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Abstract The interpretation of optical remote sensing
data of estuaries and tidal flat areas is hampered by optical
complexity and often extreme turbidity. Extremely high
concentrations of suspended matter, chlorophyll and dis-
solved organic matter, local differences, seasonal and tidal
variations and resuspension are important factors influenc-
ing the optical properties in such areas. This review gives
an overview of the processes in estuaries and tidal flat areas
and the implications of these for remote sensing in such
areas, using the Wadden Sea as a case study area. Results
show that remote sensing research in extremely turbid estu-
aries and tidal areas is possible. However, this requires sen-
sors with a large ground resolution, algorithms tuned for
high concentrations of various substances and the local spe-
cific optical properties of these substances, a simultaneous
detection of water colour and land—water boundaries, a very
short time lag between acquisition of remote sensing and in
situ data used for validation and sufficient geophysical and
ecological knowledge of the area.
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Introduction

Monitoring water quality is an important issue in estuaries
and tidal flat areas, since they are ecologically and econom-
ically important. These environments are very heterogenic
and show extreme concentrations of chlorophyll-a (Chl-a),
suspended particulate matter (SPM) or coloured dissolved
organic matter (CDOM). Therefore, monitoring with opti-
cal remote sensing using generic water quality algorithms is
often not possible. Remote sensing of coastal zones is
developing on a high speed and although there is literature
and in situ data available (e.g. IOCCG 2000; D’Sa and
Miller 2003; Brando and Dekker 2003), studies on
extremely turbid and heterogeneous areas are still rare and
remote sensing research in these areas needs improvements
for water quality monitoring (Robinson et al. 2008). The
optical properties of estuaries and tidal flat areas are recur-
rently on the edge of what is described in research on
coastal zones, or on the outer ranges of what algorithms are
adapted for (e.g. Hellweger et al. 2004).

This review is therefore built up from the opposite direc-
tion. It describes the processes taking place in estuaries and
tidal areas that lead to the optical heterogeneity and are
therefore important for remote sensing, with the perspective
to facilitate advances in research and operational remote
sensing in these areas, especially in the Wadden Sea
(Fig. 1). The examined factors are as follows: extreme con-
centrations and concentration ranges of SPM, Chl-a,
CDOM and turbidity, local, seasonal, and tidal variations
and resuspension. With its 450 km length and about
10,000 km?, the Wadden Sea is the largest mudflat area in
the world, and at the same time the estuary of various rivers
(e.g. the river Rhine via Lake IJssel and the North Sea
coast, and the rivers Ems, Jade, Weser and Elbe). Because
of the extensive research on substances important for
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Fig. 1 The Wadden Sea. For the
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optical remote sensing that has been carried out in this area,
it is a perfect location to use as a case study area.

Due to large changes in nutrients and phytoplankton
over the last decades (Philippart et al. 2007) in the Wadden
Sea, for Chl-a only the most recent papers were thought to
be relevant for remote sensing purposes now, while older
papers about SPM, CDOM and remote sensing were not
excluded if they attributed to a better overview. However,
remote sensing of ocean colour is a relatively new science
(e.g. Spitzer 1981; Spitzer and Folving 1981; Dupouy et al.
1983; IOCCG 2009), which is limiting the time period for
this review.

Extreme SPM, CDOM and Chl-a concentrations and tur-
bidity, local, seasonal and tidal variations, resuspension
plus the influence of these factors on remote sensing data,
are examined successively. Already available results of
(optical) remote sensing (detecting reflected light in and
around the visible spectrum) of water quality in the Wad-
den Sea are discussed in a separate section. Since these
techniques can deliver useful information on for example
land—water boundaries, also results from radar (wave-
lengths <1 mm to 1m, for example synthetic aperture
radar: SAR) and laser (infrared, visible, ultraviolet, for
example LIDAR) are examined. Hand-held, air-borne
(from a plane) and space-borne (with a satellite) remote
sensing research is included. The main focus of this review
is on optical remote sensing for water quality monitoring;
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therefore, gaps in optical remote sensing and algorithm
development in the Wadden Sea are filled with information
from other extremely turbid areas. The last section provides
recommendations for further development of remote sens-
ing in estuaries and tidal flat areas.

Extreme concentrations and turbidity

Estuaries and tidal flat areas often show extremely high
concentrations of optically active substances (substances
having an important influence on the optical properties in
the water column). Chl-a is elevated due to nutrient input
from rivers and land runoff, SPM due to resuspension and
CDOM due to river outflow, while the exchanges between
estuarine and sea water have a major influence on the fluxes
of these substances (Table 1). Concentration ranges found
in the Dutch part of the Wadden Sea range for example <1—
90 mg m > for Chl-a and <1-1,225 g m 3 for SPM, exclud-
ing the extreme values in and near the Dollard where at
some occasions SPM was found at concentrations of up to
4,000 g m™3 (Rijkswaterstaat 2008, including over 20,000
stations between 1976 and 2008). CDOM absorption at
375 nm ranged 0.5-2.5 m~! in one measurement campaign
(Spitzer 1981; Dupouy et al. 1983). The most extreme SPM
concentrations (>1,000 g m~) cited earlier were possibly
measured in a not very pronounced layer of “fluid mud”
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(Van Leussen and Van Velzen 1989). Due to the combina-
tion of mud with specific properties, flocculation and cer-
tain mixing processes, these turbid layers possess the
properties of liquids with a buoyancy effect, while the lay-
ers keep the mass of suspended sediment (Winterwerp
1999; Wolanski et al. 1988). The resulting fluid mud layers
were found at various locations in the world (Winterwerp
and Van Kesteren 2004), including the Ems estuary (Van
Leussen and Van Velzen 1989), reaching concentrations of
several tens to hundreds of kilograms per m> (Winterwerp
and Van Kesteren 2004).

The high concentrations of optically active substances
lead to a low penetration depth of sunlight. Measures for
this penetration depth are the diffuse attenuation coefficient
for downwelling light (K, (1)) and the traditional Secchi
depth. Because the underwater light field is an important
factor for autotrophic organisms (Van Duin et al. 2001)
both K, and Secchi depth are often reported (De Lange
2000; Marees and Wernand 1990; Cadée and Hegeman
2002; Tillmann et al. 2000). Kd values for photosyntheti-
cally available light are around 1.4 m~! in the Marsdiep
inlet of the Wadden Sea (De Lange 2000). Secchi depths
measured by Rijkswaterstaat (2008) between 1982 and
2008 ranged <0.1 to 4.60 m with a 0.95 percentile of 1.70
for almost 5,000 measurements spread over the Dutch
Wadden Sea. The last decade the water became clearer: the
0.95 percentile of the Secchi depths increased to 2.00 m for
data collected between 2000 and 2008 (Rijkswaterstaat
2008).

Water quality algorithms should be adapted to these
extreme concentrations, concentration ranges and attenua-
tions occurring in estuaries and tidal flat areas. High con-
centrations of SPM lead to detectable water leaving
reflectances and absorption in the near infrared, so that
atmospheric correction methods for satellite data based on
(near) infrared bands cannot be applied. High SPM con-
centrations might saturate the spectrum (as shown in the
reflectance spectra presented by Lodhi et al. 1997), while
the similarity in absorption properties by SPM and
CDOM, and to a minor extent by Chl-a (in the blue wave-
lengths: 400-500 nm), complicates the separation of indi-
vidual components. A positive side effect of the extremely
high concentrations is that, even in these shallow waters,
bottom influence is greatly reduced due to the high attenu-
ation of light. Hgjerslev (2002) concluded that the influ-
ence of the bottom on remote sensing reflectance is
reduced to negligible levels at 2.2 times the Secchi depth.
This would lead to negligible optical influence of the
bottom in the Wadden Sea, where the minimum Secchi
depths reported were usually reported for stations near or
in the (shallow) Dollard, and stations with Secchi depths
of 2m or more were all measured in (deep) channels
(Rijkswaterstaat 2008).

@ Springer

Spatial variation

The dominant spatial structure of the Wadden Sea is
formed by tidal channels and flats, fed by North Sea and
river water. Deep inlets between the Wadden islands bring
in saline North Sea water and accordingly split into several
channels and branches, becoming shallower at the more
protected places behind the islands where most tidal flats
are found. From the main land, the rivers enter the Wadden
Sea contributing very distinctive water types. For instance,
River Rhine water enters via Lake IJssel which, in spring
and summer, contains high concentrations of cyanobacteria
(Simis 2006), while the Ems River is very turbid due to
high SPM (De Jonge 1992) and (C)DOM (Laane and
Kramer 1990) concentrations. The Elbe estuary is relatively
clear, as the small organic particles stay in the deepened
freshwater part of the estuary (Kerner 2007).

The tidal flats have a high reflection compared to the sur-
rounding water and pixels with complete flat coverage can
therefore easily be detected by remote sensing. It is difficult
to discriminate pixels at the land-water boundary with
partly flat coverage or that are influenced by surrounding
flats. Tidal flats, although generally located at the protected
places behind the islands, constantly change in shape and
place, with a speed of several centimetres a day (Niederme-
ier et al. 2005; Roelse 2002). At high water, without surfac-
ing flats, the water surface between the islands and the
mainland has generally a width of a few kilometres but
depending on the location this width various between 2 and
20 km. This means that the spatial resolution of current
ocean colour sensors (e.g. ~1 km. for MODIS, ~300 m for
MERIS, IOCCG 2009), should be appropriate for water
quality monitoring of the Wadden Sea during high water.
Surfacing tidal flats can have sizes of tens of metres square,
to some kilometres square, so that during low water at
many locations only small channels between flats with
widths ranging from smaller than one to several tens of
metres remain. However, the deep tidal inlets between the
islands are still there with low water. These inlets are 1—
3 km wide, and, although winding, some kilometres long.
Monitoring water quality during low tide with the current
ocean sensors is reduced to these deep channels, because
the sensors resolution is not sufficient to monitor most of
the small channels. Only SPOT (SPOTimage 2009) has a
higher resolution, but has limited spectral bands (2 for 10 m
resolution, 3 for 20 m.) which hinders water quality moni-
toring.

The flats vary in their optical properties and Chl-a con-
tent, related to the algae living on the flat. A distinction can
be made between relatively stable sand flats and easier
erodible mudflats. Mudflats with fine particles have larger
quantities of benthic organisms and Chl-a content (10—
50 g m~ in the upper 5 cm) than the sand flats (2-20 g m >
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in the upper 5 cm) (Billerbeck 2005; Colijn and Dijkema
1981), although the sand flats are net autotrophic and have
2-3 times more light availability than the net heterotrophic
mudflats (Billerbeck 2005). The crests of the flats generally
show larger benthic growth rates and higher stability than
troughs, due to excretion products of benthic organisms
(Lanuru et al. 2007; De Jonge 1992). This is supposed to be
due to the extended emersion times of the crests and, there-
fore, more effective irradiance (De Jonge 1992; Colijn and
Dijkema 1981) or higher temperatures (Rasmussen et al.
1983). At flats emerging for long periods, high salinities
and pHs have a negative influence on primary production
(Rasmussen et al. 1983). Such flats are stabilised by physi-
cal processes such as drying and compaction (Lanuru et al.
2007). Also, the protection of flats from waves is important
for their stability and Chl-a content, since storms might
destroy the surface layer of benthic organisms. Vice versa,
the benthic algae help stabilising the flats section “Varia-
tion due to resuspension”. Colijn and Dijkema (1981)
found Chl-a concentrations of 20 mg m~2 (yearly averages)
in the upper 2 cm of sediment at not protected locations,
while protected stations had values of 100 mg m~2, with
extremes >200 mg m~2, again for the upper two centime-
tres. Due to the growth of benthic organisms, tidal flats add
significantly to the primary production and the Chl-a con-
centration in the Wadden Sea. For example, Cadée and
Hegeman (1974) found a production of 100 g C m~2 year ™!
for the microflora on the tidal flats and only
20 g C m~2 year~! for the water over these flats. Poremba
et al. (1999) concluded that high tide results in a supply of
primary production from the autotrophic intertidal flats to
the heterotrophic channels. Benthic red algae occur in the
Wadden Sea in the subtidal zone, but their amount
decreased largely the last century (Reise et al. 1989). The
species were found to have a distinguishable reflectance
spectrum (Kromkamp et al. 2006) and were mapped in an
area around the island of Sylt by Reise et al. (1989).
Seagrass and macroalgae attribute to the total Chl-a in
the water seen in reflectance spectra, but their spectral
shapes are difficult to distinguish (Kromkamp et al. 2000).
The sea grass species Zostera marina L., or Eelgrass, used
to cover large areas of the Wadden Sea; however, it almost
completely disappeared in the last century (Bos et al. 2005).
The few sea grass fields (~60 km?) that left are for 90%
located at wave-protected areas in the North Frisian Wad-
den Sea (Floser 2004) and consist of Zostera noltii (dwarf
Eelgrass). Macroalgae typically grow attached to hard sub-
strates, which can in the environment of the Wadden Sea
only be found in the form of mussel banks (Dankers and
Zuidema 1995), oyster banks, and other (empty) shells.
However, they only maintain dense vegetations at sheltered
locations (Cadée 1980) since storms remove the macroal-
gae from more exposed flats. Floating macroalgae can

continue growing, but their contribution to primary produc-
tion at places other than the sheltered flats with enough sub-
strate is low (Cadée 1980).

In the water column of the Wadden Sea, spatial variation
due to the mixing of water from various sources was stud-
ied (Brasse et al. 1999; Dick and Schonfeld 1996; Zimmer-
man and Rommets 1974). Major currents between North
Sea, Wadden Sea and rivers partly determine the concentra-
tions of Chl-a and SPM (Grossart et al. 2004), and some
researchers could optically distinguish water types and
fronts (Hoge and Swift 1982; Reuter et al. 1993).

The spatial distribution of Chl-a over the Wadden Sea is
only partly related to the discharges of the rivers. Although
Chl-a concentrations and primary production have been
subject to much research in the Wadden Sea for a long time
(Cadée and Hegeman 2002; De Jonge et al. 1996; Cadée
1986, Postma 1954), the system remains complex and is
still not completely understood. Top—down control by pre-
dators for example makes the response of phytoplankton to
nutrient reduction unpredictable (Philippart et al. 2007).
However, it is now known that phytoplankton is mainly
light limited (Colijn and Cadée 2003). Evidence for light
limitation was found at different stations in the Marsdiep
inlet, the Ems-Dollard estuary, and near Norderney and
Biisum, Germany (Tillmann et al. 2000; Colijn and Cadée
2003). Only at the end of the spring bloom, in June, a few
hours per day nutrients (silicon, phosphorus and in some
cases nitrogen) were found to be limiting (Tillmann et al.
2000).

SPM distribution is, due to resuspension, related to water
depth (section “Variation due to resuspension”). Therefore,
and because of the accumulation of sediment at sheltered
locations, the deeper channels contain generally less sus-
pended matter in most of their water column than the more
shallow waters at protected places behind the islands. Local
differences in SPM transport occur due to local differences
between flow velocities of the ebb and flood current, the
dominance of one of the tides or the settling times for parti-
cles. Postma (1960) found much higher SPM contributions
from the fresh water than in the salt water to the Dollard
estuary, while the sediment particles suggested a marine
decent and therefore an upstream transport of heavy parti-
cles. According to De Jonge (1992), large and small parti-
cles are transported upstream in the Ems estuary. However,
formation of large size flocs from small particles (Van
Leussen 1994) and the turbidity maximum around the
upper limit of the brackish water complicate the distribu-
tion of small and large particles in this area (Postma 1954,
1960). A net landward transport of all suspended sediment
was found in the Danish Wadden Sea (Austen et al. 1999),
while in the Dutch Wadden Sea an inward transport of fine
particles (silt) was observed (Postma 1954, 1961). Chang
et al. (2007) conclude that generally higher ratios of small
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to large particles can be found at flats at sheltered locations
in the Wadden Sea. However, there is no one-dimensional
landward gradient of SPM concentrations or particles sizes,
for example, Vinther et al. (2005) found zig-zagging SPM
transport in the spit Skallingen, Chang et al. (2007) found
lower ratios of small to large particles close to the main
land in years with stronger wind conditions than usual.

Starting with the measurements of Spitzer (1981) and
Dupouy et al. (1983), studies of the spatial distribution of
CDOM have a long history in the Wadden Sea. dissolved
organic matter (DOM, which is CDOM plus their unco-
loured cousins), dissolved organic carbon (DOC) and yel-
low substances (another name for CDOM) were found to
correlate with freshwater from the rivers (Warnock et al.
1999; Laane and Koole 1982; Laane 1980; Zimmerman and
Rommets 1974), leading to a general decrease in CDOM
concentration in seaward direction (Liibben et al. 2009).
This is a well-known phenomenon. Most DOM in the Ems-
Dollard was found to originate from rivers, only a minor
part has its origin in phytoplankton production in sea
(Laane 1982). However, the situation in the Wadden Sea is
complex since it is the estuary of various rivers with differ-
ent water types. As shown by Laane and Kramer (1990),
the rivers Ems, Elbe, Weser and Rhine have different fluo-
rescence rates. CDOM in the Ems (at 440 nm) was found to
absorb over 2 m~!, while the median absorption over the
Wadden Sea area in spring, summer and autumn was
0.64 m~! (Table 1) (Hommersom et al. 2009). In the shal-
low Wadden Sea, pore water adds to the CDOM concentra-
tion (Liibben etal. 2009; Boss etal. 2001; Laane and
Kramer 1990), while sand beds were found to work as a
sink for organic matter that can filter the entire water body
of the Wadden Sea within 3—10 days (De Beer et al. 2005).
Still, maps of CDOM concentrations over the entire Wad-
den Sea area as in Hommersom et al. (2009) are sparse.

To conclude, for remote sensing purposes, it is important
to be able to distinguish (moving) tidal flats from surround-
ing water. Using few year-old maps to mask mudflats might
not be sufficient due to their migration. Detection of tidal
flats will further be discussed in section “Achieved results
of remote sensing”. The flats attribute to a high degree to
the Chl-a concentrations. Red algae attribute to the reflec-
tance signal but only occur in the Wadden Sea at a few
shallow locations (Reise et al. 1989) and are therefore less
important for most remote sensing purposes. Sea grass is
important at shallow protected locations in the Danish
Wadden Sea while macroalgae, with a similar reflectance
spectrum, will also only be found at sheltered tidal flats,
especially at those with mussel or oyster beds. SPM con-
centrations are generally larger at shallow location but can
follow complex patterns, which are, however, well docu-
mented. It is important to recognise that wave-protected
locations in the Wadden Sea work as a trap for fine
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particles, leading to sediment and SPM compositions that
differ from that found in the North Sea. The use of optical
remote sensing will add to a better understanding of the
processes responsible for the distribution of Chl-a and to
the, until this moment, not well-examined CDOM distribu-
tion in the Wadden Sea. With high tide and in the deep inlets
between the islands, remote sensing of water quality should
be possible with the current available optical sensors.

Seasonal variation

Chl-a concentrations show a large variability over the year.
Winter concentrations (average just above 0 mg m~>) are
much lower than summer concentrations (between 5 and
20 mg m~>), while in spring (between ~week 10 and 20) a
phytoplankton bloom with peak concentrations occurs
(Table 1; Tillmann et al. 2000). Although the yearly pat-
terns are similar (Cadée 1980), the overall inter-annul vari-
ability is large (Cadée and Hegeman 2002) as well as the
maxima measured during spring bloom. For example, Chl-a
concentrations during the bloom reported by Tillmann et al.
(2000) in 1995 reached just over 30 mg m~3, while one
year later concentrations were over 70 mg m—>. A large
contributor to Chl-a abundance in the Wadden Sea is
Pheaocystis globosa (Peperzak 2002). After the spring
bloom, the decay of this species leads to the appearance of
white reflecting foam at the sea surface, which leads to an
increase in the remote sensing reflectance. Anoxia caused
by decay of primary producers at the sea bottom (Cadée
1996), is, due to the lower chlorophyll concentrations, now-
adays a rare phenomenon in the Wadden Sea. However, it
can lead to “black spots” (Michaelis et al. 1992) due to the
high concentrations of ferrous sulphide that colour the bot-
tom black at places where anoxia occurs and was in 1996
found to cover surfaces up to 50 m? in the German Wadden
Sea (Bottcher et al. 1998). Black spots with such dimen-
sions (1/36th of a MERIS Full Resolution pixel) will influ-
ence the measured remote sensing reflectance.

SPM concentrations in autumn and winter were found to
be higher (November 1999, 30-120 g m~—>, average about
70 gm~) than in spring and summer (May 2000, 25—
85gm™3, average about 40 gm~>) by Grossart et al.
(2004), Lemke etal. (2009) and Andersen and Pejrup
(2001). However, Bartholomi et al. (2009) did not find this
seasonal pattern. Higher winter concentrations might be
mainly due to resuspension by wind induced waves (section
“Variation due to resuspension”) that occur more often in
winter than in summer. The positive relation between SPM
concentrations and higher wind speeds was found by sev-
eral researchers (e.g. Badewien et al. 2009; Stanev et al.
2009; Bartholoma et al. 2009; Lettmann et al. 2009). How-
ever, even when weather conditions were similar, winter
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SPM concentrations were higher (Grossart et al. 2004).
These generally higher winter SPM concentrations are
probably due to the absence of the stabilising effect of ben-
thic organisms that prevents the soil from (tidal) resuspen-
sion in summer (section “Variation due to resuspension’).
Organic matter accounts for a higher percentage of the dry
weight in spring than in winter (Grossart et al. 2004). This
is due to spring phytoplankton blooms and floc formation.
Flocs are formed in the calm estuarine waters and account
for a large percentage of the total SPM concentration (Van
Leussen 1994). Calm weather in combination with high
concentrations of organic matter and phytoplankton, and
high microbial activity, situations usually occurring in sum-
mer, stimulate floc formation (Chang et al. 2006), leading
to larger flocs and high settling times of SPM in summer.
Floc size increases to current velocities of 0.1 ms™!
(Chang et al. 2006). Floc sizes are difficult to measure,
since flocs easily break down during handling. In the Ger-
man Wadden Sea maximum sizes around 300-400 pm
were found (Bartholomi et al. 2009), while in the Elbe
much larger flocs, (with all instruments >400 pm, with
some instruments even >1,000 um) were found (Eisma
etal. 1996). At higher (tidal) current velocities floc size
decreases with current speed (Bartholomd etal. 2009),
large flocs break down, releasing their contents (Chang
etal. 2006) to a constant minimum mean size around
250 pm (Bartholoma et al. 2009). Such situations with high
currents occur more often in winter so that in winter the
concentration and average size of flocs are generally lower.
As a result, a net inward transport of organic particles is
found in spring and summer, while with the generally
higher turbulence in winter a net transport of these particles
from the Wadden Sea to the North Sea takes place (Chang
et al. 2006; Cadée 1980, section “Spatial variation”).
CDOM and DOC were found to peak in winter, when
the CDOM and DOC flow from rivers and land runoff is
high (Liibben etal. 2009; Laane 1982). An increase of
DOC in summer, in the outer Ems estuary and the Marsdiep
inlet just after the phytoplankton bloom, was supposed to
be the result of degradation of phytoplankton (Laane 1982;
Cadée 1982). CDOM fluorescence was less influenced by
these degradation products, also because the fluorescence
of marine CDOM is lower, and showed lower values over
the entire spring and summer period (Liibben et al. 2009).
As aresult of the higher SPM and CDOM concentrations
in winter than in summer, turbidity in the Wadden Sea is
higher in winter (Secchi depths between approximately 0.3
and 1.5 m) than in summer (Secchi depths between approx-
imately 0.7 and 2.1 m) (Cadée and Hegeman 2002). Total
attenuation values show that in summer the complete Wad-
den Sea falls within the area where 1% of light penetrates to
a maximum of 15 m deep, while in winter 1% light pene-
trates to a maximum of only to 5 m deep in the complete

Wadden Sea (Visser 1970). However, these patterns can
vary in per year (Tillmann et al. 2000).

The seasonal cycles described earlier will be reflected in
remote sensing data. For monitoring purposes, it is impor-
tant to realise that Chl-a peak concentrations occur only
during a short time and can even be missed with weekly
sampling (Cadée 1980), so that cloudy periods may cause
problems for monitoring by remote sensing. The formation
of flocs is supposed to be a serious difficulty for remote
sensing. Flocs have a size and structure that is very different
from the SPM particles they consist of, leading to another
optical signature of SPM. However, due to the fragility of
flocs their optical properties are difficult to measure. Gen-
eral remote sensing algorithms might therefore perform less
well in the Wadden Sea or other shallow areas, especially
with calm weather, in summer and at slack tide when the
largest flocs occur.

Tidal variation

Tides influence the water depth and therefore determine
which tidal flats surface and which are submerged. The var-
iation in tidal level depends on the location: the highest
tidal ranges in the Wadden Sea are found in the corner of
the German Bight (>3 m) and the least differences are
found near the islands Texel and Fang (~1.5 m) (Postma
1982; Dijkema et al. 1980). Storm events alter the water
level and thus also the water depth in the tidal area (Stanev
et al. 2009; Lettmann et al. 2009). While most South-west-
erly storms will elevate the water level, strong easterly
wind will lower the water level significantly.

Tide causes strong tidal currents in the Wadden Sea,
which lead to high mixing. Residence time is typically 11—
12 tidal cycles (1 week) (Postma 1982) in the Wadden Sea
but much shorter at areas directly connected with the North
Sea (Dick and Schonfeld 1996). Therefore, the water col-
umn is usually well mixed (Tillmann et al. 2000; Postma
1982). However, salinity differences can cause weak strati-
fication near rivers inputs (Postma 1982). The residence
time of the water is not enough to develop autochthonous
phytoplankton, which implies that the Wadden Sea species
are similar to those found in the North Sea.

Via resuspension, tidal currents have large effects on the
SPM concentrations (Poremba et al. 1999; Hommersom
et al. 2009). Resuspension will be discussed in more detail
in the following section. The formation and break down of
flocs shows a tidal pattern (Van der Lee 2000; Eisma and
Kalf 1996). Larger flocs are formed in the calm moments of
slack tide and, due to a higher collision frequency, at
moments with high SPM concentrations around mid-tide.
Depending on the location, one of these processes can be
dominant (Van der Lee 2000; Eisma and Kalf 1996).
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For Chl-a, not always a correlation with tide was found
(Poremba et al. 1999; Hommersom et al. 2009). DOM was
found to correlate with tides (5% difference between ebb
and flood) and salinity, indicating a freshwater source as
main contributor (Cadée 1982). Liibben et al. (2009) report
tidal fluxes of CDOM in the German Wadden Sea, with
maxima when freshwater and pore water mixed with water
from the open sea. During periods with significant release
of fresh water (February), CDOM fluorescence at an near-
shore location during low tide was found to be four times
higher than during high tide (Liibben et al. 2009). However,
at the station in the tidal inlet, CDOM showed a better cor-
relation with the tidal cycle than at a near-shore station,
because at the inland location release of fresh water via
flood-gates directly influenced the concentrations (Liibben
et al. 2009).

For remote sensing purposes, the tidal influence on depth
and surfacing mudflats is important. In the Wadden Sea, the
time lag in tidal change is 6 h between far north-east and
south-west (Postma 1982). Therefore, one satellite image
can contain both locations where tide is high and locations
where tide is low. The variations in tidal range and the tidal
time lag between areas are important to take into account
when a digital elevation model (DEM) is used in combina-
tion with satellite data to calculate which tidal flats surface.
Tidal variations in Chl-a, SPM and CDOM lead to the
necessity to shorten the time difference between remote
sensing data acquisition and in situ sampling for calibra-
tion.

Variation due to resuspension

Resuspension is caused by (tidal) currents, wind induced
waves, human activity such as dredging (De Jonge 1992),
and boating, and by activity of macroinvertebrates such as
Hydrobia ulvae (Andersen and Pejrup 2002; Austen et al.
1999) or Arenicola marina (Cadée 1976). The latter can, for
example, rework the upper 67 cm sediment of the whole
Wadden Sea every year (Cadée 1976). Resuspension is the
main contributor to the concentration of SPM (Table 1).
However, it also elevates the concentrations of Chl-a, due to
resuspension of microphytobenthos (algae attached to parti-
cles) and CDOM, due to the release of CDOM from pore
water (Liibben et al. 2009). The opposite of resuspension,
settling, occurs to SPM and microphytobenthos in calm
water, for example during slack tide, and is stimulated by
structures that protect areas from currents and waves, such
as sea grass. Also macroinvertebrates as mussels and cockles
may remove large quantities of Chl-a (Dame etal. 1991;
Dame and Dankers 1988) and SPM (Beukema and Cadée
1996; Dankers and Koelemaij 1989; Cadée and Hegeman
1974) from the water column by filter-feeding.
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Tides have the largest influence on the occurrence of
resuspension (Fig. 2) (Stanev et al. 2009; Poremba et al.
1999). In the Wadden Sea, the time lag between the stron-
gest current and high or low water (slack tide) is 1-2h
(Postma 1982), which is clearly visible in time series where
the water level and concentration of SPM is plotted
(Fig. 2). In the Dutch Wadden Sea, the flood current has a
higher velocity than the ebb current, while at most other
places in the Wadden Sea behind the barrier islands the ebb
current is stronger (Postma 1982). The ebb current and
tidal-induced resuspension are larger with spring tide than
with neap tide, while flood currents are not significantly
influenced by the moon (Bartholomé et al. 2009). The high-
est current velocities, up to 2 m s~!, occur near the rivers
Elbe and Weser. Currents change with the available space:
when at low water only small streams are left between the
mudflats, all water moves through these small streams caus-
ing relatively fast currents (up to 0.5 ms~'). At high tide,
when the mudflats are covered with water, the area for
water movements is much larger and the currents are less
strong (Postma 1982). All these variations in current veloc-
ities influence the resuspension rate. Spring tide increases
the tidal dynamics that lead to resuspension (Stanev et al.
2009).

If the dynamics in the water column are corrected for
tide, wind force was found to be the most important factor
for dynamics (Stanev et al. 2009), and therefore for resus-
pension. At wind speeds of 2 m s~! resuspension already
takes place (De Jonge 1992). In the Ems estuary, which is
relatively protected from the sea, SPM concentrations are
mainly influenced by wind generated waves and only to a
minor extent by (tidal) currents (De Jonge 1992). SPM con-
centrations were found to strongly increase after storms
(Badewien et al. 2009). Andersen and Pejrup (2001) found
SPM concentrations in channels ranging <100-500 g m~>
for a period with little wind in July, while during a storm
in December values of <100—almost 1,000 gm~* were
found. (Concentrations measured by Andersen and Pejrup
were relatively high because sampling was carried out near
the bottom.) Not only wind speed, also the direction of the
wind influences the amount of resuspension: onshore winds
cause less total resuspension than offshore winds (Badew-
ien et al. 2009; Andersen and Pejrup 2001). Furthermore,
the bottom material, benthic diatom content and inverte-
brates influence the rate of resuspension. In tidal flats with
low mud content (<20% by weight), mainly sand eroded
with an erosion rate six- to tenfold higher than at places
with a high mud content, where mud and sand both eroded
(Houwing 1999). Benthic diatoms stabilise the mudflat
(Lanuru et al. 2007; Austen et al. 1999) with their extracel-
lular polymeric substances (excretion products of algae)
(correlation Chl-a content-erosion threshold: r=0.99)
(Austen et al. 1999). Wind can damage the film of benthic
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Fig. 2 Data of May 1994. Variations in a water depth (dotted line) and
current velocity (solid line), b Chl-a (pg 1Y, ¢ Seston or SPM
(mg 1*1), d bacterial cell numbers. For b, ¢ and d, solid lines are
surface samples, dotted lines are bottom samples. This figure was taken
with kind permission from Springer Science + Business Media,

diatoms on a tidal flat, making the flat more vulnerable to
erosion and causing resuspension of the benthic cells (Col-
ijn and Dijkema 1981; Hommersom et al. 2009). Therefore,
also the Chl-a concentration increased when the wind speed
in the period before sampling had been higher (De Jonge
1992). Deposit feeders were found to destabilise tidal flats
(Austen et al. 1999).

Tidal variation in SPM is higher than its seasonal varia-
tion (Cadée 1982), but nevertheless, most researchers found
resuspension to be more profound in winter than in summer
(section “Seasonal variation”). In the results of Grossart
etal. (2004), maxima of Chl-a and SPM occurred 1h
before slack tide, with higher maxima before high tide than
before low tide, which agrees with the moments of maxi-
mum tidal currents. The measured Chl-a concentrations in
May (6-27 mg m~>) were mainly due to planktonic spe-
cies, while in November (concentrations 3—10 mg m~3)
benthic diatoms were dominant, which also points at resus-
pension. Due to a generally lower current velocity and
higher organic matter content, a muddy drape-coverage on
the tidal flats can occur in summer, reducing resuspension
in summer even more (Chang et al. 2006).

Resuspension leads to higher concentrations of sus-
pended material near the bottom than at the surface. Con-
centrations and also the variation over a tidal cycle are
higher near the bottom, as shown by Poremba et al. (1999).
In bottom water, Chl-a ranged in one tidal cycle 10—
100 mg m~ in May and 0-20 mg m~> in July, while at the
surface concentrations ranged 0-30 mg m~> in May and 0—
15mgm~ in July (Poremba etal. 1999). For SPM, the
same pattern was seen: near the bottom at a calm station the
range over a tidal cycle was 9-50 gm™ and at a station
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Helgoland Marine Research, ‘Tidal impact on planktonic primary and
bacterial production in the German Wadden Sea’, 53, 1999, pp. 19-27,
K. Poremba, U. Tillmann, K.-J. Hesse, Fig. 2 a, c, e and f. ©Springer-
Verlag and AWI 1999. Used with kind permission of the authors

with high tidal influence <22-220 g m~>. At the surface,
concentrations at a calm station ranged 5-20 gm~> (in
July) and at a station with high tidal influence 14-88 g m~>
(in May) (Poremba et al. 1999).

Benthic algae (microphytobenthos) account for a substan-
tial part of the primary production in the Wadden Sea (De
Jonge 1992; Cadée and Hegeman 1974). Cadée (1980) calcu-
lates that the total primary production at deep and shallow
locations is similar, because the reduced production due to a
short water column at a shallow location is compensated by
large production on the tidal flat. In the Ems estuary, 30%
of the primary production was due to microphytobenthos
in the lower regions, up to 85% in the Dollard (De Jonge
1992). The microphytobenthos on tidal flats accounted for
22%, the resuspended microphytobenthos for 25% and
the phytoplankton for 53% of the primary production in the
estuary. The resuspended microphytobenthos so accounts for
a significant part of the production, and, consequently, the
Chl-a concentration, in the water column. Generally, micro-
phytobenthos cells are bound to the mud coatings of coarser
particles. Cells are present in the same numbers on these
aggregates on the intertidal flats as in the channels (De Jonge
1992). Except of these bound microphytobenthos, there are
benthic cells living between the sediment particles. These free
living cells account generally for a smaller part (~30%) of the
benthic primary production (Cadée and Hegeman 1974).

CDOM in pore water is high compared to CDOM in the
water column (Liibben et al. 2009; Dupouy et al. 1983;
Spitzer 1981). CDOM absorption (375 nm) ranges <I-
17 m~! for pore water, much higher than in the water col-
umn (maximum ~2.5m~') (Dupouy et al. 1983; Spitzer
1981). Liibben et al. (2009) present profiles of CDOM
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fluorescence for these pore waters, with 25 times higher values
(2.5 Raman fluorescence units ~"™) at samples at 5 m deep
than at the bottom surface (where values were just over 0
Raman fluorescence units ~™™). Due to these high concen-
trations in pore water, release during resuspension of sedi-
ment or seepage from sediment (Billerbeck etal. 2006)
possibly attributes significantly to the CDOM concentration
in the water column (Liibben et al. 2009).

Models of SPM variation in the Wadden Sea including
the effect of location, tide and wind (Van Ledden 2003;
Stanev et al. 2006, 2007, 2009; Lettmann et al. 2009) can
be used to predict SPM patterns, which can be compared with
satellite data. Gayer et al. (2006) showed good agreement
between their model, in situ data and satellite data in the
German Bight, derived with the modelling technique of
Pleskachevsky et al. (2005).

For remote sensing purposes, it should be taken in
account that the largest concentrations of SPM, and often
also Chl-a and CDOM, are found near the bottom, and are
therefore in such turbid areas not visible in remote sensing
data. The simultaneous resuspension of Chl-a and SPM, and
the release of CDOM from sediment is interesting. In oce-
anic remote sensing, it is common to assume SPM and Chl-
a concentrations to be correlated because the SPM consists
of algae and algorithms are built on this assumption. In
coastal water, these parameters are assumed to be indepen-
dent because of resuspension of bottom material is indepen-
dent from phytoplankton blooms. But the oceanic
correlation between SPM, Chl-a and CDOM concentrations
might partly be true again in very shallow areas like the
Wadden Sea due to the simultaneous resuspension of auto-
trophic organisms with sediment particles. These correla-
tions can be expected at locations that are heavily influenced
by tidal currents and during periods with high wind. Resus-
pension should be visible on satellite data because, due to
differences in cell properties (packaging effect) and in pig-
ment content, benthic algae have another spectral shape than
pelagic algae. The fast changes due to resuspension with
tidal change require almost simultaneous acquisition of
remote sensing data and in situ data for validation.

Achieved results of remote sensing

This section focuses on hand-held, air-borne and space-
borne remote sensing research in the Wadden Sea. Already
available results of optical remote sensing of the Wadden
Sea are discussed. Results obtained with radar and laser on
for example land—water boundaries are included. Where
optical remote sensing research or algorithm development
for water quality monitoring in the Wadden Sea shows
large gaps, we refer to literature data from other extremely
turbid areas.
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Distinction between land and water

In a tidal flat area, the distinction between land and water is
obviously highly relevant. Landsat Thematic Mapper (TM)
data (NASA 2009) was used to distinguish tidal flats (64%)
and water (36%) (Bartholdy and Folving 1986) and land,
water, foreland and clouds (Doerffer and Murphy 1989).
Radar and laser have more recently led to good results.
Wimmer et al. (2000), Niedermeier et al. (2005) and Wang
(1997) detected the land—water line at several moments in
the tidal cycle with SAR data and created digital elevation
models (DEMs) of it. Wimmer et al. (2000) used air-borne
SAR (DEM height accuracies in the order of 5 cm for vege-
tation-free terrains as the Wadden Sea), while Wang (1997)
(DEM height accuracies 5 cm off compared to DEM cre-
ated with echo sounding) and Niedermeier et al. (2005)
(DEM created from SAR data of few years, height accura-
cies in the order of 30 cm), used space-borne SAR data of
the ERS-1 and ERS-2 satellites (ESA 2009). The SAR
technique is limited to application in relatively flat terrain
without much vegetation. This is typical for tidal flat areas
as the Wadden Sea, but it may exclude use in some other
estuaries. An advantage of using SAR to create DEMs is
that SAR also works with clouds and during night. Brzank
and Heipke (2007) and Brzank etal. (2008) presented a
method to classify areas as water or mudflat with LIDAR
data and to create DEMs of the emerged area. Usually, this
classification worked well (90% correct classification), but
in case of slowly increasing heights at the water—land
boundary the distinction became less precise. This tech-
nique can therefore be especially useful in areas where
SAR does not work.

Summarising, remote sensing research in the Wadden
Sea had led to a proper distinction between land and water.
In a flat area where 1.5 m of tidal change causes complete
areas to emerge or submerge, even 1 m spatial accuracy is
very precise. The challenge now is to combine the knowl-
edge to distinguish land and water with optical remote sens-
ing of water quality.

Classification of tidal flats

Tidal flats can be classified depending on their characteris-
tics, their coverage and sediment type. Moisture, porosity,
organic content and high (>4%) or low silt and clay content
could be detected with Landsat TM (Bartholdy and Folving
1986). These data could be classified in mud flats (11%),
muddy or mixed flats (20%), wet or moist sand flat (30%),
dry sand (25%) and high sand (14%). Doerffer and Murphy
(1989) distinguished sea grass and macroalgae on the flats
using aerial photography. The tidal flats’ sensitivity to ero-
sion was studied with hand-held spectrometers by Hakvoort
et al. (1998), who concluded that the Chl-a concentration in
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the upper layer of the sediment is the most important factor
for increasing stability, with the proportion of fine particles
(<63 pm) as the second most important factor. However,
the correlation between stability and Chl-a changes depend-
ing on the fraction of fine sediment and even disappears in
sandy sediments. Twenty years after Bartholdy and Folving
(1986), it was possible to map all major properties on tidal
flats. Bare sand flats, tidal flats covered with diatoms, green
macro-algae, red algae and sea grass (Kromkamp et al.
2006) or flats with the properties of macrophytes, several
sediment types and mussel beds could be distinguished
(Brockmann and Stelzer 2008) with data from Landsat TM
images. SAR data was used for classification of tidal flats
sediment types by Gade et al. (2008), who used a technique
based on assumptions of sand ripples. Tidal flats in almost
the entire Wadden Sea were mapped (Brockmann and Stel-
zer 2008).

Remote sensing of Chl-a

Photosynthetically available radiation has a direct influence
on primary production and therefore on Chl-a concentra-
tions. Schiller (2006) derived photosynthetically available
radiation in the German Bight with a neural net and a phys-
ical model. They used surface reflecting light derived from
METEOSAT satellite (EUMETSAT 2009) data and found
the neural net to perform best.

The only published Chl-a algorithm based on reflectance
spectra measured in the Wadden Sea, mainly the Marsdiep
inlet, was constructed by Wernand et al. (2006). This fluo-
rescence algorithm is based on a 2-band difference (670 and
685 nm) and can detect Chl-a between concentrations of 3—
300 mg m~>. In lakes Chl-a concentrations often reach very
high values Therefore, in estuaries algorithms for lakes
might be useful. For the extremely turbid Chinese Lake
Taihu (Chl-a 4 to >400 mg m~—3, SPM <10-280 g m > and
CDOM 0.27 to >2 m™") a three-band ratio algorithm was
developed to derive Chl-a concentrations (Zhang et al.
2009), while the Chl-a algorithm of Gons (1999) and Gons
etal. (2005), was calibrated for several lakes. This algo-
rithm was later tested in the Belgian coastal zone where
high SPM concentrations (<10 to >500 g m~>, Ruddick
et al. 2004) occur. It performed for Chl-a concentrations
>7 mg m~ better than the standard algorithms of MERIS,
MODIS and SeaWiFS (De Cauwer et al. 2004; instrument
information: IOCCG 2009), although results were still not
satisfactory (Ruddick et al. 2004).

Remote sensing of SPM
Satellite SPM detection in the German Bight and Elbe estu-

ary was carried out by Doerffer et al. (1989a, b) and later by
Lehner et al. (2004). Doerffer et al. (1989a, b) examined

which parameters could be identified by using Landsat TM
data. They found that this sensor was only able to identify
the turbidity or SPM, water temperature and atmospheric
scattering from seawater. But the SPM could be determined
with a high spatial resolution of at least 120 x 120 m.
Lehner et al. (2004) used a combination of data from two
satellite imaging spectrometers: MOS (IOCCG 2009) for
its high spectral resolution (13 bands), and SPOT, which
has only 3 bands, for its high spatial resolution (10-20 m).
In situ measurements were used to derive a semi-empirical
Wadden Sea SPM algorithm and to validate it. SPM calcu-
lated with this algorithm from SPOT images was compared
to two numerical models for SPM in the Wadden Sea. The
authors concluded that the SPOT data can be used to detect
errors in SPM models. The error for the SPOT derived data
was 40%. Doerffer et al. (2003) were one of the first work-
ing on ESA’s Medium Resolution Imaging Spectrometer
(MERIS) (IOCCG 2009) validation for water constituents.
They validated MERIS bottom reflection from atmospheric
reflectance for coastal waters (L2) in the German Bight for
reflectances measured from a ship. A problem in the atmo-
spheric correction of MERIS was found, resulting in abnor-
mal spectra. Their own atmospheric correction based on a
neural network, performed better (Doerffer et al. 2003).
Later, this neural net became the standard MERIS algo-
rithm (Doerffer and Schiller 2007). Gemein et al. (2006)
used MERIS data to derive SPM in the East Frisian Wad-
den Sea. Their results were in good comparison with the
numerical model of Stanev et al. (2006).

Waves and tidal currents, which are important for resus-
pension and therefore for SPM (and Chl-a) concentrations,
can also be detected by remote sensing. Current velocities
were measured with a technique called along-track interfer-
ometry (ATI) with an accuracy <0.1 ms~!' (Romeisner
2007; Romeisner and Runge 2008). This accuracy is good
for locations near the large German rivers (currents up to
2m s~ 1, Postma 1982) but less useful for intertidal places
where currents are much smaller. Horstmann and Koch
(2008) used SAR data from ASAR and processed these
with an algorithm called WiSAR. They calculated wind
directions (bias of —1.7°) and wind speeds (bias of
—1.1ms™!) that showed a good correlation with results
from the numerical atmospheric model of the German
Weather Service. More precise results were obtained with
radar employed from a ship. In a scanned area of about
500 m wide, accuracies were 0.03 m s~ which was verified
with a vertical Acoustic Doppler Current Profiler (Ziemer
2008). Disadvantage of the technique is the low spatial res-
olution; an advantage is the opportunity to study local phe-
nomena that can occur in the shallow areas between
islands.

Although the MERIS algorithm was partly based on data
from the North Sea, the extreme concentrations from the
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Wadden Sea were not taken in account. Algorithms to
derive SPM at locations with such extreme high SPM con-
centrations are the one-band algorithm tuned for the Bel-
gian coast (Nechad et al. 2003; Ruddick et al. 2004), the
ratio algorithms for the Gironde and Loire estuaries in
France (Chl-a <5pugl™', SPM <30 to >2,000mgl~!,
CDOM 0.05-0.26) (Doxaran et al. 2003), and the regres-
sion algorithm for the Malaysian coastal waters around
Penang (SPM maximum >250 mg1~'), which takes the
specific optical properties of Chl-a and CDOM in account
(Lim et al. 2008). Miller and McKee (2004) used Modis
Terra (IOCCG 2009) with a ground resolution of
250 x 250 m to develop their SPM ratio algorithm in the
complex waters of the northern Gulf of Mexico (US),
which is especially useful in narrow water bodies of estuar-
ies or the channels between tidal flats.

Remote sensing of CDOM

Hoge and Swift (1982) remotely measured CDOM in the
German Bight, from a plane. They used a nitrogen-laser
transmitter (337 nm) pointed at the sea surface to stimulate
in situ fluorescence and were able to detected the fronts of
the salt and freshwater masses. Most mixing occurred
north-west of the Weser and Elbe rivers over a large area,
up to the island of Helgoland. Later, similar research with
the newest laser techniques was carried out by Reuter et al.
(1993). Chl-a fluorescence (induced with a beam of
500 nm), CDOM fluorescence (induced with a beam of
450 nm) and attenuation (a combination of the two lasers)
were measured. Their water type maps, based on CDOM
and salinity, showed different patterns in the two investi-
gated seasons (October and May). A linear correlation
between salinity and CDOM was found, which makes it
theoretically possible to measure salinity by remote sensing
(Reuter et al. 1993). Algorithms for CDOM were not devel-
oped or validated in the Wadden Sea. An algorithm to
derive CDOM in the turbid Conwy estuary (UK) (Chl-a
<10 mg m~3, SPM <10 to >50 gm~—> and CDOM 0.73 to
>2m™') was developed by Bowers etal. (2004). The
authors show that the algorithm largely depends on the
absorption properties of SPM and propose a three-band
algorithm to derive CDOM (and SPM) in other estuaries
where the shape of the absorption of CDOM and two ratios
of the absorption by particles are known.

Simultaneous acquisition of various substances
and bio-optical modelling

Remote sensing research on various substances in the
Wadden Sea water column at the same time dates back to
the 1980s. Optical measurements on water quality in the
Wadden Sea were done with a spectral irradiance meter by
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Spitzer and Wernand (1981), who recognised that particu-
late matter and dissolved organic matter had a large influ-
ence on the measured absorption in the blue part of the
spectrum (400-500 nm). Three internal reports of the Neth-
erlands Institute of Sea Research (Spitzer 1981; Spitzer and
Folving 1981; Dupouy et al. 1983) describe measurements
of upwelling radiance and downwelling irradiance in a
shallow area (Balgzand) near the inlet Marsdiep with an
Optical Multichannel Analyser (Wernand and Spitzer
1987) from a plane, and an 11-channel radiometer at a mea-
surement tower. At the same time in situ measurements
were carried out for Chl-a and pheopigments, SPM and the
fluorescence of CDOM (Spitzer 1981). The investigators
used a band ratio algorithm and were able to retrieve total
and mineral suspended matter, pigment and Chl-a from the
measured spectra. From data obtained from a plane also the
fluorescence of Chl-a could be detected. Another ratio algo-
rithm (green/blue) was used to determine the brown-green
pigment of microphytobenthos (Dupouy et al. 1983). Their
conclusion was that remote sensing of the Wadden Sea
seemed possible, despite the large SPM concentrations
(Dupouy et al. 1983).

Since then, the only attempt to create a model to retrieve
concentrations of Chl-a, SPM and CDOM in the Wadden
Sea simultaneously was carried out by Peters et al. (2000).
They report a complete set of specific inherent optical prop-
erties (SIOPs) for Chl-a, SPM and CDOM measured in the
Wadden Sea. Bio-optical models use SIOPs to relate con-
centrations of (usually) SPM, Chl-a and CDOM to reflec-
tance spectra. Inversed bio-optical models can be applied as
remote sensing algorithms. Peters et al. (2000) modelled a
reflectance spectrum with a bio-optical model according to
Gordon et al. (1975). The shapes of their modelled and
measured spectrum were similar but the intensity was
different. SIOPs can show high variability (Babin et al.
2003a, b), while use of SIOPs that are not suitable for a spe-
cific area can lead to large errors (e.g. Astoreca et al. 2006).
The data of Peters et al. (2000) were all measured at one
location (the Marsdiep inlet) at two days in May 2000. The
dataset of Babin et al. (2003a, b) included data from the
Wadden Sea, but merged it with data from the North Sea.
Due to the short residence time in the Wadden Sea (Postma
1982) phytoplankton species specific phytoplankton
absorption and will be similar to that in the coastal North
Sea. However, due to the inward transport of fine sediment,
the formation of flocs and the CDOM from rivers, the
SIOPs of SPM and CDOM are supposed to be different for
the Wadden Sea than for the North Sea. Data of Hommer-
som et al. (2009) are measured over the entire Wadden Sea
area, and indeed higher specific SPM absorption values
were found than the North Sea. This database lacks the sea-
sonal information on the SIOPs of SPM and Chl-a though.
Hence, there is currently not much information on SIOPs to
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be the basis for an inverse bio-optical algorithm for the
Wadden Sea (Stelzer and Brockmann 2006). An instrument
to measure optical properties in the shallow Wadden Sea
with a drifter was developed by Puncken et al. (2006). The
instrument is called MOSES and floats with the currents at
the water surface, measuring fluorescence. Test results
show that the technique works for detecting CDOM fluo-
rescence (Puncken et al. 2006). This technique will possi-
bly increase the databases for the Wadden Sea. Another
project that will add new information to the longer term
optical databases of the Wadden Sea is the measurement
pole run by the University of Oldenburg (Reuter et al.
2009).

For the extremely turbid estuaries of the Rhode River
(US) and the Huon River (Australia) more optical research
on various water column substances was carried out. In the
estuary of Rhode River the concentrations of Chl-a are very
high (~50 mg m~3, with a spring peak >250 mg m~>), but
SPM (<30 g m~>) and CDOM (<2 m™") are not so extreme
(Gallegos et al. 2005), while in the Huon estuary CDOM,
with absorption values at 440 nm up to 14m™!, is the
extreme property (Clementson etal. 2004). SIOPs and
reflectance spectra were studied in the turbid estuaries of
the rivers Gironde (France), Loire (France) and Tamar
(UK) (Doxaran et al. 2005, 2006) and in the turbid tidal flat
area of the Belgian coast (Astoreca etal. 2006). The
extreme SPM concentrations of the Gironde, Loire and Bel-
gian coast were mentioned in section “Remote sensing of
SPM”; the Tamar River has concentrations similar to those
in the Wadden Sea: Chl-a <1-48 mgm™, SPM 2-
800 gm~> and CDOM 0.04 to >3 m~' (Doxaran et al.
2006). For the Tamar, ratio algorithms were presented to
simultaneous derive SPM, CDOM and Chl-a (Doxaran
et al. 2005, 2006). The SIOPs from the Tamar River and the
Belgian coast can be used for bio-optical modelling,
although the SIOPs of these estuaries show large variation
between the estuaries. Therefore, SIOPs cannot be used for
modelling in other estuaries without validation. About the
even more extreme Lake Taihu (China) mentioned earlier
(section “Remote sensing of Chl-a”) also much optical
information was collected, which was used for optical mod-
elling (Zhang et al. 2009).

Lately, two neural nets, especially for lakes and
(extreme) coastal waters were trained. These algorithms,
the Case-2 regional (C2R) processor and a lake processor
(Doerffer and Schiller 2006a, b) derive Chl-a, SPM and
CDOM from satellite data and are available in the “Basis
ERS & ENVISAT (A)ATSR and MERIS” Toolbox
(BEAM) software. C2R was trained with maximum con-
centrations of 112 mg m~2 for Chl-a-a, ~50 g m— for SPM
and 5.0 m~! for aCDOM at 442 nm (Doerffer and Schiller
2006a, b). The lake processor consists of a boreal and a
eutrophic lake processor. Since the eutrophic lake processor

was trained for SPM concentrations similar to that of C2R,
a Chl-a range of 0 to ~30 mg m~> and the CDOM compo-
nent split in a humic and a fulvic acid component for which
both separately the training range was 0-3 m~! (Doerffer
and Schiller 2006a, b), it is also interesting for turbid
waters. Another newly developed plug-in for BEAM is
meant to reduce the adjacency effect, the effect of highly
reflecting vegetation or land on nearby water pixels, and is
called ICOL (“improve contrast between ocean and land”)
(Santer and Zagolski 2009). The lake processors and ICOL
processor were validated with in situ data from lakes
(Koponen et al. 2008). No validation was carried out yet in
estuarine waters. Although C2R processor was partly
trained with German Bight waters, just outside the Wadden
Sea, no extensive validation results from this area or else-
where were found.

Conclusions and recommendations

A schematic overview of the substances and processes
interesting for optical remote sensing in an estuary—tidal
flat area as the Wadden Sea is given in Fig. 3. Spatial varia-
tion, such as the inflow of river water, calm areas where
fine particles are trapped and flocs are formed, versus deep
channels dominated by North Sea water and strong cur-
rents, and for example the typical locations of sea grass and
macroalgae, are important for the optical heterogeneity in
the area (section “Spatial variation”). Seasonal variation is
mainly found in the phytoplankton blooms and the forma-
tion of flocs of suspended matter (section “Seasonal varia-
tion”), while tidal currents (section “Tidal variation”)
regulate the salt water inflow from the North Sea and deter-
mine which tidal flats emerge and where sand and mud are
located. Tidal currents have a large influence on the resus-
pension (section ‘“Variation due to resuspension”) of SPM
and Chl-a (from microphytobenthos) too.

Remote sensing of these extreme heterogeneous and
turbid areas is developing. General requirements for
coastal remote sensing include, e.g. atmospheric correc-
tion adapted to coastal areas (with high concentrations of
reflecting substances in the near infrared) (Robinson et al.
2008) and satellites with a high ground resolution. With
high water and in the deep inlets between the islands
remote sensing of water quality in the Wadden Sea should
be possible with the current available optical sensors (sec-
tion “Spatial variation”). To be able to monitor during low
water in the whole area, sensors with the resolution of
SPOT (10 m) combined with high spectral resolution
should become available.

The extreme turbidity and heterogeneity in tidal flat
areas and estuaries puts extra requirements to remote
sensing:
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Fig. 3 Schematic overview of
substances and processes in the
Wadden Sea that influence the

colour of the water as detected

by optical remote sensing
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e Algorithms tuned for the extremely high concentrations of
various substances (sections “Extreme concentrations and
turbidity” and “Achieved results of remote sensing”).

¢ A simultaneous detection of water colour and land—water
boundaries or a model based on a DEM, tidal and
weather (wind) information to distinguish land and water
(sections “Spatial variation” and “Distinction between
land and water”)

e Enough local knowledge to interpret the results. Addi-
tional information can for example be needed to distin-
guish locations with macroalgae cover from that with sea
grass to understand the distribution of certain sediments
or CDOM (section “Spatial variation”)

e 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 sections (sec-
tions “Tidal variation” and “Variation due to resuspen-
sion”

e Local knowledge of optical properties to tune the algo-
rithm (section “Simultaneous acquisition of various sub-
stances and bio-optical modelling”). Especially the
formation of flocs, with difficult to determine specific
absorption properties, might cause problems in optical
remote sensing (section “Seasonal variation™)

Mapping of tidal flats, their coverage and sediment types is
developed by various researchers (section “Classification of
tidal flats”), and also the detection of land-water bound-
aries with a high accuracy is possible (section “Distinction
between land and water”’). However, combinations of opti-
cal remote sensing algorithms and precise models to distin-
guish land and water are not known to the authors. A
practical way should be found to combine radar measure-
ments with optical measurements, for example by combin-
ing data from two ENVISAT instruments: ASAR (SAR)
and MERIS (optical).

Waves have a negative influence on the measurements of
reflected light (Mobley 1999). To correct for the effect of
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waves, simultaneous detection of waves (section “Remote
sensing of SPM”) and optical remote sensing would be very
useful.

For the Wadden Sea, but also for many other estuaries
and tidal flat areas, knowledge of local inherent optical
properties to locally calibrate algorithms is lacking and
needs more research (section “Simultaneous acquisition of
various substances and bio-optical modelling”), Robinson
et al. 2008). However, existing ratio algorithms developed
for areas with extremely high concentrations showed good
results (e.g. Chl-a algorithms for the Wadden Sea and Lake
Taihu (China), SPM algorithms for the Gironde (France),
Loire (France) and Tamar (UK) estuaries and Belgian
coast, and CDOM algorithms for the Conwy (UK) and
Tamar estuaries (sections “Remote sensing of Chl-a”,
“Remote sensing of SPM”, “Remote sensing of CDOM”
and “Simultaneous acquisition of various substances and
bio-optical modelling”). The possibilities of these algo-
rithms should be tested and probably calibrated in other
areas. Algorithms should specially be validated in areas
with similar concentration ranges as the areas they were
developed for, such as for the Wadden Sea, the Belgian
coast, the Tamar estuary, and to a minor extent the Conwy
estuary. Also the C2R and boreal lake algorithms could,
after validation, probably be used in these areas (sections
“Achieved results of remote sensing). All these algorithms
are already tuned for extremely high concentrations. If the
other four requirements listed earlier are taken in account,
water quality monitoring in the Wadden Sea and other
extremely turbid tidal and estuarine areas with optical
remote sensing should be possible.
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