10

15

20

25

The importance of Atmospheric Correction for Airborne
Hyperspectral Remote Sensing of Shallow Waters. Aflipation to
Depth Estimation.

Elena Castillo-Lop€Zz Jose Antonio DominguézRaul Pereda Julio Manuel de Lufs Ruben Péréez
Felipe Pifi&

! Department of Geographic Engineering and TechsiqpfeGraphical Expression, University of Cantab88005, Spain.
Phone: +34 660738989. Fax number: +34 9422017@&|le@unican.es.
2 Department of Mathematical Physics and Fluidsei@m Faculty, National Distance Education UnivgrditNED).

Correspondence to: Elena Castillo-Lopez (castille@unican.es)

Abstract. Accurate determination of water depth is indispdfes in multiple aspects of civil engineering (dadhstruction,

dikes, submarines outfalls, trench control, etégcording to the final objective, different accuies will be required.

Accuracy in bathymetric information is highly deplemt on the atmospheric correction made to the émag he reduction
of effects such as glint and cross track illumioatin homogeneous shallow-water areas ocimprowesetsults of the depth
estimations. The aim of this work is to assessis atmospheric correction method for the estonadif depth in shallow
waters, considering that reflectance values cabaafreater than 1.5% because otherwise the baakdjnwould not be seen.
This paper addresses the use of hyperspectral iagejuantitative bathymetric mapping, and exmooae of the most
common problems when attempting to extract degtrimation in conditions of variable water types &udtom reflectances.
The current work assesses the accuracy of somsadabathymetric algorithms (Polcyn-Lyzenga, PéiijBenny-Dawson,
Hamilton, Principal Component Analysis) when fouffedent atmospheric correction methods are apmied water depth is
derived. None atmospheric correction is valid fibtygpe of coastal waters but in heterogeneouslevalvater, the model of

atmospheric correction 6S offers good results.

1 Introduction

Coastal development activities alter coastal cattimnand directly affect littoral environments. Mgament of these
ecosystems requires improved monitoring systertra¢ changes in water quality and quantity throtirgie, but such records
are better contextualized by using synoptic datar{®s et al., 2004), as this type of impacts ave coammonly observed at
region rather than local scale. Monitoring maripstems has always been difficult and expensive ymeathese impacts have

simply gone unrecorded.

Traditional in situ survey methods, such as bathyieeemade with Global Positioning System (GPSR}éal Time Kinematic

(RTK) mode and echo-sounder data (Pereda et dl§)2@each higher accuracies and provide excetlatéd nowadays, but

1



10

15

20

they require major logistical commitments and ofi@ek spatial-temporal resolution to resolve thmed processes. While
they perhaps provide lower accuracy, remote sensaimiques offer the potential for cost-efficidnohg-term data collection

with high resolution in time and space.

In this sense, the study of the water optics hst®fically been considered as the best alternétivdepth estimation, and the

behavior of light through the water column has begplained by water-leaving reflectang€0., ).

The relation between water-leaving reflectance aistve the surfacR(0,)and water-leaving reflectance just below the
surface,R(0_), is 0.544 (Austin, 1974; Kirk, 1994; Kutser, 2004).

Water-leaving reflectance just below the surfa@l, 0_), is composed by two parts: the water volume rédlece and the
bottom reflectance light (Philpot, 1987):

R,(4,0_) =R, (4,0_) + Ry(4,0_)

WhereR, (4,0_) is the total spectral water-leaving reflectancensfg, (4, 0_) is the total spectral water-leaving reflectance

due to water, an;, (4, 0_) is the total spectral water-leaving reflectandiience of the bottom.
The bottom influence was determined by using a Empdel:
R,(2,0.) = [R,(2,0.) — R, (4, 0.)]elKaxkw)?]
Being K,, the upwelling diffuse attenuation coefficieKty the downwelling diffuse attenuation coefficientiahthe depth.

Considering the same downwelling and upwellingdiaace K, = +K,; (Martitorena et al., 1994), (Dierssen et al., 2003),

the following expression can be applied to stuadylibttom reflectance:
R(2,0.) = R,(2,0.) +[(Ry(2,0_) — R,,(1,0_))el?X27]]
The water-leaving reflectance above waiqi, 0.) , is related to the water column, and it is influethbg the bottom shape
R(2,0,) = 0.544{R,,(4,0_) + [R,(4,0_) — R,,(4,0_)]el2Ka)Z1}

Nevertheless, the monitoring of coastal watersasgmts a challenging task due to their complekityrél and Prieur, 1977),
(Gordon and Morel, 1983).

Since the 1980s, the development of remote sersiisgpermitted monitoring coastal waters. Howeee, use of this
technology has added a new problem to solve: theeimce of the atmosphere between the water ansktheor that is installed
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in its platform. The correction of the atmosphgrioblem must analyze various contributions to tedf-atmospherel(0 A)
radiance measured by a satellite-borne serlgdr guch as the solar scattering by the atmosphetecuies and aerosols
(Latm), Sun and sky radiance reflected by the sea surfeither by the water surface itself or by foawnirwhitecaps)

(Ltoa_surf) @nd, finally, the water-leaving radiandg ¢4 ,,) (Mobley et al., 2016).

Ly = Loyt LTOA_surf + LTOA_w)

The principal difference between the atmosphenicamions of an image from a satellite sensor @ foom an aircraft sensor
is the incident solar light scattered and absollyesbme atmosphere molecules, such as ozone.igheHeight of the aircraft
is between 1 and 2 km, and it is not affected lpynez because it is found in a layer whose heigiges between 20 and 30
km ([Dominguez et al., 2009)).

Techniques based on remote sensing imaginery hese &pplied to map water depth in cases of cledrshallow water
(Lyzenga, 1978), (Eugenio et al., 2015). The usactif’e and passive optical sensors has allowedloiging methodologies
to map water depth in highly turbid waters (SaneGaeneroa, 2014).

Traditionally, bathymetric methods have been basedampling data by defining the planimetric positof the point and
applying a technigue to measure the thicknesseofiter layer. Nevertheless, sometimes the workiags are not accessible

or they are very hard to directly sample, since e death traps.

Nowadays, bathymetries are made with Global Pasitgp System (GPS) in Real Time Kinematic (RTK) moaled Echo-
sounder data, reaching higher accuracies thanédftmwever, bathymetric works with traditional sdung techniques are
slow, expensive and even dangerous. The feasibflipptaining bathymetric charts from satelliteatncraft imagery has been
demonstrated by several researchers and, in rgeams, it is becoming increasingly interesting, saese this kind of

information has the advantages of being availabtetaving reasonable prices.

Accuracy in depth estimation is highly dependenti@natmospheric correction made to the imagerydBaand Castillo,
2005). The reduction of effects such as glint arab< track illumination (CTI) in shallow water aseaith homogeneous
bottoms and water areas improve the results ofiémth estimation. Several methodologies have beealoped to remove
the effect of atmosphere on the recorded senspalsiBadiative Transfer Codes (RTC), such as ra daraw data minus
band 34 (Edwards, A.J., 1999), 6S (Vermote efl@By) and 6S improved (Catalonian Cartographidtinst(ICC)) for water
depth estimation have been widely used for thippse (Castillo et al., 2011).

Water reflectance is related with water qualityad@ecchi depth (SD), suspended solids concentr@ki®S) and chlorophyll-
a concentration ([Cla]). Considering the work byniloguez, J.A. et al. (2009), in which ASD FieldSpé&tspectroradiometer
results were calibrated using a 25% grey card eafsr panel (Goodin et al. 1993, Mayo et al. 199 dand Rundquist
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1998), it concluded that reflectance values catwogreater than 1.5% because otherwise, the batiuid not be seen.

Hence the importance of a good atmospheric coomrecti

The aim of this work is to assess four atmosplanicection methods to accurately determine thetdieghe Bay of Santander
(Cantabria, Spain), highlighting the importancetted atmospheric correction for airborne hyperspéectmote sensing in

shallow waters.

2 Material and Methods
2.1 Study Area

The Bay of Santander is located in the North of$pain, about 200 km away from its border with Egarit is a depression
with a very rich ecosystem from both biological awatio-economical points of view. More than 250,0@@abitants are
concentrated in this area, which means more thé& &Che population of Cantabria, the autonomoumsroanity to which it

belongs.

Human spills aimed to convert sea into land stadieca 1850, and they have gradually changed the prism. As a
consequence of the coastal dynamics and the mdéutie diera River, a singular structure called Pelntal de Somo” has
appeared (Figure 1). It is an approximately 2.5l&ng and 250 m wide sand tongue. This made thesBay filling up and,

consequently, it produced navigation safety-relgedblems. Hence, the navigational channel mugieiedically measured

and dredged. The water of the Bay of Santandde#& and it is continuously monitored.
2.2 Remote Sensing Data

The imagery used in this work was taken by a CASélsor, owned by the Catalonian Cartographictinst{ICC). CASI-2
is a pushbroom imaging spectrograph with a two-disrenal CCD array of 512 spatial pixels and 28&8pépixels, which
scans the scene in the VNIR (405-950nm). It alldvesuser to set up the number and width of the $amd/hich the sensor

will record data.

The sensor was installed on board of the plane si@e<itation 1", which belongs to the ICC. The filigand field data
campaign were acquired by the ICC and the hourdatel were set due to both high sun elevation (pagtetration capacity)

and low astronomical tide.

The flight parameters were designed accordingemétessities (spatial resolution 4 x % imtegration time of 32 ms; speed
of 121,5 knt; height of 5692 ft and a flight direct of approximately 135° in order to reduce thatgffect by flying with the

sun on the front or on the back).
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10 tracks were developed to capture the whole Dlag.ICC, with 36 channels of 18 nm and a spatsdltgion of 2 meters,
sets the spectral configuration of the images. d&essithe secchi disk was applied as an indicatban$parency. 23 samples
were acquired during the day of the flight.

The Center for Environmental Research of the Gawent of Cantabria (CIMA) produced a report on paifits and
meteorological parameters (PM10, 500, NO, NQ and Q) with the data from two stations of the Air Qugalk@ontrol and

Monitoring Network in Cantabria which are sitedtfire center of Santander.

The geometric correction of the imagery was madediyg the sensor orientation data, the inertisesp SISA, and a Digital
Terrain Model with a pixel size of 25 m (DTM25), iwh was obtained from the National TopographicapMa25.000, with

a pixel interpolation with the nearest neighbor hoeit
Four variations of the imagery were considered mting to the atmospheric level correction:

. SC: Raw data were simply corrected with the patans of the annual calibration certificate, arghrepled to 16 bits.
Such corrections are used when working with airea@ensors, which do not have an incident light @e(i&S) that

measures the color spectrum of incident light fthesun.

. NC — B34: Band 34 was subtracted from bands 34tcSince works were held over a subtidal areaNiwr Infrared
(NIR) energy is mostly absorbed by water. Theiueal should be very close to zero. High values amlgpndue to
atmosphere, scattering and glint effects. The infagghtness can be reduced by subtracting a NIRI bathe visible
bands. This has been done by subtracting bandt®84924 nm) to bands 1 to 24 (408-770 nm).

. C1: 6S (Second Simulation of the Satellite Signahe Solar Spectrum) correction with defaultgyaeters and glint
subtraction after 6S correction. The interface affevere corrected according to the empirical l@sehdjustment

developed by Silio-Calzada in 2002, which includes-glint and sky-glint removal.

. C2: Improved 6S correction developed by the 1@€ e Government of Spain, considering in situaagtric samples
provided by spectroradiometer ASD-FR and pollutamid meteorological parameters of CIMA.

2.3 Calibration and Validation Data using GPS in R’ K mode and echo sounder.

Data used to calibrate and validate the depthmettd by remote sensing were obtained by usingar sostalled on a boat

(Figure 2-(c)). The main device is an Atlas ElektcoDeso 15, requiring different attachments, sasha foot tube fixed to
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the GPS antenna, batteries and an alternatingntugemerator to feed the instruments, and a lajgtepore the measured data
(Figure 2-(a), (b)).

The process followed implied measuring the depth tie echo sounder and, simultaneously, the atespbsition with GPS.
In this way, both data can be integrated to catewdadepth value with respect to the origin, whicthis case is the mean sea

level at Alicante.

Five hours were necessary to complete the deptiglgey. The maximum browsing speed was 6 km/hsdo get an accurate
GPS-echo sounder data synchronization and thusfaran the heights to the depths with respect taeference origin. The
measuring process was limited by a minimum deptinofas the boat needed at least that depth tgataviDue to this fact,

it sailed through the navigation channels mainly.
2.4 Bathymetric Algorithms

Nowadays, the majority of the bathymetric works @egeloped by means of dual frequency GPS and smlnader, obtaining
very good accuracies. However, bathymetric measaresfallow waters using traditional surveying teiciues are slow,
expensive, and even sometimes dangerous. Henagéhest in obtaining depth estimations by mearsatéllite or airborne
imagery. The bathymetry obtained by this methodplogs advantages and disadvantages. The main adeardre that this
information is available for most areas, and tHegsr are rather reasonable. Unfortunately, theigicacobtained is not as

good as that provided by GPS and echo sounder.

Classical algorithms for depth estimation when gsiirtborne images involve the inversion of upwejliadiance, or some
parameter derived from it, to recover depth. Thablam is that at-sensor radiance measured over vgagefunction of the
atmosphere, the clarity of the water column (whicainly depends on the chlorophyll, turbidity andjanic matter), the
bottom type and the water depth. For example,rithoa particularly difficult to decouple the effeas upwelling radiance
caused by changing bottom types from those caugechénging depths. Therefore, many depth algoritheggire the
knowledge of a few accurately measured depthstboimacharacteristics for calibration. When thedibcating measurements

are available, depths computed from spectral daigocovide quite accurate information about thetlilep

The classical bathymetric methods used to deriyghdi@formation emanate from simple regressionsveeh the depth and
a value calculated from a visible range waveletgthd, Principal Component Analysis (PCA) or Riclsaadd Karhunen-
Loeve Transform. All these algorithms were impleteenby using Interactive Data Language (IDL). Polend Lyzenga
developed a simple water reflectance model, whiclvants for the major part of the signal receivgd multispectral scanner
over clear shallow water, but neglects the effdois to scattering in the water, and internal réifbecat the water surface. A

few years later (Lyzenga,1978) amended this mawnielyding the effects of dispersion in water ane ithternal reflection of



10

15

20

25

the water surface. The model establishes thatitipesion has the same dependence on the depti¢hadiance reflected
from the bottom.

However, the model presented by Benny and Dawsegrissimple because it establishes that the elager in shallow areas
allows the reflection of the light and it reachles $ensor. However, the amount of light that retdiepends on the attenuation
coefficient for that wavelength and the reflectimefficient of the bottom. Philpot’s method is alisdive transfer model
whose parameters depend on the wavelength, examegépth. The fundamental assumption of this mai#iat the optical

properties of water are vertically homogeneouss T$not a hypothesis that fits the reality, bataating point is required.

Finally, Hamilton method is a variation of Clark thhed, which allows the use of multiband analysisadsumes that the
background reflectance is constant. So, if thislipteon model is applied together with profilesiwhdiance attenuation, the

effects of reflection of light in shallow bottomarcbe reduced.

The following algorithms have been applied: sirmglgression; Polcyn & Lyzenga (two methods have loeasidered, using
simple bands in the first case, and applying aeasfghe spectrum in the second, as the authoresigjg Lyzenga has been
also applied with the modifications made by Yarlgloand Easson; Benny & Dawson D.; E Philpot; F. Htam principal

component analysis (algorithms of Richards andatiinen-Loéve) and a linear or logarithmic relatioth the depth.

These bathymetric algorithms were separately aghtiewo different tracks: 12 and 13. In each céisear and logarithmic
regression adjustments were applied between theftapmosphere reflectance values (TAR) for eaghection model and
each classical bathymetric algorithm in the loagatiof the calibration points (n=100), and the valppvided by GPS-echo

sounder in RTK mode. In the same way, another ftgample was used for the validation of the Yaustric results.

All the bathymetric algorithms have been calibrased validated by using samples taken with the echumder and dual
frequency GPS (200 points for each phase). Figsileolvs the points that have been used for calibratnd validation of

algorithms.
3 Results
3.1 Radiometric assessment of hyperspectral images

Data from airborne sensors have varying degredsighitness, which depend on the angle, the viewimgle and altitude
sensor, the azimuth between the sun and the padethe type of surfaceobserved. If this effectascorrected, or at least
reduced, these variations can hinder the use sétineages with standard algorithms, and the intetipg methods may mask

interesting features of low spectral amplitude.
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Different points of view have been considereddseas the imagery:

= Calculation of the digital number differences, ading to their position across the flight path (ETThey can

be due to atmospheric effects, glint, the bidimwl reflectance distribution function of the bottoetc. Two
zones have been studied: the first one correspondsep water and the second to shallow waterifipligy

the results, only CASI bands 1, 4, 8, 12, 17 andr24shown in Figure 3. Bands 1 and 24 are extrémibe
SC-B34 correction. 17 and 4 CASI bands correspomdd and blue wavelengths respectively, and barsofl
12 are the extremes of the bands suggested by tdan{l993). The line represents the best-fit 1gree
polynomial to data. Ideally, the slope should bmselto zero, which means that the digital numbeis) @re
similar across the track of the flight.

= Assessment of radiometry from an absolute pointi@iv. Samples of different spectral signatures hasen

taken to generate statistics of each correctioal lasd hence, to assess them. TAR in blue and gesgyes
corresponds to correction SC (Figure 4). On theroftfand, C1 and C2 corrections presents higher inARe
NIR area (bands 17 and 24) as Figure 6 and 7 repiesCorrection SC-B34 has reduced glint effecalinyost
90%, depending on the considered band (FiguretB$. dorrection offers worse results when workinghwhe
trails left by vessels. Therefore, depending orctiveection method, they can be considered a $gmif source

of error.

Correction C1 offers a very low dynamic range,lesTAR trends to group between 1200 and 1800 valndéke same way,
the standard deviations of these images presentloer values. On the other hand, correction C2rsffe better dynamic
range, but this improvement has produced a coraditkeincrease of the standard deviation in mosth@ftases, bigger than

the original imagery. This augmentation in stand#diation is not advisable for bathymetric aims.

The drawn lines represent functions of first setfior the digital values observed along the patkally, they should have a

slope equal to zero, which means that the areaketh@s homogeneous present similar DN along théevhight trajectory.

The best results in shallow water have been actiibyehe image with C2 correction. However, imaggsr the best results

with a level of correction C1 in deep water.

3.2 Depth estimation using the atmospheric correain methods

The process has been applied to tracks 12 anaiall fevels of correction and classical and rabosthods. The track 12 is
in the in the Bay, predominating areas of shalloater (with a response that can be clay, loam atygawhich is murky and
calm. Flashes produced by waves do not add a wgggriant quantity of signal, except for trails bétboats that sail in the

area.
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On the other hand, track 13 corresponds to thelsteeen the Bay and the open sea, with greatehslapd rougher water,

which causes a significant increase in the sigaedmded by the sensor because of the flashes.

4 Discussion

The following conclusions may be drawn about thigability of the sensors applied to estimate théhimetries may be
drawn from the experimental work that has been lopesl. The sensor covers the full spectral rangel uis bathymetric
algorithms (450 to 650 nm), its band width is 15, mmd the radiometric resolution is 16 bits. It methat the sensor is very
suitable for this purpose, as it allows processimgti-band algorithms and calculating mean bathyi@gtin ranges of
wavebands (i.e. 450 to 500 nm). However, imagehlmigss, glint effect and atmospheric scatteringatstanding due to the

pixel size and the radiometric resolution. Duéhis,tthe radiometric and geometric corrections hav® rigorous and precise.

Four levels of correction have been applied toirtieeges (SC, SC-B34, C1 and C2), and the studyvaasacharacterized by

using two tracks with different morphological chetexistics.

Both the correction methods and the different degstimation procedures have been validated. Ealueg results between
3 methods (SC, SC-B34 and C1) have been calculteeguse correction C2 increases the standard ideviabre than the
original image (Tables 1 and 2). In the same waygraalysis of the errors for the best methods df égpe and track has been

performed, observing that the distributions of esrare practically normal and centered at O (Figa@and 11).

Once applied the different corrections, it can bectuded that images are not internally homogenewitts a level of
correction C2. According to the band considered, $iC-B34 reduces the flash caused by the wavednmnst90%. This

provides worse results when trying to eliminatewlzes left by ships.

On the other hand, the correction C1 offers a l@nydynamic range since, as it is shown in Figs,46 and 7, the DN tend
to group between 1000 and 3000 with very low valofestandard deviation. However, the level of coticn C2 offers a

better dynamic range, but this improvement hagdeal considerable increase of the standard deniationost of the cases
studied, larger than the original image. Increasmdation is not advisable for bathymetric purpo3émt fact, combined with

the lack of internal homogeneity, have led to diddhe use of the image with a level of correctith

The results were 17 bathymetries with the differeathods. Figure 8 shows the results of the battryrobtained by applying
Benny and Dawson method, and Figure 9 shows a ivettiny with ROBUST PCA Karhunen-Loéve method.

The work carried out by other authors does notbéistathe importance of the atmospheric correctiepending on the type
of water and the conditions (waves, stelae of slipstaminants, etc.). These aspects have beeideost in this work. In

this sense, this work highlights the importanc€afand SC-B34 correction in shallow waters.
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5 Conclusions
On the light of the results, it can be concludeat:th

« In heterogeneous shallow water, the model of atimsp correction C1 offers good results, since@higo of

the methods offer the best results when this cbomrés applied.

* In deep water with an additive of noise producedl&ishes of waves, the results provided by the apreric

model C1 were not as good as those mentioned abbeebest bathymetry has been obtained with thed v
correction SC-B34 and the method of Hamilton (PCiaus band 2), with an average error of 1.69 m. The
correction C1 is appropriate for areas of deep mvatethe reduction of flashes has been betterthdtlcorrection
SC-B34.
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Table 1. Validation of the results for track 12 (show waters).

Track 12 SC SC-B34 Cil
Units (meters) Mean | Std Dev| Mean | Std Dev | Mean | Std Dev
Regresién.Simple 1.909 2.403 2.388 2.584 1.926 2.491
Polcyn & Lyzenga 1.900| 2.657 1.995 2,575 1.813 2.609
Lyzenga 2.689| 3.527 2.765 3.616) 2.176  3.05p
Hamilton 1.498| 2.161 1.735 2254 1502 2.10b
Philpot 1.590| 2.325 NA NA 1.633 2.325
PCA-KL 2.028| 2931 3.233 4206 2.112 3.0501
Table 2. Validation of the results for track 13 (dep waters).
Track 13 SC SC-B34 C1
Units (meters) Mean | StdDev | Mean Std Dev | Mean | Std Dev
Regresion.Simple 2.388 2.584 4.405 3.248 3.176 3.151
Polcyn & Lyzenga 1.995 2.575 2.417 2.707 2.349 2.89¢
Lyzenga 2.765 3.616 2.740 3.590 4.279 5.04¢
Hamilton 1.735 2.254 1.690 2.206 1.813 2.353
Philpot NA NA 1.999 2.513 1.942 2.536
PCA-KL 3.233 4.206 2.428 3.203 3.476 4.35%
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