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ABSTRACT: Interest in using remote sensing techniques, principally those involving satellite, in 
Wadden Sea research has centred on attempting a classification of the various sediment surface 
types present. Unlike most recent studies which have used mainly Landsat Multispectral Scanner 
data, we have assessed the feasibility of using Landsat Thematic Mapper data, which in conjunction 
with time series aerial photography, forms the basis of a strategy for remotely sensing the Wadden 
Sea. This paper focusses on an approach for extracting potentially "hidden" within-pixel informa- 
tion from multispectral data sets. A hierarchical (unsupervised) classification of a Thematic Mapper 
image successfully classified five different classes, including land, saltmarsh, water, cloud and tidal 
flat areas. This procedure thus enabled a "masking-out" of all classes other than those classified as 
tidal flat, following which a factor analysis was used to determine the minimum number of 
independent factors necessary to explain the observed variation in the signal received by the 
satellite. Three factors accounted for a total of 82 % of the variation in all seven TM channels. 
Preliminary studies of the primary factor (score) image shows a good correlation with existing latter- 
day cartographic data. Considering the proximate relationship between topography and other 
important biotic and abiotic sedimentary characteristics, this approach may prove valuable for future 
applications of satellite data for monitoring long-term change in physical and thus biological 
Wadden Sea characteristics. Ongoing research efforts are focussing on a classification and quantifi- 
cation of sub-pixel patchiness using aerial photography and ground surveys. The approaches taken 
and results obtained to date are discussed. 

I N T R O D U C T I O N  

T h e  size, the  var iabi l i ty  ove r  space  and  t ime, a n d  the  t ides  c rea te  s e v e r e  logis t ical  

p r o b l e m s  w h e n  mon i to r ing  the  Nor th  Sea  t idal  flats a long  the  Dutch,  G e r m a n  a n d  Dan i sh  

coasts.  Obse rva t i ons  of the  w h o l e  area,  or l a rge  par ts  of it, by  ship or by  foot is bo th  a 
t i m e - d e p e n d e n t  and  t i m e - c o n s u m i n g  exerc ise ,  and  for l a rge  areas,  s a m p l i n g  m a y  be  

res t r ic ted  to a b e t w e e n - y e a r  s t ra tegy.  Biologica l  p a r a m e t e r s  and  processes ,  such  as the  

d is t r ibut ion  a n d  p roduc t iv i ty  of organisms,  c h a n g e  wi th  season ,  and  m a y  e v e n  c h a n g e  

ove r  days  due  to h e a v y  s torms or g r o u n d  frosts. Fu r the rmore ,  s imu l t aneous  s a m p l e  s of 
such  p h e n o m e n o n  can  ra re ly  be  ob ta ined .  With  t he se  p r o b l e m s  in mind,  s a t e lh t e  i m a g e r y  

and  aer ia l  p h o t o g r a p h y  can  be,  and  h a v e  b e e n  u s e d  w i t h  s o m e  success  in suppor t i ng  
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m a p p i n g  and moni tor ing p rogrammes  of the W a d d e n  Sea. In this p a p e r  we  will discuss, 
by  way  of examples  of work  presen t ly  be ing  under taken ,  some of the  poten t ia l s  and  
presen t  l imitations of this moni tor ing tool. 

The two platforms, aircraft and  satelli tes,  offer different potent ia ls  and  requi re  
different s t rategies  for their  apphcation~ Aer ia l  pho tography  has a main ly  car tographic  
apphca t ion  in mapp ing  the locat ion of geological  and  hydrologica l  s tructures.  By us ing a 
t ime series of images  t aken  within a t idal  cycle, inf rared pho tography  has  b e e n  success-  
fully used  for m a p p i n g  l and /wa te r  boundar ies ,  thus der iving the t o p o g r a p h y  of the  t idal  
flats (Wegener,  1979). 

Colour photography,  and  more  part icularly,  false colour infrared p h o t o g r a p h y  has 
been  used  to map  the distr ibution of benthic  a lgae  (Cameron, 1950; Grimes,  1971; 
H u b b a r d  & Grimes,  1972) and  to subsequen t ly  es t imate  the b iomass  of cer ta in  areas  
(Meulstee  et al., 1986, 1988; Gross et al., 1988). 

Mapp ing  the type  of sed iment  us ing satel l i te  da ta  (chiefly Landsa t  Mul t i spec t ra l  
Scanner,  MSS), has been  carr ied out by  severa l  authors,  and  has b e e n  aChieved mainly  
by  means  of mul t i spect ra l  classification techniques  (Dennert-M6Uer, 1983; Folving,  1984; 
Wieland,  1984; Bartholdy & Folving, 1986). One major  p rob lem in der iv ing  conclusions 
from satell i te da ta  is the ground resolut ion of the scanning  radiometer, which  is usual ly  in 
the order  of tens of metres.  The use of aer ia l  pho tography  for classif icat ion purposes  
overcomes this p rob lem to some extent  in that  the  ground  resolut ion is in the  order  of 
cent imetres .  Examples  of the use  of aer ia l  pho tog raphy  in t idal  flat and  sa l tmarsh  s tudies  
are  numerous  (Pestrong, 1969; Wal lent inus  & Jonson, 1972; Anderson  & Wobber ,  1973; 
Reimold et al., 1973; Sehers  & Tueller,  i973; Steffensen & McGregor ,  1976). A good  
example  of its use on a t idal  flat is ' that  of Michael is  et al. (1982) in which they  were  ab le  to 
differentiate b e t w e e n  twen ty-seven  different  classes ranging  from biological  to geophys i -  
cal in origin. However ,  mul t i spect ra l  classification of aerial  pho tographs  is brui ted since 
in case of true or false colour pho tog raphy  only three  ra ther  broad  spectra l  b a n d s  within 
the  visible or near - in f ra red  are avai lable .  

With respect  to sed iment  surface character is t ics  there  are a n u m b e r  of difficulties 
encounte red  in the in terpre ta t ion of the  r ad iance  spect ra  of a s ingle pixeL The main  
problem,  par t icular ly  for satell i te images ,  hes in the fact that  within the  a r ea  circum- 
ven ted  by  the footprint of' the  r ad iomete r  it is poss ible  to find small  pa tches  of algae,  
mussle  shells etc., each  of which have  a different  spectra l  reflectance.  Consequent ly ,  the 
spectra l  information conta ined  in a pixel  (i.e. p ic ture  element)  is an in tegra l  of the 
spectra l  rad iances  from the different  objects  p resen t  on the sed iment  surface within this 
area.  In the case of Landsa t  MSS the pixel  size corresponds  to a footprint on the  g round  of 
79.m • 56 m. For the Landsa t  Themat ic  M a p p e r  (TM) rad iometer  this footprint  size is 
smal ler  (i.e. 30 m x 30 m), bu t  even  within this small  a rea  a mixture of different  surface 
types  can lead  to ambiguous  in terpre ta t ions  of the  rad iance  spectra.  

A closely re la ted  p rob lem often encoun te red  in the  classification of different  surface 
types  is that  t idal  flat sediments ,  for example ,  are  d is t r ibuted along a cont inuum b e t w e e n  
sand and mud. The sharp bounda r i e s  one finds on land, such as b e t w e e n  forest and  
agricul tural  areas,  are  absent .  This is also true for biological  components  such as g reen  
macroa lgae  which can exhibit  ex tens ive  spat ia l  and  tempora l  overlap.  In t idal  situations, 
this p roblem is further  compounded  by  the vary ing  degrees  of wa te r  coverage  of a reas  
similar in surface type. This p h e n o m e n o n  can also modify the backsca t t e r ed  radia t ion  
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spectrum. Furthermore, the difference in spectral signal between two similar types may 
not be sufficient for a distinct separation to be made. 

REMOTE SENSING STRATEGY 

Considering all these obstacles to the application of remote sensing in support of 
monitoring and mapping programmes of the Wadden Sea, the goal of the present paper  is 
threefold: 

(I) To assess the feasibility of using Landsat TM data for a classification of the 

Wadden Sea. Then, accepting that each pixel is potentially made up of patches of 

different surface types and that it is not possible to retrieve the surface properties from the 

radiance spectra directly (i.e. by having both the spectral reflectance characteristics of 

each object and the prevailing atmospheric properties), we will thus approach this 

problem from a different perspective. This will be done by using factor analysis, to see 

how all the sub-pixel covariates (e.g. water content, grain-size, algal cover, temperature 

etc.) contribute to the overall between-pixel variation in the images of all seven TM 

channels. In other words we want to find the underlying variable (factor) which can 

explain most of the variation in the seven TM channels. 

(2) By showing some preliminary results, to highlight the temporal variability of the 

biological system within an area equivalent to a TM pixel. 

(3) Finally, to outline a strategy of how to obtain the most useful information from 

remotely sensed data for monitoring the Wadden Sea. To achieve this, the strategy is 

dependent on the temporal and spatial resolving power of both airborne and satellite 

sensors and will be divided into two parts, namely: 

(i) Mapping and monitoring the whole Wadden Sea area, or large parts of it, is the 

domain of satellite remote sensing. The primary reason for this is that the high costs 

involved and the amount of data one would have to handle excludes the use of aerial 

remote sensing. By using the near infrared channels one can map the distribution of 

water channels, sandbanks, and thus monitor changes in tidal flat morphology over a 

number of years or decades. The classification and factor analysis of the spectral 

information obtained by satellite of a given area can be used to map areas with identical 

or similar surface types. This can then be used as a basis for detailed ground mapping, 

and can help reduce the number of ground samples and measurements required while 

simultaneously improving the representativeness of the samples with respect to the 

surrounding areas. Furthermore, on the basis of such satellite-derived maps a yearly 

updating of maps could be done by monitoring only those areas where changes are 

detected. 

(ii) Aerial remote sensing using photography and/or optoelectronic multispectraI 

scanners is best applied in situations where small-scale patches require a high spatial 

resolution or where data with a high temporal resolution (e.g. monitoring seasonal/tidal 

changes) are required. Furthermore, an aerial survey can be exactly scheduled to overlap 

with particular events such as supporting field experiments or monitoring specific areas 

after events, such as a storm or an oil spillage, have occurred. Weather limitations are less 

critical as surveys can also be carried out under clouds. 

For both tasks - satellite and aerial survey - we will give an example in the form of a 

case study of which steps we have used to retrieve the information. 
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ANALYSIS OF A THEMATIC MAPPER SCENE BY UNSUPERVISED HIERARCHICAL 
CLASSIFICATION AND FACTOR ANALYSIS 

Thematic  Mapper  is a mult ispectral  scanner  flying on the N A S A / E O S A T  satellite, 

LANDSAT 5. It has seven channels  whose  range in the visible and near  in f ra - red  extends 

be tween  0.45 ~m and 2.35 ~m and has one thermal  channel  the range  o f  which  lies 
be tween  10.4-12.5 ~m (see Table  1). The spatial resolution in the v is ib le  and near-  

infrared is 30 m x 30 m and in the thermal  infrared channel  it has a ground resolut ion of 

120m x 120m. 
The TM scene used for the classification of the Wadden Sea was ob ta ined  on i7 May, 

1986. 
The overflight t ime of the Landsat satellite is 10 45 h Middle European Summer t ime .  

An area northeast  of the Island of Pellworm and south of the island of G r 6 d e  in the 

North Frisian Wadden  Sea was chosen for this analysis (Fig. 1). The cor respond ing  false 

colour TM image  of this area is shown in Figure 2. On the 17 May 1986, l o w - w a t e r  at 

Husum and at Cuxhaven  occurred at 13 45 h and 13 34 h, respectively. 

The software we have  deve loped  for the digital analysis of images  is based  on a 

program package  by Rose & Schultz (1978). 

C l a s s i f i c a t i o n  

Our first step was to identify tidal flat areas not covered by water  in this  subscene.  

This was done by means  of an unsupervised  (i.e. no training areas) h ierarchica l  classifica- 

tion using the K-means cluster al.gorithm (Sp~th, 1975). The criterion for class separat ion 

of pixel grey levels is based on the squared  Euchdean  distance be tween  t h e  centre  of 
each cluster (i.e. class), the centre in this case be ing  the mean of the pixel g r e y  levels  in 

each cluster. After deciding on the number  required,  clusters are formed by the associa- 

tion of data points (pixel grey levels) with their closest cluster centre. New clusters  or new 

Table 1. Spectral channels of Landsat-5 Thematic Mapper and some of their potential applications 

Channel Range Potential applications 

I 0.45-0.52 

2 0.52-0.60 ~m 

3 0.63-0.69 

4 0.76-0.90 ~m 

5 1.55-1.75 ~m 

6 10.4-12.5 ~m 

7 2.08-2.35 ~m 

Soil and vegetation separation; mapping coastal waters; differ- 
entiating between deciduous and coniferous species 
Vigour of vegetation can be discriminated by chlorophyll absorp- 
tion measurements 

Plant species can be discriminated by chlorophyll absorption 
measurements 

Biomass content can be determined; water bodies can be deline- 
ated 

Clouds and snow can be differentiated; vegetation and soil mois- 
ture can be measured 
Thermal mapping; soil moisture can be determined; plant heat 
stress can be measured 

Hydrothermal mapping; rock types can be discriminated 
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Fig. 1. Part of the North Frisian Wadden Sea area (from the Deutsches Hydrographisches Institut, 
1978) showing test area (bounded) for the classification and factor analyses, and showing also the 

transect (T) used for comparing pixel grey level and topography 

branches  of the hierarchical  tree are formed by an iterative procedure  in which  those 

clusters with the greatest  sum-of-squares error are divided into new classes. 

The classification scheme and the result  obtained are shown in Figures 3 and 4, 
respectively, As illustrated, five classes were  all that were  necessary for a clear separat ion 

of tidal flat areas from other classes in the scene. This was ach ieved  by merg ing  channel  4 

(which has a strong tidal flat signal), channel  5 (which has a strong water  signal) and 

channel  6 (the thermal channel). The other classes included water, land, foreland 

(Salzwiesen) and cloud. 
Only those pixels represent ing  the tidal fiat class were  subsequent ly  used  in the 
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Fig. 2. False colour satellite image of the area bounded in Figure 1 and produced by merging 
channels 3, 4 and 5 (see Tabl e l) 

Thematic 
Mapper ~ 

hierachical  c lassi f icat ion 

K-Means algorithm 

Fig. 3. Classification scheme showing five classes (i.e. water, cloud, saltmarsh, mudflat  and land) 
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Fig. 4. Corresponding visual representation of the classification of classes water, cloud, saltmarsh, 
tidal flats and land as outhned in Figure 3 

factor analysis (i.e. all other classes were masked out). This restriction is necessary since 
the other significantly different classes, cloud, water, land and  foreland (Salzwiesen) 
would alter the covariance matrix (see below) and thus lead to erroneous conclusions 
concerning factors un ique  to tidal flat areas only. 

Fac to r  a n a l y s i s  

Factor analysis has its origins as a statistical technique in at tempting to provide 
mathematical  models to explain theories concerning h u m a n  psychology and  behaviour.  
In essence, factor analysis focusses on uncover ing  the related or pat terned variation 
be tween  a set of input  variables. This is accomphshed by an analysis of the hnear  
correlations be tween  the variables such that a set of new variables or factors, smaller in 
number  than the original n u m b e r  of variables, is resolved. In depth descriptions of the 
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ph i losophy  under lying,  and  the methods  involved in factor analysis  can  be  found in 
Rummel (1970), l~Iberla (1971), Harman  (1976), Cattel l  (1977) and, more  general ly ,  in 
Maxwel l  (1977). 

Our  bas ic  idea  for using this me thod  is as follows: the d is t r ibut ion  of different  
sed iment  types  and organisms can be  exp la ined  by  a few proximate  p h e n o m e n a  (i.e. 
factors) of which topography  is a s sumed  as be ing  one of the  more domina t ing .  It dictates 
the per iod  of wate r  coverage  dur ing a t idal  cycle, the wate r  content  in the  sed iment ,  and  
other  phys icochemica l  pa ramete r s  such as t empera tu re  or the oxygen  con ten t  of the 
sediment .  

The spectra l  reflectivity, on the other  hand,  de pe nds  on the sed iment  type ,  the  water  
content,  and  the  coverage  by  organisms such as benth ic  diatoms, m a c r o a l g a e  or mussel  
shells on the  sed iment  surface. Since the spat ia l  distr ibution of these  va r i ab le s  and  their  
cor responding  reflectivity in a number  of spectral  bands  will have  a h i g h  degree  of 
covariance,  it should be  possible  to retr ieve a set of factors from the covar iance  matr ix 
(which is made  up of the spectral  rad iances  of the pre-c lass i f ied  t idal  flat a rea)  by  using 
the mathemat ica l  formalism of the factor analysis.  This me thod  is b a s e d  on pr inciple  
componen t  analysis,  and  as such, b y  rotat ing the  coordinate  system wi th in  the  multi-  
d imens iona l  vector  space,  one can achieve min imal  or maximal  corre la t ion  b e t w e e n  the 
factors and  the  variables.  

The results  are  factor loadings  which  descr ibe  the correlat ion betweerL the var iables  
(i.e. the normal ized  radiances  in the seven spec t ra l  channels)  and  the factors. This 
re la t ionship can be  used  to in terpre t  the  factors if one knows the optical  p rope r t i e s  of the 
surface objects  which might  be  visible in the spectra l  bands  of the TM scene .  F igure  5 
d iagrammat ica l ly  outlines our idea  for us ing factor analysis  in re t r ieving impor t an t  t idal  
flat pa rame te r s  from the mult ispectra l  r ad iance  da ta  of the  satelli te.  

I n t e r p r e t a t i o n  

Before an interpretation of the fac tor  loading  spec t rum is possible,  s e ve r a l  points 
should b e  noted  initially. Firstly, it can be  s ta ted  that  the  channels  ef fect ively  formed 
three  different  groups (see Table  2) with channels  1, 2 and  3 be ing  h igh ly  corre la ted  
(group 1), and  channels  5 and 7 and to a lesser ex tent  channe l  4 be ing  h igh ly  corre la ted  
(group 2). Channe l  6 (i.e. group 3) shows little or no correlat ion with a n y  of the other  
channels ,  and  this is because  its wave leng th  r a n g e  is in the  e m i s s i v e thermal-  
infrared region of the e lec t romagnet ic  spectrum. 

Secondly,  three  dominat ing  e igenvectors  can be  ca lcula ted  from t h e  covar iance 
matr ix  of the spectral  r ad iances  (pixel grey  levels) (Fig. 6). After  o r thogona l  rotat ion 
(using the Var imax criterion; see  Rumrnet, 1970; Uberla,  1971) three  i n d e p e n d e n t  factors 
are ob ta ined  which toge ther  account  for 82 % of the var ia t ion in all seven "rM channels .  
The first two factors a lone account  for a total of 72 % of the  total var ia t ion (Table  3). The 
column labe l led  H 2 (i.e. the communali ty ,  Table  3) reflects the  p ropor t iona l  contr ibut ion 
of each  of the seven channels  to the total  var iance  accounted  for by  the t h r e e  factors. It is 
clear  that  channels  5 and  3 provide  the  greates t  contribution.  Channe l  5 s e e m s  to be  bes t  
at resolving t idal  flats not covered or sa tura ted  with water.  Channe l  3 on the other  hand  is 
good  at resolving water .  

These  results  thus enab led  the calculat ion of the  factor loadings  t h rough  the correla-  



Remote monitoring of tidal flats 283 

From pixels representing 
the tidal flat certain 

HYPOTHETICAL FACTORS 

exist which reflect the 
inter-relationship between 
physical, chemical and 

biological variables. 
Relative to the satellite 
these constitute both... 

Invi!ible 
variables 

I 
and 

I 
Visible 

variables 

Visible variables are 
resolved to a lesser or 
greater extent by the 
visual, near infrared 

and thermal TM 
channels 

Interrelated variables produce 

REAL FACTORS 

which represent, in order of 
importance, the underlying 

covariance between each pixel, 
(i.e combination of sub-pixel 

variables) in all seven TM 
channels. 

TIDAL FLAT 

Factor 1 Factor 2 Factor 3 

I T o ~ c o n c .  I I"Temperature I 

1 2 3 4 5 6 

THEMATIC MAPPER CHANNELS 

5 Il 
Factor 1 Factor 2 Factor 3 

"Topography" "Water Content" "Surface Temperature" 

Fig. 5. Flow diagram as to how hypothetical factors and real factors derived from radiance spectra 
are related in the factor analysis 

tion of the normahzed pixel grey levels with each of the three factors. As shown in 

Figure 6, the variances in channels  1, 2 and 3 are important  in Factor 1, whereas  channels  

5, 7 and to a lesser extent  channel  4 contribute more to Factor 2. In the case of Factor 3, 
channel  6 is the predominant  influence with perhaps  a small contribution from channel  4. 

An interpretation of these results is greatly assisted by calculating the factor scores 

for each factor. These scores permit a visual representat ion of each factor in each pixel of 
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Tab le  2. Corre la t ion  ma t r ix  o f  the  re la t ionsh ip  b e t w e e n  tidal flat p ixe ls  only, in t he  s e v e n  T M  
c h a n n e l s  a n d  the  communa l i t y .  For fu r the r  exp l ana t i on  s ee  text  

1 2 3 4 5 6 7 H * ' 2  

1 1.000 0.912 0.907 0.341 0.104 - 0 . 3 0 6  0.178 0.912 
2 0.912 1.000 0.986 0.394 0.054 - 0 . 2 2 6  0.120 0.986 
3 0.907 0.986 1.000 0.318 0.019 - 0 . 1 7 5  0.086 0.986 
4 0.341 0.394 0.318 1.000 0.516 - 0 . 2 3 1  0.481 0.516 
5 0.104 0.054 0.019 0.516 1.000 0.216 0.945 0.945 
6 - 0 . 3 0 6  - 0 . 2 2 6  - 0 . 1 7 5  - 0 . 2 3 1  0.216 1.000 0.159 0.306 
7 0.178 0.120 0.086 0.481 0.945 0.159 1.000 0.945 
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Table 3. Rotated factor matrix of tidal fiat pixels only, showing factor loadings, the variance among 
all seven channels that is accounted for by each factor (i.e. as a percent of that accounted for by all 
factors), and the communality (i.e. the proportion of the total variance accounted for by each 

channel). For further explanation see text 

F I  F2 F3 H**2 

i -0,882 -0.135 0,231 0.849 
2 -0,977 -0.091 0,156 0.987 
3 - 1.004 -0.035 0,054 1,012 
4 -0,267 -0.555 0,342 0.496 
5 0.007 -1,018 -0.158 1.061 
6 0,148 -0,098 -0.696 0.516 
7 -0,067 -0.913 -0.113 0,851 

VAR 2.837 2,215 0,720 5,771 

% 40.530 31.638 10.279 82.447 

an image. The factor score for each pixel is calculated by a l inear  combinat ion of the 
seven channels  weighted with the regression coefficients. 

To test our reasoning that topography is one of the most important  tidal flat 
parameters  against  that of the factor analysis results, a comparison was made  be tween  
the pixel grey level of Factor 1 score image and  tidal height on the fiats. The topographi- 
cal data was obtained from a transect, beg inn ing  west of the is land of Nordstrand and 
extending north-east  in the direction of the Holmer F~hre channel ,  on the Kuratorium fiir 
Forschung und  Kfis teningenieurwesen Chart.No. 1418 (see Fig. 1). This part icular area 
was mapped  in 1974, and is one of the more recently surveyed areas. 

The result as shown in Figure 7 shows a surprisingly good correlation be t w e e n  the 
two parameters. It should be s t r e s s e d ,  however, that it is not necessarily topography 
which is reflected in the pixel grey levels of the factor score image, bu t  rather a 
combination of the radiated signals from all the covarying variables, such as algal cover, 
sediment  grain size etc., which are dependen t  on topography and  all of which influence 
the images produced in the different TM channels.  The result, a l though promising in that 
it opens up the possibility 'of a new area of apphcation in terms of us ing  satellite 
information for monitoring changes in the Wadden  Sea, is, however,  in need  of further 
testing. 

A visual comparison be tween  the factor score image of Factor 2 and the original and 
separately classified images of channels  4 and 5, strongly suggests that the water  content 
of the sediment  is responsible for the second most important  source of variat ion in all 
seven TM channels.  These findings are not unhke  those obta ined by Folving (1984). 
Using principle component  analysis on both airborne multispectral  data and  Landsat 
MSS imagery, he concluded that the first principle component  correlated well  with 
"general  sedimentologicat features", while the second principle component  was strongly 
related to "water features" of the Danish Wadden  Sea. 

The result for Factor 3 is similar to that recently obtained by Doerffer et al. (1989) in 
that the thermal infra-red channel  6 has the greatest  contribution to the percentage  
variation accounted for by this factor. Thus, this factor probably represents  a combinat ion 
of both the tidal flat and atmospheric thermal environments.  
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Fig. 7. Relationship between the pixel grey level (i.e. pixel density) and topography for an area west 
of Nordstrand and extending north east to the Holrner F~hre (see Fig. 1) 

From these results we can say that factor analysis can be used to map the horizontal 
distribution of a small  number  of proximate factors which determine sed iment  surface 
characteristics and thus the optical properties of the area. Changes in these variables 
should indicate changes in the ground variables. However, the nature of these variables 
has to be verified by ground control analyses.  

SUB-PIXEL PATCHINESS 

As noted earher one of the main  concerns relating to satellite imagery  is the size of 
pixel footprint on the ground. This concern stems from the sometimes small-scale 
heterogeneous spatial distribution of surface types. Aerial photography can  easily over- 
come this problem with its greater  resolving power, but  in terms of multispectral  
classification is somewhat bruited since both true-colour and false-colour films have only 
three rather broad spectral bands  within the visible and  infra-red regions,  respectively. 
The use of airborne radiometers (such as the Optical Mult ichannel  Analyser)  combines a 
high spectral resolution with a very large n u m b e r  of small-band spectral  channels  
ranging  from the visible to thermal infrared. These, however, have only seldom b e e n  
used (e.g. Folving 1984), and this is due mainly  to the high costs involved in both 
operat ing and processing the data. 
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Fig. 8. Aerial and ground truth surveys were carried out in the K6nigshafen area, situated on the 
northern part of the island of Sylt, North Sea. The bounded area corresponds to that shown in the 

aerial photographs of Figure 9a, b 

Aerial photography can ' thus  be viewed as a relatively cheap and  effective compro- 
mise be tween  satellite imagery and high resolution spectrometers for remotely sensing 
the Wadden  Sea. 

The present  aerial surv'ey was under t aken  to assess the value of true-colour aerial 
photography for deriving estimates of distributional differences and  changes  in surface 
characteristics over time. 

For this probationary phase we are focussing on the dominant  macrophyte species, 
which include the sea grass Zostera marina/Z, noltii, and  the macroalgae Enteromorpha 
spp. and Ectocarpus spp. These species are known to be of great ecological importance in 
the area chosen for this study. This is the KSnigshafen area which lies on the nor thern  tip 
of the island of Sylt, North Sea (Fig. 8}. 

Surveys were carried out on 16 June  1988 (summer sample) and  18 September  1988 
(autumn sample), at altitudes of 2500 ft, and  2500 ft and  5000 ft; respectively. 

In conjunction with the aerial surveys, quanti tat ive ground surveys were under taken .  
These were carried out monthly be tween  June and  December  1 n~176  ~ . . . .  *~*~*" . . . . . .  
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Fig. 9a. Summer aerial photograph of an area in K6nigshafen. The bordered area (200 m 2) was 
digitised for classification purposes (Permission given by Luftamt Hamburg, Nr. 818/89) 

ples of percentage  cover were obtained from an area 30 m x 30 m within the bounded  
area shown in Figures 9a, 9b. A grid system was set up to include 49 sampl ing  points, 
corresponding to a be tween-sample  distance of 5 m. At each sampling po in t  a 0.25 m 2 
grid (further divided into 0.01 m 2 units) was photographed and  used for est imating 
percentage  cover. 

By comparing summer  and  au tumn images (Fig. 9a, b), it is clear that a considerable 
change has occurred in the distribution pat tern of the species named  above,  Translat ing 
this change into what  was found in the 30 m x 30 m grid shows there was a decrease in 
the overall percentage  cover in this area, from 49.99 % in summer  to 24.69 % in autumn.  
This change can be further divided in terms of the proportions of the two dominat ing  
genera. Bnteromorpha spp. dominated (45.24 % of total cover) during the s u m m e r  period 
(Fig. 10a), while Zostera spp. contr ibuted very little to the overall cover w i th  4.75 % for 
the same period {Fig. 10b). In autumn,  however, the pattern is reversed a n d  Zostera spp. 
become the dominan t  cover (23.04 %; Pig. l l b )  with Enteromorpha spp. b e i n g  almost 
absent  (1.65 %; Pig. 11a). 
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Fig. 9b. Autumn aerial photograph of an area in KSnigshafen. The bordered area (200 m 2) was 
digitised for classification purposes (Permission given by Luftamt Hamburg, Nr. 818/89) 

These more subtle changes are presently be ing  assessed using the aerial photo- 
graphs which when  digitised have a ground resolution of approximately 40 cm. It is clear 
from these photographs that a difference in the horizontal distribution of classes exists; 
however, further work is required before we can definitely say what each class repre- 
sents. We can, however, tentatively say that out of five statistically different classes 
present  during both summer and  au tumn periods, we have recognised at present  three 
macrophyte "types" during the summer  period and  two macrophyte "types" dur ing  the 
au tumn period. From our knowledge of the area we can also say that the differences in 
class distinction over all five classes is due either to differences in percentage cover per 
uni t  area, differences caused by a combinat ion of macrophyte cover with variable  water 
cover, or due to differences in the relative percentage  overlap of the different plant  
species present. As they stand, the percentage  cover of each of the class "types" can  be 
easily obtained using existing methodology, 
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CONCLUSIONS AND SUMMARY 

Whereas other studies, with a similar emphasis  on using mult ispectral  satellite data 
have focussed mainly on resolving differences in the type of sediment  present ,  we have 
tried to focus on the main  factors or sources under ly ing  the combined spectral  variation in  

the seven TM channels.  
We have been  able to make  a clear separation of the tidal flat us ing a combina t ion  of 

TM channels  4, 5 and 6. Since no direct derivation of surface types is possible  from pixels 
which have a mixed substructure, the tidal flat class only was used in a factor analysis (i.e. 
water, land, foreland and cloud classes were masked-out).  Three factors w e r e  obtained 
which together accounted for 82 % of the total variation in all seven TM channels .  The 
results strongly suggest that topography {i.e. by the combinat ion of covarying  variable 
influences} is the most important  factor to be  retrieved. The second most impor tan t  factor 
is that of the water  content  of the sediment,  followed by the surface t empera tu re  of the 

sediment.  
Following these results it can thus be argued that apart  from m a p p i n g  proximate 

factors under ly ing  the distribution of surface types, factor analysis can be used to detect 
temporal  changes and assist in the problem of obta ining samples which a re  representa-  
tive for a given area. To do this, however, ground verification is necessary.  The impor- 
tance of long-term temporal changes in sediment  morphology in terms of the presence 
and  distribution of organisms is h ighhghted  by Reise et al. (1989). Remotely  mapping  
tidal flat sediment  type and  structure is best  done dur ing the winter  months  when  
macrophyte cover is at a minimum. 

Aerial photography, with its high spatial resolution, has b e e n  used for mapp ing  the 
distribution of sea grass and  rnacroalgae on the tidal flat. Changes  in the large-scale  (i.e. 
between-pixel)  distribution of these macrophytes over time is clear from a v i sua l  interpre- 
tation of the aerial photographs. These distributional changes  can be t rans la ted  into 
changes  in the overall  percentage cover of all dominant  species present. A s imultaneous 
change  in species dominancy also occurred dur ing this period. In the context of an 
ecological research programme which includes remote sensing, the n e e d  for a para- 
meterisat ion of these changes for unders tand ing  the under ly ing  processes causing these 
changes,  highhghts the need  for t i m e s e r i e s analysis. 

Subsequen t  to digi~sing the aerial photographs, the de te rmina t ion  of different 
macrophyte types has, to date, been  inconclusive, however,  it is possible  with existing 
methods to obtain quantitative estimates of the percentage cover of each class and  for the 
purposes of est imating spatio-temporal scales of patchy distributions, to a l te r  the spatial 
scale of analysis. Before this can be under taken ,  however, class types m u s t  be  verified. 
The resolution of variable water coverage, or even the presence or a b s e n c e  of water 
cover, is one problem which must be  overcome before a definitive classification of 
important  classes is possible. 
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