and green bands to [Chi] 305, In theMG algorithm considered in this
study, we used the empirical formula (OC2) develoae a product of the SeaWiFS Bio-optical
Algorithm Mini Workshop (SeaBAM) [69]. This empiat formula is also adopted in the
operational AERONET-OC data processing for ocedorcsatellite data validation activities.

The formula is defined as:

Chl = —0.0929 + 100.297472.2429X+0.8358X270.0077 X3 ©.1)
where:
 1oq.. [ Rr490
= Ioglo( Rrs(553j 8.2)

The use of this blue-green ratio based [Chl] egtonaalgorithm (equation (8.1)) remains highly
guestionable for the optical properties typicalgtrieved in coastal waters [21, 127, 128].
Nevertheless, the focus of our analysis is to ifierthe deviation induced by the whole
operational bidirectional correction process. Thihss algorithm has been used here without
modifications or adjustments. On the other hanene¥ [Chl] values are retrieved with the
reasonable accuracy, the current operatibt@lalgorithm will still suffer from its single parle
type assumption in which the contributions of satg from the mineral rich non-algal particles

(which are typical for coastal water conditionsg arot considered. In our simulations we
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assumed for equation (8.Ryg490)~ Rrg491) andRrg555)~ Rrg551) which almost did not

affect [Chl] values.

Based on the estimated [Chl] (equation (8.X))Q factors are acquired from the look up tables

[15]. After thatRrS erieveque) IS calculated as:

Ry fo(A,ChD)  Q(6,.6,.4,4,Chl)

Rrs’, . = Rrs(6,,6,,¢4, 4 8.3
rSretrlevec(MG) ER(GV,W) QO()L,Ch|) f(@s,ﬂ,,Chl) X rS( s Vv ¢ ) ( )

where Rydenotes the particular values%ivhen 6, = 0. In the same wayp denotes the

particular value of whenés = 0 andQ, denotes th&) value wher9, = 0 andds = 0. It is worth
noting that the parametefrandQ of equation (8.3) are computed based on typicahoic case 1

water optical properties.

Then, bothRr erieveqceny and RIS etrieveque) are compared to thersaqa and the following
statistical indicators are calculated. The absgbateent difference for each matchup denoted as

Oi:

5 :100x|)q;—yi| 8.4)

The absolute average percent difference (AAPDéefias:

N
AAPD:%Z@ B.
i=1

and the average percent difference (APD):
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N
APD= 1002 X Y (8.6)
N — X;
i=

where x stands foRrPacua and y for eitherRr erieveqceny OF Rrreieveque)- 1IN the
comparisons, the statistical indicator AAPD progidae information regarding the dispersion

while APD can be used to assess the expected diagdén the compared datasets.

Those comparisons have been carried out foR(§acwa and correspondingrs (before the
bidirectional effect is removed) in order to make aissessment of the bidirectional variations of
the assumed water types for the viewing and ill@tam configurations mentioned above (6,

= 40, 20 < A< 70° and 66 < ¢ < 180), (ii) Rractua and RIS errieveque) to identify the relative
error resulting from the use of the case 1 waténmoped correction algorithm for case 2 water
conditions, (i) Rracwal and RIS erieveqceny 10 Obtain the statistics of the error inducedtia t
correction processes. Figure 8.1(a-e) shows thepansons betweeRr eiicved aNd RIS aca at
412, 443, 491, 551 and 668nm, respectively, anthioviewing and illumination configurations

mentioned above.
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Figure 8-1. Comparisons betweRr acua andRrSrerieved derived with MG
(blue dots) and with CCNY (green dots) algorithimst, = 4F, 2 <0s< 70° and
60° < <180 at (a) 412, (b) 443, (c) 491, (d) 551 and (e) BBSRegression lines

betweerRrS etrievequc) aNARIS acrual are shown in red and that RFSretrieveqceny

are shown in black. (f) Distribution of the abselyercent differencg, values

betweerRre,.. andRrswithout BRDF correction (redRrSerievequc) (black)

andRrsDretrieveqccw (blue) for each matchup.
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It is observed that the comparisons show high AAaDes (6.26 to 9.5%) and APD values (2.8
to 9.4%) at all the wavelengths with théG algorithm and regression line slopes between
R etrievequc) and RrSaeua are 1.05, 1.03, 0.98, 0.93 and 0.97 respectivalyti®, 443, 491,

551 and 668nm wavelengths. The dispersion betwesitwio data is observed to be relatively

smaller for the shorter wavelengths (412 and 443amd)is largest at 551nm.

By contrast, the comparisons betwdn® cyieveqceny aNdRraca €xhibit much smaller AAPD
(0.42 - 0.8%) and APD (0.054 - 0.55%) at all wamglds. The regression lines between
Rretrieveqceny andRracar are very close to the 1:1 line for all wavelengtiereover, the
retrieved differences betweéirsoremeveqccw and Rr&,cwar Which are mostly originating from
the least-mean-square fitting procedure, are fdaruk negligible in comparison with the actual
bidirectional variation, which is generally in thange of 10-20%, as can be readily seen in

Figure 8.1(f).

In the Figure 8.1.(f), the histogram of the absmlpercent differencealues combined for all
wavelengths shows thatvalues betweeRrS s and Rrs without BRDF correction are in the
range of 2.3 to 25% and AAPD is around 13.5% wischonsistent with previous studies [16,
22]. In addition, it can be seen that without tHeB~ correction, only 9.5% of the dataset have
absolute percent difference) (values within 5%, and more than two thirds of tsa have
values greater than 10%. These results demonghratenportance of the bidirectional effect
correction in the retrieval process if the wateaviag radiances (and remote sensing
reflectances) are to be retrieved within the ocealor sensor community’s targeted accuracy

level (.e. less than 5% uncertainty) for above-water measenesn
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Similarly, 6 values betweermRrSaca and RIS erieveque) range from 0 to 27%. Nevertheless,
AAPD is reduced to 7.56%. Moreover, it was obserted 43% and 70.6% of the data set have
the dvalues less than the 5% and 10% respectively. Tressdts show that the bidirectional
effect is reduced with the use of th& correction algorithm and using thG algorithm in
coastal water conditions can still offer betteriesals than not correcting at all. However, 57%
of the dataset havé values greater than 5% and thus these resultsoaltioe the need of the
bidirectional correction algorithm optimized foretisase 2 water conditions. On the other hand,
the distribution curve o values betweeRrsacua and Rrd erieveqceny Shows much narrower
range and 98.4% of the dataset hawalues less than 5%. The meawnalue is also drastically
reduced to 0.69% demonstrating tiREENY BRDF correction algorithm works very well with

the simulated dataset.
8.2 Noise Sensitivity Analysis

Water leaving radiances retrieved from above-weaddiometric measurements are subject to
uncertainty that arises from geophysical noise,hsas rapid changes in environmental
conditions, and sun and sky glints which are rardgdtactuating from the effects of surface
waves. The current above water radiometry procgsalgorithm employs the glint filtering
method in which only the lowest of multiple suceesdotal sea radiance measurements taken
within a short period are utilized in the procegsai Rrsin order to minimize the effect of the
glint [30, 33]. Such practices may result in theidaal random component affecting the retrieved
Rrs Removal of the sky glint can also lead to rediéuars which are not taken into account by
the removal model [33]. For the satellite datapesrican arise from inaccuracies in atmospheric

correction or from other sources. The analysisuchgesidual errors resulting from each step of
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data processing procedures is beyond the scopkisostudy and deserves a dedicated study
because of the importance of the topic. Here, natyais simply intends to identify the proposed
model’s sensitivity to the noise, in other words,verify whether the proposed model can still
offer meaningful corrections (i.e. whether outpu cyieveq are closer to correspondifISactual
thanRrq6,, 65, p, A) are) wherRrs measurements are contaminated by geophysical, ravideto
determine the threshold of noise level with respedheRrs signal. Since the proposed model
performs the correction at each wavelength indepathgl and modeling errors at each
wavelength are much lower than assumed noise letredsmodel's sensitivity to the noise at

each wavelength can be evaluated from this analysis

In order to test the applicability of tl@&NYalgorithm in the above water correction procedures
we first added synthetic noise signals to Rrg4,, 65, ¢, 1) values before the BRDF correction
was applied. Then, these noise-contamin®ed6,, s, ¢, A) are converted to nadir remote
sensing reflectances, using BENY algorithm. After that, noise-contaminathsoretrieveqccw
are compared to the respectiRe,a as in the previous section. For this analysisitestic
noise signals are independently generated for Bagld,, 6s, ¢, A) as random numbers with a
Gaussian distribution with zero mean and standakdation proportional to the corresponding
Rrs values. Figure 8.2 shows the distributionsdofalues (combined for all wavelengths)
betweerRrs ,ea and noise-contaminatdRt S eyieveqceny for three levels of noise (5%, 10% and
15%) together with the distribution éfvalues forRrs without a BRDF correction. It was found
that AAPD values of the retrievals are increased.@d%6, 7.9% and 12.9%, respectively, for the
dataset with 5%, 10% and 15% noise levels. Althawgheval performances are lower with the

introduction of noise to the signal,values for all noise levels are shifted toward ltenaalues
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comparing to the values forRrs without BRDF correction. Thus, it shows that evense-

contaminatedRrsmeasurements can still considerably benefit frioenktidirectional correction.

20¢ ------------- Without BRDF Correction ||
cereemenene (0% Noise
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Figure 8-2. Distribution of the absolute percefedence §) values for
Rrsoretrievedccm) infected with four different noise levels, 0% ®Ju5% (green) ,
10% (black) and 15% (magenta). The red curve cooreds to the case whelRes

is not corrected for BRDF.

8.3 Bidirectional Reflectance Distribution Correction of Above-water M easur ements

As was mentioned in chapter 7, performance of tlopgsed BRDF correction approach was
also evaluated by measurements obtained at LIS@®.0Dthe major advantages of the LISCO
instrumentation set is that HyperSAS and SeaPRISSlruments acquire data almost
concurrently but with different azimuth angles @spect to the Sun as the day progresses, except

for the time when the Sun is exactly at South wbeth instruments point West. As both
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instruments make measurements within 10 minutedawn it is reasonable to consider that the
composition of the water constituents within thabhe window remains the same. ldeally,
observed variations in the water leaving radianeeguired by the two instruments can be
attributed to the variations due to the bidirectiloreflectance distribution function (BRDF) only.
Hence, the assessments of the performance of ti¥-RBigrrections can be made by comparing
the nadir remote sensing reflectance obtained fleenSeaPRISM [denoted ﬁ%:rsosp,(/l)] and
from HyperSAS [denoted aBr,g(4)]. However, it should be pointed out that directib
fluctuations in the measured sea radiance ardradsced by the sun and sky light reflections on
the ruffled surface which, at the end, may cregmificant uncertainties in the retrieved water-

leaving radiance [33, 75].

It should be also reminded that the major diffiesl of above-water measurements are resulted
from uncertainties arisen from the sun and skytgiiomponents of the total sea radiance
measurements. These components are resulted feorartdomly fluctuating windblown surface
waves. These fluctuations induce different geopi®snoise that needs to be removed from
SeaPRISM and HyperSAS data and even after remtsfad shere still may be residual random
components affecting the fin&rs values. In fact, these residual random componertg be
considered to have the same effect as the noigkeocorrection procedures as shown in noise

sensitivity analysis section.

In the following, the consistency and the efficigind the propose@CNYas well as curre1G
bidirectional correction algorithm are assesseedhas the dataset &rq6,, 05, ¢, A) obtained
from two concurrent measurements of HyperSAS ardPREM. This dataset covers a period of

more than one year encompassing the full naturabisity of atmospheric and water conditions
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and, as the result, correction algorithms' advasamnd disadvantages over one another can be

fully discerned for the whole range of natural atinds and environments.

It should be noted that the BRDF correction usuattgounts for 10-20% dRrq4) [16, 17].
Thus, the estimation of the bidirectional correctiuality is a challenging task especially for the
field data where residual random components rebuiltem the variability of the natural
environment contribute significantly to total urtegémties. Therefore, it is of paramount
importance to filter out the data corrupted by yexted environmental effects or any stochastic
artifacts beforehand. The filtering procedure forlify assurance has already been developed
for the SeaPRISM system in the framework of AERONECT distribution [29] and all the data
we used in this study are quality checked levelclobd screened data [17]. Similarly, a specific
HyperSAS data filtering procedure which has besoudised in chapter 5 are closely followed in

this study for the data processing.

8.3.1 Method and Data Processing
Remote sensing reflectance spediegl), for a specific viewing and illumination conditi@re
calculated as described in [11] as follows:

Lt (Hs’ 9v’¢! /I'W) - ,O(HS, 0v’¢’W) Lsky(es’ Hv’ ¢' ﬂ')
Ed (Hs’ﬂ“)

RIS0,.6,.¢,4) = (8.7)

Following our previous study [33], the total radian() utilized in equation (8.7) for the
SeaPRISM instrument is obtained from Level 1.5 dlsareened average total sea radiance data
of AERONET-OC data distribution. In the case of E§®AS,L; is calculated by averaging the
lowest 5% of the sea radiance measurements takergdbe two minutes data acquisition time.

HyperSAS performs 45 to 80 total sea radiance nmeasents during its two minutes data
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acquisition window, depending on the brightnesshef total radiances being obtained. Taking
the lowest 5% allows the averaging of at least m@asurements during every cycle of two
minutes data acquisition for further processing. @& other hand, the sky radiandgy, is
determined by simply averaging all sky radiance sueaments. The sea surface reflection
coefficient,p(8, 6s, ¢, W), for the desired exact viewing and illuminatiosogetries, and wind
speed is obtained by performing a linear interpmtaton the reflection coefficient dataset
acquired through Hydrolight’s simulations descrilbedhapter 7. Input surface wind speed data
for each data acquisition cycle is acquired from Mational Weather Service. Down-welling
irradiance E4(1), data is derived from the standard AERONET-OCPH4&M data with the use
of the equation (4.6) and (4.8), and applied indhaleulation ofRrq1) for both HyperSAS and

SeaPRISM systems.

Then, hyperspectral HyperSAS data were integratiéhl tive sensor relative spectral response
function of each SeaPRISM bands in order to pro@ggeevalent data for both systems. The data
involved were restricted to SeaPRISM measuremequesees taken within £10 min off

HyperSAS sequence intervals. In addition, findifigen our previous study suggest that the
contamination by environmental effects of the ested water leaving radiance becomes
sensitive forp < 60° regardless of the sun elevation, with urceties higher than 5% [33]. As a

consequence, it has been decided to eliminate inenanalysis HyperSAS measurements taken

with ¢ < 60°.

8.3.2 Assessment of Bidirectional Correction via LI SCO Data
In the following, we first show the inter-compamsobetween the remote sensing reflectance of

HyperSAS and SeaPRISM before the bidirectionalcéffee corrected [denoted Bssys(4) and
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Rrs spl4), respectively]. This comparison (see Figure &3&( b)) allows us to make the
assessment of the variation in two measurementyédifie bidirectional effects are removed.
Secondly, we perform the comparisons between t fiadir remote sensing reflectance of
both instruments [denoted &<hg(4) and Rré)gp,(/l)] processed with both thé CNY and MG
algorithms (see Figure 8.4 (a & b)). Finally, wemgare the final nadir remote sensing
reflectance of both instruments processed @@NY algorithm (denoted dérsoretrievedccm)) to
those ofMG algorithm (denoted déré’retrieved.v.g)) (see Figure 8.5). In the comparisons, because
neither SeaPRISM nor HyperSAS data can be assi@mdae reference, the following statistical

indicators given in % are used.

The absolute relative percent difference (ARPD)raef as follows:

ARPD = 2002|y' atd (8.8)
i1 Xty

and the unbiased relative percent different (URPD):

URPD_@Z Yi~ (8.9)
i=1 X + y|

where SeaPRISM data are takexasnd HyperSAS data are takenyas
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Figure 8-3. Intercomparisons of remote sensingcedhces (in 8) derived

from SeaPRISM and HyperSAS before correction fertitirectional effect: (a)

relative azimuth angles for HyperSAS observatiaesestricted in the 86 ¢ <

180 range; (b) relative azimuth angle range is resiico 86 < ¢ < 100. N is the

total number of the comparisons, the bracketedevalthe number of different

measurement sequences used in the comparison.

Figure 8.3 (a) shows the comparison of remote sgn&flectance measurements of HyperSAS

and SeaPRISMRIsus(1) andRrssp{4)) before the bidirectional effect is removed ftrtlae data

used in this analysis. The comparison exhibitsngtroorrelations between HyperSAS and

SeaPRISM data witR? value around 0.967 and the regression line betweemlata is also very

close to the 1:1 line. The URPD and ARPD valuescivisihow the bias and dispersion between

two data are 8.73% and 12.3% respectively. Howevieen the relative azimuth angle range for

HyperSAS instrument is restricted t0°80Qs < 100 range (see Figure 8.3(b)), URPD and ARPD
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values are reduced down to -0.342% and 6.02% réselgc In addition, the Rvalue is
increased to 0.991 and the regression line becaroser to the 1:1 line, showing a better
consistency between the two measurements. Inwattt,this restricted relative azimuth range,
HyperSAS and SeaPRISM measurements are taken faazimnuth within +10 and thus
bidirectional effects for the measurements of Eytstem are about the same. Therefore, it can
be considered that this statistical difference letwthe two comparisons arises from the

bidirectional variation of the water leaving radiaras well as from possible residual sun and sky

glint effects.
® 412 nm ] 443 nm 491 nm 551 nm ® 668 nm
(a) (b)
0.01 T T T 0.01 T :
N = 146 (730) N =146 (730)
R%=0.958 R*=0.972
0.008 ] 0.008
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-~ URPD = 7.67% P URPD =5.59%
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N g % .
S 0.004 Y 2 =4S 0.004 Ky
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Figure 8-4. Inter-comparisons of SeaPRISM and Hyp& remote sensing
reflectance measurements (it $mafter the bidirectional effect is corrected: (a)
Processed witMG algorithm (b) Processed witbCNYalgorithm. Relative

azimuth anglesy, for HyperSAS observations are the same as (a).
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Comparisons of thRrsyxs(4) andRre’sp(2) processed withG andCCNYalgorithms are shown

in Figure 8.4 (a) and (b), respectively. In the panison of theRrs's(4) andRrSs,(/) processed

with MG algorithm, the URPD value is reduced down to 7.6586wing 1.06% reduction in

relative percent difference compared to the sante miat corrected for the bidirectional effects.

However, its ARPD value is increased by 0.3% comgao the value before the correction. The

R? value is also observed to be reduced down to 0.958

HyperSAS remote sensing reflectance measureméritav() Before the

Table 8-1. Statistical summary of the intercomparssof SeaPRISM and

bidirectional effect is removed (88 ¢ < 180 range is shown in black and°80¢

< 100C is shown in red). (Frow) After the bidirectional effect is correctedtMG

algorithm. (15d row) Corrected witltCCNYalgorithm.

Wavelength (nm)

Spectral
412 443 491 551 668 Average
g‘ggﬁ R2 0.7(0.81) 0.85(0.94) 0.95(0.98) 0.96(0.98) 0.95(0.95)  0.967(0.991)
correction ARPD 21(11.3) 16(5.81) 7.86(3.23) 5.9(3.12) 10.8(6.67) 12.3(6.02)
URPD 12.1(-5.9) 11.6(-0.02) 5.18(0.66) 3.56(0.67) 7.48(4.21) 8.73(-0.34)
Corrected R? 0.689 0.833 0.941 0.945 0.883 0.958
with MG
algorithm ARPD 20.35 16.3 8.17 6.99 1 12.6
URPD 12.3 118 5.36 3.76 7.73 7.67
Corrected )
With CCNY R 0.749 0.878 0.961 0.957 0.906 0.972
algorithm ARPD 17.8 13.3 6.09 5.04 8.76 10.2
URPD 9.65 9.41 3.46 211 5.28 5.59
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These results indicate that the dispersion betwkertwo data is rather increased by WM&
correction procedure. This shows the inadequacybidirectional correction based on the
assumption of case 1 water for the typical LISCQenga On the other hand, comparison of the
same data processed with tB€NYalgorithm shows reduction in both ARPD and URPiea
(2.1% and 3.14%, respectively) with respect toabmparison of the data not corrected for the
bidirectional effects whilé¥ is increased to 0.972. Therefore, this indicates with the use of
CCNY bidirectional correction algorithm, dispersion weén the two measurements resulted
from the different viewing configuration can be wedd, thereby demonstrating the relevance
and appropriateness of tHeCNY bidirectional correction for the water leaving ieatte
measured by the HyperSAS and SeaPRISM instrumenteel moderately turbid waters of
LISCO site. It can also be observed that both ARIRBD URPD values of the data corrected with
the CCNY algorithm are lower than those BIG algorithm at every wavelength showing 1.95%

to 3.0% improvements in terms of ARPD and 1.65%.65% in terms of URPD.

Figure 8.5 shows the inter-comparisons betw&& erieveqceny and Rreerieveque). It is
observed that the relative absolute percent differebetween the output nadir remote sensing
reflectance of the two algorithms ranges from Q4db%, where the largest differences found at
551nm with AAPD between the outputs of the two athms is 6.14%. The slopes between the
output final nadir remote sensing reflectanceseftivo algorithms are 1.05, 0.95 and 0.905 for
412, 491 and 551nm wavelengths suggesting thatithaalgorithm is overestimating the nadir
remote sensing reflectances at 412nm and undegegstgrthem at 491 and 551nm. It should be
noted that comparisons carried out with the fieebhsurement data illustrate similar slopes with

those carried out with the simulated data set.
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124



The wavelength dependencies in the correction esfdhe currentMG algorithm may have
confounding effects on the final OC data produdsttee processing algorithms for the final
geophysical OC products such as [Chl] use the spleettio of the remote sensing reflectance
values. The amount of error induced in the final @ta products resulted from the use of case 1
water optimized BRDF correction algorithm in these® water conditions should be studied as
it may have the implications on the monitoring loé tvater quality and variability in the coastal
areas. Nevertheless, the exact quantificationettor induced by BRDF correction in the final
OC data products will require the rigorous analysfighe each OC data product processing

algorithm and, as the result, beyond the scopkisftudy.

8.4 Application of the BRDF Correction Algorithm to MODI S Satellite Data

A detail analysis carried out on the above andlgatevater leaving radiance retrieved at LISCO
site has confirmed that the LISCO site is appraerifar use in validation of the ocean color
satellites in coastal waters [34]. The time sedemparisons performed with the coincident
satellite and in-situ data of LISCO exhibited bajbalitative and quantitative agreements

between the remote sensing reflectance derived @GO measurements.

Similarly to this previous study, time series andtch-up comparisons have been carried out
between the SeaPRISM above-watesitu measurements and satelRes’(1) data for LISCO’s
location. Rr&(?) data of bothin situ and satellite are processed in the following tiffedent
ways: (i) with standard BRDF correctioMG algorithm), and (ii) with the proposedCNY
algorithm. Thenin situ and satellite data match up comparisons are dawuéfor both obtained

datasets in order to assess merits and benetfite groposed algorithm over the standard one.
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We used the data from the Moderate Resolution Inta§ipectroradiometer (MODIS) onboard
Aqua satellite for the match-up and for the comparisenth thein situ data. MODIS (Aqua)
Level 1 data for a 14-month period (October 20089ubgh December 2010) are acquired from
the ocean color data distribution website [129]eSé data are processed using the software
SeaDAS package version 6.2 (which contains alheffinal processing programs and the source
code used for the OBPG’s Ocean Color Reproces$ih§)dnto two groups of Level 2 data files
(one group is processed witiG BRDF correction and another group wi@CNY BRDF
correction) with the nominal 1 km resolution. There extracted the data of the 3 km x 3 km
area centering the LISCO platform to create twoetiseries of MODISRrS(i) data sets
processed withG andCCNYBRDF correction algorithms. For data quality aasge purpose,
Level 2 flags ie. land, cloud, high sun glint, very low water-leayiradiance (cloud shadow),
and atmospheric correction failure) were appliedhie data extraction procedure. The average
values of the 3 km x 3 km area are considered fipthfior comparison witlin situ data when at
least 50% of the pixels are not affected by thémedard flags. On the other hand, two sets of
situ SeaPRISMRrs(1) data processed witiG and CCNY BRDF corrections are selected from
the measurements that passed the data filterirgpguoes [33] and taken within + 4 hours of the

satellite overpass time for LISCO location.

Subsequently, we compared the MOR&Y(1) data, from here on denoted Rsyviopis(), to
the corresponding SeaPRISIHrsosp,(/l)) data. Comparisons are carried out with bothezion
algorithms and statistics, such as absolute averagent difference (AAPD), and coefficient of
determination R?) have been obtained. A total of 42 MODIS and Sé8RRmatchups and
comparisons have been carried out. Solar and seesith angles of MODIS data used in the

comparisons are in the range 6ft6 56 and 20 to 60, respectively and therefore a wide range
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of illumination and viewing geometries is availabbdetest the bidirectional corrections. Table 8.2
shows the resulted AAPD values of the comparis@tadenRrsvoois(4) and Rrsogp,(/l) data

processed wittMG andCCNYalgorithms.

Table 8-2. AAPD values of the comparison betweerRiisyoois(4) and

Rres,(/) data.
AAPD (%) Wavelength (nm)
412 443 491 551 668
MG 4643 3885 16.68 1361 2454
CCNY 4240 3416 1493 1099 21.89

I mprovement 4.03 4.69 1.75 2.62 2.65

Figure 8.6 shows the scatter plots of Rreyopis(4) versuersosp,(,l) data. Left figure (a) shows
the comparison of MODIS and SeaPRISM data, prodegsid the MG algorithm while right
figure (b) shows the comparison of the same datagzsed with th€ CNY algorithm. Three
wavelengths, 491, 551 and 668 nm are shown in lthte pnd a stronger correlation (0.926) is
observed for the comparisons processed witlC@idlY algorithm. In addition, the slopes of the
regression line are also improved and the biaseseduced. The dispersion between the satellite
and in situ data, especially for higiRr(1) values (which are usually associated with high
particulate loading in the water), is reduced foe CCNY processing, thereby exhibiting its

appropriateness for use in the bidirectional caiwador coastal water types.
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Figure 8-6. Scattering plots of the comparisongvbeh MODIS and in situ
Rr(1) data: (a) comparison between MODIS and SeaPRISKM{& BRDF

processing; (b) MODIS and SeaPRISM with CCNY BRDé&cgssing.

8.5 Application of CCNY BRDF Correction in the Case-1 water condition

The main purpose of the proposed CCNY remote sgnflectance model has been the
utilization of it as the BRDF correction scheme afpeally optimized for the Case-2 water
conditions. Thus, CCNY model was developed withuke of the reflectance spectra simulated
with the input IOP parameters typical to the cdamteas where in water constituents are usually
dominated by sediment or CDOM. Matchup comparisoalysis presented in the previous
sections with the use of the above and satellitemiaaving radiance data are also based on the
Case-2 water conditions where LISCO is locatedhéideal situation, the BRDF correction in
the satellite image processing would require thieerdgnation of the water type (i.e. whether

case 1 or case 2 condition) beforehand so thabpppte correction scheme could be applied.
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However, the determination of the water types fitssjuire the retrieval of the IOP parameters
through the remote sensing reflectance, and thucdy determination is proved to be difficult.
Therefore, it is of upmost importance to invesigtite potential implications resulted from the
use of this case 2 water optimized correction dlgor in case 1 condition. For this purpose, a
separate set of remote sensing reflectance speawea been also simulated with the input IOP
parameters typically observed in the case 1 watediton. For these simulations, Hydrolight's
built in "New Case-1 water" model was applied anpgut [Chl] values ranging from 0.01 to
10mg/nfare generated with 0.1 mgirinear spacing. Other simulation parameters arethse
same as in the simulations performed for the casendition in chapter 7. Based on that case 1
dataset, comparisons similar to the one performetia section 8.1 are carried out to make the
assessments to the CCNY algorithm's correctionopadnce in the case 1 water condition.
Distributions of the absolute percent differenéd {values forwithout BRDF correction (red),
Rr etieveque) (black) andRrSerieveqceny (blue) for each matchup are shown in Figure 8.7. |
can be observed from the figure that the variationghe bidirectional function of case 1

condition only slightly wider than those of casedndition.
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Figure 8-7. Distribution of the absolute perceffedence ¢) values
for without BRDF correction (redRrsoretrieveqMG) (black) and
Rrsoretrieveqccw (blue) for each matchup performed for simulatetskzt

obtained with the case 1 water conditions.

Interestingly, it is also observed that the bidi@tal correction performances of CCNY and MG
algorithm exhibit similar error statistics althouhG algorithm slightly outperforms CCNY

algorithm at all wavelengths (see Table 8.3). Tpectwal average AAPD values are 5.61% and
4.01% for corrections with CCNY and MG algorithnespectively. These results indicate that
CCNY algorithm can be applied in the bidirectiooalrection for the pure case 1 condition if
1.6% increase in error is acceptable. Moreoversehegesults also underscore the CCNY

algorithms' flexibility in dealing with the differ@ water types and ranges of IOPs, there by
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demonstrating the potentials to use the algorithitné wide range of coastal regions around the

globe.

Table 8-3. AAPD values in (%) between R, @andRrswithout BRDF correction (L

row), Rrsoretrieveqccw (2" row) andRrsDremeveqMG) (3 row) for matchup performed for the

simulated dataset obtained with the case 1 watatitons.

Waveength (nm)

Spectral Average

412 443 491 551 668
Uncorrected  12.7 14.¢ 16.% 17.5 12.¢ 14.¢
CCNY 4.4¢ 5.12 5.82 6.2¢ 5.3¢ 5.41
MG 3.1¢ 3.4z 4.2¢ 5.37 3.7¢ 4.01

Furthermore, in order to analyze the charactesist€ the bidirectional correction factors

obtained with MG and CCNY algorithms based on thEg of the water body in synoptic scale,

total particulate back-scattering coefficienbgp, as well as BRDF correction factorgggr,

images are acquired from MODIS aqua satellite d&tatal particulate back-scattering

coefficients, byp, images are retrieved using QAA algorithm [59]. dl'sets of Grpr iMmages

processed with CCNY algorithm, denoted agrdrccny)y and MG algorithm, denoted as

Ceror(vc), are also obtained. Then, the absolute relativeepé differences between the

corresponding pixels of theskbrccnyyand Grorue)images, denoted agrpr, are calculated to

create the map of the absolute relative perceferdifice between them. Then, the analyses of

the resulting@grpr iImage along with the bbp image are carried ouh&dke the assessments of

the differences between the CCNY and MG bidirecti@orrection factors.
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Figure 8-8. Absolute relative percent differencepViarpr, in % between the
Csror(cenyyand Grorue)images of March 20, 2010 for 551nm wavelength. €olo

intensity values are limited between 1.5 and 10.

0.005 0.01 0.015 0.02 0.025 0.03

Figure 8-9. Total particulate back-scattering doefht at 443nm, (443), in m.
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Figure 8.8 shows a typicégrpr image of the MODIS instrument onboard AQUA satelliThis
particular dgrpr image is obtained from the data recorded on M&6hof 2010 which
corresponds to the aftermath of the severe stontexccurred in the region. Thug, image
shown in Figure 8.9 clearly exhibits the flows bétsediment discharge from the rivers of the
area. It can be observed in the image thattperalues at 443nm are particularly high (up to
0.15m?") especially for the New York Lower Bay area anuhal the New Jersey coast because of
the high particulate concentration resulted from sediment discharge of the rivers. Therefore,
those particular areas clearly represent the veateditions not dealt by the assumptions made in
the development of MG algorithm. On the other hat@P parameters assumed in our
simulations in the generating of remote sensinfgctnce spectra cover these type of water
conditions, and thus, CCNY algorithm is expecteghéocform well. It can be seen in thgrpr
image (Figure 8.8), absolute percent differenceueslare high (8~12%) for those areas
underscoring the importance of the use of apprtgarrection scheme. Nevertheless, for the
open ocean areas with low particulate concentrdgweals which can be identified by the low
particulate backscattering values, percent diffegevalues in thégrprimage are below 1.5%.
As the result, from this imagery analysis, we cadelthat CCNY algorithm can be used for the
BRDF correction of water leaving radiance retriefrean the typical coastal water areas without
needing the prior determination of water type a&suhcertainties associated with the correction

is increased by only 1.5% on average even if iewesed for the case 1 condition.

8.6 Summary of the Chapter

We carried out the assessments of the bidirectiooraéection performed with th e CNY model

as well as the operationsllG algorithm based on the simulated dataset. Ousagsnts showed
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that the proposedCNY algorithm exhibits significant advantages over tperationalMG
algorithm. The retrieval errors resulted frad€NY BRDF corrections are relatively small and
have AAPD values in the range 0.42 -0.85% .Thesalswetrieval errors mostly come from the
LSQ fitting procedure and are well below the weiblwn bidirectional variation of 10 - 20%. In
addition, the regression lines between the retdeaured the actual remote sensing reflectance are
very close to the 1:1 line for all viewing and ifiination geometries. On the other hand,
comparisons carried out using the currel@ algorithm depict high AAPD values in the range
of 6.2 - 9.54%. In addition, more than 57% of M& retrievals are outside the range of 5%
accuracy targeted by OC'’s sensor validation praeediystematic variations of the slope and of
the bias with the scattering angles are also obseat all wavelengths for the comparisons.
These results indicate that tN&S algorithm, which is optimized for the case 1 watendition
with [Chl] being the main input, is unsuited forseuin optically complex case 2 waters if OC

sensor validation procedure's 5% retrieval accutaiget is to be achieved.

Detail analysis on the performances of CCNY modelewalso carried out with the use of
synthetically generated noise signals in orderdeniify the CCNY model's sensitivity to the
noise, in other words, to verify whether CCNY modah still offer meaningful corrections if the
retrieved remote sensing reflectance data is ctrduppy the measurement uncertainties.
Analysis provided the valuable information regagdihe expected uncertainties in output remote
sensing reflectance corrected with CCNY model asftimction of the uncertainty level of the

input data.

We also carried out comparisons of two algorithimsthe above-water radiometric dataset of

LISCO, which offers the unique capability of makingar concurrent water-leaving radiance
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measurements from different viewing geometries A% instrumentation set up in which two
instruments acquire the data almost concurrently atuthe different scattering angles with
respect to the Sun is the major advantage we haveegard of analyzing the fidelity of
bidirectional correction algorithms: we can compte final remote sensing produckrs(%),
retrieved from the measurements made by two ingnisnacquiring data at different viewing
geometries. Comparisons are performed at all S&®Rhavelengths. With the proposed
algorithm, comparison between the final remote isgnseflectance products of HyperSAS
denoted aRrsysand that of SeaPRISM denoted Ri®’s,, exhibits a spectral average AAPD
value of 10.2 % and very a strong correlation vatR value of 0.972. On the other hand, the
spectral average AAPD value of the comparison ef data processed with the currénG
algorithm is 12.6% and the’Ralue is 0.958. The largest improvements in AAR® faund at

551 and 491nm.

We also tested merits of the propos&@NY BRDF algorithm over the current operatiohdb
algorithm by comparing MODIS data with situ data. The study clearly shows that comparisons
between MODIS anth situ data that are processed with tBENY algorithm exhibits smaller
AAPD values throughout the spectrum with a specixerage improvement of 3.15% for the
SeaPRISM. In addition, stronger correlation coedfitcs were also observed in the comparison
carried out withRrs’ data processed with tHeCNY algorithm. Based on the separate dataset
simulated for case 1 water condition and analyaisied out with particulate backscattering
coefficient image, it is revealed that CCNY algant can be safely used for the BRDF
correction of water leaving radiance retrieved fréime typical coastal water areas without
needing the prior determination of water type &suhcertainties associated with the correction

is increased by only 1.5% on average even if iewesed for the case 1 condition.
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9 Summary and Conclusion

This research is primarily devoted to contribute tmprovements in the ocean color data
validation and processing procedures by identifyimg underlying uncertainties in the in-situ
and satellite data throughout the whole data psagssteps, and reducing those uncertainties
with refined above water and satellite data prdoggsrotocol particularly through developing a
bidirectional correction algorithm optimized foreticase 2 conditions. Hyper- and multi-spectral
instrumentation and configuration of LISCO whichliexated in the water area with typical
coastal properties enable us to fulfill these n@bpectives by providing the reliable time series

data for the validation of satellite OC data andeli@pment of new processing algorithm.

The first part of this thesis mainly deals with tiesessments of uncertainties in the above water
and satellite data and processing procedures. By ube quality assured hyper- and multi-
spectral dataset of LISCO, we investigated the iiaiceies in the above water data associated
with the randomly fluctuating wave perturbationeets and, based on the seasonal and temporal
variability analysis, defined the range of the \Jieygvgeometry range in which above water
radiometric measurements can be performed withatioeptable uncertainty level. The 1-year
time series ohLW(1) data obtained with the collocated instrumentstaththat the seasonal as
well as temporal changes are well captured by hbtive-water measurement systems and the
guantitative matchup comparisons performed fornieasured and retrieved data of HyperSAS

and SeaPRISM show strong correlation and consigtegisveen two datasets.

Significant efforts were also devoted to the analftsat investigates LISCO's appropriateness as
the OC data validation site. Detail analyses wengied out, using the OC data retrieved from

MERIS, MODIS and SeaWIFS sensors. From the analyss concluded that (i) the adjacency
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effect is negligible in the direct vicinity of thglatform and further offshore, (ii) for every
satellite mission, field and satellite data aresigantly correlated withR? values close to 0.7 for
MERIS and SeaWiFS and greater than 0.87 for MOt there by proving the suitability of
LISCO site for validation purpose, and (iii) LISG®Lw data strongly correlate with satellite
nLw data of every missions showirRf value greater than 0.75 and 0.9 for the wavelength
greater than 443 and 490nm respectively exhibipotential to be used as reliable OC data

validation site.

In the second part of the thesis, after detailmgdevelopment of CCNY bidirectional correction
algorithm, we carried out the assessments of theeotional correction performed with the
CCNY model as well as the operationdiG algorithm based on the simulated dataset. Our
assessments showed that the prop@eNY algorithm exhibits significant advantages over the
operationalMG algorithm. The retrieval errors resulted fro@CNY BRDF corrections are
relatively small and have AAPD values in the ran@d2 -0.85%. On the other hand,
comparisons carried out using the currel@ algorithm depict high AAPD values in the range
of 6.2 - 9.54%. In addition, more than 57% of M& retrievals are outside the range of 5%
accuracy targeted by OC’s sensor validation progediystematic variations of the slope and of
the bias with the scattering angles are also obsgeat all wavelengths for the comparisons.
These results indicate that tN&S algorithm, which is optimized for the case 1 watendition
with [Chl] being the main input, is unsuited forseuin optically complex case 2 waters if OC

sensor validation procedure's 5% retrieval accutaiget is to be achieved.

We also carried out comparisons of two algorithimsthe above-water radiometric dataset of

LISCO, which offers the unique capability of makingar concurrent water-leaving radiance
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measurements from different viewing geometries.hWite proposed algorithm, comparison
between the final remote sensing reflectance pitscafdHyperSAS denoted &< nsand that of
SeaPRISM denoted ei%rsospr exhibits a spectral average AAPD value of 10.2 8d wery a
strong correlation with & value of 0.972. On the other hand, the spectratagye AAPD value

of the comparison of the data processed with theentMG algorithm is 12.6% and tH& value

is 0.958. The largest improvements in AAPD are thah 551 and 491nm. Finally, we tested
merits of the propose@CNY BRDF algorithm over the current operatiohd algorithm by
comparing MODIS data witln situ data. The study clearly shows that comparisongadest
MODIS andin situ data that are processed with BBENY algorithm exhibits smaller AAPD
values throughout the spectrum with a spectral agesrimprovement of 3.15% for the
SeaPRISM. In addition, stronger correlation coedfitcs were also observed in the comparison
carried out withRrs’(?) data processed with t@CNY algorithm. Based on the separate dataset
simulated for case 1 water condition and analyarsied out with satellite retrieved particulate
backscattering coefficient images of the vast afeacean with varying water conditions and
types, it has been shown that CCNY algorithm isliepble in case 1 condition as well for the
BRDF correction of water leaving radiance if theainmcrease in retrieval correction error is
acceptable. In conclusion, with the use of this GGNgorithm in the processing and validation
of water leaving radiance of the coastal areas,qtmdity of the OC data can be improved,;

therefore, operational use of this algorithm isgasged.
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