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ABSTRACT

Remote sensing of water quality is initiated as an additipart of the on going activities of the EAGLE2006 prbje
Within this context intensive in-situ and airborne measerégsncampaigns were carried out over the Wolderwijd and
Veluwemeer natural waters. However, in-situ measurengmismage acquisitions were not simultaneous. This poses
some constraints on validating air/space-borne remote semsidgcts of water quality. Nevertheless, the detailed in
situ measurements and hydro-optical model simulatioogigee a bench mark for validating remote sensing products.
That is realized through developing a stochastic technamgeantify the uncertainties on the retrieved aquatic inherent
optical properties (IOP).

The output of the proposed technique is applied to validateteesensing products of water quality. In this processing
phase, simulations of the radiative transfer in the @mlptmosphere-water system are performed to generateaspect
at-sensor-level. The upper and the lower boundaries afrpations, around each recorded spectrum, are then modelled
as function of residuals between simulated and measuretisspBte perturbations are parameterized as a funofion
model approximations/inversion, sensor-noise and atmosphadaaksignal. All error sources are treated as being of
stochastic nature. Three scenarios are considered: diyecoerelated (i.e. wavelength dependent) perturbations,
spectrally uncorrelated perturbations and a mixed siepfithe previous two with equal probability of occurrence.
Uncertainties on the retrieved I0OP are quantified whth relative contribution of each perturbation componertheo
total error budget of the I0P.

This technique can be used to validate earth observation pradwesder quality in remote areas where few or no in—
situ measurements are available.

INTORDUCTION

Due to the stochastic nature of measurements, and corre@ignstmospheric correction), the retrieved water teavi
reflectance is not the only possible spectrum [1]. Instdemte are many other spectra (i.e. hypotheticaltspecf the
water leaving reflectance. Each one of these hypotheticelrageas the same probability of being the measured water
leaving spectrum. Therefore a different set of watdreiant optical properties (IOP) would have resulted if a
hypothetical spectrum had been realized. In consequeneehypothetical-IOP (i.e. resulting from inverting the
hypothetical spectra) will have a certain probability distion from which the solution vector I@Rvas drawn.
Equivalently the difference between the solution vector@Br first estimates) and the true IOP is one merdkamn

from the probability distribution of the differences betw#sa hypothetical-IOP and the true IOP. This distribution (of
the differences) provides all the necessary informadtoout the quantitative uncertainties in the solution ve€&y

[2].

The first objective of this study is to estimate thistribution and evaluate the relative contribution of each
perturbation-component to the total error of IOP. Thisldne by separating the influence of these fluctuations on the
retrieved IOP. This will provides us with the necesdan} to quantify the sensitivity and the uncertaintieshef IOP

to fluctuations in the recorded spectrum. The second olgedtito assess the quality of three remote sensing
reflectance products (space-borne, airborne and insisitajrieving the 10P of the water column.



METHOD AND DATA

Remote Sensing M odelling

The total recorded radiandg ()?,90,9,40— qq),/]) at the sensor level is converted to reﬂectap{:/g at wavelengthl
(31:

oW = 1t,(X.6,.6,0-@.1)
‘ cosd,E\)
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Where 6,6 are the sun and sensor zenith angles respectiiiyelative azimuth angle df - ¢,). The term Eé") is

the extraterrestrial solar irradiance. The viewgepmetry of all reflectance terms will be droppedidrevity.
The total received reflectance at the sensor leaelbe written as the sum of several components:

P =1g" (o) + o + p) + ) (o) + 1)) @

Wheretg andtv are gaseous transmittance and viewing diffusesitnéttance from ocean to sensor, respectively. The
subscript of the reflectance represents the caritdb from surface sf¢) aerosol ), air molecules rj, coupled
scattering ) and the water leaving reflectanag).( The calculation of Rayleigh scattering of airlewules is well
described in terms of geometry and pressure [4].sBeface reflectance can be estimated usingtitatieelationships
and wind speed [5] and [6]. Gaseous transmittamcebe calculated from ancillary data on ozone amtemwapor
concentrations using the transmittance models Jodufid [8]. Viewing diffuse transmittance is apprmosited following

[9]. Aerosol multiple-scattering component can beasured using a hand held or fixed sun-photométkis
information facilitates the retrieval of the wateaving reflectance from the total recorded sigitale water leaving
reflectance can then be related to the water palyaitd biological properties as follows [10]:

0
P~ o4, — o)

el b,(1)+a(1) @

Where p\gf) is the water leaving reflectance normalized todblar transmittance from sun-to-tarﬁf‘); [, =0.0949
is a subsurface expansion coefficient due to imlerefraction, reflection and sun zenith. The paters b,(1) and
a(/l) are the bulk backscattering and absorption coeffis of the water column (subset of the water ri@hieoptical

properties IOP). These IOP characterize the optmsthavior of the medium and are directly relatedthe
concentrations of water constituents. The valueBO&f can be quantified by inverting the above mdedguation 3)
using non-linear fitting [11]. The assumed watenstduents are chlorophyll-a (phytoplankton gre@ment, Chl-a),
dissolved organic matter (DOM) and suspended pdatie matter (SPM). The IOP of these constituentsthen
parameterized following [12], [13] and [14] for C&] DOM and SPM, respectively. Note that the alsmmpand
backscattering coefficients of any constituent Bmearly related to its concentration. Therefore weger to both
parameters (concentration and absorption/ backsoajt coefficient) using the same abbreviation & tonstituent
itself (i.e., DOM, Chl-a, SPM).

Study Area and Dataset

Field measurements of water leaving reflectanceyidity and Chlorophyll-a of the Wolderwijd and \Welemeer
(52°19'12.0"N, 05°36'12.0"E.) natural waters wavailable from Eagle2006 campaign for the 4thwdy 2006. This
filed campaign was also associated with hyperspedirborne measurements form the Airborne Hypetsae
Spectrometer (AHS) [15]. MEdium Resolution Imagi@gectrometer (MERIS) and Advanced Space borne Tdlerm
Emission and Reflection Radiometer (ASTER) obsématwere also available during the EAGLE2006 cagrparor
more details on EO data availabilities and spedtiiims the reader is encouraged to consult theeB@gb data
acquisition report [16],. Table (1) summarized tised dataset in this work.



Table 1: Summary of the subset from Eagle2006 data®d in this study.

Acquisition Sensor Description Date

Space borne | MERIS MER-FR-PNEPA20060608_101603_000000502048_D02&335_1597.N1 08-06-2006
ASTER AST_L1B_00306082006104429_20060706063029_2625 08-06-2006

Airborne AHS AHS_060613 level L1b 13-06-2006

Field ASD 9 Spectra: corrected for sky reflectance usiigNIR spectrum 04-07-2006

measurements

RESULTS AND DISCUSSIONS

Error Propagation and Quantification

Accuracy of Model-Inversion and Sensitivity Analysi

Water leaving spectra are produced for a set dhegived values of water IOP using equation (3gséhspectra are
then inverted to retrieve the water IOP. The démiet between retrieved and synthesized values Bfdf@ measures of
model-inversion accuracy. The relative errors ia tetrieved IOP are quantified and shown in figfbraeach water
type. Two important observations can be drawn ffgrl. The first is that the model is very apprapei for SPM
retrieval with a maximum relative error less tha®200. This value (of 0.02%) decreases with increpssPM
concentrations to reach maximum value less thaf59@at 30 g.im of SPM. The second observation is that the
relative-error in Chl-a increases with increasimg tconcentrations of DOM. This is more pronouncédow
concentrations of Chl-a and SPM. The relative-eofddOM increases with increasing DOM and decreaSRM and
Chl-a concentrations. In general the concentratmn€hl-a are overestimated in waters with low @mrations of
DOM and underestimated in waters with high conegittns of DOM. The sensitivity of the Chl-a to thieundance of
DOM could be due to a degeneracy effect of the rgiga. This might explain why case Il waters witigth
concentrations of DOM (absorption at 440ren0.25) were avoided in most coastal studies by asgum small
constant value of DOM absorption coefficient [1Z&t us note that the spectral-slop of DOM absorptian also be
retrieved through the inversion. Nevertheless whikincrease the degrees of freedom and hencelélgeneracy of the
solution. However the algorithm (as it was presgngicceeded in reproducing very good estimateéseofOPs. The
relative errors were less than 0.05% in DOM, less1t0.018% in SPM and less than 1.8% in Chl-a.

The sensitivity of model-inversion to fluctuatioinsthe water leaving reflectance is quantified asg the deviation of
errors (resulting from fluctuations) from minimunr@s (when no fluctuation was considered). Thisiat&n is
computed for 1000 fluctuated spectra and shownigri-b. The accuracy of the retrieved Chl-a, DOMI &8PM
concentrations increased with increasing the canaons of SPM. This trend was inverted for DOM. the accuracy
of the IOP decreased with DOM abundance.
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Fig.1: (a) Errors in the estimated IOP; (b) Stadd#eviations (retrieved form 1000 fluctuated sg@ectr



For DOM free water, the relative errors in therastied concentrations of Chl-a and SPM increased adgar waters.

It appears from fig.1-b that the absorption coéfit of Chl-a is the most sensitive parameter te thndom
fluctuations in the water leaving reflectance. Tigisrue if DOM is presented in the water. In tbése, the retrieved
concentrations of Chl-a have 65% probability tovbighin +23% off the true values. For DOM-free water this
uncertainty in the retrieved concentrations of €lit-reduced to less than 0.2% for the same priitlyadi occurrence.
These conclusions are correct with respect to skecated range of spectral fluctuations.

Upper and Lower Bounds

Residuals between model predications and measutermenused to construct upper and lower boundh@rstimated
IOP following [18] and [19]. The upper and lowerunal are shown in fig.2-a. The fits between molded @measured
reflectance are within acceptable ranges. The maximorm of residuals is equal to 3.8. This is hett¢ase for sites 3
and 4, where bottom reflectance was observed.e8etltwo sites the norm of residuals is 10.6 andespectively.

Imperfect Atmospheric Correction and Sensor’s Noise

Errors in aerosol optical thickness are assumebett®etween 0.17 and 0.26. These values correspoad urban
atmosphere model with visibilities between 40 krd 20km, respectively. These two values are usggmnerate upper
and lower bounds of water leaving reflectance. Aalue of aerosol optical thickness will result irdifferent water
leaving spectrum. These spectra are then geneséttdd the upper and lower bounds randomly.

Random noise is assumed to follow a normal distidbuwith zero mean andr x (noise equivalent radiance) of a
sensor. This number depends on sensor specifisaiwh the desired confidence interval.

The relative contribution of each error sourceti® total errors on the IOP is then calculated u#liegvariances of the
different error components. Fig.2-b shows that rhadeersion and imperfect atmospheric correctioae dre major
contributors to the uncertainties on the retrievallies of Chl-a and DOM absorption coefficientstrieeed values of
SPM are more affected by sensor noise and aeflsislis similar to the, already, observed behasgfdhe inversion in
twins experiment. However, the values of model isia@’s errors are higher than those already ndtgthg the twins
experiment. This is due to the random nature ofsmesments which may disagree with the simulatedammess. In
general, noise and aerosol induced uncertaintiesuat for 60% to 75% of the total error, while mbdesersion
account for the remaining 25% to 40% of the totabreon the retrieved IOP (see table 2). Tabled@)tains the
averaged values of relative contributions frometiht sources of uncertainties over all measuted.si

The relative contribution of model inversion isitst maximum for DOM (~40%) and its minimum for SRE5%).
Noise induce errors have a small contribution tecalber (DOM~14% and Chl-a~19%) and a large cortiohuto
scatterer (SPM~43%). More than half (~51%) of exran the retrieved values of Chl-a are originatzrdhfimperfect
atmospheric correction. This is reduced to 43%3@% for the retrieved values of DOM and SPM redpelt
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Table 2: Averaged values of relative contributiofithe different sources of errors to the total dgretcof
uncertainties on the retrieved IOP.

Relative contribution Chlorophyll-a Dissolve orgamatters Suspended matters
Model inversion error 35 39 25
Aerosol uncertainty 51 42 32
Sensor noise 14 19 43

Retrievals and Products I nter-comparison

Geo-referencing and Atmospheric Correction

Available images are geo-referenced, correctedsfoile effects and converted to top of atmosphefieatance.
Atmospheric path correction is then preformed usmgjative transfer computation [20]. Gaseous tratiances of
ozone, oxygen, carbon dioxide, methane and nitosige are assumed constant over a sub region aghafies. Two
aerosol models with 40 km visibility are used, npmmaaritime aerosol for MERIS and urban aerosol AbtS and
ASTER. The adjacency effects form the surroundamgi$ is accounted for in the computation.

Retrieval of Water Quality Parameters and Produnter-comparison

Non-linear fitting is used for simultaneous retdewf the water I0P. This method is applied on MERINd AHS
spectra. The spectral characteristics of ASTER tcaimsthe application of such non-linear fit methéastead, matrix
inversion method is applied on ASTER'’s two visilbiegnds. In consequence only two variables wereekedd form
ASTER image. An inter-comparison between retrievaldes of SPM backscattering and Chl-a and DOM rgitiems
are shown in (fig.3) for two cross sections over Weluwemeer (start {52.38307, 5.63710}, end {583B65.65516})
and the Wolderwijd (start {52.34515, 5.60731}, €f5@.3579, 5.59198}). Retrieved values from ASTER @atchy
and don’t correspond to the values estimated frdgRMs and AHS. This is because the retrieval-metifodiSTER is
based on matrix inversion of equation (3) in twadsmand assuming a constant value of DOM absorptefficient at
400nm ( = 0.25 ). The retrieval-method of MERIS and AHS is basednon-linear fit for IOP in all visible bands
(i.e. 15 for MERIS and 16 for AHS). There is a vggyod match in the retrieved values of SPM backsdag at
Veluwemeer (fi.g.3a) and Chl-a absorptions at theld&twijd (fig.3-d). However, slight overestimat®mf Chl-a
absorption and underestimations of SPM backscatteoefficients w.r.t. AHS can be observed in &) and (fig.3-
c) respectively. The values of DOM absorption coedfit are generally overestimated w.r.t AHS retik values, with
the same spatial variation, however. The differeroetween MERIS and AHS results may be attribubeithperfect
atmospheric correction and inappropriate spectakxage of AHS for Chl-a retrieval. On the one hathé longer
atmospheric path of MERIS w.r.t. AHS signals inse=athe contributions of adjacency effects, aerogm and
illumination-viewing variations to the top of atnpigere (TOA) reflectance. On the other hand, AHStspkrange
does not cover chlorophyll-a absorption featureterea at 440 nm. This absorption feature is ofeginitportance for
reliable estimation of Chl-a and DOM absorptionféioents. The combined effects of the longer atptesic path and
the absence of 440nm absorption feature will ireeahe uncertainties on the retrieved values oM@d Chl-a
contributing up to 86% (the sum of relative conitibns of aerosol and model inversion from table®}he total
errors.

Validation of EO Products

Inversion’s by-products are the residuals and #réig) derivative of equation (3). These informatiare then used to
estimate the uncertainty on the retrieved I0OP fAiS dataset [18], [19]. Here we use the standawiaten (STD) at
95% of confidence as a measure of uncertainties.rétrieved values of DOM have the highest unaetites (fig.4-a
and fig.4-b). This was already anticipated form peevious results (fig.3-e and fig.3-f). The unaaity maps have
similar spatial variations (fig.4-a, fig.4-c and.#i-e) and their values increase proportionallyvéder turbidity. Two
water types can be distinguished form the righepsof fig.4 (the surrounded region in fig.4-b,.figd and fig.4-f), the
pixels within the plotted region have STD valuessi¢han the value of the corresponding IOP. Theamging pixels,
which form the majority, have their STD values tggkhan the retrieved values of IOP (i.e. largersit Nevertheless,
the STD maps, shown in the left panels of fig.4, the only measure of retrieval reliability ovemete area where few
or no in—situ measurements are available.
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Fig.3. Inter-comparison of retrieved values of SPMand c), Chl-a (b and d) and DOM (e and f) from
different sensors for two cross sections at theiWemeer (a, b and e) and Wolderwijd (c, d and f).

CONCLUSIONS

The inversion method might fail in predicting tHedand the red absorption bands of DOM and Cfikés is because
the spectral slope of the DOM was assumed condtoreover the variation of the Chl-a absorptionftioent with
phytoplankton species is not considered in thidystu

Let us note that the inversion will only be ablesgparate the absorption of Chl-a from that of D&tNhe blue and the
red bands (centered at 440nm and 675nm respedgtivielyctuation in these two bands, will thereforesult in
degenerated results of Chl-a and DOM. On the dihed SPM values are expected to be biased propattio the
residuals at the NIR.

Erroneous estimation of aerosol optical thicknessraodel inversion are the major source of erfbngir contribution
to the total error is about 55% for SPM and 86%D&@M. Noise contribution ranges from 14% for DOM48% for



SPM. These observations are valid for the adaptedrsion technique, non absorbing aerosol and #eel wmoise
spectral variation.

ASTER results are very patchy and their valuegjareerally higher than those retrieved from MARIE &HS.

There is a very good match between MERIS and AHiSeved values of SPM backscattering and Chl-a rqibien.
Retrieved values of DOM absorptions coefficiennirMERIS and AHS have large discrepancy. This caattributed
to the absence of the green absorption feature Abl8 spectral bands and imperfect atmospheric cthore These
two factors can contribute up to 86% of errordretrieved value of DOM.

Uncertainty maps are simultaneously estimated &wheretrieved I0P. This information forms a benctkmir
validation and fusion of remote sensing productaater quality parameters.
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