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ABSTRACT

With its 500 km length the Wadden Sea is the largest mudflat area in the world. Discharges from
various rivers mix here with water from the North Sea. Due to surfacing tidal flats during low tide,
the variation in source water, resuspension and extremely high concentrations of Chlorophyll-a
(Chl-a), Suspended Particulate Matter (SPM), and Coloured Dissolved Organic Matter (CDOM),
large temporal and spatial differences in watercolour can be seen.

To visualise the horizontal mixing of water masses with different colours from MERIS data, two
approaches were followed. The first approach was an inverse bio-optical model called HYDROPT,
in which the absorption and scattering properties of the water constituents (Specific Inherent Opti-
cal Properties or SIOPs) can be adapted to regional values. This approach can be used to deter-
mine “water types”: water masses in which the SIOPs of the constituents are similar. The second
approach was an endmember model, based on spectral reflectance shapes. This approach can be
used to determine “water classes”: water types in which certain constituents are predominant. The
predicted water types and water classes were compared with knowledge on (tidal) distributions of
water types in the Wadden Sea.

In the data of March '07 (winter) and May ’06 (summer) differences in water types between the
North Sea, the Wadden Sea and water originating from the large rivers were seen in the German
Bight. The endmember approach was able to visualise mixing between water classes. Results of
this method showed dominance by SPM in winter and much higher concentrations of Chl-a and
CDOM in summer. A combination of the two methods would probably lead to the best tracing of
water masses.

INTRODUCTION

Remote sensing of estuaries and tidal flat areas is complex due to the often extreme turbidity and
heterogeneity, and explores therefore the upper limits of knowledge on remote sensing of coastal
zones. Remote sensing in these areas requires algorithms tuned for the extremely high concentra-
tions of various substances, almost simultaneous acquisition of remote sensing data and in situ
data for validation because of the fast changes as a result of resuspension due to tidal currents,
and local knowledge of optical properties to tune the algorithm. Apart from these problems, remote
sensing of coastal zones is an interesting possibility to water quality monitoring programmes. The
new Water Framework Directive regulations from the European Union expect the member states to
monitor all their coastal areas (1). Monitoring is important to maintain the ecological and economi-
cal values of coastal zones, which are at the same time the most densely populated areas in the
world. Monitoring these coastal waters by ship is, as far as possible, a costly and time consuming
activity, where remote sensing can offer an alternative. The great advantage of spaceborne remote
sensing data is its high spatial resolution combined with a relatively high temporal resolution. The
drawback is that some, but not all substances important for water quality can directly be monitored



EARSeL eProceedings 9, 1/2010 2

with spaceborne remote sensing data (2). However, many water quality parameters (such as nutri-
ents) can indirectly be related to parameters that can be detected with remote sensing (3,2).

The Wadden Sea is a very turbid and optically heterogeneous area. It is an embayment where the
estuary of various rivers (Rhine via Lake |Jssel, Ems, Jade, Weser, Elbe) and North Sea water
confluence (Figure 1). The Wadden Sea is the largest tidal flat area in the world. The extreme
near-surface concentrations of Particulate Suspended Matter (SPM: 5- 450 g m™), chlorophyll-a
(Chl-a: 1-50 mg m™), Coloured Dissolved Organic Matter (CDOM: 0.1-3 m™), and the spatial, tidal
and seasonal variations (4) make the Wadden Sea optically very complex and a good case study
area for remote sensing in extremely turbid areas. The objectives of this study are therefore to ex-
amine to what extent detection of water masses is possible in the Wadden Sea using MERIS data.
The possibilities of optical water mass detection based on ternary plots (in which the total absorp-
tion was distributed over the relative absorption by Chl-a, SPM and CDOM) were proven by Ar-
none, Gould and others (e.g., 5,6). In this study we compare a regionally calibrated inverse bio-
optical model and an endmember model.
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Figure 1. The Wadden Sea.

The inverse bio-optical model, called HYDROPT (7), facilitates the input of different (regional) sets
of Specific Inherent Optical Properties of water constituents (SIOPs). The model can automatically
select a set of SIOPs from a given list that leads to the best modelled reflectance spectrum com-
pared to the measured spectrum. Its output includes the used SIOP set. This approach can there-
fore be used to determine water masses in which the SIOPs of the constituents are similar (8),
called “water types” here. The second approach was an endmember model, based on spectral
reflectance shapes. The model unmixes the measured spectrum in a combination of predefined
extreme spectra, called endmembers. This approach can therefore be used to determine water
masses in which certain constituents are predominant, called “water classes” here. The predicted
water types and water classes are compared with the knowledge on (tidal) distributions of water
masses in the Wadden Sea.

METHODS
Satellite data

MERIS data L1 FR reflectance spectra (IPF 5.05/MEGS7.4, ESA, 2009) were pre-processed in the
Basis ERS & ENVISAT (A)ATSR and MERIS (BEAM) Toolbox. Adjacency effects were reduced
with the “improve contrast between ocean and land” (ICOL) processor (9). Next, the data was at-
mospherically corrected with the Case-2 regional (C2R) processor (10).
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The ICOL and C2R algorithms have their own land, cloud and quality flags (9,11). To be sure only
water pixels were processed, the standard C2R land flag was reduced to “toa_reflec_10 >
toa_reflec_6”, flagging more pixels at shallow locations than the original expression. Since clouds
were sometimes flagged as “land” by C2R, the L1 flag for clouds was applied. Data flagged with
the C2R flags (RAD_ERR, TOSA_OOR, WLR_OOR and ATC_OOR) were flagged as “flagged
input” and not processed with HYDROPT or the endmember model.

Data of two acquisitions were chosen to trace water types and water classes: the data of March
12" 2007, representing a “winter” or before-bloom situation, and the data of July 4™ 2006, repre-
senting a summer situation. The open North Sea is masked, because the SIOP sets used in
HYDROPT were all measured in or just outside the Wadden Sea and were therefore not supposed
to be suitable for the open North Sea.

Inverse bio-optical model HYDROPT

HYDROPT is an inverse bio-optical model: it calculates the I0Ps, absorption (a) and scattering (b),
from a given reflectance spectrum. HYDROPT includes a lookup table (LUT) based on HydroLight
(12) simulations of reflectances as a function of IOPs. Reflectances per wavelength over a large
range of a and b are included. The model was calibrated for each run with one or more sets of
Specific Optical Properties (SIOPs) at MERIS wavelengths. The absorption and scattering values
at the correct solar angle and viewing geometry in the LUT can be constructed from these SIOP
sets plus concentrations of Chl-a, SPM, and CDOM via Egs. (1) and (2).

a(A) = a, (A) + agy (4)-[Chl - a] + agpp (A) - [SPM] + acpom (4) - acpon (440) (1)

bt*),SPM (4)

b(2)= b, (1) + bpy (2)-[SPM] = b, (2) + =g 73

-[SPM] (2)

ay is the total absorption of water, a*:,, a*sey and a*cpon are the specific absorption coefficients
for respective pigments, particles other than phytoplankton, and CDOM. [Chi-a] and [SPM] are the
concentrations of Chl-a and SPM. For CDOM, the value at 440 nm is taken to normalise the at-
tenuation (acponm). bw is the scattering coefficient for water, b*spy is the specific scattering coeffi-
cient and b*, spn the specific backscattering coefficient for SPM. B is the backscattering to scatter-
ing ratio, which was assumed to be spectrally neutral 0.03 (13-16). For each given reflectance
spectrum, HYDROPT finds a reflectance spectrum from the LUT based on the entered SIOP sets
and values for [Chl-a], [SPM] and acpou. In the optimisation, the modelled spectrum is compared to
the measured spectrum with a least-squares criterion of the band differences, Eq. (3). In Eq. (3),
Rrs is the remote sensing reflectance, i is the band number and ¢ is the estimated standard error
in the band differences, which was arbitrarily set to 3E* and mis i-1. In this study o was given the
same value for TriOS and MERIS data.

3)

¥2 = Zm[(Rrs(Hl)in situ- R; in situ) - (Rrs;;,.;) modelled - Rrs; modelled) 2
1

o

HYDROPT optimises the spectral fit by varying [Chl-a], [SPM] and acpon and the SIOP sets. Sub-
sequently the outputs are: the spectrum that was chosen from the LUT, x?, [Chl-a], [SPM], acoow,
confidence intervals of these concentrations and the used SIOP set. Water for which the same
SIOP set leads to the best fitting spectrum is defined as one water type. Therefore, the maximum
possible number of traced water types is the number of SIOP sets the model is calibrated with.

At in situ campaigns in 2006 and 2007 [Chl-a], [SPM], acpom Were measured, a*cn, a*spy Were de-
rived directly from filter pad measurements in 2007, while b*spy was calculated from the measured
beam attenuation and the measured absorptions (3). The in situ reflectance was calculated from
above-water radiance and irradiance measurements measured with TriOS sensors (3). Due to
equipment failure the accuracy of the CDOM measurements in 2007 was lost, instead, a*cpoy de-
rived from measurements at almost the same locations in 2006 was used in the SIOP sets.
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Initial runs showed that water type detection in MERIS data was only possible when band 412 nm
was omitted from the analysis, probably due to the relatively large noise level in this band (17).
Using 7 bands, x? values <7.81 (3 degrees of freedom, P=0.05) were defined as a good spectral fit.
The most representative SIOP sets were selected by providing HYDROPT with a list of 22 SIOP
sets as measured at in situ stations (3) and performing runs with 135 TriOS spectra as input (Fig-
ure 2). HYDROPT selected four SIOP sets for >80% of the TriOS measurements (Table 2). These
SIOP sets were considered to be most representative and were used for water type detection on
MERIS data (Figure 2). For each pixel HYDROPT selected one of the four SIOP sets to model the
spectrum. The pixels for which the same SIOP set was chosen are mapped to show the distribu-
tion of water types.

Calibration Water type detection
In situ TriOS data ICOL-C2R processed
(MERIS wavelengths) MERIS data

In situ SIOP set database

(MERIS wavelengths) HYDROPT

A

Selection of the SIOP sets
representing > 80% of in-situ stations Water types detected on MERIS

to use in water type detection data

Figure 2. Diagram of the water type detection with HYDROPT.

Table 1. SIOP sets selected for water type detection. Absorption of CDOM was not measured si-
multaneously with a*cy; and a*spy, other properties are given as measured simultaneously with a*cy
and a*spM.

SIOP set 1 2 3 4
in-situ location Wadden Sea North Sea Ems estuary | Wadden Sea
Tide ingoing almost high almost high outgoing
salinity (Practical Salinity Scale) 32 32 25 33
organic content (%) 15.7 271 26.2 not available
a*cy (681 nm) (m? mg™) 0.80E-2 0.83E-2 1.65E-2 18.4E-2
a*spu (442 nm) (m? g™ 1.81E-2 2.89E-2 14 14E-2 1.91E-2
acoom(442 nm) (m™) 0.978 0.972 0.953 0.961

Endmember model

Endmember methods are common in land-remote sensing, but almost new to water remote sens-
ing (18), where endmember abundances have been used by few researchers, for deriving Chl-a
concentrations (19,20) and local calibration (21), not yet for tracing of water masses. For land
cover applications these methods are often used to determine abundances of ground coverage of
certain types within a pixel, in cases where typical ground coverages are well known, while their
spatial distribution contains too many entities smaller than the pixel size. An example is grassland
with asphalted roads through it. Generally, the roads will be too small to be separately seen in the
satellite data, while all pixels contain a mixture of light reflected by grass and asphalt. Endmember
methods use spectra of the most extreme situations occurring, e.g. pure grass reflectance and
pure asphalt reflectance, called “endmembers”, to unmix a measured spectrum. Linear unmixing
uses Eq. (4), in which R; to R, are the endmembers and a-i the coefficients, or abundances of the
endmembers, determined in the unmixing process. Following the example, the calculated abun-
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dances will provide the percentage coverage by grass and road per pixel. As will be explained
later, in our model n = 9.

R =aR,+bR, +cR, +...+ IR, 4)

measured

There are several ways to define the spectra to be used as endmembers, for example:
¢ Knowledge based manual selection. This method is fast and easy, however, not objective.

e Pure pixel approach. In this approach spectra of all pixels are placed in a coordinate sys-
tem with a wavelength on both axes. This is repeated with other wavelengths and the spec-
tra that occur most often at the outer places of the scatter plots are selected as endmem-
bers. This method is objective, however, in sea (almost) no pure spectra can be found and
endmembers will vary per acquisition due to variation in optical properties over the season.

o Statistical classification, for example with K-means, selecting the class means. This method
is objective; however, although these endmembers will represent water types, they will not
represent the extremes.

e Simulation of “pure” spectra. This method is fairly objective, however, simulations require a
model and modelling always implies prepositions about, for example, inherent optical prop-
erties of an area, or shapes of apparent optical properties. Therefore, endmembers gener-
ated for a certain region can be less suitable in other regions.

In this experiment endmembers were generated via the last approach. The Gordon (22,23) model,
Eq. (5), was used in combination with Egs. (2) and (3), the assumption f = 0.33 (24) and the me-
dian SIOP values as measured in the Wadden Sea needed for Egs. (2) and (3).

Rrs=1.3327| 1P (5)
a+b,

Endmembers were not generated using the maximum [Chl-a], [SPM] and acpoum in the water, firstly
because concentrations higher than realistic in the area would deform the spectrum to a great ex-
tent. Secondly, creating endmembers based on the “highest” concentration is not possible: ultimate
reflectance of a pure substance will remain (e.g., a spectrum with infinite SPM concentrations will
provide the reflectance of sediment), which is not the wanted endmember. On the other hand,
there is no problem if a pixel has reflectances somewhat higher than the highest SPM endmember,
since this pixel would be unmixed with this high-SPM endmember anyhow. The situation would
only increase the modelling error. Therefore high, but not too high concentrations were chosen to
generate the endmembers. Endmembers were generated for pure water, for water with low con-
centrations (SPM 1 g m*, Chl-a 1 mg m®, CDOM 0.2 m™), high concentrations (SPM 100 g m*, Chl-
a 60 mg m*, CDOM 3 m™), and mixtures between low and high concentrations (so one substance
low and two high, or two low and one high) of the three substances, leading to a total of 9 end-
members (n =9). Endmembers simulated with one or two high concentrations (for example high
[Chi-a]) were referred to as endmembers dominated by that substance(s) (e.g.: the Chl-dominated
endmember); the endmembers simulated with low or high concentrations for all the three sub-
stances were referred to as the low-concentrations or the high-concentrations endmember. Data
from Pope and Fry (25) and Morel et al. (26) were used for absorption properties of pure water (a,,)
and data from Buiteveld (27) were used for the scattering properties of pure water (by).

In an unconstrained unmixing method the abundances can have any value, while in a constrained
method the abundances are non-negative (6) and in a fully constrained method also the sum of the
abundances is one (7).

az20,b20,c20,....i20 (6)
atb+c+..i=1 (7)

In land remote sensing the fully constrained method is used often because the total land-cover
(e.g., in the example the total of grass and asphalt in a pixel) should be 100%. To detect water
types the same unmixing method should be used. Negative abundances should not be possible,
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since always at least pure (sea)water is present. Measured [SPM] higher than the one endmem-
bers were based on are possible so that reflectances higher than the highest endmember could
occur, abundances should also sum to one. However, allowing sums higher than one would lead to,
for example, 5 times a low-SPM endmember instead of 1 time the high-SPM endmember, which im-
plies that more water with low [SPM] would have a similar reflectance as water with high [SPM], which
is clearly not true. Problems would also occur with CDOM and Chl-a that absorb light and therefore
decrease the reflectance in higher concentrations. Higher abundances of for example the CDOM
dominated endmember lead to higher total reflectances, while more CDOM dominated water should
lead to lower reflectances. Eq. (4) is therefore enhanced with constraints in Egs. (6) and (7).

RESULTS AND DISCUSSION
Water type modelling with HYDROPT

Three of the four SIOP sets listed for HYDROPT were found to lead to the lowest x? values at most
locations in the MERIS acquisitions (Figure 3). Water type 2, whose SIOP set was measured in the
North Sea, was only detected at a small spot in the data of July 4™. Apparently this SIOP set was
less suitable for the data in these two acquisitions, or subtle differences between MERIS and
TriOS data made the SIOP set more suitable for TriOS than for MERIS data.
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Figure 3: Water types modelled with HYDROPT. a) March 12" 2007, b) July 4" 2006. The colours
indicate different SIOP sets.

In the Wadden Sea mainly water of type 1 was found, of which the SIOP set was measured at a
location in the Dutch Wadden Sea. In the winter acquisition this water type was also found in a
large area around the Wadden Sea and at some locations in the North Sea. This similarity be-
tween water in the Wadden Sea and water in large areas in the North Sea was thought to be due
to resuspension. Both March 12" 2007 and July 4™ had a moderate breeze that could cause re-
suspension, however, March 11" had been a windy day, while July 3™ also had just a moderate
breeze. At March 12" the water could therefore contain more resuspended material than on July
4™ Also due to a lack of microphytobentos binding the sediment, resuspension is more prevalent
in winter (28). Water type 3 was detected in the estuaries of the large rivers and Lake |Jssel, which
could logically be explained since the SIOP set of this water type had been measured in the outer
estuary of the river Ems. Water type 4 was predominantly found in the North Sea. Although its SIOP
set had been measured at a location in the Wadden Sea, it apparently contained material that was
similar to material usually found in the North Sea. A relatively high salinity of 33 psu during sampling
might explain the origin of the water of which the data of SIOP set 4 was obtained.
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The dominant currents in the Wadden Sea are caused by the tide, moving in or out of the Wadden
Sea through the channels between the islands, and by the rivers discharging water. The overall
rest current in the Wadden Sea and German Bight is south-west to north-east. This pattern ex-
plains the pattern in water types seen: Wadden Sea water (type 1) flowing through the tidal chan-
nels to the North Sea and northward along the Danish coast, with a broader band of Wadden Sea
water north of the Rivers Jade and Weser in the data of March 12", which was acquired at low tide
near the estuaries of these rivers. In the data of July 4™, which was acquired halfway during the
outgoing tide near the estuaries of the large rivers, their discharge was less visible.

Water class modelling with endmembers

Water class modelling with endmembers showed clear distribution results (Figure 4). In both ac-
quisitions, the endmember based on pure water was only found offshore in low abundances (not
shown). The low-concentrations endmember was found in the relatively coastal areas of the North
Sea, although in March more offshore (Figure 4a) than in July (Figure 4f). The other two end-
members that were predominant in the North Sea were the Chl-dominated and the Chl-CDOM-
dominated endmembers. Note that high abundances of these endmembers provide information on
the similarity between spectral shapes between these endmembers and the reflectance spectra in
the North Sea, not on absolute concentrations. Chl-a, and CDOM as its degradation product, are
likely more dominant in the North Sea than suspended matter, which settles out, while the shown area
of the North Sea contains too much sediment for much similarity with the pure-water endmember.

In March the Chl-dominated endmember was found in one patch north of the Dutch islands (Figure
4b), in July, when phytoplankton concentrations are higher, it covered a larger area along the is-
lands and in the discharge of the Weser and Elbe rivers (Figure 4g). In March, the Chl-CDOM-
dominated endmember was only found in the same area as the Chl-dominated endmember (Figure
4c), while it covered a large area in the German Bight in July (Figure 4h).

In most of the Wadden Sea the Chl-SPM-dominated endmember gave the highest abundances.
However, in March the abundances of this endmember were much higher than in July (Figure 4d
and i). The SPM-dominated endmember gave, only in March, high abundances in the inner estuar-
ies of the Jade and Dollard, as well as at a few locations in the Wadden Sea and at the north side
of some Dutch and German islands (Figure 4e and j). In inland lakes and the River Weser the Chl-
dominated endmember was predominant. In these acquisitions, the CDOM-dominated, SPM-
CDOM-dominated and high-concentrations endmembers were only found with abundances lower
than 0.1 (not shown).

The water classification with the endmember method visualises the higher influence of high (SPM)
concentrations in March compared to July and the higher influence of chlorophyll, especially in the
North Sea, in July.

Comparison of the two approaches

The water type detection with the inverse bio-optical model is a hard classifier, in that it showed
strict boundaries between water types, while horizontal mixing is surely taking place. This is partly
inherent to the method of selecting one SIOP set and therefore one water type per pixel, however,
areas with altering pixels would be possible. The water class detection with endmembers is fuzzy,
and is able to visualise the horizontal mixing between classes with decreasing versus increasing
abundances. The derived water classes relate to concentrations, giving information on dominance
and on “high” or “low” concentrations, and are useful for monitoring purposes. The method could
also detect small patchiness in the Wadden Sea. On the other hand, the endmembers approach
cannot provide precise information on concentrations of substances in the water, neither on the
types of sediment, nor on pigments of CDOM in the water column. This is a consequence of apply-
ing a linear method to a non-linear system. Methods to circumvent this problem are the use of dif-
ference spectra as input (20) or unconstrained unmixing (19). However, these models are adapted
for one substance and therefore lose their general application for water mass detection. The bio-
optical model gives information on the SIOPs and therefore on the type of pigments, SPM or
CDOM present, while it can derive the concentrations simultaneously with the water types (based
on the total absorption and scattering from the LUT).
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Figure 4: Water classes modelled with endmembers. Left panel a)-e): March 12th 2007, right panel
f)-j): July 4th 2006. The colours represent the abundances of the endmembers: dark blue is low
(0%) abundance, red is high (100%) abundance. Shown endmembers are: a) and f): low-
concentrations endmember, b) and g): Chl-dominant, c¢) and h): Chl-CDOM-dominant, d) and i):
Chil-SPM-dominant, e) and j): SPM-dominant.

CONCLUSIONS AND OUTLOOK

Both methods lead to results that could be explained with general knowledge on the water masses
in the Wadden Sea and German Bight. The HYDROPT method shows a water type in the Wadden
Sea that is different from the type in the German Bight. However, in a windy period in winter this
Wadden Sea water type extends into the German Bight. This is thought to be caused by resuspen-
sion of bottom material, which is common in the Wadden Sea and extends to the German Bight
after storm. Indeed, the Chl-SPM-dominated endmember has higher abundances in the same ac-
quisition of March than in the acquisition of July. Generally, Chl-a and SPM are more dominant in
the Wadden Sea than in the North Sea, where low concentrations prevail, according to the end-
member method. Discharge from the large German rivers is visible in the results of HYDROPT,
which finds another water type in the estuaries and northwards
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Meanwhile, the techniques are different, leading to different but complimentary patterns. For ex-
ample, the patch north of the Dutch islands classified with endmembers as Chl-dominated is not
visible in the water type detection with HYDROPT. Apparently there is relatively more chlorophyll in
that patch than in the surrounding water, while the phytoplankton is not of a different type. Similari-
ties can strengthen the results of the two methods. The apparent influence of resuspension leading
to water type 1 in the North Sea in March is visible with a low abundance for the SPM-dominated
endmember. Also the patch west of the Danish islands (~55°N, 8°E) in the data of June is visible
with both methods: the water is classified as type 1 while also this patch is influenced by the SPM-
dominated endmember.

Although both methods lead to interesting results, the best tracing of water masses probably needs
the combination of the two methods. For example, abundances of endmembers can be used to
determine areas where certain SIOP sets of the bio-optical model would be most applicable, as in
Moore et al. (21). However, this method assumes the SIOP to vary with the water classes. A com-
bination of the results of the two methods assuming them to be complimentary can be interesting
as well. The inverse bio-optical model misses the mixing, while the endmember model loses track
of a water mass when, for example, CDOM degrades, or SPM sinks, while the water still moves in
a horizontal direction. However, the water types of the inverse bio-optical model contain informa-
tion on the type of material and therefore, in most cases, on the source, while the endmembers
visualises the total influence of the substances in the water column on the colour of the water and
therefore the horizontal mixing, degradation and sedimentation. With their specific possibilities the
methods can supplement each other.
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