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ABSTRACT

On the 18 of June 2003 a CASI hyperspectral airborne rersetesing campaign took place above the
Southern North Sea, just offshore of Oostende.dincidence with the airborne overpasses seaborne
measurements of water leaving reflectance and wataity parameters were performed. In additioarne
simultaneous satellite imagery are available. Taiper describes the analysis of the airborne déte.
CASI data have been atmospherically corrected utiegsoftware WATCOR which is based on the
radiative transfer code MODTRAN and takes into aot@tmospheric and air/water interface effectsoTw
different approaches for atmospheric informatiotrieeal were tested. In the first approach aerosol
information and visibility are estimated from suhopometer measurements combined with MODTRAN
radiative transfer simulations. The second metlsdobised on an adapted dark-target approach toagstim
the visibility. The results of both methodologiee @omparable. The data are subsequently geonilstrica
corrected with PARGE. A semi-analytical approachused to retrieve the concentration of the water
constituents: for chlorophyll determination a bjatioally modeled red/NIR band ratio algorithm ighed

to the data; to quantify the Suspended Particiftger a single band NIR algorithm is used. Theilis

of these semi-analytical methods were comparedntaaraalytical approach where the water quality
parameters are retrieved using a matrix inversidgheGordon reflectance model.
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1 INTRODUCTION

On the 18 of June 2003 a BELCOLOUR airborne remote sensimgpaign took place above the Southern
North Sea, just offshore of Oostende. A Compacbatine Spectrographic Imager (CASI) was installed in
a Dornier 228 aircraft. The aircraft and CASI sene@s operated by NERC (Natural Environment
Research Council), UK. The CASI was flown at aitwade of 2000 m, providing a spatial resolutiordof
m. The spectral configuration of the CASI was 9@rufels from 405 to 947 nm with a FWHM of 6 nm.
Eleven flight lines (line 13-23; lines are numbeeadording to the flight order) were flown in Nor@wouth

or South-North direction. One flight line (line 24)as acquired in East-West direction for the stofly
bidirectional effects. The data were acquired betw#1:57 and 13:39 GMT. The flight area covered two
stations (130 and 230) where seaborne measuremergperformed during the airborne data acquisition

2 METHODS
2.1 Image pre-processing

The CASI data were delivered in spectral radiantgsuAlmost no information was provided on the
quality of the radiometric and spectral calibrati®io minimize the across-track illumination diffapes a
normalization has to be performed. For this purpsdDL code is written. First the average radiance
value is calculated for each column of pixels (gltrack direction) of the CASI image (excluding taed
pixels). A second degree polynomial function istlited to these column averages. By normalizing t
polynomial function to the minimum value a correntifactor for each column is calculated. Crosskirac
illumination effects may be caused by vignettinfgas, instrument scanning, direct sun reflectmmther
non-uniform illumination effects [1].
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2.2 Atmospheric and Air-interface Correction
2.2.1 WATCOR

The radiance received by the sengqr consists of atmospheric path radiancg, .., , background path
radianceL s ,and ground reflected radiatidr) ;4e; OF

Lrs = Latm—path + Lrs,b + Ltarget (1)
with

_ d:iirect (T, Hv )Rapp Ed (a)

target —

and Lrs , = d:iiffuse(rvgv )AappEd (a)
T ' Vs

L

where Eq4 (a) is the downwelling irradiance above the water aef d y,.and dy,.; are the diffuse and

direct ground-to-sensor transmittand®,,, is the target apparent reflectance ahg, is the average or
background apparent reflectance.

The air-water interface transfer can be written as:

E, (w) _ 1
Rapp = Pla-w) Ftw-a) = 7 = Pa-w) Tlw-a RO Na.w ——— )
app (a-w) " H(w-a) E4(a) (a-w) " H(w-a) (a-w) 1-s,RO)
, 6,)L . . . . :
with p(a_w) :%@d)@) the reflection function of the air-water interfade, (a) the downwelling sky
d

radiance above the water surfacéd, thg Fresnel reflectancé&, (w the upward irradiance just below

the surface,R(0") the subsurface irradiance reflectans’{;t the spherical albedo for illumination from
below andty, . 4.t w the transmittance function of respectively wateait and air to water.

The atmospheric and air-interface correction isfopmed with the in-house software WATCOR.
WATCOR uses the radiative transfer code MODTRANAI dollows the formulas given in Ref. 2. In a

first step the at-sensor radiance is convertecppa@nt reflectanc®,,,. The apparent reflectande,,

can be estimated from the at-sensor radidngce and the background radiantg,, (i.e. average radiance
of surrounding pixels, calculated with a moving damv technique) according to:

_ Cl + CZLrs + C3|-rs,b

= 3
PP C4 + CSLrs,b
wherec,,...,C; are atmospheric correction parameters.
The formula to convert the apparent reflectaRgg, to subsurface irradiance reflectan¢d”) is :
- _dl +Ry
RO =————*% )
d2 * St Rapp

whered; (=p(,_ ) andd, are the air-interface correction parameters.

2.2.2 Atmospheric characterisation

The CIMEL sun photometer (located in Oostende amebirated in the world-wide network AERONET)
measured every 15 minutes the aerosol optical d&ffiD) at eight channels between 340 and 1020 nm.
During the flight the AOD values varied around 0at&40 nm, around 0.45 at 500 nm and around Q.10 a
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1020 nm. The spectral dependence of the AOD cadteberibed by the Angstrom exponent wavelength
parameten. Angstrdm’s empirical relationship is given as:

AOD(}) = g™ ®)

During the flight campaigm varied around 1.65. Onboard of the Belgica re$eaessel the aerosol
optical depth was also measured with a SIMBADA puontometer. The Angstrom value extracted from
the SIMBADA measurements at 443 - 670 nm variedigddl.6. The Angstrém exponent can be regarded
as a spectral signature of the aerosol class. Highleles indicate a higher than average ratio adllkm
particles to large particles [3]. A typicalvalue for the rural aerosol in MODTRAN-4 is 1.3.[Zhe a
value for the maritime aerosol type is much smailleg to the relatively large salt particles. thealue for
the standard urban aerosol in MODTRAN is also lowEherefore from the standard MODTRAN aerosol
types the rural aerosol seems to be the best guess.

The atmospheric correction result depends stroaglthe visibility value used as input parameter. To
estimate the visibility during the time the CASItalavere acquired two different approaches were
evaluated.

In the first methodology the visibility was estiradtusing MODTRAN-4 radiative transfer simulation
combined with the sun photometer aerosol opticaltldeneasurements. This procedure is similar to the
approach given in [5] and is based on the factah&50 nm the aerosol optical depth is independkttite
aerosol and atmospheric model and only varies thighvisibility. For different input visibilities #naerosol
transmittance was simulated with MODTRAN-4 andwated to aerosol optical depth values. These
values were then compared to the sun photometer fm@&surements. Since there are no measurements at
550 nm the CIMEL AOD at 440 nm and 675 nm wererpdiated to 550 nm usin@ss-¢75 FOr the
SIMBADA the AOD at 550 was calculated using the A@D370 nm (no other channels were provided)
andouss-e70

The second method is an adapted dark target appeoat assumes that there is a pixel in the deeper
water regions for which the water-leaving radiaisceegligible in the near-infrared. Given equatibthis

implies that the apparent reflectan&y,, equals the surface reflectiop, ., . In this study the near-

infrared band near 860 nm was used and the vigibgi set by running WATCOR with a variety of
reasonable visibility values untR,,, equals o, ., at 860 nm for the darkest pixel. This proceduas

applied to each flight line (except the shorteel#B) using a rural aerosol.

The first approach resulted in an average visjbidit (20.3 +/- 1.3) km. As given by the standard
deviation the variation in the visibility duringdhflights was very small. The average visibilitgrived
with the adapted dark target approach was (18.8.5/) km. The variation in visibility, derived frothis
image-based approach, is however much higher (std@b km). Especially line 16 with a visibility of
only 13 km can be seen as an outlier. Anyway tHdELl data gave no evidence of a lower visibility at
that moment. Based on these results it was detaset the visibility to 20 km for the correctiohadl the
flight lines. The results are in close agreemeith whe visibility (20 km) reported by the airpoot
Oostende.

2.3 Geometric Correction

For the geometric correction of the CASI lines toenmercially available program PARGE (PARametric
GEcoding) [6] is used. PARGE requires navigatiottittale and image/sensor information for the
geocoding. The attitude (roll, pitch, heading) apdsition of the aircraft was measured during tighf
with, respectively, an Inertial Measurement Uni¥iJ) and a Global Positioning System (GPS). The
aircraft GPS data are differentially corrected wihground-based GPS of the FLEPOS (FLemish
POsitioning Service) network. PARGE calculatest fire ‘theoretical viewing vector’ using the airitsa
position (given by the dGPS) and scan angle. Theoftetical viewing vector’ is then transformed he t
‘effective viewing vector’ based on the attituddala Because of the aircrafts motion some pixeltha
final image contain no information from the scannBnese gaps are filled by a true nearest neighbor
technique
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2.4 Water Quality Retrieval

In the first stage, a robust one-band algorithmdaljbrated for the North Sea was used to deriwe th
suspended matter content and for chlorophyll detextion a well established Red/NIR ratio algoritf8h
was applied. The results of these semi-analyticethnds were compared to an analytical approachewvher
the water quality parameters are retrieved usingatix inversion of the Gordon reflectance model.

2.4.1 The bio-optical modeling

Following Ref. 9 the relationship between the imméroptical properties (IOP) and the subsurface
irradiance reflectance can be expressed as :

by (4)

R(O- 1) = f
a(A) +by (4)

(6)

with a(A) the spectral total absorption coefficient by, (1) the spectral total backscattering coefficient
(m™) and f an empirical factor which depends on solar and vigwyeometry and volume scattering in the
water. In this papeff is set at 0.35 according to ref. 7.

The I0OP a(A) and b, (A) are linear functions of the constituents’ concatitns. Equation (6) can
therefore be written as (omitting the wavelengths)

b, + SPMb, p

RO-)=f0 = ; ; ; (7
a, *+9440acpoy +CHLIA,, + NAPLayap + by, + SPMIb, p
with
a,, the absorption of pure water {in
Bow the backscattering of seawaterjm

g440  CDOM absorption at 440 nm {n

acpoq CDOM absorption normalized by the absorption4 Am (m")

CHL the concentration of chlorophyll-a (mgin

NAF the concentration of non-algal particles (§m

SPM the concentration of suspended matter & with SPVM = NAF + 007[CHL [10]

b:,yp the specific backscattering coefficient of marparticles (m? ¢)

*

a the specific absorption coefficient of chloroftay(m2 mg™)

ph
aLAP the specific absorption coefficient of non-algatticles (m? g')

2.4.2 Chlorophyll retrieval : Gons algorithm

To derive CHL from the subsurface irradiance reflectance thesGalgorithm uses a ratio of two red
bands: A, located within a region of high chlorophyll-a alygtion and A, located within 700-740 nn&
near-infrared band; is used to estimate the backscattering. The faligwassumptions are used in the
development of the Gons algorithm :

1. at A, absorption other than Chl-a and water is negigdsla(4,) = a,, + CHLm*ph(Al)

2. at )l ay,,acpoy  Anap are insignificant in comparison wita,, or a(4;) =a,,

3. b, is wavelength independent in the red/NIR region

In the study we used the CASI bands located atr®@1};) , at 705 nmX,) and at 774 nmag). Giving
these 3 assumptions the Gons algorithm can beedefiom equation (6) :
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R(0-709* (a,(709 +h,) _
R(0-,67)

apn (671

a,, (677 _bbj

CHL :( (8)

with

o = (174 RO-779
"~ f-R(0-,779

9

2.4.3 SPM retrieval
For the SPM retrieval a one-band algorithm caldmiefor the Belgian coastal waters was used [7]:

MUMM - sPM=111215— 2108 4146 (10)

0.187- p,, (708
Since the coefficients in this algorithm have bemlibrated for the MERIS sensor, the CASI
Pw (Pw = Rapp — Pa_.wy iMmages were resampled to the MERIS bands in ordapply the algorithm. The

MUMM-SPM product is defined to represent the susieehparticulate matter concentration determined
from measurements made on water samples taken3fmondepth after filtration with a GF/C filter.

2.4 .4 Matrix inversion
For m number of wavelengths equation (7) can bdemrias a linear system of equations :

y =Alx
with
R(0-,A) ~ R(O-,A) « « R(0-, A R(O-,A) « « R(0-, A
ay =20 : )acoom,a +RO2A : )aph,ﬁ =P p2 0-07{1‘ ( ; )}“ ( ; )aNAP,/I ey {1‘—( . )}
and
Yy =8, (Of"'/‘) +bbywy{l—w} with A =1,...,m
and
CDOM
x=| CHL (11)
NAP

To simultaneously estimate the concentrations efwlter constituents a least-square approach was
used for solving the system of linear equations Hversion was performed using bands 8 to 53 (444
699 nm). Below 444 nm the CASI data were consilléebe less accurate due to atmospheric/sky
correction errors, relative insensitivity of the SIAsensor in this region and/or radiometric calibra
problems at the shorter wavelengths [11]. Above 689 SIOPs data were not available for all the
constituents.

The SIOPs used in the matrix inversion are baseih-situ measurements as well as literature values.
a,, is taken from Ref. 12 ankl,, is given by Ref. 13. Following the methods of R&#,15,16] the a’;h,

ayap Were determined from seawater samples taken ftatios 230 one day after the CASI flight. No

backscattering measurements were performed in B§GBe BELCOLOUR team. Therefore the average
specific scattering coefficient determined by REf. from 56 samples of the North Sea was taken. This
average value at 555 was 0.54 mtand the spectral dependence is given\y56)%“. A backscattering
to total scattering ratio of 0.02 derived from fetzold’s volume scattering function was used terdene
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the specific backscatteringgypfor the matrix inversion. An averag@.po, Value derived from water
samples taken at station 130 and 230 during crins&pril and May 2004 was used.

3 RESULTS

Figure 1 shows the result of the atmospheric ctiorecln the green, red and NIR parts of the specta
good correspondence between the airborne anduneflectance spectra is obtained. Some differeirces
the absolute reflectance values can be due tartteedifference between the in-situ measurementstzad
airborne data acquisition. Possible causes of ltihger reflectance difference below 500 nm are
inaccuracies in the sensor calibration or in tmecgpheric aerosol characterization (standard MODWRA
4 models used) and/or errors in the underlying mfmtethe correction of the surface reflection effeat
the air/water interface.

10

—— CASI (line 18) 230 GMT 12:43
—*— CASI (line 22) 130 GMT 13:15

/ -~ CASI (line 19) 130 GMT 12:52

- - - TRIOS 230 GMT 13:25
N\ - = = TRIOS 130 GMT 12:05
—&— SIMBADA 130 GMT 12:05

—&— SIMBADA 230 GMT 13:25

.-

above water reflectance pw (%)
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Figure 1. Comparison ofp,, calculated from CASI images wittp,, from in-situ measurements performed with
TRIOS and SIMBADA spectrometers.

Water quality maps were calculated with the différalgorithms (Fig. 2). Areas with negative values
haven been flagged (black color). Adjacent flighe$ are not acquired successively in time and time
difference between the neighboring lines ranges f15 minutes to almost one hour. This explairs th
shifts visible in the concentration of the watenstituents between overlapping flight lines.

In the offshore area the chlorophyll-a concentregiderived with the Gons algorithm and with the
matrix inversion algorithm are in good agreemeribsé€r to the coast the matrix inversion technique
underestimates the chlorophyll-a concentration.rthieamore the obtained CDOM values (not showed)
were often unrealistic (negative or low values).e@mssible cause can be an ill-chosen set of STG®.

specific absorption coefficient of chIoroph;&E,h used in the matrix inversion was derived from itiare
offshore station 230 where the phytoplankton contiposmay be different from the near shore area; th
b’; values were taken from the literature. Other fbsstauses may be inaccuracies in the atmospheric
correction, insufficient information for retrievaf 3 independent parameters and the presumed CAM- S
relationship.

The relative spatial distribution of the triptonncentration (NAP) derived with the matrix inversion
technigue and the SPM concentration from the MUMRMBalgorithm are similar, but the absolute values
differ strongly. The specific scattering value waken from the literature and may not be accuratetiie
water composition at the time of recording. A setquossible explanation for this is the differenoe i
product terminology. The MUMM-SPM product represefthe suspended matter concentration from
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measurements made on water samples taken from &pth dfter filtration with a GF/C filter while the
NAP concentration derived from the matrix inversteohnique is more representative of the surfager la

Figure 2. Maps of chlorophyll-a, suspended matter (SPM) tipdon (NAP) concentration derived with different
water quality algorithms applied on hyperspectiddane CASI data.

The algorithms were also applied to the in-sitleénce measurements made at station 130 and 230
with the TRIOS spectrometer. The results are gimefable 1. The image derived concentrations fes¢h
two stations (average value for a 40 m x 40 m megioound the stations) are also given. The
concentrations of water quality algorithms appliedhe in-situ reflectance spectra and the CASttspe
agreed very well, which may indicate that errorshiorophyll and NAP retrieval caused by calibratand
atmospheric correction inaccuracies are ratherlsiilalgorithms resulted in concentrations whiekre
significantly lower than the in-situ values. Thdarbphyll concentration for station 130 and 230iested
with the matrix inversion technique was higher tloltained with the Gons algorithm. However based on
visual inspection of the Chlorophyll maps (Figv&) can see that this is not always the case faqixls.
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Table 1. Concentrations of the different water qualityi@htes obtained from in-situ measurements (bold) faom
the different water quality algorithms applied tottb the CASI data and the TRIOS (italic) seaboreiectance
measurements.

STATION 130 STATION 230
source GMT concentrations [source GMT concentrations
in-situ SPM (GF/F PA)' (g/m?)  12:05 22.27 in-situ SPM (GF/F PA) (g/m3) 13:25 11.4
in-situ SPM (GF/C)? (g/m?) 12:05 36.40 in-situ SPM (GF/C) (g/m3) 13:25 13.33
MUMM SPM (TRIOS) (g/m3) 12:05 21.53 MUMM SPM (TRIG)NE) 13:25 8.18
MUMM SPM (line 22) (g/m3) 13:15 16.26 MUMM SPM (line8} (g/m3) 12:43 8.86
MUMM SPM (line 19) (g/m?3 12:52 19.97
in-situ CHL a (GF/C) (mg/m3) 12:0¢ 16.6( in-situ CHL a (GF/C) (mg/m3) 13:2E 3.64
in-situ CHL a (GF/F ) (mg/m3) 12:05 13.76 in-situ CHLa (GF/F) (mg/m3) 13:25 8.57
Gons ChI(TRIOS) (mg/m3) 12:05 7.80 Gons ChI(TRIOS)rt)g 13:25 0.74
Gons Chl (line 22) (mg/m?3) 13:15 4.85 Gons Chl (lirg) (g/m3) 12:43 2.01
Gons Chl (line 19) (mg/m3) 12:52 6.95
Matrix Chl(TRIOS) (mg/m3) 12:05 10.48 Matrix Chl(TRIG81g/m3) 13:25 3.41
Matrix Chl (line 22) (mg/mg3) 13:15 6.35 Matrix Chlirfe 18) (g/m3) 12:43 3.57
Matrix Chl (line 19) (mg/m3) 12:52 7.86
in-situ NAP3 (GF/F) (g/m?) 12:05 21.31 in-situ NAP (GF/F) (g/m3) 13:25 10.80
Matrix NAP (TRIOS) (g/m3) 12:05 14.76 Matrix NAP(TR)@&m3) 13:25 3.08
Matrix NAP (line 22) (g/m3) 13:15 9.99 Matrix NAP (En18) (g/m3) 12:43 3.51
Matrix NAP (line 19) (g/m?3) 12:52 13.77

! Samples taken at 1 m depth on GF/F filters -PA:Aateed
2 Samples taken at 3 m depth on GF/C filters
3 NAP = SPM (GF/F) - 0.07 CHL a (GF/F)

4 CONCLUSIONS

Different algorithms were applied to atmosphericalbrrected hyperspectral CASI data to produce maps
of the concentrations of the water constituentsc&there are only two in-situ stations within #rea it is
difficult to assess the exact accuracy of watelityumaps. Some difficulties were encountered itk
matrix inversion technique. One of the goals at ¢nel of the BELCOLOUR project is to produce a
summary of SIOPs for the Belgian coastal wateris. ékpected that significant improvements in tredrin
inversion result will be achieved by using theserenappropriate SIOPS. Furthermore, the use of a
weighted least-square method [18] or using a smabe of well-chosen bands (close to CHL and NAP
features) [19] may improve the accuracy of theeesd concentrations.
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