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Abstract

The adjacency effect (AE) alters the 4olatmosphere signals of coastal and inland waters, and
it poses a major challenge for remote sensing of nearshore aquatic envirolimewldress this,
we developed a Monte Carlmased 3D radiative transfer model to study the AE, validated its
accuracyagainst existing codeand conducted case studies to demonstrate its application in
analyzing the impact of AE in custom environmeirsaddition, we introduced anethodology

and code for AE correcticeind demonstratesignificantimprovemers in satellitederived
waterleavingreflectance retrievalusingglobally distributedn situ reflectanceneasurements

The tool, named -Mart, is opersource and publicly availab(ettps:/github.com/yulunwu8/tmart

We applied AE correction and evaluated the performance and limitations of sateige water
quality retrievals in small rivers traversing agricultdeaddsin Eastern OntaricCanada
Satellitederived reflectance and watguality parameters were validated againsitu
measurements collected from May to October 2023. In the South Nation River and the Ottawa
River, turbidity can be reliably monitoreDespitethe improved retrievatthroughAE

correction further work is required taccuratelymonitorcoloured dissolved organic matterd
chlorophylta. While the findings highlight the complexities sétellitebasedvater quality
monitoringapplicationgor small rivers AE correction represents a crucial step towandse
accurate aquatic remote sensingntdndwaters laying the groundwork for more refined
methodologies in future studies.



https://github.com/yulunwu8/tmart
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Introduction

| ntroducti on

In optical remote sensing, the adjacency effect (AE) refers to the influence of light reflected by

adjacent areas on a targetods s((paréetalald87si gnal

The AE occurs when light from nearby objects, such as land and clouds,spitral shape

and magnituddifferent from the target waterbody, is scattered by atmogphmeiecules and
particlesinto the path between the target and the sensor, ultimately reaching the sensor. This
effect modifies the asensor radiance observed over the target, reducing the spectral contrast
between the target and its surrounding area.

At-sensor radiands theinput to atmospheric correction (AC), which in aquatic remote sensing
describeghe conversiomf atsensor radiance into the correspondingleeal waterleaving

radiance or reflectance, and this requires accurate estimation of various atmospheric and surface

reflectance parameteflobley et al., 2016)The modified asensor radiandeom the AE in
nearshore environmentserefore compromises theauracy of AC Since theoutputof AC
serves amput to bieoptical algorithms that derive aquatic produstsch as water turbidity,
chlorophylta (Chl-a) and organiematter concentrations, bathymetaydbottom-habitat
classification(Giardino et al., 2019; Kutser et al., 20280y error introduced by the AE directly
affects the quality of these products.

The AE is commonly observed over nearshore waters in thanfesred (NIR) wavelengthsin
which adjacent vegetated land is typically much meféective than water and atmospheric
scatterings daminated by the strong forward scattering of aero&stisrckx et al., 2011)
Severaktudies have documented abnormally high NIR reflectance over these waters using
airborne and spaceborne sensatgibutable to the AEKuhn et al., 2019; Odermatt et al., 2008;
Pan et al., 2022; Reinersman and Carder, 1995; Sterckx et al., 2hiklNeightened NIR
reflectance near vegetative areas can disrupt algorithms used for deriving aerosol optical
thickness (AOT)n AC, often leading to overestimated AOT and consedyenercorrection of
surface reflectance in visible waveleng(hseronymi et al., 2023)Separating NIR contributions
from the AE and water itsefhereforebecomes critical for effective AC and baptical
modelling,especiallyin highly productive wateraith non-negligible reflectance in NIR bands
(Wang and Shi, 2005)

Despite its significant impacts, the AE is often overlooked in stardi@rschemes and

operational processing of satellite imageraquatic remote sensirfgrouin et al., 2019)
Considering the sensitivity of aquatic remote sensing products to even minor sources of noise,
the evaluation and correction of AE are essential in advaagugticremote sensinffom the

open ocearto nearshore wate(Bulgarelli and Zibordi, 2018)

To address the impact of the AE in remote sensing of nearsharenmentsthis thesis is
structured around the following research questions:
l1)Howan t hacdkr deel yif chasateéekliime airsahgerey
aquatic remote sensing?
2)How can tber ABtoed nipaorove the accuracy of
sensing products?

us

n

3)To what extreretcttd emegd B oirmprove the accuracy

1

e



Introduction

Thisthesisis structured in an artictbased formatyith each chaptedesigned aa staneéalone
paper for publication in academic journals. The chapters are outlined as follows:

Chapter 1: AE modelling (Wu et al., 2023)

1 Titl e: TeodjowstagphhyMonte Carl o simulation of
sensing of coast al and inland waters

9 Ceaut hors: Anders Knudby, David Lapen

9 Publ i dmeid nian of Quanti Radi aei GpeDitlazanstepy
10.1016/j.jqgsrt.2023.108589

9 This chapter presentsgpdplei ecn@Mohmims -bGrsreldon d
radi ative t-MansTlke model ,alTl ows for charact
custom enviersotnanba nifsshaease dvor k f.or AE correct.i

Chapter 2: AE correction (Wu et al., 2024)
9 Ti tl e -geeenrsiocr-eafdfjeaccte nccoyr r ecti on f or remot e

waters
9 Ceaut hors: Anders Knudby, Nima Pahlevan, Da
9 Publ i Reendbtien Sensi n;,g DDO .EInOvl &/ojn.ntesng. 2024 . 11
9 Building on the modelling work, this chapt
val i datoeg g atcstiengn gl o b aplulbyl idcil syt mai vbauift leadic t @ n c e
dat a.

Chapter 3: AE correction for regional wateyuality monitoring(in preparation)

9 Title: Accuracy and | imitations of optical
a case study of two rivers in Eastern Onta
1 This abaptseempabE obromtc¢moasemher ifcorcosrmaeclt i o
waterbodies, including the Souwtvhal Niaattiesn R
downstr equm Iwattyerproducts, and explores the

sensitme isnm.udy ar ea

Note: the published Chapters 1 and 2 follow US spelling, while the rest of theftilesis
Canadian spelling.



Chapterl: Adjacency effectnodelling

Chapt €opdgradjhywyst ed Monte Carl o
the adjacency effect 1 n remote
waters

Yulun W, Anders Knudb§; David Lapef

Department of Geography, Environment and Geomatics, University of Ottawa, Ottawa, Canada
bOttawa Research and Development Centre, Agriculture and=dgd Canada, Ottawa, Canada

Abstract

We present a Monte Carlo radiativansfer (RT) code that simulates the-tdgatmosphere

(TOA) reflectance of waterbodies considering the adjacency effect. The code is the first open
source tool that supports modeling of the adjacency effect with arbitrary topography. It uses the
same atraspheric and aerosol settings as 6S, along withiopat surface reflective properties

and topography, allowing users to transition from 1D to 3D RT modeling and characterize the
adjacency effect in their study areas. The calculation of radiometricitpgntas validated

against libRadtran, showing a maximum difference lower thafedréextreme optical settings.
Examples of the use of the code are presented in three case studies where modeled and measured
radiative properties align with each other. One case study shows théb 88ihe variance in

the neatinfrared TOA reflectance of 47 lakes in Minnesota was explained by the adjacency
effect, emphasizing the significance of the adjacency effect to atmospheric correction algorithms
that use neainfrared bands to retrieve aerosol and glint information. Another case study
supports the finding of strong wavelength dependence of the effectigarsace reflectance in
abovewater measurements @mote sensingeflectance. The code will support physiessed
methods that remove the adjacency effect in atmospheric correction processes, and it has the
potential to improve satellitbased monitoring of coastal and inland waterbodies.

Keywords: radiative transfer; aquatic remote sensamjacency effect; atmospheric correction;
coastal waters; inland waters

DOI: 10.1016/j.jgsrt.2023.108589



Chapterl: Adjacency effectnodelling

1. 1lntroducti on

Il n optical remote sensing, the adjacency effe
to atmospheric scattering when observing spectrally heterogeneous surfaces. The adjacency

effect reduces the contrast between neighboring pixels wittreiiff reflectances, and it is

commonly observed in remote sensing of coastal and inland waters where water tends to have a
lower reflectance than nearby vegetation, especially in theimieared (NIR) wavelengths.

Water can also be subject to adjacerfégots produced by nearby sea (B2langer et al., 2007)

and cloudgFeng and Hu, 2016)

The adjacency effect is detectable on water pixels for common-coéarsensors for as far as
36 km from the coagBulgarelli and Zibordi, 2018)and is even more significant in remote
sensing of small inland waterbodies such as rivers where, compared to coastal environments, a
greater proportion of the neighboring pixels are-n@ter objects. The adjacency effect often
leads tdfailed isolation of the watdeaving portion of the topf-atmosphere (TOA) reflectance,
undermining the accuracy of retrieved water prope(sésrckx et al., 2011While a few

studies investigated methods that correct for the adjacency @&cP015; Sterckx et al., 2011;
Vermote et al., 1997bjnost oceaitolor data processors assume a homogenous underlying
surface(Antoine and Morel, 1999; Mobley et al., 2018he approach taken by §2015)and
Vermote et al(1997b)calculates an azimuthally symmetric pespread function of the
environmental radiance of a Lambertian (i.e., isotropically reflecting) surface prior to
atmospheric correction. This does not apply tenaidlir observations that are common in aquatic

remd e sensing to avoid sun glint; waterds spec
approach. On the other hand, the SIMilarity Environment Correction appi®ad&C)
(Sterckxetal., 2013 ssumes t hat waterdés spectral shape i

range of water biophysical properties. SIMEC iteratively removes a small portion of the average

land reflectance in the scene from the reflectance of water pixels until the piieisthe

predetermined spectral shape. However, at least two bandsaedgedand NIR wavelengths are

required to fit the spectral shape, limiting its application to sensors with such leaddition,
bottomreflectance in shallow waters, extreme tditly, algal blooms, or sun glint, can
significantly change waterdés reflectance from
effectiveness of SIMEC. A fully physidsased adjacenegorrection method will likely

overcome these challenges and imprageatic remote sensing of coastal and inland waters;

such an approach requires accurate characterization of the adjacency effect through radiative
transfer (RT) modeling.

Various techniques have been developed to solve RT problems for aquatic applications, such as
the discreteordinate method used in libRadtréfmde et al., 2016}he successiverdersof-

scattering method used in §&ermote et al., 1997[@nd Zhai et al(2010) and the invariant
imbedding techniques used in HydroLightedley and Mobley, 2019However, when

considering arbitrary boundary geometry and significant multiple scattering, and with an
arbitrary distribution of optical properties within the media, these techniques become insufficient
and Monte Carlo methods often become the only éasiption(Gordon, 1985)It should be

noted that 6S supports simple adjacency modeling but only for circular and isotopically

reflecting objects, which does not apply to inland and coastal aquatic remote sensing. To model
such complex environments, the Monte Carlo approactew inshis study.

4



Chapterl: Adjacency effectnodelling

Bulgarelli et al(2014)used the Monte Carlo approach to matiel adjacency effect in a coastal
environmentA fixed atmosphec profile with molecular and aerosol optical properties was
implemented, flat land and water surfaces were assumed, and thmduedd rough sea
surface was modeled through an analytical expression.

This studyexpand$Bulgarelli et al(2014% s wo r k triah library oflatmasphera and
aerosol profilesrom 6Sand considearbitrary threedimensional (3Djopography to

characterize coastal environments such as fjords, cliffs, and hilly terrains. The widely used Cox
Munk waveslope statisticéCox and Munk, 1954\ere used teaharacterizavater surfaces, and
arbitrary solatargetviewing geometry is supporte@ihe RT code was developed in Python and
was named opographyadjusted Montearlo Adjacencyeffect Radiative Transfer codé-

Mart); it allows RT modeling in a coupled 3D oceaimosphere system in diverse

environmental conditions with arbitrary boundary geometry. The full code and instructions of T
Mart can be found ohttps://github.com/yulunwu8/tmart

This article is structured as follows. Sectib@ describes the environmental settings and the
calculations of radiometric quantitesinMar t , f ol |l owed by wvalidation
Sectionl.3 Modeled and measured radiative properties are compared in three case studies to
further validate and demonstrate the use of the code in Sécfidwo of which investigate the
contribution of the adjacency effect and one highlights the surédleeted light offclear ocean

water. The case studies and the installation, use, and accuracy of the code are discussed in
Sectionl.5.


https://github.com/yulunwu8/tmart

Chapterl: Adjacency effectnodelling

Table 1.1. Symbols and definitions of radiometric quantities used in this article.

Symbol  Definition Unit
AOTss0  Aerosol optical thickness at 550 nm -
T Optical thickness for extinction (sum of scattering and absorpti -
T Optical thickness for scattering -
T Opticalthickness for absorption -
Y Direct transmittance for absorption -
Y Hemisphericadirectional reflectance, ratio of radiance (W ar?) orl
multiplied by* to downwelling irradiance (W )
Y Direct reflectance sri
Y Environmental reflectance srt
Y Atmospheric intrinsic reflectance sri
Y Reflectance of land or water surface sri
Y Reflectance of water (surface and wdéeaving) srt
Y Reflectance of sun glint and sky glint sri
” Bihemispherical reflectance, ratio of upwelling irradiance (W m
to downwelling irradiance (W ) i
” Reflectance of land or water surface -
” Reflectance of water (surface and wdezving) -
. Reflectance of the entil@mospherdand-ocean system at the top
of the atmosphere i
"« A @A DA ® Normalized abowesurface wateteaving reflectance -
” Specular or Fresnel reflectance -
” Whitecap reflectance -
0 Upwelling irradiance W m
0O Downwelling irradiance W m?
0O Diffuse downwelling irradiance W m
0 Total upwelling radiance (surface and watsaving) W srtm?
0 Waterleaving radiance W srtm?
0 Sky radiance W srim?2
0 Surfacereflected radiance W srim?2
i Effective seasurface reflectance, ratio 6f to 0 -
Y Remotesensing reflectance of water, ratiolof to O sri
Y Total remotesensing reflectance, ratio 0fto O sri
Y Sky remotesensing reflectance, ratio of to'O sri
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1 .Met hods

A MonteCarlo RT codeT-Martwas devel oped in Python to si mul
attenuation from the TOthe TOA Cdiimated $ofarsrradiamaefsa c e a
the light source andsensor iplaced atn arbitrary point irBD space. A backwariflonte

Carlo approacliMayer et al., 2010jvas implemented to speed up computatien, photons are

released from the sensor arullected at the light sourcA pre-specified number of photons

(8] ) are launched into the atmosphere, and thegcattered, reflecte@nd attenuated

according to their propagation paths and the optical properties of the media and the reflecting
surfacesPhotons are tallied when they exit th@A to infer the optical properties of the
atmospherdand-ocean system.

T-Mart | imits its scope to wavelengths between
of whitecap reflectance is knowApendix A49. This meets the requirements for ocean color

remote sensing, which relies mostly on visible and NIR waveleriDibsssen et al., 2021)

Clouds and polarization are not implemented-Wdrt and are not considered in this study.

1. 2Prlopagaradoat obanmosphbdee

By default, the modeled atmosphere uMart is divided into 20 horizontally homogeneous

layers. The absorption and scattering properties of each layer are defined by its aerosol and
molecular composition, and these optical properties were imported freanTeBlart through

the Py6S interfac@Vilson, 2013) Six aerosol models from 6S were included: continental,
maritime, urban, desert, biomass burning, and stratospheric. Each model has its unique spectral
extinction coefficient, scattering albedo, asymmetry parameter, and scattering phase function.
There wee also six atmosphere models from 6S: midlatitude summer, midlatitude winter,
subarctic summer, subarctic, tropical, and U.S. standard. Each of them has a specified vertical
distribution of water vapor and ozone. The concentration of aerosols and oteeule®in each
atmospheric layer is determined by-specified scale heights. By default, the scale heights are 8
km for molecules and 2 km for aerosol particles following\6&mote et al., 2006)

A photonds move me n initia gositiort aad awinitialdireatio®npeethei f i e d
photon is released, an optical thickness for scatteting) is sampled following May€gi2009)

t I 1p (1.1
wherep is a random number evenly distributed between 0 aifitid symbols and definitions of
radiometric quantifies used in this article are summaiizd@blel.1. An end position of this

straightline movement ishendeterminedy integrating the scattering coefficient along the
propagation direction until reaching tthe determined by Eq1.1):

T a JQ (1_2)
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whered is the length that the photon travels in lagandQ s thescatteringcoefficientof

that | ayer. This essentially stacks the | aye
determines the number of | ay e rltshouldbe hotettteas t o
because of the random naturerqfthe end position is rarely at the boundary between two
atmospheric layers.

=

There are three possible scenarios after the
n

[
1)The end positio .1 sl nb etl hoiws Ecaarsteh,06 st hseu rif mtceer s
surface and the straight | ine formed by th
|l ocated, and the intersecting point is use
movement 1(Be@ti on

2)The end positionl nstthhbes vseianbublea tTiCoAn f or t hi s

anrdadi oqmeamiicti es ar el.c23l3c.lleawt pdh ot et iaore |
| aunched untiil itsher speltad.i ed
3)The end positi onA isscaitn etrhen gatmoodsep Weeried her a
scattering) is sampled using (tMagermrat R®d 0®f)
new propagat n direction is then deter min
of the sampl sc

o O

[
e attering mode.

The absorption of light in the atmosphere is simulated through a weight gjxtdxey, 1994)

The photon carries a weight of 1 when it enters the atmosphere, and the weight changes
according to the path of the photonds movemen
layers, and the reflective properties of the surfaces.

Regardless of the three scenarios above, an absorption optical thickness is calculated similarly to

Eq.(2.2f or t he photonds movement,

1 a 3Q (13)

whereQ s theabsorptiorcoefficientof layer QFor movements that stopped before
Aconsumi ngo t He (seendriosr and 3 abowg),l is chlculated from the
initial position only to the intercepting point at TOA or the surface. Nbgtdirect transmittance
for absorptiorcan be calculated as

Y0 (1.4)

following Liou (2002) Theattenuatiorof radiation as it travels through the medium is simulated
by modi fying thg photonds weight (

0 v JY (1.5)
whereb i s t he photondés we iThehistorybfaf p h estatiehirando v e me n

reflectionevents is recordetthroughout its movements tifferentiatethe variousomponents of
TOA reflectancgSectionl.2.3.3.
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1. 2SWwr fratkecti on
1. 2Dafidlniref best aMhacrets i n T

Two types of reflectances are described throughout this article, defined following Schaepman
Strub et al(2006) Bihemispherical reflectancé ,(unitless) describes the ratio of the radiant flux
leaving a surface or medium to the incident radiant flux. Hemispheliieadtional reflectance

('Y, sr}) describes the ratio of reflected radiant flux per unit solid angle surrounding a given
direction, multiplied by , to the incident radiant flux from the entire hemisphere. A Lambertian
surface has the same numerical valué€ fand'Y. In optical remote sensing applicationss
usually used because of the diffigubf collecting reflected radiant flux toward the entire
hemisphere.

1. 2SAr fRraiceen g winetfilcerct ance

When the line formedbgp h ot on 6 s mo v éhmmodeled lamdtorevater sucfadee
photon is reflected from the point iotersection Fig. 1.1) and anew weight of the photon is
calculated by multiplyinghe initial weight bythe binemisphericateflectance of the surface

(" ) following Mayer(2009) On landthe pixels of a digital elevation model (DEM) are
connected to form3D trianglesto model RT in complex topography and the impact of elevation
and landscape morphology on TOA reflectaMd@en a photon intercepts the triangulated
surface, a new direction of propagation is sampled following the reflective properties of the
surface, and the new direction is tilted to the surface normal tridingle Fig. 1.1).

Gl 10000
10000

Fig. 1.1. lllustration of a photon incident on a triangulated surfabe photon moves from the blue end to the
red end of the vertical line and intersects the triangulated pixel below. The green line intersecting the same
point is the surface normal of the triangle. The orange line is the sarafiededdirection of a Lambertian
surface tilted to the surface normal; it is also

t

h e



Chapterl: Adjacency effectnodelling

For every photon movement, the line formed by the movement is tested for intersection with the
triangles. If a photon reaches the surface outside the DEM, it is reflected by the background
surface. The background surface extends horizontally to infimtyjtas divided into two

sections separated by a straight line. Each background section is a homogeneous land or water
surface with a specified reflectance, to facilitate the modeling of coastal environments where
both terrestrial and aquatic backgroueflactances are needed.

A few standardeflectance spectra were incorporated iNart, including dry beach sand, wet
beach sand, conifer forest, and lawn grass fronu®@S Spectral LibrargKokaly et al., 2017)

and three water spectra calculated by HydroLight with chlorophyll concentrations of 0.1, 1 and
10 mg/ni. The normalized watdeaving rélectance {x 4 &g oA oHnitess), defineds the
measured reflectance with a nadiewing sensor and the sun at the zenith in the absence of
atmospheric attenuatiqgiMorel and Gentili, 1996)was used and it was calculated by

multiplying the HydroLighicalculated remote sensing reflectarite (sr) by “ in the above
described environmeliMobley, 2022) In addition, users can manually specify the reflectance
spectra of custom surfaces.

1. 2R2f Bectwatnecre of

Sectionl.2.2.2focused on how ‘Mart models the reflective properties of surfaces in general.

The reflectance of water inMart is more complex and consists of three components: 1) user
specified” x 4 gia bA dst @bove the water surface, 2) specular or Fresnel reflectance (,

unitless), and 3) whitecap reflectante ( , unitless). When a photon impinges on the
model ed water surface, wat &r 0 sunitless}oathethoee h e mi s p
components is calculated and is used to determine the weight of the photon after the reflection.
The abovementioned bihemispherical reflectances of water are calculated as follows. For every
waterreflecting event, therientation of the surfaas first sampled from the CelMunk slope
distribution(Cox and Munk, 1954fp model the interface between the air and the water at an
infinitesimally fine scale. The incidence angle is then calculated according to the surface
orientation and the incoming direction of the photon. Fresnekeflectance of water is

calcul ated using the incidence angle and wave
temperatureﬁ(gpendlx AJ. Then,” is calculated as the sum of whitedaaction-corrected

, and” x A GABA GET C
" - Qo - p O — "xAarbaceEl ¢ (16)

where_ is the wavelength ari@is the fraction of the sea surface covered by whitecaps
(calculations of whitecap reflectance and fraction are presentgubindix A4. Similar to how

” modi fies the photondés weight,” t hatthewei ght o
water reflection, but the photon has a probability of going through a specular reflection

according to the ratio of whitecdpaction-corrected’ to” . Although the photon

carries the same weight after the reflection regardless of the mode of reflection (specular or
Lambertian), the photonés energy is conserved

To summarize, Mart has twaeflectancemodels: 1) Lambertian surfaces that reflect light
isotopically and 2) specular reflectance followthgCoxxMu nk sl ope di stri buti o

1C
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equationsNote that the reflectance of water has both Lambertian and specular components:
" x A GADA are treated as Lambertian, and is treatedas specular.

1. 2Ac3cel erammipan adf on

Monte Carlo methods come with inherent noise that can be reduced by increasing the sample
size, which may lead to a long computation tif@aras and Mayer, 2011Pne way to speed up
computation is to use more computing units;rthdtiprocessingackage in Pythowas used in
T-Mart to utilize the multiple cores of personal computers. GPU acceleration will likely make
this even f ast e rconputation nature DBt was nopimplemnéntectdecause it
often requires specialized graphic cards and soétwavironments which are difficult for users

to maintain. In addition, the backward Monte Carlo (Secti@3.) and the locakstimate
techniques (Sectioh.2.3.9 were implemented in-Mart to speed up computation. Currently, T
Mart processes one million photons in roughly 5 minutes on personal computers witpegght
processors. This translates to differences of less thé @d@npared to libRadtran in extreme
opticalconditions Fig. 1.3). Thestandard error of Monte Carlo estimates is proportional to

0 ~ (Mobley, 1994) meaning that if we increase or decrease the computation time by a
factor of 10, the precision is accordingly increased or decreased by a fadmof

l1.2B8ckward Meoheri Gael o

In forward Monte Carlanodels simulated photons are released from the light source and are

collected by a simulated instrument at a specified locéktarchuk et al., 1980)n the field of

aguatic remote sensing, the light source is the parallel solar irradiance incidenT QAtaad

the simulated sensor is located at a poima gatellite orbit. The problem withe forward

approachs that thesimulated sensos oftenverys mal | compared to Earthos
ocean systemmAs a result,le probability of a photon intercepting thensolis extremely low,

making the modeling impractical or highly inefficigiMobley, 1994) In addition, when

simulating3D scenarios, the area of the surface receiving photons cannot be determined in

advance because this dependsh@sunsensor geometrand environmental conditionsuch as

the scattering properties of the atmospliptebley, 1994)

Backward Monte Carlo models are often used to overcome the challenges in forward Monte
Carlomodeling(Bulgarelli et al., 2014; Mayer et al., 2010; Reinersman and Carder,.1995)
Instead of releasing the photons at the light source, backward models release photons at the
sensor and trace thdmackto the light source. This approach overcomes the difficulties of
releasing photons at a surfamfaunknown size and collecting photons ateay smalltarget, and
because almost all released photons are tallied, thisigisiéicantly improves computational
efficiency (Mayer et al., 2010; Mobley, 1998 ackward Monte Carlo methods rely on the
principle of reciprocityin radiative transfefLight, 2003) i.e., the same amount of photons will
be received at the sensor if the sensor and the light source switch places.

11
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1.2Ca8l 2utadtiiomggant cti es

T-Mart can calculate both and'Y (Sectionl1.2.2.]). The former does not consider the angular
distribution of the reflected radiance but is imporiardetermining the illumination conditions
of the atmosphere and surfacéke latter is more commonly used in remote sensing when the
reflectance of a surface is derived by observing it from a single fixed sensor aperture.
T-Mart calculate$ at the TOA or any elevatidoy countingthe number ophotons moving
across a planparallel surfaceweighted bythep h o t werglsis@nd normalized to the initial
number of photongi( ),

B B
oY (o - (1.7)

whereO is the upwelling irradiance (W ® andO is the downwelling irradiance (W As

seenn Eq.(1.7), a photon can contribute to the irradiancexitanceat a certain level more

than once through multiplmovements or multiplscattering As a result, photons reflected by

the surface can be redirected to the surface again by molecules and aerosols in the atmosphere,
reflecting thespherical albedof the atmospher@/ermote et al., 2006)

Next,"Yis calculated usinthelocalestimate techniqu@gMarchuk et al., 1980)he local

estimateechniquds analogous to creating a virtual photon at each coll{scatteringor

reflection) and forcing it to move toward the sensorwei ght ed by the photon¢
scattering i nt o Attevery coBiston, the probabilitef a phatan scattarg

into the sensd@r s d i is @lculaiedacnording tadhe scattering phase functiahthe collision
theremaining weight of the photon, and the extinctioefficientbetweerthe collision andthe

sensolMayer, 2009) The combined aerosol and molecular scattering phase function, weighted

by the respective scattering optical thicknesses, is used when the collision happens in the
atmospherelust like regular photons, the virtual photon is subject to extinction along its way to

the sensor

For a scattering evenhelocalestimatewveight, U , is calculated as part detotal reflectance

b— 00

TS (1.8)

0 0
where0i s t he phtotiosnotsheveamgl e bet wamlihhé hpheseos 0s
propagation direction before scattering, and the phase furdgtien describes the probability

that the scattered angle-is. The extinction optical thicknes$ ( ) is the sum off  andt

andQ describes the direct transmittance for extinction between the collision point and the
sensor. Last—is theviewing zenith angleandA | -© accouns for the slantareaof the target
as viewed by the sensor

For a reflection eventy  can replac® — in Eg.(1.8) as the probability of a photon
reflecting into the sensorés direction,

12
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b 03 %75 (1.9
For a photonés col |l i si ¢Ovor” afthe surfaceamide asedsY an sur f

as there is no angular dependency. For a collision at a water surface, the bihemispherical
directional reflectance of watel( , sr¥) replacesY in Eq.(1.9), and itis calculated by
replacing’ in Eq.(1.6) with the hemisphericadirectional reflectance of glint{ , sr?),

Y _ Qo _ P OY _ Tiaombaoci& (110

The full calculation ofY  is described il\ppendix Afor brevity. Lastly,Y can be calculated
as

Y - f (1.11)

and it can be furthetivided into three components following §&rmote et al., 2006)

Direct reflectance’Y , sr): 3 Tt

Environmental reflectancéy( , srl): € p ande p

Atmospheric intrinsic reflectancer( , sr): € T
whereg and¢ arerespectivelythe numbes of surface reflections argtattering that
happerdto aphoton.It should be noted that resets to O each time a photon reaches a

surface, because scattering events before the photon reaches the last surface are viewed as

diffuse contributions to the surface irradiance. In other woyds,is from photons that travel

from the target pixel to the sensor without being scatterede gar dl ess of t he pho
before hitting the target pixel)y is from photons that travel from tinen-targetpixels to the

sensor through scattering, ad is from photons that never reached the surface dtdinid.

Changes irlY  due to inhomogeneous surfaegsthe basiof the adjacency effect.

1.V3al i dati on

T-Mart was validated against libRadtran and 6S, with a focus on the accuracy of the calculated
radiometric quantities with libRadtran. Validation eMart against 6S was conducted to test the
results of the two models using the same atmospheric and lesztisws.

1. 3Colmparison to | ibRadtran
libRadtran(Emde et al., 2016% a widely used software package for Eatiservation RT

calculations. It is opesource and was written in Fortran and C. libRadtran supports the
calculations of radiances, irradiance, and actinic fluxes given atmospheric and surface

13
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parameters. Some of its applications include studying the radiative effects of greenhouse gases
(Ehret et al., 2008nd aerosols from burning emissidBaleh et al., 2015nd mapping the leaf
area of seagrasses and their depth in the \{ldegtiey et al., 2016Due to its versatility and

wide use, libRadtran was used to validate the results produced/iaytT

There are siRT solvers in the publicly available versionldfRadtran each with its own
specialties. MYSTIC and DISORT are among the most used solvers. I\Ma&tITMYSTIC is

based on Monte Carlo random sampling. DISOR& ,default solver of libRadtrars based on

the discreteordinatesmethodwhich approximates RT by discretizing the infinite number of
possible angles in a 3D spg&tamnes et al., 1988Y1YSTIC has a 3D version that would

ideally be used as the benchmark in this study due to its similar natuidaat, Tout it is

unavailable to the public and only a edienensional (1D) version is providéMayer et al.,

2020) DISORT is therefore used as the benchmark for this comparison, provided that MYSTIC
and DISORT produce almost identical res@iigyer, 2009and DISORT does not have

statistical noise from Monte Carlo simulations.

Validations of FMart against DISORT were run with molecukarattering optical thicknesses
from 0.05 to 0.5 in the absence of aerosols. This range is similar to the meseaitaring
optical thicknesses from 400 to 700, whichis approximately G at 400nm and0.04 at 700
nm. Although wavelengths and molecukrattering optical thicknesses are highly correlated,
optical thickness is used as the unit for comparison to show more gradual dharejeslated
radiometric quantities is setto 0.1andt is set to 0.3or all validation runswith
libRadtran It is worth noting thaat  of 0.3 isquiteanextreme value thas usuallyonly

found inthe strong absorption bandsis included here to highlight the possible differences in
how the codes handle the absorptive properties of the atmosphere. Aerosol moddbtin T
were imported from 6S for continuity of past data processing (SectoB); they are slightly
different from the ones in libRadtran therefore aerosols were not considered in this section.

Comparisos of diffuse downwellingirradianceat the surfacéO , W n?) andbihemispherical

reflectanceat TOA(” , unitlesswere madeO was included becauske accuracy afhe

diffuse partof irradiance, rather than the direct pdepends on many factors in the RT

calculations such as timodeled multiple scattering, atmospheric spherical allsttbsurface
reflectanceDi r ect 1 rradiance can be easily calcul at
is essentially the same across all RT models. The comparisons intluddoecause it

considersll steps ofolarradiationentering the atmosphere, interacting with the surfaice

exiting theTOA.

14
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Bihemispherical reflectance at TOA
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Fig. 1.2. a) Diffuse downwelling irradiance at surface leve ( ) normalized to total irradiance at TOA, and
b) bihemispherical reflectance at TOA ( ), both as a function of molecwacattering optical thickness at
selected solar zenith anglédnes are from libRadtran DISORT, and shapes are fravtaiit. Nadir viewing
angle,” =0.1,T =0.3,and) = 1,000,000 for IMart runs.The discrepancy between the lines and
the shapes is almost unnoticeable here, butitdstified inFig. 1.3.

BothO and” calculated by IMart and DISORT are versimilar (Fig. 1.2). Their
differencesarecalculated as

pAE/E/EA‘6A]”~A 6AT OA 1.12
AT OA p T (112

and the% differencesat each solar zenith angle across optical thicknessgsesentedn Fig.

1.3, with a maximum % difference of 0.88. The differences are smaller when is lowered,

as this reduces the noise in the Monte Carlo model; they are about five times smdiler af a

0 compared to a value of 0.3 (not shown). The calculated radiometric quantities exhibit slight
angulardependencyHig. 1.3), likely due to the angular discretization in the disci@inate

method; while a Monte Carlo method calculates the exact angular solution, methods with angular
discretization may produce larger errors from larger discretized angles.
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Fig. 1.3. % Differences between-Mart and libRadtran DISORT in calculated a) diffuse downwelling
irradiance at surface levéD( ) normalized to total irradiance at TOA andbihemispherical reflectance at
TOA (" ), both as a function of moleculacattering optical thickness at selected solar zenith aigel:
viewing angle; =0.1,f =0.3,and) = 1,000,000 for IMart runs.

1. 3C2mparison to 65S

6S (Vermote et al., 1997h% another RT code widely used in the rerms@sing communityt

solves RT withthe successivrderof-scatteringnethod A comparison of reflectances

calculated by IMart and 6S was made for a typical coastal vi r on ment wi th t he
summer 0 atmosphere and fAmaritimed aerosol s in
thickness (AOT) is 0.0 and surface albedo is 0.1, and 2) AOT at 550 nm{\@T0.5 and

surface albedo is 0.5. An A@bof 0.5 is quite extreme and is used here only to highlight the
possible differences between the RT solvers. The solar zenith and viewing zenith angles were
both 30° with a 90° relative azimuth angle, following a typical oemdar observatioriMobley,

2022) R was broken down inty ,Y ,andY (Sectionl.2.3.3 in the comparison.

Results from TMart and 6S for botscenarios generally align with each other, except at high
molecularabsorption wavelengths such#0)nm (Fig. 1.4a and b). TMart tends to produce

slightly lower'Y and’Y and slightly highety  at highabsorption wavelengths. For most
purposes, these differences are not a major concern because i) they are relatively small, and ii)
these wavelengths are usually avoided for aquatic remote sensing; however, caution should be
taken for applicationthat make use of higabsorption wavelengths.
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Fig. 1.4. TOA reflectance of a Lambertian surface for a) AOT = 0 and surface albedo = 0.1 andse) - AOT
0.5 and surface albedo = OBoth results are produced with a riditude summer atmosphere and matritime
aerosols. Solar zenith and viewing zenith angles are both 30°, with a 90° relative azimuth angle=

1,000,000 for TMart runs.

Overall, even in extreme absorption and scattering conditieMarT produces results that are
very similar to those from libRadtran DISORT (difference <%.&hen0 =1,000,000),

and it generally also aligns well with 6S, except at faghorption wavelengths.

1 CGassteudi es

1. 4Calse St udegf llecthNakRe® o Mi nnesot a

There are more than 11,000 lakes in Minnefigianesota DNR, 2013many of which were

formed when glaciers moved back and forth across Minnesota during the last Ice Age. The lakes
vary in size and provide an excellent opportunity to study the magnitude of the adjacency effect
because small lakes are relatively moreciéfeé by the adjacency effect than larger lakes; lakes

of different sizes may therefore exhibit a gradient of the impact of the adjacency effect.

Lakes 30 km northwest dfille Lacs Lake(46.25N, 93.64W) were selected for this case study
(Fig. 1.5). Two Sentinef2 images 20200921T171021_20200921T172005_T15T €Ml
20200921T171021 20200921T172005_T15TUére chosen, both acquired at 11:10 am local
time on September 21, 2020. The lakes were in the middle of the two images, so a mosaic was
createdand its average viewing geometry was used in the modeling (solar zenith: 47.35°, solar
azimuth: 163.3°, viewing zenith: 4.95°, viewing azimuth: 145°). These images were chosen
because 1) there were no significant breaking waves in the lakes and theasisthlle for an
extended period of time, allowing the use of @dx n kequations, 2) there were no clouds near
the lakes, which could introduce additional adjacency effemtg and Hu, 201638) the high
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aerosol loading during the time of image acquisition produced a strong adjacency effect, and 4)
the images were free of strong sun glint across all lakes.

P

46°25'N

TOA Reflectance at 833 nm
¥ () 0.028-0.030
) 0.030-0.034
@ 0.034-0.035
@® 0.035-0.037
@® 0.037-0.042

Fig. 1.5. Observed TOA reflectance (band 8 of Senty®ISI, centered at 833 nm) of Lakes near Brainerd
Minnesota on September 21, 2020.

The objective of this case study wasrodelthe adjacency effeah T-mart and examine its

contributont o t he | akesd TOA refl e etM&inNbard 8,icenterech e NI R
at 833nm). The NIR band was chosen because of its significance in aquatic remote sensing

where it is often used in estimating the aerosol contribution in atmospheric cor@cliOA

images; the overestimated reflectance in NIR due to the adjacency effect can thus lead to
overestimated AOT and underestimated reflectamct®e visible wavelengths, with subsequent

biases in the retrieved water optical propertideses et al., 2017)

The images werfrst imported to FTMart. A water mask was applied to the scene using the

Normalized Difference Water Index (NDWI) calculated as (band&nd 8) (band 3 + band 8),

and pixels with an NDWI greater than 0 were determined to be water upon visual examination.
Based on water ds hi gh”.admpodBitpn wanassumed tobeed, NI R
an assumption we expect to hold except in extremely shallow or very turbid waters, where

bottom reflectance or backscattering, respectively, may produce a smaileeaiag signal at

this wavelengti{Moses et al., 2017; Werdell etal.,2018) The fimi dl ati tude sum
at mosphere model and the Acontinental 0 aeroso
atmosphere. An AGsEo of 0.28 was usednd it washe average AOsEoaround the lakes

derived by ACOLITEVanhellemont and Ruddick, 2018 COLITE was determined to be one

of the best atmospheric correction processors for aquatic remote sensing of inland waters in an
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intercomparison exercig®ahlevan et al., 2021} derives AOTs using the dadpectrurdfitting
technique which could utilize the shadows of greiewel objects in inland scenes, making it
suitable to determine AQdoin this case study. The surface reflectance of the land, an input to
the model, was also retrieved in ACOLITE for consistency. A wind speed of 5 m/s was used
based on the hourly weather historyBo&inerd Minnesota, a city located roughly 5 km away
(www.wunderground.copFig. 1.5). An azimuthally averaged  was usedecause the wind
direction was unknown. wasincluded but itwas negligible with a winédpeed of Bn/s

The ground surface was assumed to be flat, as this part of Minnesota is largely a flat lowland.
The pixels were resampled to 200 by 200 m resolution to speed up computation. A total of 47
|l akes | arger than 600 by 600 ne dweeroe esfefleecctt,e dan
reflectance was extracted and modeled at the centroids of these lad@®parisonig. 1.5
andFig. 1.6).

Even with a fixed' x 4 &g oA ¢ 0 @nd ignoring the effects of bottom reflectance and turbidity,

the modeled TOA reflectance at 83® strongly correlated with the observed values across the

47 lakecentroids Fig. 1.6). With a simple linear regressio®3.7% of thevarianceo f t he | ak e s
TOA reflectancecould be explained bihe adjacency effecthis is striking because the NIR

band is often used to derive aerosol properties that are extrapolated to visible bands in

atmospheric correction for aguatic remote sensing. Taking into account the adjacency effect in
atmospheric correction, especially endhigh aerosol loadings, is therefore essential for deriving
accurate reflectance spectra of inland waters and aquatic remote sensing products.
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Fig. 1.6. Modeled and observed TOA reflectance (band 8 of SerRi$I, centered at 833 nm) of Lake
centroids near Brainertllinnesota on September 21, 2020. AQF 0.28, wind speed = 5 m/s, aidd =

1,000,000 for TMart runs.

In addition, a sensitivity analysis was conducted to test the impact of various AOT ard wind
speed values on the modeled TOA reflectance of the lakesss66f0.23, 0.28, and 0.33 and
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wind speeds of 3, 5, and 10 m/s were testgubéndix B. An AOTssoof 0.28 and wind speed of
5m/s produced the lowest RMSE and followed the 1:1 line the most closely, suggesting the two
valuesused inFig. 1.6 were reasonable.

1. 4Ca2steud yr 2nsefct ElfR ect anc e

Another examination of the adjacency effect was conducted in Lake Edward (46.51N, 94.16W),
one of the 47 lakes in Case Study 1. The TOA reflectance along two perpendicular transects
across this lake was modeled i¥MBart and extracted frortneimages Fig. 1.7). Thesame

Sentinel2 images and atmospheric settings for modeling in Case Study 1 were used in this case
study.

a

TOA Reflectance
at 833nm

0.045
i ; g E 0.030
Fig. 1.7. a) Transects across Lake Edward, Minnesota, and b) the observed TOA reflectance (band 8 of
Sentinel2 MSI, centered at 833 nroh September 21, 2020.

0 500 1,000m

The modeled and observed TOA reflectance at 833 nm aligne@aathother along the two
transects in Lake Edward; both reached their lowest values in the middle of the lake and
gradually increased toward the shorelinég.(1.8). This aligned with the observation of Kiselev

et al.(2015)where higher adjacengffectinduced TOA reflectance in a NIR band was also

found toward the shorelines. The observed reflectance was higher than modeled values near the
edges of théake (Fig. 1.8), likely from bottom reflectance or higher turbidity near the shore

which can invalidate the assumption of no wdgéanving radiance at 833 nm.

The modeled TOA reflectance was overestimated in the southern part of theSNotith

transec(Fig. 1.8b), where the narrow part of the lake had a higher simulated TOA reflectance
than the observed reflectance. This may be explained by thdifettdd wave growti(Kahma,

1981)1 the size of the surface waves depends on the fetch or the length of water over which the
wind has blown without obstruction. The narrowed southern part of the lake limits the fetch
length and therefore could limit the size of the waves and lead to ¢pwereflectance.
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Fig. 1.8. Modeled and observed TOA reflectance (band 8 of SerRil$I, centered at 833 nm) along a)
westeast and b) northouth transects of Lake EdwaiMinnesota on September 21, 2020.

1. 4C a3ssteu d ysu r3f.-aecfel elicg ket ecafat er i n Hawai i

The surfacaeflected light off of water, or glint, contains little information about the constituents

in the water and can therefore be considered noise in ocean color remote sensing. This case study
compares modeled surfaoeflected light with fieldmeasurementderived values from Lee et al.

(2010)

Glint has many implications in aquatic remote sensing. For atmospheric correction-of open

ocean TOA images, glintis often modeledby @by nk 6 s equati ons and r emo
TOA reflectance of watgzhang and Wang, 2010; Kay et al., 2Q09)r in-situ abovewater
measurements of waterds refl ect deaawngradiaacec o mmo n
(0 , W srt m?) from glint is to measure the sky radiande (, W sr m?) at an angle

reciprocal to the measurement of the total upwelling radian¢® sr* m?), multiply the sky

radiance by a preomputed effective sesurface reflectance (unitless) to calculate surface
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reflected radianced( , W sr* m?), and remové® from{ (Lee et al., 2010)This can be
summarized as

| — (1.13
0 0 13D g

The value of depends on sky conditions, the sea surface state, and viewing ge(viuitlyy,

1999) It is often set to a spectrally flat value of 0.028 for all wavelengths with a viewing zenith
angle of 40° and an azimuth angle of 135° relative to the sun when the wind speed is lower than
5 m/s; and for higher wind speedsncreases accordingly but remains spectrally(Nébley,

1999)

Lee et al(2010)took field measurements of (9 scans)) (5 scans), and downwelling

irradiance just above the surfa&® (3 scans) to derivie These measured values had slight
variations due to natural ocean surface variability and the vessel constantly moving. To minimize
the effect of the changing illumination, the radiances were converted to reflectances by
normalizing them t® ,

Y 'Y 1OY (1.14)

where"Y is the total remotsensing reflectance (ratio 0fto’0),"Y is the remotesensing
reflectance of water (ratio @ to'O), andY is the sky remotsensing reflectance (ratio of
0 toO). All these reflectances are hemispheridiabctional and have a unit of'siThen,i is
calculated as

i Y X 11
i ~ (1195

where the last unknowl is derived from the bi@ptical model of Morel and Maritorena
(2001)using chlorophyHa concentration of 0.05 and 0.1 mg/m

T-Mart can characterize the RT both in the atmosphere and at the ocean surface, allowing us to
modeli and compare with results from Lee et(@010) The environmental conditions

documented by Lee et 42010)were used as input to modein T-Mart. The measurements

were made on clear open ocean near Ha®aiB@ N, 158.16 Wat 12:50 pm local time on

February 23, 1997. The wind speed was around 8amésthe sky was clodfiiee.0 and0

were taken 90° from the solar plane to avoid strong sun glint, with zenith angles of 30° from
nadir and 30A from zenith, respectively. The
by entering the provided daCakulatot i me and | ocat
(https://gml.noaa.gov/grad/solcglcOnly the relative azimuth angle of the sun was used in the
modelingial t hough the sunés azimuth angle has an i
because the slopes of ocean surface waves have a small dependency on the wind direction
(Appendix A2, the wind direction was unknown. Thus, an azimuthally aver&ged was
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used, as this only depends on the relative azimuth angle between the sun and thensktigsr

is known from the image metadata. The AOT at the time of the measurements was unknown, and
an averaged cleaky AOTss0 0f 0.05 near Hawaii in February from the MODIS MCD19A2 data
product(Lyapustin and Wang, 2018)as used. In addition, wind speeds of 6, 8, and 10 m/s were
used to test the sensitivity of the results to wind speed.

Both modeled and fielddataderivedi showed a strong wavelength dependence over clear
ocean water, increasing with longeavelengthsKig. 1.9). This raises concerns about Mobley
(1999 s suggesti on o fiinalsovewager meassrpneeits df .dviodtofthef | a t
differences between the two datasets were within the 400 and 600 nm range, where thé derived
largely depended on the chlorophyll concentration used in thepbical model (points irFig.

1.9). The measuremererivedi values roughly fell within the-60-8 m/s range of the modeled
values.The alignment between the two datasets supports the accuracy of the field measurements
and the CoxMunk surfacereflectance model implemented iAMart. The values of varied
significantly across the 40@-800 nm spectrum in both datasets by a factor of up to 10, and the
values at a single wavelength can be substantially diffaen-ig. 1.9). This suggests that

depends heavily on the environmental conditions such as wind speed and the movement of the
vessel, in addition to its spectral dependence on atmospheric settings.

[ChI] 005 *~ 0.1
0.3 Wind Speed
- 10 m/s
-8 m/s
-6 m/s
i “:“nuuh.u ‘A
e VPV WOV
0.0 : : -
400 500 600 700 800

Wavelength (nm)

Fig. 1.9. Effective surface reflectance)(as a function of wind speed from 400 to 800 A®@Tss0= 0.05,

wind speed = 6, 8, and 10 m/s (bottom, middle and top lines, respectiiely)ng and solar zenith angles are
30° and 30.88°, respectively, with a relative azimuth angle offfiAts are derived with two chlorophyll
concentrations (unit: mgAnpfrom measurements in Lee et@010) 0 = 100,000 for TMart runs.

Another sensitivity analysis was run to explore the impact of various AOTsARTsso of 0,
0.05, and 0.1 were used against wind speeds of 6, 8, and 10 m/s, and it was fauisdhiighier
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with lower AOTs(Fig. 1.10). This is because, at a low AOT, atmospheric scattering is
predominantly molecular, which decreases exponentially with wavelength; this leads to a
loweredh at longer wavelengths. On the other handjs not lowered with a lower AOT; in

fact, it increases slightly due to lowered aerosol attenuation to solar irradiance in the atmosphere.
An unchanging and a lowered contribute to the higher (Eq.(1.13)). Higheri values

were also associated with a higher wapdted Fig. 1.10), which presumably increases the

magni tude of the surfaces waves and directs
if the sensor has an azimuth angle 90° relative to the sun.

AoT [ oo B 00s [ ] o

1.00 Wind Speed

+ 10 m/s

0.751

~ 0.501

0.00 T T T
400 500 600 700 800

Wavelength (nm)
Fig. 1.10. Effective surface reflectanck)(as a function of wind speed and AOT from 400 to 80Qasn
modeled by TMart (0 =100,000)Viewing and solar zenith angles are 30° and 30.88°, respectively,
with a relative azimuth angle of 90°.

Lee et al(2010)made direct measurementsdf, and the measured values fitted the range of
modeledY with a TOA between 0.08nd 0025 (Fig. 1.11a). This suggests that the TOA of

0.05 used tproduceFig. 1.9 may beslightly overestimated, and the rang€ afith a slightly

lower AOT will shift upward, making the measuremeetived values fit the modeled values
better in the 400000 nm range. The spectral shapes of simulated and me&¥uaed also

slightly different, with most of the measured values decreasing more with wavelength than
modeledvalues Fig. 1.11a). This reflects small errors in the atmospheric and aerosol settings in
the model. The wind speed was set to 8 m/s in the modeling; @ithough in theory wind

speed affects and” and therefore the spherical albedo of the atmospheré andhe impact

is extremely small and wind speed was determined to have negligible imgact ¢not

shown).

24



Chapterl: Adjacency effectnodelling

The impact of the total atmospheric transmittance, defined as the r@iabsurface t®© at

TOA, wasinvestigated fig. 1.11b). The magnitude of the total transmittance changed little with

an AOTsspof 0. 1 compared to 0.0 and 0.05; t-his i
scattering phase function. Although the hagsorption bands have a significant impact on the
spectral shapes 6f andO (not shown), this impact is almost eliminated in the normalization
process, leading to the relatively smooth spectral shapearaf’Y (Fig.1.10andFig. 1.11a).

The highabsorption bands led to some Monte Carlo noise in the modeled results, especially
from HO at 720 nm and £at 760 nm Fig. 1.10).

Lee et al. 2010's
measurements

E Simulations at
various AQTs

0.086

=
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AOTss
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Fig. 1.11. a) Sky remotesensing reflectancéy , simulated at various AOTs and from Lee e{2010)0 s
measurements, and b) modeled total atmospheric transmittance at varioy8@igsthe important
absorptive gase¥iewing and solar zenith angles are 30° and 30.88°, respectively, with a relative azimuth
angle of 90°.

1.0bi scussi on

1. 5Moldeclcur acy

The accuracy of radiometric quantities calculated Byart was carefully tested against RT

models. TMart and libRadtran DISORT produced almost ident@al and” across a wide

range of moleculascattering optical thicknesses with higisorption fig. 1.2), providing

confidence in the accuracy ofMlar t 6 s r a di a A commarisonavascalsd canddctedn s .
between TMart and 6S using the same atmospheric and aerosol settings. Differences as large as
20% in the calculated reflectances were observed atdligbrption wavelengths, but the results
were very similar at mosttherwavelengthsKig. 1.4). Although slowerMonte Carlo methods

are unbiased RT solvers, and 6S itself was validated against Monte Carlo simulations
(Kotchenova et al., 2006, 2008; Kotchenova and Vermote, 20@8e validations of 6S

avoided highabsorption wavelengths (exampled-ig. 1.11b), and the reported uf-1 %

differences between 6S results and Monte Carlo benchmarks align with our observations at low
absorption wavelength&ig. 1.4). Giventhat T-Mart and libRadtran showed consistently good
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agreement in higlabsorption settingg-(g. 1.2) and they were developed independently, we
conclude that Mart produces accurate estimates of its modeled radiometric quantities.

T-Mart also producedcadiometricquantities in good agreement with measurenraenived

values. In Case Studies 1 andi tmodeled TOA reflectaneeatchedSentinel2 observations

across 47 lakes and along two transects in [Eakeard Fig. 1.6 andFig. 1.8). In Case Study 3,

the effective seaurface reflectance derived from measurements mostly fit the modeled values
with a wind speed within 2 m/s of the recorded value, with few values outside the range where
uncertainties were introduced by the chlorophghaentrations used in the boptical model

(Fig. 1.9). Although measurements may seem to be the best way to evaluate a model, they often
come with their own uncertainties and can be influenced by changing environmental conditions.
To fully compare a model to actual measurements, a closure experiment witleteomput and
output measurements is required. This is extremely challenging due to the large scale of ocean
color remote sensing and the many factors that could affect the water, the atmosphere, and
sometimes even the sensors. Assumptions are oftenabadethe model input in modeérsus
measurement comparisons for specific applications; thus, the assumptions and their impact must
be considered when applying the modeled results.

We provideaspecial singlgphoton modeind™ar t f or user sdé validation
movements of a single photon from launching to exiting the atmosphere can be visualized in a

3D spacdFig. 1.1). Users can freely zoom and rotate the visualized modeled surface and photon
movement in 3D through the Pythoratplotlibpackage, and the details of radiometric

calculations at each movement are printed in the console. This allows users to examine the input
surface topography and scldewing geometry and verify the calculated radiometric quantities.

1. 5Co2nt r i baqtuiaageimadeea si ng

Existing RT models have limitations in modeling the TOA reflectance of coastal and inland
waters. The widely used MODTRA{Berk et al., 2014and 65 Vermote et al., 1997tge both

1D RT modeling tools; they are unsuitable for modeling waterbodies influenced by the
adjacency effectuch as the elevat®tR reflectance over lakes surrounded by vegetation
(Sectionl.4.]). The RT code SMARIG (Ramon et al., 2019)ses the Monte Carlo approach; it
supports adjacency modeling but is limited to circular water surfaces surrounded by
homogeneous land of uniform reflectance. MCAR&W&buchi and Okamura, 201i8)another

RT code, and it was used to model the adjacency effect in Par{2§122) However, the code is
atmospher@riented andlacks upport f or model i ng waterés radi
specular reflectance. In additiaddCARaTSwas developed in Fortraand it only supports
Linux/UNIX-like operating systems, making it difficult to work with opsurce toolsThe

work of Bulgarelli et al(2014)and Bulgarelli and Zibordi2018)simulated the adjacency effect

in aquatic remote sensimgthe northern Adriatic Sea, biltte code is closed source and lacks
support for arbitrary topography, which may affect the illumination conditions of inland
waterbodiegMoses et al., 2017)bRadtran(Emde et al., 20165 a publicly available library of
multiple RT solvers. The 3D version of the MYSTIC solver is close-Maft in nature, but only

the 1D version is publicly available. Although developed for atmospheric applications, according
to theuser guidethe 3D MYSTIC is capable of modeling the adjacency effdetyer et al.,

2020) However, the modeled space is cubic; if a photon leaves the modeled space through one
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of the four horizontal sides, it#nters the space through the opposite @iyer, 2009) The
6duplicated spaces may be sufficient for at mo
modeling coastal and inland environments where water and land tend to exhibitplicate

features. In addition, the implementation of &@dxs n k 0 s ongin lipRadtian for modeling

ocean surfaces has not been validékéalyer et al., 2020)

T-Mart was developed to address the limitations described above. Forenvtet, i the only
publicly available RT model that allows the simulation of the adjacency effect on aquatic remote
sensing in an arbitrary 3D space and provides a framework felogévg and validating
adjacencycorrection tools in such an environment. All the RT models described above provide
limited API support for extendibility, except 6S with its Python interface Ryéi&on, 2013)

which allows users to access other Python functionaldylaft is exclusively written in Python,
making it easy to work with the rich library of Python modules and allowing users to perform
more complex tasks and create workflows within the Python emmeat. For example, users

can import satellite images teMart using theGDAL package in Python, as demonstrated in
Sectionl.4.2 The Python packadgeycudais used in SMARTG to run the GPthccelerated

code written in the C languagehichrequiresNVIDIA GPUs. In practiceananycomputerdack
NVIDIA GPUs andeven if they dothe multiple layers of APIsom Python to C and the
hardwaremake version control and running the code difficOlb the other hand,-Mart uses

the native Pythomultiprocessingackage to simplify installation and ensure the smooth

running of the code. Code developed in Fortran or C languages requires compiling; this requires
specific software environments and often comes with compatibility issues across operating
systems. Thiss not an issue for-Mart as it was developed in Python exclusively.

In addition, FMart uses 6S parameterizations for atmospheric and aerosol settings through the
use of Py6{Wilson, 2013) therefore, studies or applications that use 6S can easily incorporate
T-Mart into their workflows and extend 1D RT modeling to 3D modeling without changing these
parameters. Applications of 6S in aquatic remote sensing include buddigp tables for
atmospheric correctiofVanhellemont and Ruddick, 2018)eveloping susglint-correction
algorithms(Harmel et al., 2018pand studyinghe adjacency effect of id®élanger et al., 2007)

The samearameterization approach allows the continuitpast data processirmmnd enhances

the existing workflows with 3D capabilities and adjacerffigct modeling support.

The radiative properties of shadowed water can also be calculatddant.TShadows contain
information that is sometimes used in atmospheric correction; for exdmeglet al(2007)used
adjacent water pixels that are in and out of a cloud shadow to esttmateandACOLITE uses
shadows to retrieve AOT¥anhellemont and Ruddick, 2018}Mart can be a validation tool
for such efforts.

1. 5Ca3ssteudi e s

In Case Study 1, the variance of TOA NIR reflectance between 47 lakes of different sizes was
largely explained by the adjacency effeét<(10.837). This has an implication for atmospheric
correction algorithms that assume negligible wataving radiance in the NIR band. These
algorithms use the NIR reflectance to retrieve AOT,; if the adjacency effect is not considered,
AOT can be overestiated from the elevated TOA NIR reflectance due to the adjacent
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vegetation, leading to oweorrection of atmospheric effects and low and even negative
reflectances at visible wavelengithdoses et al., 2017 his also affects glintorrection

algorithms. The statistical waxgdopedistribution approach often fails to estimate the

reflectance of spatially resolved glint in higesolution imagery that is commonly used in

coastal and inland scen@&y et al., 2009)Another approach uses the NIR band to estimate

glint reflectance on a pixdly-pixel basis; it assumes wateaving radiance is negligible in the

NIR band after atmospheric correction, and it removes or minimizes glint by establishing a linear
relationdip between the glint reflectance in NIR and visible bgi@y et al., 2009)As a result,

the intertwined contribution from the glint and the adjacency effect needs to be separated to
estimate AOT and glint reflectance in atmospheric correction processes to retrieve accurate water
reflectance and the followp bic-optical propeties. A challenge lies in the different spectral

shapes of the two effects; while glint reflectance depends on the spectral refractive index of
water, which changes very little in the visible spect{@uan and Fry, 1995)he spectral shape

of the adjacency effect depends heavily on the surrounding environment. In areas dominated by
vegetation, the impact of the adjacency effect will be larger in NIR wavelengths, where the
vegetation is much brighter than water, tharhmisible range. -Mart provides a framework to
forwardmodel the two effects and possibly derive inversion algorithms.

The sensitivity analysis of the impact of various AOT and wind speed values showed that the
TOA reflectance at NIR wavelengths increased with AOT and wind spegge(idix B). The
increased AOT seemed to have a greater effect on thedfightance (smaller) lakes, whereas
the increased wind speed had a similar effect on all the lakes. By looking at waterbodies of
different sizes, the waterbogyjze dependency of AGihducedY and the less sizéependent

Y  may help separate glint and adjaceefigct contributions in the atmospheric correction.
Careful modeling and correction for glint and adjacency contribution are key to improving
remote sensing of waterbodies similar to the lakes in the case study.

In Case Study 2,-Mart correctly modeled the TOA reflectance along the two transects and the
increased reflectance approaching the shorelines over Lake Edward. The underestimated
modeled TOA reflectance near the shorelines illustrates that thevagzeleavingradiance
assumption does not hold in waters with possible turbidity, suspended particles, bottom
reflectance, and biochemical procesd&sss et al., 2007)he fetch effec(Kahma, 1981jmay

have contributed to the lowered TOA reflectance over the narrowed southern part of the lake. It
is also possible that the wind speed was not distributed evenly across the lake at the time of
image acquisition; a lowered wind speed can lead to smedlezs and lowered glint reflectance.
Similar findings were reported by Tilstone et(@020) where the effective wind speed was
reduced by 306 when the wave height was determined to be low in a coastal environment.
Additionally, while the change in TOA reflectance as a function of distance to the shore may not
provide enough information to derive both AOT and aerosol properties such as aerosol
composition and size distribution, the magnitude and the rate of change may restrict the possible
values of one given the other.

In Case Study 3, the modeled sky rermsrasing reflectance and effective-segface
reflectance aligned well with igitu observations and fieldataderived valueg¢Fig. 1.11a and
Fig. 1.9, respectively)The differences between modeled and derived vatuesy. 1.9 mostly
come from uncertainties in the chlorophyll concentrations used in thephizal modelthis
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highlightsthe challenge of choosing a value fan the field. This case study provides model
support for Lee et a{2010) raising concerns about the spectrally invariant assumptianifor
Mobley (1999) Such an assumption may only be valid when the sky is completely overcast, an
environmental situation unconducive to ocean color remote sensing. The wide rangdues

(Fig. 1.10) illustrates the sensitivity of to wind speed and AOT as well as atmospheric and
aerosol settings; this underscores the challenge of meadaringing abovevater approaches.
GiventhatCoMunk 6 s equations were developed for oce
necessarily hold for inland and coastal environments whiaves' amplitudés limited byfetch

andthe size and depth of the waterbpdgntrolled experiments are desired to test the

calculations and measurements @nd'Y in such environments.

It was found that the change™ at various AOTs has very little wavelength depend€Rice
1.11a). A pure molecular sky at this viewing angle is exceptionally blue (&60L0 line inFig.
1.11a),andthe increasedly from aerosol loading is evenly distributed across the spectrum,
making the sky appear whiter. As a result, if the atmosphere and aerosol models are sufficiently
accurate in the model, either the color or the line height ahay be used to estimate AOTSs.

1. 5l.idst al | asta so-Nafa nhTd

T-Mart can be installed using two short commdind calls:
9 conda -¢ ncdfrddrdgge Py 6 S
9 pip3 install tmart

Thedependencies of-Mart are available onondaforge, a community effort that ensures the
compatibility of packages.-Mart itself can be installed from tiigython Packagkkdex with a
single command line. The entire installation eMart and its dependencies can be completed in
minutes. FTMart runs on systems with Python support, and it is tested on macOS, Microsoft
Windows, and Linux systems.

Detailed instructions for-Mart are available fromttps://tmarirtm.github.iao Users are

instructed to import data, run the code and visualize results. Guidance is also provided for
configuring the atmospheric and surface settings, the radiometric quantities of interest, and the
observation and illumination geometries.

1. S5Fust deveel opment

T-Mart can be used to develop adjacenoyrection algorithms. By default, the calculated RT

results contain the entire trajectory of every photon including the movements and collision

locations as well as the loeastimate weights (E1.8)); this information can be used to derive
formulations for adjacenegffect correction. Dueto-Mar t 6 s 3D natatoffe, f or mu
nadir angles and with arbitrary surfaces can be dérasopposed to solutions restricted to

circular targets in Vermote et §1.997b) Sei(2015) and Ramon et a(2019)

T-Mart can also be coupled with HydroLight to combinevieder RT with atmospheric and
watersurface RT calculations. This can be done by providing HydroLight with the sky
illumination computed by ‘Mart, or by importing HydroLightomputed bidirectional
reflectance distribution of watdeaving radiance into-Mart. Polarization support will also be
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useful with a vector version of HydroLight, which is currently in development (J. Hedley,
personal communication).

1. @Goncl usi on

This article presents a Monte Carlo coddviart, that simulates the transfer of light in a 3D
oceanland-atmosphere system. The code is the first egmirce tool that considers surface

irregularity of water and land in modeling the adjacency effectaneva 6 s TOA r ef | ect e
therefore suitable for RT over coastal and inland waters. It was exclusively developed in Python,
allowing users to integrate it with the rich library of Python moduldgaft uses the same

atmospheric and aerosol settings as 68ljt&@ing existing workflows to transition from 1D to

3D RT modeling with minimal effort. The code was validated by comparing simulations with
libRadtran and 6S as well as satellite andiin measurements, which all showed good

alignment.

In three case studies, we demonstrated the use of the code, the importance of the adjacency effect
in remote sensing of coastal and inland waters, and the wavelength dependence of the effective
seasurface reflectance. In Case Study 1, the adjacency eKpleiined 83.P6 of the variance in

NIR TOA reflectance of 47 lakes in Minnesota, highlighting that the adjacency effect cannot be
ignored in atmospheric correction for remote sensing of inland waters. The various spectral
shapes of glint and the adjacgreffect remain a challenge in atmospheric correctiektart is

capable of forwargnodeling the additive contribution of the two effects, but the inversion

problem remains to be investigated. In Case Study 2, the modeled and observed TOA reflectance
in the NIR band matched each other along the two transects in Lake Edward; both reached their
lowest values in the middle of the lake and gradually increased toward the shores. At the same
time, there is a markedly elevated reflectance neasttbees likely from turbidity or bottom
reflectance, invalidating the zewmaterleavingreflectance assumption near gteoresIn Case

Study 3, modeled and fieldiataderivedi aligned with each other, showing significant

wavelength dependenceiascreases at longer wavelengths. In addition, the dependenamof

AOT and wind speed was demonstrated. The magnituté wfas found to depend on AOT, but

the spectral shape 6f showed minimal AOT dependency; this makes it possible to infer AOT
from either the color or the line height'df , given sufficiently accurate atmosphere and aerosol
models.

It is envisaged that-Mart will provide a framework for the development and validation of
physicsbased methods that remove or minimize the adjacency effect in remote sensing of
coastal and inland waters. This has the potential to improve the accuratyevied water
reflectance, the basis for optical retrieval of bathymetry and water quality information, in such
environments.
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1 . Alppendi x Aef |Sauatiwaarcee of

Al Bidirectional and hemisphericaldirectional glint reflectances

Bidirectional reflectance is the ratio of reflected radiant flux per unit solid angle surrounding a
given direction to the collimated incident radiant f{8chaepmaistrub et al., 2006)The
bidirectional reflectance of glint is defined following Kay et(2D09)

nder ¢ R

Y —boh—Dbo TATOAT B AT D

(A1)

wherery 4B is the CoxMunk probability distribution of the wave slopes in E43), ”

(¢ R is the Fresnel reflectanc@pendixA3) as a function of )water 6s
and the incidence angleq,] is the tilt of the water surface facet that reflects the incident light

to the viewing direction— and—are the viewing and solar zenith angles, 4nénd%. are the

viewing and solar azimuth angles, respectively.

When the collimated direct solar irradiance is the only source of incident radiant éviergse

can be used to estimate glint reflectance; however, with a diffuse illumination of sky light, the

incident radiant energy from the entire hemisphere must be considered to derive the
hemisphericatirectional glint reflectance,

Y % UB Y — o BB (A2)

where0 is the number of reflection events at the water surface in the Monte Carlo simulation,
and— and%. are respectively the zenith and azimuth angles offtheollimated incident
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radiant flux. Eq(A2) essentially calculates the reflected radiance in a specified direction given
the combined direct and diffuse illumination conditions.

A2 Gwuxnwka v- opeati sti cs

The CoxMunk slope statistic€Cox and Munk, 1954describes the distributions of wave slopes
of a windroughened sea surface as a function of wind speed and direction. It is widely used to
model and remove glint from aquatic remeansing products. The probability of slopes can be
calculated as

n ue . A Q)E)g U S
I p I
p -0 v ps —W s Op
0 (A3)
Lo s Po
C 1 O8] I pPs P
P ~
. s @® O
wheresands are the normalized slopes,
v — ands —, (A4)

andd andd are the slopes (change in elevation over change in horizontal distance) along

crosswind and upwind directionshd@ twoslopevariances,( and, are for upwind andcross
wind directions, respective)yarecalculatedusing thewind speedY(m/s) at 12.5n from the
surface,

. D@TY
, PP TNTY m8tno (AS)

Theskewnesandpeakednessoefficients in(A3) are
w Tp Mn(Mp TiT Mo ™MW ™ T 8 (A6)
A3Fr e s Bgeu abtsi on
The law of refractiopal| s o known ,stdesthatel | 6s | aw
¢ OB+ ¢ OEH (A7)
where¢ ande¢ are the refractive indices of two medend— and— are interchangeably angle

of incidence and angle of transmissidie refractive indices of ai¢ () and water{ ) are
usually taken as 1 and 1.34 at visible wavelengtidart allows usesspecifiede or calculates
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¢ as a function of usespecified salinity, temperature, and wavelength according to equation 3
in Quan and Fry1995)

The angle of transmissior is a function of the incideeangle (5 and the refractive indices
of the two mediaTake a light incidenbn the water from the a@rs an example

— OEI—OE+S (A8)

—)| —

The fraction of thiollimatedincident irradiance reflectegpecularlyby the airwater interface
(i.e., not penetrating the surfaégg}jhend e s cr i bed by foruepslarieetIiglst equat i

OE
OE

i 8 (A9)

N|oO
-l-> -I-)
|

A
A

O O
T
|

AdWhi t ecaps

Whitecaps are the foamy crests of waves at the water surtaeevhitecap model in-Mart
generally follows Mobley2022)with modifications to the spectral dependentable Al).
Whitecap reflectance tseatedio be Lambertian, and it is calculatietlowing Koepke(1984)

" - T® G W _ (A10)
where® _ Is acorrection factor that describes the wavelength depemdthc
The values oo are presented ihable Al.

Table Al. Normalized spectral dependence of whitecap reflectance. Source: Figure 3 of Fro({to86al.
Wavelengthinm)  Value

400 1

444 1

543 0.95
663 0.92
871 0.62
1023 0.53
1654 0.14

Thefraction of the sea surface covered by white¢&pss a function of wind speednd itis 0
at a wind speed of 6.33 m/s or low8tramska, 2003)

O Wgupm Y ¢ o8 (A11)
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Fig. B1. Modeled and observed TOA reflectance (band 8 of SefRil$I, centered at 833 nm) of Lake

Observed TOA Reflectance at 833 nm

ectar

centroids near Brainerd, Minnesota®eptember 21, 2020. AGspof 0.23, 0.28, and 0.33, and wind speeds
of 3, 5, and 10 m/s were included.

= 1,000,000 for IMart runs.
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Abstract

The adjacency effect distorts the topatmosphere (TOA) spectral signals of coastal and inland
waters and is a major challenge for optical remote sensing of nearshore aquatic environments.
We introduce a closefbrm expression thatorrectsfor the adjacency effect prior to atmospheric
correction The method is included in an opgource Python tool, whidhgestdevell imagey
andcalculates the poirgpread function of the atmosphere to convolve the input imagery

each band, the difference between the observed and convolved reflectances is used to quantify
and correct for the adjacency effect, igxels are corrected to tHe&A reflectance they would

have if surrounded by pixels of identical reflectanéaidation was condcted for Sentinel

MSI and Landsat 8 OLI imagery against a global dataset of coingrdsitti radiometric
measurementfResults showed improved accuracy of wadgéawing reflectance derivday
atmosphericorrectionprocessorsincludingACOLITE, POLYMER, and I2genyhen these

were applied followingdjacencyeffect correctionFor matchupsvithin 200 mof shorelinegn

= 212) adjacencyeffect correction resulted in an averdde7% reduction in root mean squdre
error,a32.4% reductionin symmetricsigned percentage bias, an86.8% reductionin median
symmetric accuracy for the three processors. The improvements were more significant in the
nearinfrared (NIR) range for ACOLITE, visible wavelengths for 12gen, and evenly distributed
across the visiblIR spectrum for POLYMER. We anticipatesttthis physicsbased approach

to adjacencyeffect correction will lead to improved satelliderived aquatic products for coastal
and inland waters under diverse atmospheric and aquatic conditions.

Keywords: aquatic remote sensinggljacency effect; atmospheric correctiooastal waters;
inland waters

DOI: 10.1016/}.rse.2024.114433
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2.1lntroducti on

In optical remote sensing, the adjacency effect (AE) refers to how adjacent surfaces influence the
observed spectral signal of a target surface through atmospheric scdftarirget al., 1987)

The AE reduces the contrast between neighboring pixels with different reflectancessasda
challenge for quantitativeemote sensing afearshorevatersadjacent to bright surfaces. The AE

is commonly observed over coastal and inland waters in theniemed (NIR) wavelengths, in

which adjacent vegetated land is much more reflective than water and the strong forward
scattering of aerosols dominates aspheric scatterin(Sterckx et al., 2011)rhe magnitude of

the AE depends on several factors, including the gas and aerosol composition of the atmosphere
(Santer and Schmechtig, 2008insensor geometrf/ermote et al., 1997bjopography

(Moses et al., 2017)andcover type and sensor characterisfigslgarelli and Zibordi, 2018)

the reflectance difference between the target and surrounding ity et al., 2021a, 2021b)

and the shape and size of wataties, with small wateodies being more affected by the AE

than large oneSterckx et al., 2015; Martins et al., 2019)

The AE poses a significant challenge for atmospheric correction (AC) over inland and coastal
waters, negatively affecting the characterization of atmospheric propg@ulesrelli et al.,
2017)and the accuracy of satellitkerived aquatic data produgiarren et al., 2021)n such
environments, inaccurate AC often leads to errors in the estimated surface reflectance, and those
errors are propagated into the quantitative retrieval and analysis of biogeochemical variables,
such as neasurface concentration of chloroph@(Chl-a) and total suspended solids (TSS), as
well as their spatial and temporal variabiliBahlevan et al., 2020)he heightened NIR
reflectance over waters near vegetation can disrupt algorithms that use such wavelengths to
derive aerosol optical thickness (AOT), resulting in overestimated AOTs and subsequent
overcorrection of surface reflectance in visible wavgikes(Hieronymi et al., 2023)In coastal

and productive waters where NIR reflectance is-negligible(Wang and Shi, 2005§eparating
the NIR contributions from the AE and water itself is therefore essential for effective AC and
bio-optical modeling. Considering the sensitivity of aquatic remote sensing products to even
minor sources of noise, evaluating and correctingferAE is crucial in remote sensing of
freshwater and coastal aquatic environmé@Btggarelli and Zibordi, 2018)

The problem of the AE for satellite observations has been investigated for d@éldeger et

al., 2007; Bulgarelli et al., 2014; Bulgarelli and Zibordi, 2018; Sterckx et al., 2011; Tanré et al.,
1987; Vermote et al., 1997a; Wang et al., 2024ajl various methods have been developed to
address this challenge for aquatic applications. Correcting for the AE requires knowledge of the
point spread function (PSF) of the atmosphere, which describes the spatial origin of diffuse
radiation and how raation from various surface locations contributes teaatsor measurements
(Sei, 2015) Various approaches have been taken to characterize the PSF. One approach to obtain
the PSF and correct for the AE is to use the computationally efficient primary scattering
approximationSanter and Schmechtig, 200Bpr example, the primary scattering

approximation was employed in the sengeneric AE correction algorithm developed by

Kiselev et al(2015) which was integrated into the Modular Inversion and Processing system for
deriving biophysical parameters fromssnsor radiance measuremgiisege and Fischer,

2004) Similarly, the Improved Contrast between Ocean and Land (ICOL) processor, developed
for correcting the AE in MERIS data, also employs the primary scattering assuii§amer

36



Chapter 2: Adjacency effect correction

and Sterckx, 2013)COL incorporates simplified formalisms for the influence of clouds and a
land mask to adjust the diffuse component of Fresnel reflection of the water surface in the
presence of the AE. The performance of ICOL has not been reported consistently across th
literature: while Odermatt et gR010)found improvedetrieval of Chlafrom MERIS datan

six perialpine lakes in Europe, Binding et(@011)noted that ICOL did not notably improve
water constituent retrievals in Lake of the Woods at the Cad&daorder.

Another approach to characterizing the PSF involves formulations derived from Monte Carlo
simulations(Vermote et al., 1997a, 2006; Tanré et al., 1981; Sei, 2015; Reinersman and Carder,
1995) Martins et al(2019)and Paulino et a(2022)extracted the contribution of the AE

through the formulae of PSF parameterized from Monte Carlo simulations in Vermote et al.
(2006) While thesederivedformulations allow quick computation, they are limited by the
assumption thagénvironmental weights only depend on diffuse transmittances and distance from
the neighboring pixel to the target pixe&glecting the importance of observation geomietry

the AE(Bulgarelli et al., 2014)Moreover, these formulations were derived usisingle

aerosol modgrom McClatchey et al(1971) thereby ignoring the diversityf aerosol types and

their varying optical characteristicSimilarly, Reinersman and Cardd995)computed the PSF

for a simulated sensor at an altitude of 20 km through Monte Carlo methods, and they
implemented an iterative approach to correct for the AE at the surface level. In this approach,
surface reflectance fgst estimatedn the absence of AE correcticihen modified iteratively

until thesimulated TOA reflectance matches the observed reflectance. Although the iterative
process has had preliminary successes, it can be computationally costly and not all pixels across
the scene may converge at the same iteration, highlighting the valuemftarative approach.

The SIMilarity Environment Correction (SIMEG)pproach alsemploysthe PSFfrom Vermote

et al.(2006) but it compensates forh e f ulmdatianoby dosparing the retrieved spectra
with the spectral shape of deep natural watetsrckx et al., 2011, 201L53IMEC s

incorporated in the ICOR AC procesgbre Keukelaere et al., 2018) operates on the
assumption that wat eaeddeo-NIR parge is stable forsahviderangeioh t h e
water biophysical properties, and that any deviation from this shape is a result of the AE or errors
in atmospheric correction. Relyingr &wo bands in the reddge and NIR range, SIMEC
iteratively adjusts the reflectance of water pixels by removing thewgfhtedaverage
reflectance until a predetermined spectral shape is achieved. However, bottom reflectance in
shallow waters, extremerbidity, high algal concentrations, or sunglint can significantly alter
water reflectance from the predetermined spectral st&tpeckx et al., 2011, 2015; Paulino et
al., 2022) This limits the use of SIMEC for imagery captured by instruments not designed for
oceancolor studies, such asndsat 8 Operational Land Imager (OLI) and Senihel
MultiSpectral Instrument (MS)as these sensors are usually not maneuvered to minimize
sunglint.In addition,SIMECG& deepwater assumption needs to be revikadapplications to
satellitederived bathymetrand bottom habitat mappinghich rey on the magnitude and
spectral shape of bottom reflectanDespite significant progress, chaltgesthusremain in
developing and applyingE correction methods'here is a need for an opsaurce, non

iterative, and fully physiecbasedadjacencycorrection methothat does not assuntiee spectral
shape of the targetonsidersnultiple scattering, and utilizes #p-date ancillary atmosphere

and aerosol data.
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Herewe derive a set adquationdo perform AE correction witfewerassumptions and
approximationghan thestudiesdescribed above, anqutesent a opensourcepreprocessing tool
that implements them as addition to th@opographyadjusted Montecarlo Adjacencyeffect
Radiative Transfecode (FMart, Wu et al., 2023). The tool inges¢vel1 imagesalong with
ancillary atmospheric and aerosol data fiiteNASA OcearBiology Processing Group
(OBPG, 2023)calculateshe PSF of the atmosphere using the ancillary data for eachdvahd,
uses itto convolve thdevell imagery.Top-of-atmosphere (TOA) reflectancetifenmodified

to adhere to the homogeneesigface assumptiamplicit in mostAC tools i.e.,pixels are
corrected to the TOA reflectantieey would havéf surrounded by pixels aflentical
reflectanceThe operation is done at the T@@flectance level; it can thus be followed by AC
tools of the wuserdéds c¢hoi c dfordiffaaentiemvironmenta t he AC
conditions. For example, POLYMER performs well in moderately glavered environments
(Steinmetz and Ramon, 2018nd ACOLITE performs well in productive watéPahlevan et
al., 2021) The tool currently supports SentireeMSI, Landsat 8/9 OLI, and PRISMA data
products, and is freely available on GitHub

We first present the methodology behind the AE correction, and then demonstrate its utility by
comparing surface reflectanderived by three statef-the-art AC processors, with and without

prior AE correction, againgh situ measurements from a global dataset. SerfindSI and

Landsat 8 OLI imagery were selected for evaluation due to their relatively high spatial resolution
and abundant matchups withsitureflectance spectra. The focus of this article is not to

compare the performance of the thre@ processors, but rather to demonstrate the

improvements AE correction offers to products derived from each processor.
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2.Met hods

Table 2.1. Symbols anécronymsausedin this article.

Symbol Definition
” Measured asensor reflectance at the TOA level
” Adjacencyeffectfree”
” Atmospheriantrinsic reflectance due to Rayleigh and aerosol scattering
the TOA level
" e Surface reflectancpropagated to the TOA level
" e Adjacencyeffectfree” e
” Director component dfee
” Diffuse component of e
” Surface reflectance of the target pixel
3 Surface reflectance of an infinite unifotrambertian target
” PSFweightedaverage surface reflectance arotimel targepixel
” Waterleaving reflectance
Y Remote sensing reflectancesr
Y Spherical albedo of the atmosphere
| Wavelengthdependent scaling factor usedailjacencyeffect correction
v Fraction of atsensor diffuse radiaticimat comes from the central cell of tt
W@ psp
"y Total upward or downward atmospheric transmittance due to Rayleigh
aerosol scattering and absorption
o] Diffuse upwardransmittance
T Combined atmospheric aerosol and molecular optical thickness
‘ Cosine of the solar zenith angle
‘ Cosine of the view zenith angle
AC Atmospheric correction
AE Adjacency effect
AOT Aerosol optical thickness
AOTss0 Aerosoloptical thicknesst 550 nm
Chl-a Chlorophylta
NIR Near infrared
PSF Pointspread function
SWIR Shortwave infrared
TOA Top of atmosphere
TSS Total suspended solids
) Symmetric signed percentage bias (%)
- Median symmetric accuracy (%)
RMSE Root mean squadeerror
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2. 2Adlj acemfcgct correction

In this section, we derive a set of equations to perform AE correction. These are first summarized
in Section2.2.1.1 followed by a detailed derivation in Sectidr2.1.2 Variables are defined in
both sections for readability.

2. 2.0erli ved equations

The output of the AE correction algorithm is the adjacesftgctfree TOA reflectance

& ), which represents the TOA reflectance pixels would exhibit if each pixel were
surrounded by pixels of identical reflectance. The calculatién of for a single pixel

is summarized in Eq2.1),

” ” ” :)
=) 5 , where
" e " | "e z0°YO'& ,where (2.1)
" e " " and ) &)—7.
In Eq.(2.2),” is the atmospheric intrinsic reflectance due to Rayleigh and aerosol scattering

at the TOA level” is the surface reflectance of the target pikel, is the PSFwveighted
average surface reflectance arotimel targepixel, “Yis the spherical albedo of the atmosphere,
0 "Y1®the atmospheric poisipread functior’ is the measured a&ensoreflectanceat the
TOA level, & epresents the fraction of-s¢nsor diffuse radiaticimat comes from the central
cell of the PSF where the target pixel is locateds the diffuse upward transmittandes the
combined atmospheric aerosol and molecular optical thickness, anthe cosine of the view
zenith angle. Detailed derivation of €g.1) is presented in Sectidh2.1.2

2.2 .Oer2i vati on

When the surface is uniform and Lambertilie measured -@ensor spectraeflectanceat the
TOA level (upwelling radiance multiplied Byand divided by downwelling irradiance,

dimensionless), , can be expressed @&rmote et al., 1997a)
” O’Y ‘ D’Y ‘
” ” - - (2.2)
p Y
where” is the atmospheric intrinsic reflectance due to Rayleigh and aerosol scattering at the

TOA level, ” s the reflectance of an infinite uniform Lambertian targét,* and’Y

are the total downward and upward atmospheric transmittances vétid® being the cosine

of the solar zenith angle and view zenith angle, respectivelyYanthe spherical albedo of the
atmosphere. All these variables except the zenith angles have a wavelength dependence, which is
omitted here and after for brevityyi®bols and acronymere summarized imable2.1.
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When considering surface heterogené€ity, can be rewritten by decoupling the signals
coming directly from the target from those coming from adjacent areas and scattered into the
targetsensor patiiVermote et al., 1997a)

" JY * RAgbir oy ¢+ D
” ” ~ - (2.3)
P JY
where” is the surface reflectance of the target pixes$, the combined atmospheric aerosol and
molecular optical thickness, ‘ is the diffuse upward transmittance which is a function of
and” is the PSFweightedaverage surface reflectance arotimel targepixel. The size of the

target pixel is assumed to be infinitesimally small in @) becausé does not contribute to
diffuse radiation at the TOA level in the equation and is calculated for a continuous surface,
as shown in Eqg2.4) and(2.5). This assumption is removed starting in E416). For a
continuous surfacd, at @ho can be expressed as,

~

" w ho "o D Y@ hon Qo (2.4)

where” afuio td is the surface reflectance located at coordinatis in reference to the

target at @ o , andd "Y' @it o N is the weight of the atmospheric PSF &t

towards the target ato o , i.e., the percent contribution to the diffuse transmission per unit
area of an isotropic source placed@atfto . The PSF can be expressed as a double integral over
the wandwdirections, with the weights summed to 1:

0 Y@ hon Qo p. (2.5)

Since” describes photons that never reach the surface, it is independent of the adjacency
problem and thus can be temporarily removed from the TOA reflectance (B.8dn the AE
correction,

) ) ) " Jy + Agpir " JY D
® 5 " oY (2.6)

where” & is thesurfacereflectance propagated to th©A level. For brevity, we separate the
direct and diffuse components’ade  in Eq.(2.6),

" " " " " ,where
" " 2 2 T
35 , and (27)
" " o) 2
2

As an essential step of the AE correctidee is convolved with the PSF as the kernel. The
convolved form & 2z 0 "Y,@an be expressed as,
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"ee z0YOo" " z{°Yo " ("0 (2.8)

Thespatial dependence 6& ,” ,and”  duringtheconvolution process is omittéa Eq.
(2.8) for brevity; unless specified otherwidegnceforth all reflectance termefer exclusively to
the target pixelvhen a convolution is involved’he convolution process assunmesizontal
homogeneity of aerosols in the scene, an assumption commonly made in AC pr@éeants

et al., 2010; Vidot and Santer, 2005; Sterckx et al., 2Qh&)need for such an assumption is
discussed in Sectidh4.5 Substituting Eq(2.4) into Eq.(2.8), we get an updated version of Eq.
(2.8),

@& 20 Y0 ” ” " 2 0 "Y,®here
" ” o) o) T (2.9

o)

In practice, pixels have a naregligible size and there is a finite number of pixels. The
corresponding PSF is then a matrix with the weights still summed to 1:

0 "Y'@hd o fo N P (2.10)

where® and®are the extents of the imagedrandwdirections, respectively. Detailed

computation of PSFs is presented in Sec®@2 For each target pixel, the convolution process

mul tiplies each pixel value within the PSFO0s
all these products over batbandwdirections. For examplé, ” z ) "YI®Egs.(2.8) and

(2.9) for the target pixel located afo ity can be expressed as,

n n (b F{b 7 l":") “Y“O

” ” m FI)'_) :fj :\Y.‘m Fd) r] (211)

where” " o o s the value of § located at coordinatesdto in
reference to the target pixel ab hw .

The core of the described AE correction is to’'lse in Eq.(2.7) and its convolved form,
" 20 "YI®EQ.(2.9), to derive the adjacenaffectfree surface reflectance propagated to

the TOA level,” & , Which is defined as:
e 2 OO ” ” ” " ,where
) ) 3 3 (2.12
5
In Eq.(2.12),” instead of’ is in the denominator of both direct and diffuse components of
" e , meaning that the change in surface irradiance due to spherical albedo and surface

heterogeneity is not yet corrected for; this is addressed later (8.E0). When the surface is
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homogeneous, i.e., the surrounding environment has the same spectral properties as the target,

" ,"e z0Y'and' e are all equal. When the surface is heterogendbeis
values can be different, and we denote the rattbeflifference betweéree and
" e (6 in Fig. 2.1) to the difference betweeree z 0 "Y#d” e (8 in Fig. 2.1) as
| :
6 ” & ” %
— — 213
| 0 " Zuv'YO'e 213

i — -

< —— Qbserved
8 - == Convolved
"Q IA —— Adjacency-effect-free

Fig. 2.1. lllustration of the removal of the adjacency effect from TOA reflectdree. denotesurface
reflectance propagated to th®A level. Variablesd andé represent the numerator and denominator of Eq.
(2.13), respectively. The ratio @ to 6, or| in Eq.(2.13), determines the magnitude of adjacesffgct
correction to be made.

Onceg and the PSF are obtainéae canbecalculatedor each pixel by rearranging
Eqg.(2.13),

" @ e | " z0YO o . (2.14)

Here we first attempt to solve forwhile preserving the assumptioniofinitesimally small
pixel size Substituting Eq(2.7), (2.9), and(2.12) into Eq.(2.13), we get Eq(2.15) which solves
for| ,

Z . (2.15)

Removing the assumption iffinitesimally smallpixel size,we now denote the weight of the
central cell in the convolution kernel astd/ariable® ®haracterizes the amount ofsansor
diffuse radiatiorthat comes from the target pix&l,. This amount is usually smdilut can be
nonnegligiblefor largepixel sizes, rangingrom 0.003 to 0.006 for Xfh resolution sensors,
0.01 to 0.@ for 30-m resolution sensors, and 0.1 to 0.3 for 2o@€esolution sensoifsom
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visible to NIR wavelengthsundercommon coastadatelliteobservation conditionaith
maritimeor continental aerossndan AOTsso between 0.05 and Q.8ccording to IMart
simulations (Sectio.2.2). With a nonnegligiblew pwe add the diffuse radiation from to

” ” and remove the corresponding contribution ffom ,
"0 p haO " G o8 (2.16)

With the change in Eq2.16) and following Eq(2.4), "e inEq.(2.7)and”e 20 "YI®Eq.
(2.9) now become,

& ” "n p ('B &D’ ” (:)
" YO” P’é O p Ol K Y Ou

e

o nAA o (2'17)
& ATO

Substituting Eq(2.12) and(2.17) into Eq.(2.13), we then get an updated version of E&jl5)
that considers the contribution of diffuse radiation from the target pixel,

| PO® with
p GOAY, oy
’-‘an ” z 6 'Y On P ” ) (2'18)

’-‘Y =" ” ” ”

Eq.(2.18) is a closedform expressiorof| ; however,in practice, p @ ¢3JY and® JY are
difficult to solve as they require characterization of surface reflectane@ areaqualto or
larger than the PSF rangeExcludingthe two terms leato a biasapproximatelyan order of
magnitudesmallerthanthe noise leved of OLI and MSiin the visibleto-SWIR rangebecause
the termsarenegligiblecompared td ” ” " (Supplementary materid). After
removing p @ GJY andow &Y, Eq.(2.18) can be simplified to,

I O ‘
R U (219)

Eq.(2.19) shows that the magnitude of the AE correction depends on the ratio of diffuse
transmittance to direct transmittance. It is also reduced fiys diffuse radiation from the target
itself does not need to be corrected for.
The trree parameters neededcalculate in Eq.(2.19) are® ¢d , andt (as* comes from the
image metadata). All the three parameters are calculated through radiative transfer modeling in
T-Mart (Wu et al., 2023yvith the following input:

9 Susmensor geometry: from i mage metadat a,

9 Sensor resolution and band spectral respon

9 At mospheric information: ozone and wate
retrieveGVAQ oMt Rifiled2e or ol o  iIGd alb ad a tModetl i n
Assimil ati onhddtfe dNehSA2t@DRBEE@ogy Processi
(OBPG,, 28128)
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1T Aerosol information: Amr@ittreomngx @VAd@mdto

automatically retrieved and used to |

dma
MERRAZrosol( Gl @atbhasetModel i ng and &Arsesi mi |l ati o

near

l' i nearly mixing continentnalSugprmpd emeerittairnge nmea
mi xed aeros®meotahl| owahm®irt iao nAefrroosno Il aonpdt itcoa I
at 550 s i(sACal so retrieved from the same

Aerosolcomposition AOTsse, and ozone and water vapor concentrations are linearly
interpolated in time, and are usecctimputethe optical properties of the atmosphfneeach
band using 6&roughthe Py6SPython interfacéWilson, 2013)

While calculating the three AE correction parametefb|art also calculate’s , which is

used for calculatingee in Eq.(2.6), as well as th®SFneeded focalculaing” s 2z 0 "Y,O

By default, 100,000 photons are launched in each-bpadific simulation in IMart for these
calculations. This setup has been validated againslisheeteordinatesolverin libRadtran

(Emde et al., 2016emonstrating a maximum difference of 0.6 % in extreme optical settings
(Wu et al., 2023)

After calculating in Eq.(2.19), " e in Eq.(2.14) can be calculated. We then add
” back to the equation and correct for the change in grtaved irradiance due to surface
heterogeneity,

" Jy * JY
p " JY

, » E »JY

p 7 JY

(2.20)

where” is the adjacencgffectfree TOA reflectance, which is the output of the
algorithm and conforms to the surfdeemogeneity assumption. In H@.20), the calculation of
p " JOYFp 7 QJYforall pixels across a scene is done by computing a spawfic
lookup table for each band.scenewide p ”  JY is calculated with the firststimate
sceneaverage surface reflectanemployed a8 ,and p 7 JY is calculated fof at O,
0.25, 0.5, 0.75, and 1 for interpolation. The valuepof *  JYX¥ p " OV is then linearly

interpolated by employing the 2D array—efo— as” . Lastly, the irradiance correction

is completed in an elementise multiplication of the two arrayse and
p " OYFTp " DJYV.

In the image being processéd, is replaced by for each water pixel as the final
step of the correction. Identification of water pixels follows ACOL(Manhellemont, 2023)

with the following criteria: 1) <0.3inallbands, 2) at1600 nm < 0.0215, and'3)

in the cirrus band at 1373 nm < 0.005, if available. By default, land pixels remain unchanged
throughout the correction to facilitate the existing calibration of processors that extract
information from land pixels, such as the dark spectrum fitting tqalernin ACOLITE that
sometimes retrieves AOT from shadowed piX®glanhellemont and Ruddick, 2018)he option

of AE correction for all pi xel s, including bo
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2.2Ca&l cul ation of t-dpraadadospheriaonpoint

The RTM solver in TMart is used to calculate theavelengthdependenatmospheric PSHor

one band or wavelength at a time, a PSF is determined atsiogpheric optical properties and
theobservation geometgs inputs Ancillary ozone and water vapor concentrations, as well as

aerosol loading and compositiare first used to construct the optical properties of the
atmospheré¢Section2.2.1.9. Userdefined gas and aerosol settings are also supported. These

optical properties are calculattdor each band, given the sensorod
using6S via the Py6S Python interfa@#ilson, 2013)

The PSF in TMart (Wu et al., 2023js a square matrix of numerical values centered on the

target pixel. The sum of the values in a PSF is normalized to 1, with the central cell, where the
target pixel is located, usually having the largest weight. The calculation of the PSF employs a
backwad Monte Carlo radiative transfer solver. For each band, photons are launched from the
sensor towards the target, following the se@sweiewing direction. Each photon carries an initial
weight of 1 upon entering the atmosphere, with the weight decresssihg photon travels

through the atmosphere due to absorption. Photons that reach the surface after at least one
scattering event in the atmosphere are tallied. A grid centered on the target pixel is generated,
with photons binned in the grid accordimgtheir coordinates relative to the tar@eq. (2.10)).

I n each cell, the sum of the pab&sluoimtsed®SHF emai ni
matrix. An example PSF at 400 nm is providedrig. 2.2; PSFs at longer wavelengths are

typically more pointed due to the stronger forward scattering of aerosols at longer wavelengths.

a
100
=== == (as absorption
75 = = = Mie scattering
Rayleigh scattering

£
=
8 50
=
<

25

0 1x10°  2x10° 3x10° 4x107°
Coefficient (m™") |
0.001 0.01 0.1
Weight

Fig. 2.2. Example atmospheric optical properties and atmospheric-pmiaad function (PSF) at 400 na)
Scattering and absorption coefficients as a function of altitudé\ lrmalized PSF with a width and height
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of 36 km, where the weights of all cells sum to 1. The resolution of the PSF is reduced here to illustrate its
matrix structure; actual pr oc e s-titudegsunumeratnosphere, s ens or
maritime aerosol composition, A@b= 0.1, solar zenith angle = 45°, view zenith angle = 170°, and relative

azimuth angle = 45°.

By default, the PSF id@ed ina36x36k m mat ri x with the sensor o6s
this can be modified by the user. TheX386 km range was chosen to balance performance and
computational cost. Tanré et €1987)demonstrated that approximately 50 % of environmental
radiance comes from the adjacent area within a 1 km radius of the target, with the rate of
increase dropping as the radius extends, covering over 80 % and 90 % of environmental radiance
within a 10 kmradius of the target at 450 nm and 850 nm, respectively, under various

atmospheric conditions. The-sg¢nsor diffuse radiance from outside the kernel (approximately

0.1-5 % of the total asensor diffuse radiance from shortwave infrared (SWIR) to vistduhel$)

is included by assuming it follows the same spatial pattern and magnitude asehsaatdiffuse
radiance within the kerneT.o ensure AE correction is applied across the entire image, pixel

values outside the scene were assumed to be homogeneously equal to theesegebse

when convolving e near the edges. THRESFspans 1201 x 1201 pixels for the 30 m Landsat

8 OLI bands and 3601 x 3601 pixels for the 10 m SerBrdEl bands, each covering a

window slightly larger than 36 x 36 km. This ensures that the PSF dimensions are odd numbers.
For bands with different spat resolutions, such as the 20 m and 60 m MSI bands, the PSF sizes
are adjusted accordingly to maintain the 36 x 36 km coverage.

2. 2Va3l i dati on

2.2 .13n 1sisteut dat a

Validation of the AEcorrection tool was conducted by deriving wdesaving reflectance’( )
using three statef-the-art AC processors, with and without AE correction, and comparing the
results to globally distributeith situremote sensing reflectanc¥ () measurements from the
GLORIA datasef{Lehmann et al., 2023Yhe two radiometric quantities, and’Y , are defined
and related as

"« FO * OV (2.21)

whered andO are the wateleaving radiance and dowmelling irradiance right above the
water surface, respectivellylobley, 2022)

Google Earth EngingGorelick et al., 201 Ayvas first used to identify matchups betwaesitu
measurements from GLORIA, excluding the spect
Sentinel2 and Landsat 8 satellite overpasses. The criteria used to identify matchups were: 1)

only in situmeasurements within 200 m of shores, where the AE is most prominent, were

included to investigate the performance of AE correction; 2) theibulbud masks of the

level1l MSI and OLI products were used to remove cloaderedn situmeasurements; and 3)

the maximum allowed time difference betweenrasitu measurement and a satellite overpass

was six hoursThe number of matchups decreases with distancedhamre (Fig. S5.1); analysis

47



Chapter 2: Adjacency effect correction

of samples collected beyond 200from shore up to 5km, is includedn Supplementary

material 5and summarized in Secti@¥.3 Although some studies have recommended three
hour time windows for matchugBailey and Werdell, 2006; Miller et al., 201H)ere were
approximately twice as many matchups in the ttioesix-hour range as there were within the
zeroto-threehour range. Some studies suggested time windows as long d8V24rbn et al.,
2019)and 30 HPahlevan et al., 202tpuld work for nearshore waters under stable hydrologic
and atmospheric conditionBo balance sample size and temporal proximity, deixr time
window was used for the evaluation of the tool for both sensors.

A total of 212in situmeasurements concurrent with 40 Sentthahd 30 Landsat 8 overpasses
were identified from across the globigd. 2.3). Not all of them resulted in valid matchups
because AC processors mask out pixels with processing errors in the output, sometimes
differently across bands, leading to <212 valid matchups forgackessorT{able2.2). Detailed
information on the sample size by band is included in Tables S3.1 and S3.2.

6o

(o]
Q
o ®

0% ®

Fig. 2.3. Geographical distribution of 212 matchudpsm the GLORIA datasetithin 200 m of shorelines and
with Sentinel2 or Landsat 8 overpasses

Table 2.2. Sample sizef matchups with and without adjacereffect correctiorby atmospheric correction
processor. Visible refers to bands centered between 443 and 664 ninfraeed (NIR) refers to bands
centered between 705 and 865 miyphen denotes value ranges.

ACOLITE POLYMER I2gen

Visible, without 122 177 88-94
Visible, with 125 177 84-87
NIR, without 78110 120157 27-44
NIR, with 81-113 120157 27-44

All the 212 hyperspectrah situY measurements cover the 4800 nm range, with 147

covering the 40®00 nm rangels5 of the 212 measurements were coincident with both OLI and
MSI measurement3.hese data were convolved to match the multispectral bands of the three
sensors (S2A MSI, S2B MSI, and Landsat 8 OLI) using the spectral response functions provided
by their respective space agendieSA, 2023; Barsi et al., 2014)he distribution of distances

from matchups to shore is presenteétig. 2.4. On average, the Sentir2lmatchups were closer

to shore than the Landsat 8 matchups.
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Sensor Sentinel-2 MS| \ \ Landsat 8 OLI

201

151

Count
>

| oo el

0 50 100 150 200

Distance to shore (m)
Fig. 2.4. Number ofin situmeasurements coinciding with Senti2ehnd Landsat 8 overpasses as a function of
distanceo shore.

2.2 .8Bt.Rospheric correction

Three statef-the-art AC processors, ACOLITE, POLYMER, and I12gen, were selected to
explore the impact of AE correction on derived

ACOLITE is a generic processor developed at the Royal Belgian Institute of Natural Sciences
(Vanhellemont and Ruddick, 2018; Vanhellemont, 201&8ajl it has shown good performance
for coastal and inland water applicatig@ahlevan et al., 20218y default, ACOLITE performs
the AC using the dark spectrum fitting technique, which automatically selects the band with
lowest Rayleigkcorrected reflectance values to estimate AOT. Lopkables were constructed
using 6Vermote et al., 200Gpr various observation geometry and atmospheric conditions,
and atmospheric contribution interpolated from the fopkables is removed from the TOA
reflectance to derive surfaceflectance values.

POLYMER was developed at HYGEOS, France. It fits a secoddr polynomial function to
Rayleighcorrected reflectance to correct for aerosol and sunglint signals simultaneously
(Steinmetz et al., 2011POLYMER first removes Rayleigh contribution from the TOA

reflectance; then it combines a water reflectance model and an atmospheric reflectance model to
fit the Rayleighcorrected reflectance. The water reflectance model has two parameteas, Chl

and paticle backscattering coefficient, and the atmospheric reflectance model includes aerosol
and glint contributions. POLYMER optimizes five spectptimization parameters to best fit
Rayleighcorrected reflectance with modeled values. The finals derived by subtracting the

fitted atmospheric model from the input spectrum, making the detivetbt limited to the

modeled water parameters. POLYMER has demonstrated successful retrieval of ocean color
information from MERIS data in the presence of intense sun@ieinmetz and Ramon, 2018)

The relatively smooth spectral shapes of aerosol and glint confer an advantage when correcting
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for both simultaneously, as this approach proves effective in minimizing errors that may arise
from addressing each component individually.

I2gen, developed and maintained by NAS®cean Biology Processing Grougpthe Ltto-L2
processing module in SeaDAGordon and Wang, 1994l is capable of performing AC and
retrieving ocean color products for multiple sens@gehuses a NIR and a SWiBandfor
aerosol estimation by assuminggligible wateileaving radiancén the two bands, attributing
TOA reflectance to aerosols only to characterize thathextrapolate aerosol information to
other wavelengthgnitially designed for opefocean applications, 12gen has undergone
significantimprovementdo characterizeerosa in various atmospheric and wajg@operty
conditions(Ahmad et al., 2010; Bailey et al., 2010; Lavender et al., 20b&Ese improvements
enablel |2gen to derive reflectanad moderately turbid coastal watddamet et al., 2011)

All MSI and OLI imagery was processed’to with the default setting in each procestor
ensure the analysis stays accessible and relevant to the broader user community while avoding
theneed to test multiple configurations, wttre following modifications:

9 ACOLI(TvEer si on: : 2@Rke3mdvda8l. e habl ed’, ft heenewati
di sabl ed to capture | gawnNAETAlt enots garimeda | wiatrhy s
data wag$ OBR&h] @60 23)

9 POLYMERer si oo CMIWEHBAnL)eati mos pmei i ¢ (aDee datt a
al .,wadfllyred, because only a test version
recent wupdate odn NiAdSdXa@BtPnto, sapPhOeRrBipc t i me of w

1 12gdwer si on: NASRA NS .pdn.eli)l & (@@BPG, wag23)
used.

The three algorithms work with sunglint in different ways. The polynomial fitting technique in
POLYMER deals with glint internally; 12gen has a glottrrection method based on saaface
waveslope statistics as a function of wind sp@athng and Bailey, 2001and ACOLITE
extrapolates estimated glint reflectance from3WeIR range to NIR and visible wavelengths
(Harmel et al., 2018)

ACOLITE and POLYMER use tiled processing: images are divided into tiles before performing
AC in order to account for the spatial variation of aerosol properties, observation geometry, and
other environmental factori2gen follows a pixebased processing approach where each pixel is
treated independently from neighboring pixels.

To compare with then situmeasurements, was extracted from within 90 m x 90 m or 100 m
x 100 m boxes surrounding the matchup location, depending on the resolution of the raw
imagery and the Agrocessor output. The median value of water pixels in the selected box for
each band was used in thergmarison within situvalues to remove outlie(®iller et al., 2015)
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2.2 .PBer3df ormance metrics

We evaluated processor performance following Pahlevan @0&1) Two metrics were used to
investigate the overall error and bias in satetliéeived wateteaving reflectance, , by
comparing it with fieldmeasured . The symmetric signed percentage biasi¢ calculated as

I OE®IOpm p Ppmmb (2.22)
where®is the median of T C' 7 ; and the median symmetric accuracyi§ calculated as
- pmt p Pprimthb (2.23)

where®is the medianoff | C' 7' s The twometricsconvert all paired ratios into
logarithmicspacebeforetransforning them back to linear spacand theyutilize median values
andpenalizeerrorsin logarithmicspace; they are shown to be robust to outliers and easily
interpretable as percentagddorley et al., 2018)In addition, we calculated root mean sqdare
error (RMSE), which is a more conventional performance metric,

2-3% ” S (V2 (2.24)

When calculatiny and-, negative reflectance values cannot bettagsformed and are

therefore discarded in the original calculations. This becomes problematic for evaluating

retrieved values that are extremely low, such as the NIR reflectance of water. For example, when
" is ~0 and a processor successfully retrievesentered around 0, with slight sensor and
atmospheric noise, the results are biased towards overestimation if negative values are excluded.
Negative retrievals were common for all three AC processors in this study (Supplementary
material 4). To mitigate th, for each band with and without AE correction, the absolute value of
the lowest reflectance at this wavelength, either sateléiteved orin situ, was added to all
satellitederived andn situvalues Fig. 2.5). Another 0.001 was then added to the values to force
them to be positive. For each band processed by each AC processorywthlaesl without AE
correction were incremented by the same number to ensure an unbiased comparison. If all values
were positive for a band, no change was made.
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Fig. 2.5. Example of shifting values to include negative values in the calculatiomod- . When at least one
negative value is preseiat] values on both axes are shifted by adding the absolute value of the lowest value
plus 0.001Most of the original points in this example have negative values in at least one axis and, without
such shifting, would therefore have to be removed prior to the log transformation when calcuéathg

The amount of improvement on all three performance metrics from AE correction was quantified
as percentage change after correction, calculated as

W $ W 8
; mmb (2.25
Y S P
wherew andw are the values of the performance metrics with and without AE

correction, respectively. Following Pahlevan e{(2021) the five wavelengths shared by
Sentinel2 MSI and Landsat OLI were combined in the analysentoance the statistical
significance Note that the three performance metrics quantify error, and a reduction in their
value indicates an improvement in AC performance.
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2 RBesul t s

2. 3Pelr f or mance overview

Satellitederived wateteaving reflectance, derived with and without AE correction, was
compared withn situ measurements. Following AE correction, the 78 values of performance
metrics, for three AC processors and nine bands, weira@ibved exceptor three values for
POLYMER (Fig. 2.6 andTable2.3). On average, there was a 166/reduction in RMSE,

32.4% reduction in , and 36.8% reduction in- across the three AC processors.

The change in performance varies across the processors:

1 For ACOLITE, ®%wheeduwason PBOall three metr
nm;on average had a 64.1 % reduction acros:¢
0. for the 705 nmnbame; rERMEEnNamgdg bands, ce

and 705 nmmienopger impFo&tamdEa b2S)e .(

9 For POLYMER, there %wvasdurt aavdaetr agped4d am,4 17 &5 r
780 nm, and 865 nm. Tlhat pé483oamdncé¢0Owam @D
865 nm, %4 Q%5 3almBélo L AcReases, respectively;
tha®m hiGppened Wwheleeshwet wobot B .%otwg chang
17%3for the 443%nt20.% afnodr atnhde 177490 nm band fc
correction. There were minoranidmpwddv@®dmen t(s
a nTda b2l3)e .

9 For 1 2gen, the bands centered bé&iween 443
reductapnd improvement in RMSE wa% tmPd2ed at e
in the five bands from 443 and 705 nm; AE |
nm b@E&n#fbaniab2dleThe 865 nm band was missing f
assumes al |l refl ectance at thimsi wavredemgt d
esti mate AOTs.

Details about changes in the three metrics, reported by sensor and band, are included in
Supplementary material 3.
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Adjacency-effect correction . Without . With

ACOLITE

POLYMER

12gen

-

443 490 560 664 705 740 783 835 865

443 490 560 664 705 740 783 835 865

443 490 560 664 705 740 783 835

ACOLITE POLYMER 12gen
200
1004
) L
- | '-—--rr“ EF Frrrree=n
-100 4
443 490 560 664 705 740 783 835 865 443 490 560 664 705 740 783 835 865 443 490 560 664 705 740 783 835
ACOLITE POLYMER 12gen
200 1
150 A
w 1004
50 4

il

443 490 560 664 705 740 783 835 865

443 490 560 664 705 740 783 835 865
Band Wavelength (nm)

Fig. 2.6. Performance metrics with and without adjaceaffgct correction, grouped by atmospheric
correction processor and band wavelenBdnds at 705, 740, 783, and 835 nm are exclusive to Seatinel
MSI matchups, and the other bands are shared by Landsat 8 OLI and Sxhtiiel
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Table 2.3. Percentageeductionof performance metricsith theimplementation of adjacenaffect

correction grouped by atmospheric correction procesRositive and negativwealuesindicateimproved and
reduced performance, respectivéig. (2.25)). All values arén units of % change; values greater than%0

are in bold.
ACOLITE POLYMER 12gen

RMSE b U RMSE b U RMSE b U
443 nm 7.0 781 143 19.5 -318.0 20.9 29.0 723 67.7
490 nm 86 70.2 26.4 193 9.2 223 28.9 73.2 68.6
560 nm 7.1 399 21.0 10.7 237 26.7 16.7 62.7 56.5
664 nm 6.5 359 17.9 10.7 53.3 50.2 19.4 62.6 52.3
705 nm 49 03 82 14.0 423 422 245 56.8 56.8
740 nm 38.8 99.1 68.7 11.7 -405 116 59 383 383
780 nm 49.3 75.6 68.6 84 350 248 26 223 223
833 nm 67.9 92.0 65.0 26 216 216 05 00 00
865 nm 329 872 484  -142 494 358
2. 3Scatterplot comparison and addi

Most bands from all three AC processors experienced minor to major improvements following
AE correction, with points located closer to the 1:1 line when AE correction was implemented

t

ona

(Fig. 2.7). Certain bands experienced visually significant improvements, such as the four bands
centered between 740 and 865 nm for ACOLITE, bands at 490, 664, 705, 740, and 865 nm for

POLYMER, and the six bands centered between 443 and 740 nm for igehq). Changes in

the remaining bands are less visually discernible. The retrieved MERRAZNOTmMost of
the images was under 0.2, with a similar distribution for MSI and OLI matcRigp<(8).
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Satellite-derived water-leaving reflectance

In situ water-leaving reflectance
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Fig. 2.7. Satellitederived wateteaving reflectangewith and without adjacenegffect correctioncompared

with in situ values Plots are groupebly atmosphericorrection process@nd band wavelengtRoints are
colored by satellite sens@lue dashed lines represent lesgtiares linear regression. Red crosses are located
at (0,0) for visual reference. The 865 nm band is missing for I2gen as the processor assuresvingter
reflectance at 865 nm is zero to estimate aerosol optical #sskit The AE correction results in a reduction

of 30% or more for at least one performance metric; **: The AE correction results incioadof 30% or

more for all three performance metrics.

Sensor | | sentinel2msi | | Landsats oL

101 pom

Count

’ 1- “
DTO 012 OI.4 O.IG

AOT at 550 nm
Fig. 2.8. Distribution ofretrievedaerosol optical thickness at 550 Mdme value was retrieved for each image.

In some cases, changes in TOA reflectance can lead to changes in the number of negative
retrievals by AC processors. For ACOLITE, around®d 0f reflectance values at NIR
wavelengths changed from positive to negative with AE correction, with slightly decreased
number of negative retrievals in the visible range; for I2gen, there was on avefagei8r
negativeretrievals across all bands and AC processors with AE correction; and for POLYMER,
the number of negative retrievals stayed roughly the same with and without AE corréicion (
2.7 and Supplementary material 4).

2. 3Ex3ampl e matchups

Examples of thémpact of AE correctionon TOA reflectance anderivedwaterleaving
reflectanceat various distances from shore are showRign2.9. Maps of TOA reflectance at
865 nm were included in Fig. 9 to illustrate the spatial variation of AE correction as the NIR
band is often most affected by the fA&erckx et al., 2011}his is supported by correction at
this wavelength being the largest in small wadeliesnear vegetationHg. 2.9a, b, and e). From
observing the changes in spectra following AE correction, AE correction of the TOA reflectance
tends to 1) increase underestimated I2derived” in the visible rangeHig. 2.9c, d, and e),
with shorter wavelengths experiencing a greater increase; 2) reduce ACO&tivEd” in the
NIR range, with a small increase in the visible rarkig.@.9a, b, and e); and 3) for POLYMER,
the changes seem to occur throughout the vidltierange, with visible wavelengths
experiencing somewhat greater chandgeg. .9a, b, and d).

57



Distance to shore (m)

135

147

172

Chapter 2: Adjacency effect correction
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Fig. 2.9. Examples of the impact of adjacereffect correction on TOA reflectance and wdeaving

reflectance derived by three atmospheric correction processors.left to right: RGB view of the image,

TOA reflectance at 865 nm with and without adjaceeffgct correction, and TOAn situ, and derived water

leaving reflectance grouped by processor without and with correction. Stars on the maps represent the
locations of the matchup spectra displayed on the right. Distance to shore is indicated on the left of the images.
Scene IDs and aemlsoptical thickness are listed Trable2.4.

Distance to shore and AOT are two important factors in AE corre@fiemmote et al., 1997a)
In general, water pixels far from land experienced less corre@ign2(9c and e)Fig. 2.9d
shows an example of increased AE correction, at a similar distance to skaye?s8c and e,
due to a relatively large AQdo of 0.266 Table2.4). Water pixels can be masked in the AE
correction due to high aerosol loadirkig. 2.9d).
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Table 2.4. Scene IDs and AGsko used in adjacenegffect correction for the examples showrFig. 2.9.

Scene ID AOTss0
S2A MSIL1C 20170830T093031_N0205 R136_T35VMD_20170830T093 0.097
LC08 L1TP 186019 20150612 20200909 02 T1 0.068

S2A_MSIL1C_20190613T101031_N0207_R022_T32TQN_20190613T121 0.071
S2A_MSIL1C_20210707T155911 NO0301_R097_T17SNV_20210707T200 0.266
LCO8_L1TP_224077_20160405_20200907_02_T1 0.124

D O O T 9

2.0 scussi on

2. 4.Mprovement across AC processors

Improvements in derivetl varied across AC processorsflecting their distinct algorithms and
sensitivities to théE. Here, we interpret the improvements for each AC processor individually,
without attempting to compare results across processors, as each was developed for distinct
applicationsFor ACOLITE, there was a notable improvemienthe rededge and NIR
wavelengthsTable2.3). ACOLITE does not assume a specific spectral shape for water; instead,

it simply subtracts atmospheric contributions from TOA reflectdeahellemont and Ruddick,

2018) Consequently, a lowered NIR TOA reflectance frAaEcorrection leads to a reducéd

in the NIRbands Fig. 2.9). Less improvement was seen in the visible bands, which were already
relativelywellr et ri eved; this was | i kely because ACOL
tends to select visible bands, where the AE is less significant, for AOT estimation.

In contrast, POLYMER showed improvement across the entire spedtign2.6 andFig. 2.9),

likely due to its polynomial fitting approach. POLYMER was designed for coastal and open
ocean environments where the AE is less signifi(atginmetz et al., 20110Ithough

POLYMER does notestrain the water reflectance in its output spectra, the NIR contribution
from the AE is likely erroneously attributed to either the aeraadiglint model or particle
backscattering in the water reflectance model during the spectral optimization pidgess
misattribution could lead to errors that propagate to other wavelengths through the polynomial
fitting process; reducing the AE and such misattribution could therefore enhance the
optimization process in POLYMER and improve its performance.

For I12gen, a pronounced improvement was observed in the visible range. While the AE
correction generally led to greater changes in the NIR range for TOA reflectance, the retrieved
" with AE correction was more notably improved in the visible rafig 2.9), likely from
enhanced characterization of aerosols from NIR bands and subsequent extrapolation towards
visible wavelengthgéBulgarelli et al., 2017)This improvement was also reflected by the average
18 % less negative retrievals across all badg. .7). This finding is similar to those of Wang
and Jiang (2018), who addressed absorbing aerosols by mitigating the negative reflectances
retrieved by I2gen. Bspite their different mechanispimththe AE and absorbing aerosalan

lead to negativé retrieved by I12gen, suggesting potential benéfim investigating and
integratingtheir correction methods.
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The use of the turbid water correction option in 12¢&ailey et al., 2010)vas not enabled in

this exercise with matchups from diverse environments. This option, which estimates non
negligible’Y in NIR bands based on CGhlconcentration, is not activated by default and

requires extra settings that may not be familiar to general users. The turbid water correction can
potentially compensate for the AE in the NIR bands: overestimates of NIR nefleactan
compensate for the AE, when the two have similar values, balancing the retrieved values to the
correct levelBulgarelli et al., 2018)The combined use of such option and AE correction should
be investigated further.

2. 4dBe2nchmar k with anot her met hod

Comparing the described AE correction approach with others is challenging due to the lack of
opensource software that corrects for the AE at the TOA level, a step necessary for any
processing to be followed by AC processors. Alternatively, the Vermate(2097a)approach
corrects for the AE at the surface level following atmospheric correction. This approach is the
only publicly available AE correction method that the authors are aware of, otherkart, T

that can complement existing AC methods; it was thezaised for comparison.

The Vermote et al1997a)approach requires surface reflectance of both land and water pixels to
perform AE correction. Consequently, we applied this approach only to ACOLITE output
because the other two AC processors do not derive land surface reflectance. Detailed
methodology isncluded in Supplementary material 6. ThelZ2 matchups from ACOLITE

output without AE correction (Sectidh2.3.] were treated with this AE correction. The impact

of the Vermote et a[1997a)correction was significant in the red edge and NIR bands and
minimal in the visible range; on average, there was a%gdduction in RMSE, a 6%

reduction irf , and an 18.06 reduction in- (Supplementary material 6). In comparison, the T

Mart approach achieved greater improvement across all three metrics and all bands &xcept

865 nm. The greater improvement is likely due to more accurately characterized PSF and fewer
assumptions about surface reflectances. The code to perform AE correctamigiihe

Vermote et al(1997a)approach is also made publicly available, with details in Supplementary
material 6. It should be noted that since that approach does not require the characterization of the
PSF through Monte Carlo simulations, the code performs AE correction within sesmhd

could be considered a faster but less accurate alternativ®totTor applications that rely on

NIR bands.

2. 4Vak i ability of correction results wi
The improvements in RMSE at 200 m distat@shore intervals (i.e.,-200 m, 208400 m, etc.)

up to 5 km are shown iRig. 2.10, and those fdr and- are presented iSupplementary material
5 for brevity, as they share a similar trend.

60



Chapter 2: Adjacency effect correction

0.0154 387 371 403 219 150 135 87 79 52 30 36 26 21 25 45 60 42 19 45 33 24 12 22 19 24
. .
W 0.0101 * — :
E ] e L .
(14 2 . . . L
.E ' : . L] : .
‘2 0.0051 s . *
@ . s
IS H - . . o
g 2 ' . é . .
= B
S 0.000 @ . @ = % % % L= é % = %
£ . . H
— . . * o ° . .
. i . . L . . . ' . .
-0.005 A . > =
L]

0 1000 2000 3000 4000 5000
Distance from shorelines (m)

Fig. 2.10. Improvement irRMSE followingAE correction for matchups at 200 m distance intervals from
shore.The numbers at the top represent the combined sample size from three AC processor©tdrdrath

MSI products. Each box plot aggregates values for each band (n=26) from the three AC proceisguies!

by the number of matchupgositive and negative values indicate reduced and increased RMSE, respectively.

As expected, the most significant improvement in performance metrics was observed in the 0
200 m range where the AE is strongest; and the improvement decreases with distance, roughly
centering at zero at a distance of 3000 m from shoreliigs210 and Fig. S5.4)Each AC

processor experiences similar improvemeti®ss the bander matchups irthe 2001000 m

range ashosein the 6200 m range, althoughith alower magnitude The sample size decreases
with distance; intervals beyond the 1200 m range each has a sample size smaller than 100,
requiring cautious interpretation of the results.

The 3000 m estimate is shorter than the&iB@meter range where the AE can be detected by

ocean color sensors, modeled and reported by Bulgarelli and zZ{B6dd) Our finding is

limited by noise from small sample sizes and instrument inaccuracies. More field data collection,
supported by modeling, is likely needed to determine a more accurate distance to shore beyond
which AE correction is no longer beneficial.

2. 4. ™Mpl i cations

Accurate retrieval of watdeaving reflectance is fundamental in optical aquatic remote sensing
and is crucial for achieving high accuracy in derived products in freshwater and coastal
environmentgPahlevan et al., 2021In this context, algorithms that utilize redgeto-NIR

bands for estimating aquatic products, such as(BaBsubramanian et al., 2020; Nechad et al.,
2010)and Chia(Moses et al., 2012; Gilerson et al., 2010a; Gons, 2@@%)significantly

benefit from incorporating the described AE correction when used with ACOLITE, since
retrieval of” in these bands has shown substantial improvements mdtahup exercisd-(g.

2.6 andTable2.3).

Considering the complexities in measuringitureflectance in NIR band$roetsch et al.,
2017; Ruddick et al., 20199 ownstream products improved through AE correction in visible
wavelengths could also be crucial to operational monitoring. For instance, improvsahaed

61



Chapter 2: Adjacency effect correction

retrieval in Pléiades products has enhanced water turbidity madangellemont and Ruddick,

2018) better retrieval in the coastal blue and blue bands of Landsat 8 OLI products has increased
the accuracy of satellitgerived bathymetryilori and Knudby, 202Q)enhanced retrieval of

visible wavelengths, especially in the blue spectrum, has improved &id diffuse attenuation
coefficient at 490 nm in VIIRS producfg/ang and Jiang, 201,8nd accurate spectra of water
leaving reflectance are needed for retrieving seafloor reflectance and identifying habitat types
(Hedley et al., 2018; Knudby and Nordlund, 2011; Wilson et al., 2020)

At short distances from coastlines, bottsituand satellitederived reflectances may contain
contributions from the water bottom of shallow areas. In addition, satdirteed reflectance
may include suipixel contamination of newater objects. Depending on the processing setting
and noawatermaging criteria (Sectior2.2.1.3, the AE correction process could include
shallowwater and mixed pixels in the output, corrected for the AE assuming Lambertian
properties for all contributions (water column, water bottom, anewaier objects). ACOLITE
and POLYMER use tiled processinghich utilizes neighbouring pixels to estimate atmospheric
contributions, enabling them tetriewve the reflectance of these pixeBottom contribution

could lead to failure of bioptical algorithms designed for deep wat@ghardson et al., 2024)
however, shallowvater pixels, especially following AE correction, can be used as input for
satellitederived bathymetry, bottom habitat mapping, anddgtical algorithms tailored for
shallow waters, such as the Hyperspectral Optimization Processangpar mode(Lee et al.,
1998, 1999)

The T-Mart code as an AE correction tool offers several advantagasexisting toolsl) it
characterizes multiple scattering using full 3D Me@&lo simulations; 2) it is versatile, making

no assumptions about the spectral shape of the water, whether it is optically deep or shallow and
ranging from clear to moderately turbid; 3) ibgensource with a publicly shared methodology;

4) it was designed for the new generation of decannesaution sensors, including Sentizel

MSI and Landsat 8/9 OLtapable of monitoring small inland watedies where the AE is most
prominent; 5) as a physidmsed and sensgeneric tool, it does not require specific band
combinations; and 6) it takes into account sensor characteristics and observation environments,
performs AE correction at the TOA level, can be followed by any AC processor, and has been
validated againgh situdata collected from diverse environments.

2. 40wt | ook

The current code assumes flat and Lambertian-dantblvater surfaces and a vertically stratified

but horizontally homogeneous atmosphenese assumptions justify the use of a unifeYar

across a satellite scerigestingor removing such assumptioisschallenging calculating a PSF

for each pixel individually and performing spatially variant convolution across the scene is
currently computationallympractical with a personal computer. Additionally, the resolution of

the ancillary MERRAZ2 data, which is 0.5° latitude by 0.625° longitueigrictsthe potential to

studythe impact of the heterogeneity of atmosphgassesnd aerosolgzuture work could

consider topographic effects, the bidirectional reflectance distribution functions of land and

water, and the spatial heterogeneity of atmospheric molecules and aerosols within a scene, given
improved ancillaryandvalidation data sources and greatemputational power.
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The scale height for aerosol particles uMart is 2 km, following the 6S modé&/ermote et al.,
2006) while the code supports different vertical distributions of aerosols, such input data is rare
(WatsonParris et al., 2019)mproved characterization of aerosols from sgamee lidar

sensors and the two polarimeters on PAC&net et al., 2019as well asynchronougolarized
multispectraimeasurements<u et al., 2022)could therefore further improve the performance

of the AE correction tool.

The magnitude and extent of the AE heavily depend on AOT, which is derived from the
MERRAZ2 dataset in the provided tool. A sensitivity analysis was conducted to examine the
impact of varying AOT values from the MERRAZ2 dataset on the correction results
(Suplementary material 7). A range of AOT offset values within the RMSE of MERRA2
AOTss50(0.126) was used. The analysis included the ten scenes with the highest numbers of
matchups within 200 m, totaling 76 situ measurements. Results from the 1z@eno AOTsso

offsets were compared with those using the default MERRAZ2 values. The findings indicate that
POLYMER benefits from slight AOT overestimates in AE correction, while ACOLITE benefits
from a widerange of AOT overestimatg®tentiallyat thecost of deviating spectral shapes.
I2gen works best with default AOT values, although with occasional improvements from
overestimated AOT values. Overall, the use of ancillary AOT values does not appear to be a
significant concern for the dataset usethis study.

The described algorithm is physibasedandit inherently considers the spectral difference
between the target and scattering soyrceseverjmprovement from AE correctiois likely to
vary across differertargetandscatteringsource combinations for each AC procesEBor.
example POLYMER demonstrateresistance tthe AE from snow and ice, as the spectrally
smooth impact of AE can be mitigated during the polynomial fitting prd&eg;metz and
Ramon, 2018)The performance of AE correction for various lanmer, watertype and AG
processocombinations can be further assessed following approaches in Konig2éxsl) Pan
et al.(2022) and Bulgarelli and Zibordr018)

Future workshould addresthe AE originating frontlouds especially considering the

challenges irestimatingtheir altitude. The interaction between the relative altitude of clouds and
aerosols in the atmospheric column makes this a fundamethitagdimensionaproblem.

While T-Mart supports modeling surfaces with ritet topography, it assumes parallel
atmospheric layers. The 3D version of the MYSTIC solver in litRagMayer, 2009) which

allows for 3D optical properties of clouds, may provide the necessary capabilities for simulating
such interactions.

Although a sample size of 212 has provided encouraging evidence of tseperdbrmance,
expanding theize of nearshomnatchupdatasetsvith initiatives like theRemote sensing
Adjacency Correctioproject(RAdCor, 2024 )will enhance the assessment of tool performance.
It is also essential to evaluate how these advancements affect downstream jpsadbas
satellitederived concentrations of Ghland TSS, and how they contribute to meeting
monitoring and operational requirements.

The emergence of higtesolution imagery has led to development of applications for smaller
watebodies such as lakes, rivers, and estuéRakblevan et al., 202Where the AE is
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significant, highlighting the importance of a sengeneric AE correction tool. There have been
successes in stibeter AE correction for panchromatic barfdéang et al., 2021a, 20218}

Mart focuses on the narrowband sensors and supports data from Landsat 2@bnd

PRISMA; its performance for these sensors has not yet been assessed due to the limited number
of matchups with publicly availabla situmeasurements. Future development will prioritize
high-resolution sensors such as WorldView, PlanetScope, and SkySat. Although the performance
of T-Mart AE correction has only been assessed on Landsat 8 OLI and S2ridS¢lproducts,

similar performancesiexpected for imagery fromher sensors as the algorithm does not make
assumptions about sensor characteristics. It should be noted that since a }a8§kB6PSF is

used to characterize the source of diffuse radiance in the AE correction, the correction results for
narrowswath imagery (i.e., 30 km swath width for PRISMA and EnMAP products) will

inevitably be compromised due to missing information from neighibg@areas. In such cases,

filling the reflectance outside the scenes with seasonal averages or modeled products may
improve the performance of AE correction.

2.oncl usi on

We introduced aapproximatesolution to aclosedform expression that corrects for the AE at

the TOA level (Eq(2.1)). This solutionis implementedn a Python tool thatomputeghe

atmospheric PSkonvolves the observed reflectanardcalculates the difference between the
convolved and observed reflectancastly, the tool removes the product of the differenceand
scaling factor from the TOA reflectance and corrects for variations in gileuatlirradiance

due to surface heterogeneifjhe output isadjacencyeffectfree TOA reflectancéhat can be

further processed by any AC processor. Following the described AE correction, we demonstrated
substantial improvements in the retrieval of waeaving reflectance in the context of aquatic
remote sensing of coastal and freshwater environments. For mataithips200 mof shorelines

(n = 212) applying AE correction resulted in an average ¥%.ieduction in RMSE, 32.% in

I, and 36.86 in- across all MSI and OLI bands processed by three-sfates-art AC
processorsTable2.3). 75 of the 78 performance metric values spanning all processors and bands
improved as a result of AE correction. The few negative changes, all observed with POLYMER,
were likely due to noiseesultingfrom a relatively small matchup sample size tred

processais approachof optimizing spectral fitting between modeled andensor reflectances.

The extent of these improvements varied across processors. ACOLITE showed more significant
enhancements in the NIR wavelengths, while 12gen exhibited greater improvements in the visible
range and less change in longer wavelengths. For POLYMER, the impntewere evenly
distributed across the visibMIR spectrum. The improved retrieval of wateavng reflectance

from AE correction is expected to enhance the quality of derived downstream products for
coastal and freshwater environmentss thereforerecommended that the provided AE

correction tool be implemented when conducting aquatic remote sestisthgs insuch

environments.

|l nstall ation and Use of t he Tool

T-Mart is written in Python. The code, installation instructions, and a gi&k menu are
available fromhttps://github.com/yulunwu8/tmarDetailed processing options can be found at
https://tmarirtm.github.ia The tool takes approximately 20 minutes to process a Landsat 8/9
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scene and 30 minutes for a SentiBelcene on an eiglabre personal computer. Ancillary
atmospheric and aerosol data are automatically downloaded in the AE correction process given
NASA EarthData Credentials.
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2. Buppl ementary materials
Supplementary material 1: Impact of simplifying the calculation of» in AE correction

The impact of excludingp @ ¢JY and® &Y in the calculation of in AE correction (Eq.

18) was evaluated by conducting AE correction in a modeling environment. We used ACGOLITE
output surface reflectance of two Sentiedcenes as surface reflectance. The first scene was in
Japan, featuring a complex landscape and A@ffi; the second scene, a relatively smooth

coastal area with mediuvtow AOT, was in New Zealand (Table S1.1). Aerosol type, AOT, and
ozone and water vapor concentrations for the scenes were extracted from the GMAO MERRA2
meteorolgical and aerosol datasets following Section 2.1.2 and Supplementary material 2.

These were used to construct the optical properties of the atmosphere using 6S through the Py6S
Python interface (Wilson, 2013). Direct and diffuse transmittances, atmosgpileeiccal

albedo, the PSF, and the atmospheric intrinsic reflectance were then calculatddrin(\WVu et

al., 2023)”  was calculated following Eq. (4). Lastly, the TOA reflectance of heterogeneous
scenes was simulated using Eqg. (3) with parameters described above as inputs. In summary,

TOA reflectance in the presence ofurfache AE was
system.

Table S1.1.Sentinel2 scenes and AQdp used in the simulation.

Locat Scene | D AOTds5o
JapanS2A_MSIL1C_20190308T015651_N0207 _F 0.17
g:glaSZB_MSIL1C_20191102T221609_N0208_F 0.009

AE correction was performed following the procedure described in Section 2.1.2. Taloes
were used and compare¢dwith full terms in Eq. (18) and simplified in Eq. (19), respectively.
The differences in TOA reflectance of water pixels between correction results using different
values were also calculated (Fig. S1.1). Water pixels were defined as those with a surface
reflectance at 865 nm 0.02 to include shallow water pixels.
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Fig. S1.1.Sentinei2 scenes illustrating the impact of simplifyingon the output TOA reflectance with AE
correction in (a) southeastern Japan, and (b) eastern New Zealand, for all water pixels in the scenes. Positive
and negative values indicate overestimated and underestimated TOA reflectance, respectively, coAtpared to
correction using fulterm| .

Compared tAE correction using the fullerm| , excluding p @ ¢JY andc &Y can result

in a slight underestimation of Attee TOA reflectance with a median bias up to 0.00017 at the
TOA level in rededge and NIR band§&ig. S1.1a This bias is significantly smaller than the
noise level of Sentin&?, which ranges from approximately 0.002 in visible and NIR bands to
0.0007 in SWIR bands for the two scenes. The noise levels were calculated by

b 3710
3.2
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whereO is the solar irradiance at TOA level, calculated using 6S with inputs of the solar angle
and observation date, aBd. and0 are the signalo-noise ratio and reference radiance for
each band, respectively, as specified in the Seritider Handbook (ESA, 2015).

Landsat 8 OLI has a high8r. fhan SentineR MSI for most of its bands due to the lower

spatial resolution (Pahlevan et al., 2017). Given that the amount of AE correction decreases with
a larger pixel size, the impact of excluding @ ¢JY andc JY in the calculation of for

AE correction of OLI products will stil!l be
potentially reach the noise level in the NIR band (band 5) in case of highly complex topography
and extreme AOT conditions (e.g., A&d> 0.3).
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Supplementary material 2: Interpolation of aerosol information

MERRAZ2 provides hourly aerosol information, including Adst] Angstrom exponent, and
singlescattering albedo. ACOLITE, by default, uses continental and maritime aerosol models
from 6S, automatically selecting the one with the best fit using thesgadtrum fitting

technique across the reflectance spectrum (Miarhent and Ruddick, 2018). To ensure a
smoother transition of aerosol composition from land to water, we chose to linearly interpolate
the aerosol composition between the two aerosol models@®using MERRA2's Angstrom
exponent and singiscattering albedo.

In 6S, the continental and maritime aerosol models have Angstrom exponents of 1.132 and
0.265, andsinglescattering albedos of 0.893 and 0.989, respectively (Vermote et al., 2006). The
two parameters are retrieved for the scenes to be processed, and used to linearly interpolate the
fraction of the two aerosol types in the mixture (e.g., a siscgdteing albedo of 0.941 would

lead to a fraction of 5@ continental and 5% maritime aerosols). The fractions derived from

these two parameters are averaged and then linearly interpolated in time. The calculation process
can be found in the script anci_gRER.py
(https://github.com/yulunwu8/tmart/blob/main/tmart/AEC/anci_get AER.py

The composition of mixed continental and maritime aerosols is linearly attributed to the four
basic aerosol components in 6S: all aerosol models in 6S are constructed uslikg,dust

oceanic, watesoluble, and soot components (Vermote et al., 2006).ifi@mntal aerosols consist

of 70% dustlike, 29% watersoluble, and 26 soot components by volume; maritime aerosols
consist of 3% watersoluble and 986 soot components by volume. The fraction of each aerosol
type is used to calculate the overall fracti@f the four components or the overall aerosol
composition, which are subsequently used to calculate aerosol optical properties. The calculation
of aerosol optical properties is detailed in the script Atmosphere.py
(https://github.com/yulunwu8/tmart/blob/main/tmart/Atmosphere.py
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Supplementary material 3: Performance metrics

Table S3.1.Performance metrics with and without adjacegtfgct correction for Sentin® imageryderived
waterleaving reflectance, grouped by atmospheric correction processor.

a) ACOLITE
Without With
RMSE b U n RMSE b U n
Band1 0.011 -6.7 38.8 51 0.012 182 465 53
Band2 0.011 -23.9 40.0 51 0.011 25 28.4 53
Band3 0.016 -13.6 24.2 51 0.015 -5.3 18.9 53
Band4 0.017 -42.1 438 51 0.015 -24.6 318 53
Band5 0.015 -16.3 354 51 0.014 -16.3 325 53
Band6 0.010 108.2 113.1 51 0.006 0.9 35.5 53
Band 7 0.012 160.6 160.6 51 0.006 39.2 504 53
Band 8 0.013 1965 196.5 19 0.004 158 68.7 21
Band 8A 0.013 211.1 2111 19 0.004 17.1  69.9 21
b) POLYMER
Without With
RMSE b V] n RMSE b U n
Band1l 0.031 76.8 96.0 86 0.030 264 67.7 86
Band2 0.021 17.3 53.1 86 0.020 165 394 86
Band3 0.026 -16.1 45.1 86 0.024 -90 295 86
Band 4 0.022 -165.4 1654 86 0.018 -67.1 71.4 86
Band5 0.022 -953 95.3 86 0.019 -549 551 86
Band6 0.008 1.9 22.8 86 0.007 -2.6 20.2 86
Band 7 0.007 26.7 41.0 86 0.006 17.4 30.8 86
Band 8 0.011 -47.3 473 49 0.010 -37.0 37.0 49
Band 8A 0.006 -81.5 815 49 0.006 -41.1 411 49
c) 12gen
Without With
RMSE b U n RMSE b U n
Band1 0.043 -111.6 1116 26 0.024 -226 226 29
Band 2 0.044 -125.7 1257 29 0.025 -229 229 30
Band3 0.043 -585 58.5 32 0.031 -164 16.4 32
Band4 0.034 -53.0 53.0 32 0.024 -19.2 193 32
Band5 0.031 -42.3 423 33 0.023 -18.3 183 33
Band6 0.025 -29.8 29.8 42 0.024 -184 18.4 42
Band 7 0.020 -20.4 20.4 44 0.019 -158 1538 44
Band 8 0.024 -38.2 38.2 27 0.024 -38.2 38.2 27
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Table S3.2.Same as Table S1, but for Landsat 8 matchups.

a) ACOLITE
Without With
RMSE b V] n RMSE b U n
Band1l 0.021 -42.2 497 71 0.018 -23.8 329 72
Band2 0.021 -32.6 33.6 71 0.019 -16.8 255 72
Band3 0.030 -15.7 18.9 71 0.028 -11.6 15.0 72
Band4 0.024 -149 20.2 71 0.023 -11.1 194 72
Band5 0.006 12.6 16.5 59 0.006 -16.5 20.0 60
b) POLYMER
Without With
RMSE b V] n RMSE b U n
Band1l 0.042 -64.5 69.5 91 0.029 -585 62.7 91
Band2 0.043 -339 4038 91 0.032 -31.5 335 91
Band3 0.047 -29.2 30.7 91 0.041 -254 258 91
Band4 0.041 -41.1 46.8 91 0.038 -28.7 337 91
Band5 0.031 -54  20.0 71 0.037 -29 205 71
c) I2gen
Without With
RMSE b U n RMSE b 0 n
Band1l 0.034 -37.0 422 62 0.027 -13.0 189 55
Band2 0.034 -38.2 425 62 0.027 -14.8 21.0 55
Band3 0.040 -32.1 395 62 0.035 -14.7 22.1 55
Band4 0.032 -36.2 44.0 62 0.027 -13.6 24.2 55
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Supplementary material 4: Negative reflectance values

Table S4.1. Number and percentage of negative reflectance values with and without adjtieehcy
correction for Sentine? imageryderived wateiteaving reflectance, grouped by atmospheric correction
processor.

a) ACOLITE
Without With
n (neg.) % (neg.) n n(neg.) % (neg.) n
Band 1 2 3.9 51 1 1.9 53
Band 2 2 3.9 51 0 0 53
Band 3 0 0 51 0 0 53
Band 4 1 2.0 51 0 0 53
Band 5 0 0 51 1 1.9 53
Band 6 0 0 51 2 3.8 53
Band 7 0 0 51 1 1.9 53
Band 8 0 0 19 3 14.3 21
Band 8A 0 0 19 4 19.0 21
b) POLYMER
Without With
n (neg.) % (neg.) n n (neg.) % (neg.) n
Band 1 0 0 86 0 0 86
Band 2 0 0 86 0 0 86
Band 3 0 0 86 0 0 86
Band 4 3 3.5 86 0 0 86
Band 5 40 46.5 86 31 36.0 86
Band 6 1 1.2 86 5 5.8 86
Band 7 0 0 86 1 1.2 86
Band 8 45 91.8 49 37 75.5 49
Band 8A 46 93.9 49 39 79.6 49
c) I12gen
Without With
n (neg.) % (neg.) n n(neg.) % (neg.) n
Band 1 21 80.8 26 17 58.6 29
Band 2 20 69.0 29 10 33.3 30
Band 3 14 43.8 32 6 18.8 32
Band 4 18 56.3 32 8 25.0 32
Band 5 19 57.6 33 9 27.3 33
Band 6 36 85.7 42 25 59.5 42
Band 7 30 68.2 44 22 50.0 44
Band 8 26 96.3 27 24 88.9 27
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Table S4.2.Same as Table S1, but for Landsat 8 matchups.

a) ACOLITE
Without With
n (neg.) % (neg.) n n (neg.) % (neg.) n
Band 1 0 0 71 0 0 72
Band 2 0 0 71 0 0 72
Band 3 0 0 71 0 0 72
Band 4 0 0 71 0 0 72
Band 5 0 0 59 5 8.3 60
b) POLYMER
Without With
n (neg.) % (neg.) n n (neg.) % (neg.) n
Band 1 0 0 91 0 0 91
Band 2 0 0 91 0 0 91
Band 3 0 0 91 0 0 91
Band 4 0 0 91 0 0 91
Band 5 0 0 71 0 0 71
c) I2gen
Without With
n (neg.) % (neg.) n n(neg.) % (neg.) n
Band 1 16 25.8 62 3 5.5 55
Band 2 6 9.7 62 3 5.5 55
Band 3 3 4.8 62 2 3.6 55
Band 4 5 8.1 62 2 3.6 55
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Supplementary material 5: Analysis of matchups within 5 km of shores

The sample size of matchups forsitumeasurements from the GLORIA dataset decreases with
increasing distance from shorelines (Fig. S5.1). For both MSI and OLI products, the number of
matchups falls below 20 in every 200 m interval beyond 5 km. Consequently, we focused our
analysis on matchgpwithin 5 km of shorelines.

Sensor Sentinel-2 MSI D Landsat 8 OLI
125
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w199
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0 5000 10000 15000

Distance to shore (m)

Fig. S5.1.Number ofin situmeasurements coinciding with Senti2ehnd Landsat 8 overpasses as a function
of distance from shorelines.

Matchups up to 5 km from shorelines were analyzed following Section 2.3, at every 200 m
interval. A total of 981n situ’Y measurements were identified within a-Bour time window

of 129 SentineR and 130 Landsat 8 overpasses (Fig. S5.2). The retrieved ancillary AOT values
shared a similar distribution to those of the 200 m distamsbore dataset (Fig. S5.3 and Fig.

8).
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L7 ﬁ

Fig. S5.2.Geographical distribution of 981 matchups from the GLORIA dataset within 5 km of shorelines and
with Sentinel2 or Landsat 8 overpasses.
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Fig. S5.3.Distribution of retrieved aerosol optical thickness at 550 nm. One value was retrieved for each
image.
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For each distance interval and each performance metric, we aggregated the improvement from
AE correction across all bands and AC processors for brevity (Fig. S5.4). The results are
discussed in Section 4.3.
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Fig. S5.4.Improvement in performance metrics following AE correction for matchups at 200 m distance
intervals from shorelines. The numbers at the top represent the combined sample size from three AC
processors for both OLI and MSI products. Each box plot aggregdtess for each band (n=26) from the
three AC processors, weighted by the number of matchups. Positive and negative values indicate improved and
reduced performance, respectively.
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Supplementary material 6: Comparison with Vermote et al. 1997

The correction results of-Mart were compared with those following the Vermote et al. (1997)
approach. The Vermote et al. (1997) approach corrects for the AE using the following formula:

R e .
INGE (26)

where” is the pixel reflectance at the surface leVeljs the reflectance of an infinite
Lambertian target, approximated by performing atmospheric correction for each pixel
individually under the assumption that each pixel is Lambertian and surrounded by identical
pixels.”Y ‘ ando ‘ are the total and diffuse upward transmittances, respectively.

the cosine of the view zenith angles the combined aerosol and molecular optical thickness,
andd Qs the PSRwveighted average surface reflectance around a @ixélis calculated as,

g O Qi 40 7 40 (27)

wherei ‘@Qrepresents the distance between pis@Qand the target in kmigis weight of the
PSF at the pixel or the fraction of diffuse radiance that comes from the pixél, @is the
reflectance of the pixel@Q, which is unknown in practice and therefore approximated by
"EQ

Following Vermote et al. (1997), Vermote et(@006) updated the approximation of the PSF:

e o 20i o ‘ J0i
Oi — — (28
0 o]

where™Oi is the fraction of diffuse radiation at the sensor that originates from within the radius
1 (inkm),0 ando are the fractions of the diffuse transmittance respectively for Rayleigh and
aerosols, and the functiof@ i and™O i are given by:

Vi p Moock@bmBtyp 18 X ADDpdi 29
i p MTACOM ¥ ™WMLATD O

wherei is distance in km.

Converting’Oi to™Qi is challenging a¥Oi s the fraction of diffuse radiation within the

radiusi , while™Qi is the fraction of diffuse radiation from a specific pixel at distanftem

the target. The conversion involves creating layers of circular bands with a width equal to half

the sensoré6és resolution, centered at the targ
"Oi 0 "Oi where0 is the width of the band at various radiiThese weights are then

normalized to their respective areas to determine the density of diffuse radiation within each
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band. Finally, these densities are interpol at
the cell size.

Martins et al. (2019) rarranged Eq¢(2.14) as follows,

o ——— " 80 (30)

This rearrangement is conceptually more straightforward and easier to implement, with the term
to the right of the plus sign representing the correction amount. This modified equation was
therefore used in the processing. Vermote et al. (1997, 2006) tspewfy the size of the PSF.
Following Martins et al. (2019), we usé&dkm x 1km grids The GMAO MERRA2

Meteorological and Aerosol datasets provided aerosol type, AOT, and ozone and water vapor
concentrations, as described in Section 2.1.2 and Suppkyemiterial 2. These inputs were

used in 6S to calculate © andA @DTF , via the Py6S interface (Wilson, 2013). The code

is available ahttps://github.com/yulunwu8/Adjacen@ffectcorrection6S.

Since the Vermote et al. (1997) approach requires surface reflectance data for both land and
water, and only ACOLITE, among the three AC processors, provides the necessary data.
Consequently, ACOLITE outputs from Section 2.3, without AE correction, wesgett with AE
correction using the Vermote et al. (1997) approach and compared with the original outputs,
followed by the matchupxtraction process in Section 2.3.2. Performance metrics were
calculated following Section 2.3.3. Results are presented irsbignd discussed in Section 4.2.

References:

Martins, V. S., Kaleita, A., Barbosa, C. C. F., Fasgamirade, A. C., Lobo, F. de L., & Novo,
E. M. L. M. (2019). Remote sensing of large reservoir in the drought years: Implications on
surface water change and turbidity variability of Sobradinho resdiNortheast Brazil).
Remote Sensing Applications: Society and Environma&n275 288.
https://doi.org/10.1016/.rsase.2018.11.006

Vermote, E. F., El Saleous, N., Justice, C. O., Kaufman, Y. J., Privette, J. L., Remer, L., Roger,
J. C., & Tanr® D. (1997). Atmospherlc cCorr e
MODIS data over land surfaces: Background, operational algorithm adi@tad.Journal
of Geophysical Research: Atmosphefé&(D14), 1713117141.
https://doi.org/10.1029/97JD00201

Vermote, E. F., Tanré, D., Deuze, J. L., Herman, M., & Morcretig, (2006). Second
Simulation of a Satellite Signal in the Solar Spectiuxfector (6SV).6S User Guide
Version 3 https:/Itdri.org/6spage.html

Wilson, R. T. (2013). Py6S: A Python interface to the 6S radiative transfer rmoleputers &
Geosciencedl, 166 171.hitps://doi.org/10.1016/|.cage0.2012.08.002

78


https://github.com/yulunwu8/Adjacency-effect-correction-6S
https://doi.org/10.1016/j.rsase.2018.11.006
https://doi.org/10.1029/97JD00201
https://ltdri.org/6spage.html
https://doi.org/10.1016/j.cageo.2012.08.002

Chapter 2: Adjacency effect correction

AE correction Without With
0.04
0.03 4
L
w
E 0.02
0.014
0.00+
443 490 560 664 705 740 783 835 865 RMSE b V]
2007 443nm 1.9 332 43
150 490nm 0.8 -18.8 -13.4
100 4 560 nm 0.8 -33.5 -13.7
= 664nm  -0.7 322 -27.9
705nm  -4.6 1417 -21.6

740 nm 34.0 98.0 68.4
443 490 560 664 705 740 783 835 865 780 nm 40.3 66.2 57.2
2001 833 nm 48.5 71.2 61.3
865 nm 26.2 80.3 56.3

-50

1504

w 100 1

50 1

443 490 560 664 705 740 783 835 865
Band Wavelength (nm)

Fig. S6.(left) Performance metrics of ACOLITE outputs with and without AE correction following the

Vermote et al. (1997) approach. Bands at 705, 740, 783, and 835 nm are exclusive to Ski8inel

matchups, and the other bands are shared by Landsat 8 OLI dim&IS=NSI. (right) Percentage reduction

of performance metrics with the implementation of AE correction, grouped by atmospheric correction
processor. Positive and negative values indicate improved and reduced performance, respectively (Eg. (25)).
All values are in units of % change; values greater th&a &€ in bold.
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Supplementary material 7: Impact of biases in ancillary AOT values

The accuracy of the AE correction depends heavily on ancillary AOT values. Here, we
investigate how potential biases in AOT values affect the results of AE correction.

We selected the ten Landsat 8 and Senfiredenes with the highest number of matchups within
200 m of shorelines from Section 2.3.1, with a total oin7§itu measurements. Gueymard and
Yang (2020) evaluated the global accuracy of the MERRAZ2 reanalysis AOT product against 15
years of AERONET observations, estimating the RMSE of MERRA2 AOT to be 0.126. We ran
the T-Mart AE correction nine times with various Aggoffsets within the RMSE range to
investigate if the retrieved reflectance by AC process$oltswing the AE corrections, could be
more accurate than the default values. The &g@dffsets used were 0.126).0945,-0.063,-

0.0315, 0, 0.0315, 0.063, 0.0945, and 0.126. For each offset, we compared the change in
performance metrics to those with an offset of 0. Results from the OLI and MSI datasets were
combined, weighted by the nunrkef matchups, and aggregated by AC processors (Fig. S7.1).

The default values for POLYMER and I2gen outperformed most of the AOT offsets. For most
metrics, performance decreased for procesffiset combinations deviating from the default
AOT values. However, there were occasional improvements such as an o€ for
POLYMER and 0.063 for 12gen.

Surprisingly, overcorrection of the AE leads to consistent improvement in all three performance
metrics for ACOLITE, enhancing the overall performance across the visiBlespectrum. High

AE correction, following a high AOT offset, usually results in IA@T estimates in ACOLITE.

This overcorrection seems to mitigate the underestimation of ACOU€Fked reflectance at
visible wavelengths (Fig. 7). Although all three metrics showed improvement, this comes at the
potential cost of deviating spectral shgmsigh AOT offsets, the retrieved NIR reflectance by
ACOLITE can become underestimated, despite achieving a better fit in the visible range (Fig.
S7.2). Therefore, it is recommended to adhere to the default MERRAZ2s4ilues for all AC
processors.
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Fig. S7.1.Change in performance metrics of reflectance retrieval with AE correction at various AOT offsets.
Each box plot aggregates values for each band (h=8 or 9) for each AC processor. Results for OLI and MSI
bands were combined, weighted by the number of mpscfiam each dataset. Numbers at the top indicate the
total number of matchups for both datasets. Some outliers, sbamd§for ACOLITE at offsets of 0.0315

and 0.063, represent the unique bands of MSI. These bands have a smaller saanpiensize given less
weight when plotting the boxes (i.e., median and interquartile range).
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Fig. S7.2. Example ACOLITE outputs with various AOT offsets in AE correction. From left to right:

ACOLITE only, ACOLITE with T-Mart AE correction, ACOLITE with art AE correction and an AOT

offset of 0.126. Image scene ID: LCO8_L1TP_224077_20160405_20200907_CLORJA ID of in situ

spectrum: GID_370.
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ChaptAccBracy andfl omttitaal onem:
sensing for water quality of s
rivers i n Eastern Ontario, Can

Abstract

Optical remote sensing of water quality over small inland waterbodies is challenging due to
factors such as the adjacency effect (AE);gixiel mixing, and complex wateonstituentsWe
evaluated the accuracy and limitations of optical remote sensing forquatéy parameters in
the South Nation River and the Ottawa River, two small rivers in Eastern Ontario, Canada.
Satellitederived reflectance and watguality parameters were compared witlsitu
measurements. AE correction usingvirt reduced thsum ofRMSE of ACOLITE-derived
waterleaving reflectancey 30.4 %.achieving an RMSE of ngreaterthan 0.0124
(dimensionless) acro$4S| and OLI bands between 400 and 90Q fiimeretrieved reflectance
with AE correction hd a negligible bias irthe green and rdaands where water reflectance was
high, but showed overestimations in other bands with low water reflecteumtédity was well
retrieved, with an RMSE of 5 within a range ©72 FNU, using the 705 nm band of MSI; AE
correction did not significantly improve satellierived reflectance in this bartayt could be
more important for highly turbid waters, such as when FNU > &BQcorrection improved the
linearcorrelationbetweersatellitederivedcoloured dissolved organic matteZOM)
absorptiorandin situfluorescent dissolved organic mat(EldOM) measuremeniut further
validation is needed due tmcertaintiesn the fDOM-CDOM conversionAE correction
improvedchlorophylla retrievals that, however, remained unsatisfactory with an RMSE of 30
within the range of 28 8 Le $mulated water reflectance using the range sftuwater

guality measurements as input provided a basis for understandiacctiracyof these
retrievals.Improving the retrieval oflissolved organic mattenay require enhanced atmospheric
correction in visible wavelength8ccurate retrieval of chlorophy may require hyperspectral
sensors, with high signéb-noise ratiosin wavelengths between 600 and 800 nm, wihieze
reflectancespectraof optically complex waterare most sensitive to changes in chlorophyll
concentration.
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.1lntroducti on

The South Nation River, located in Eastern Ontario, Canada, flows northeast for 175 kilometres
from its headwaters north of Brockville, ultimately emptying into the Ottawa River near
PlantagenefSouth Nation Conservation, 2023he Ottawa River watershed, in turn, drains into

the St. Lawrence River and eventually the Atlantic Ocean. The South Nation River watershed
covers approximately 4,000 Krof mosty agricultural land, also including forestad wetlands

(Fig. 3.1). The river has a width ranging from 100 to 180 m near its mouth, bordered mostly by
vegetation and farmland. These characteristics, combined with the strong reflectance contrast
betweerthe water and adjacent land covers, make the South Nation River heavily affected by the
adjacency effect (AE), particularly in its narrow sections.

The South Nation River is subject to various pollutants, includingooant source pollutants

like agricultural runoff, and poirgource pollutants such as raw sewage outflows. Vatity

(WQ) degradation could potentially affect multiple aspects of the watershed, lowering the quality
of life for people living nearby, causing economic losses to businesses and industry, and
disrupting ecological process@sovernment of Canada, 2019)

In this chapter, we evaluate the accuracy and limitations of aquatic remote sensing in the lower
South Nation watershed and investigate the effectiveness of publicly availablesaodition

satellites in monitoring WQ changes. \@ferivewaterreflectancdrom satellite imagerysing
stateof-the-art atmospheric correction tools, estimate WQ parameters ushuptioal

algorithms designed for nearshore waters, and compare the resuits siithmeasurements.

We then use the rangeiafsitu WQ values as input to simulate inherent optical properties

(IOPs) and water reflectance and observe how WQ changes lead to changes in water reflectance
spectrathis allows us to interpret the challenges related to WQ retrieviaéistudy areand

provide recommendations for how WQ monitoring of small inland waterbodies can be improved.

3.Met hods

3. 2Filel d and satellite dat a

We selected the lower South Nation watershed for this study because its wider waterways,
compared to the upstream tributaries, are more suitable for satellite observitisrtan

provide an indicator for changes occurring across the entire watershed. In addition, we surveyed
a section of the Ottawa River, which is wider, less turbid, and contains lower levels of organic
matter than the South Nation Rivé&id. 3.1). The study desigallowed us to evaluate the
performance of remote sensidgrived water quality producgsross different aquatic

ecosystems.

Between August and October 2023, six field campaigns resulted in the collectioniofsitli9
reflectance spectra, coinciding with 10 satellite overpasses from Senti(8RP24 Sentinel 2B
(S2B), Landsat 8 (L8), and Landsat 9 (LBalle3.1). Additionally, Agriculture and AgfFood
Canada supported the collectionrb@sonde measurements at four hydrologically distinct sites
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over a period oi 3 cloudfreedays from May to October 2023, also timed with satellite
overpassesl@able3.2). The locations of these measurements are shoWwigi3.1.

Fig. 3.1. Locations ofin situwaterquality and reflectance data collected in the South Nation River and the
Ottawa River in 202Fachstar represents a watguality site visited once during each of ttcloud-free
satellite overpass days.

Table 3.1. Satellite overpasses with coincidémsitu reflectance measuremeiiris2023
Date Overpass

August 06 S2A, L9
August 23 S2A, L8
August 28 S2B
August 31 S2B, L9
September 5 S2A
October 02 S2A, L9
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