
 1

 
 
 

An assessment of QuickBird satellite data as a routine means of 
assessing green macroalgal weed cover within intertidal areas for 
the purpose of classifying transitional waters for the WFD, OSPAR 

and UWWTD 
 
 
 
 
 

Final Report 
 

June 2006 
 
 
 

RS Scientific 
Edinburgh 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



 2

 
 
This report was produced for the Scottish Environment Protection Agency by the RS 
Scientific. The authors were: 
 
Dr Evanthia Karpouzli and Dr Tim Malthus   
27/10 Castle Terrace 
Edinburgh, EH1 2EL 
 
 
This report should be quoted as: 
 
Karpouzli, E., Malthus, T.J. (2006). An assessment of QuickBird satellite data as a routine 
means of assessing green macroalgal weed cover within intertidal areas for the purpose of 
classifying transitional waters for the WFD, OSPAR and UWWTD.  Report produced for the 
Scottish Environment Protection Agency (SEPA) under Research Contract No R50021PUR 
 
 
 
 



 3

 
Table of contents 
 
1 EXECUTIVE   SUMMARY 4 
2 INTRODUCTION 6 
2.1 Aims and objectives 6 
2.2 Background to the Project 6 
2.3 Site habitat description 7 
3 METHODS 8 
3.1 Scientific staff 8 
3.2 Field procedures 8 

3.2.1 Measurement of ground validation sites 8 
3.2.2 Algal biomass sampling 9 
3.2.3 Laboratory procedures 9 

3.3 Satellite imagery 9 
3.3.1 Survey of previous satellite image acquisitions 9 
3.3.2 Satellite Image acquisition 11 
3.3.3 Field methods 12 
3.3.4 Satellite image processing 15 

4 RESULTS 22 
4.1 Ground survey data 22 
4.2 Satellite imagery and maps 25 

4.2.1 Quality of the image for algal mapping 25 
4.2.2 Initial processing steps 25 
4.2.3 Sunglint and surface reflection correction 25 

4.3 Green algal biomass cover and classification 29 
4.3.1 Results of the discriminant analysis 30 

5 DISCUSSION 33 
5.1 LESSONS LEARNED 33 
6 RECOMMENDATIONS AND FUTURE WORK 36 
7 REFERENCES 38 
8 LIST OF ACRONYMS 39 
9 ANNEX – BIOLOGICAL DATA OBTAINED DURING THE FIELD SURVEY. 40 

 



 4

1 EXECUTIVE   SUMMARY 
 
1. The aim of this project was to assess the capabilities of QuickBird high resolution 

satellite data as a routine means of assessing green macroalgal weed cover within 
intertidal areas for the purpose of classifying transitional and coastal waters for the WFD, 
OSPAR and UWWTD, as a supplement to groundtruthing survey.  

 
2. The project focused on the Ythan Estuary, a designated Nitrates Vulnerable Zone 

situated in Aberdeenshire, as a test area. 
 
3. Cloud-free multispectral and panchromatic QuickBird satellite images were acquired over 

the Ythan Estuary on 27th of September 2005 when the tide was falling at 2.7 m above 
Chart Datum. These formed the bases for subsequent analysis.  

 
4. The image acquisition was supported by a target field campaign undertaken in the Ythan 

Estuary from the 17th to 19th September 2005. The survey comprised the measurement 
of: 
• the geographic position of prominent locations as a check on the accuracy of the 

image geocorrection,  
• spectroradiometric measurements of the spectral reflectances of land targets of 

varying brightness for atmospheric correction of the imagery, and;  
• spectroradiometric measurement of a range of substrate and algal coverages, to 

characterise variations in reflectance properties to inform the habitat classification 
process.  

 
5. The fieldwork also assessed 111 ground validation sites distributed across the estuary to 

estimate the extent of algal cover comprising determination of species and substrate 
type and percentage algal cover. A further 26 sites were visited separately and sampled 
by SEPA staff for algal biomass estimation. 

 
6. The QuickBird imagery supplied for this study were found to be highly geometrically 

accurate, to within 1 pixel of their 'true' location, as recorded on the ground using GPS.  
This accuracy would be considered sufficient to work with without the need for further 
and time-consuming and costly geocorrection of the data. 

 
7. Attention was paid to the atmospheric correction of the imagery as processing the data 

to percentage of ground reflectance allows for the elimination of atmospheric influences 
to allow for comparisons with subsequent image datasets where atmospheric conditions 
may vary. 

 
8. Spectral reflectances from exposed algal covered substrates show high differentiation 

from bare surfaces due to high infrared reflectances. With the exception of sand, 
reflectances from substrates show low reflectance and little variation with respect to algal 
covered and substrate surfaces. The limited spectral resolution of the QuickBird sensor 
is not likely to allow discrimination of green and brown algal types as spectral differences 
are subtle.  

 
9. The principal problem and challenge with the processing of the image data in this study 

was related to its acquisition on the last day of a tidal window during non-ideal tidal 
conditions. At the time of the satellite overpass, considerable areas of the estuary were 
still inundated.  

 
10. Owing to the relatively high tidal state at the time of image acquisition (2.7 m above CD), 

only 38 ground sites were exposed or partially exposed on the imagery. Each site was 
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separated into one of four classes depending on the percentage of green algal cover 
found at the site, on the basis of current WFD draft classification guidelines.  

 
11. The spectral signatures for each site (in blue, green, red and near infrared wavelengths, 

as derived from the satellite imagery) were subjected to classification analysis using 
discriminant function analysis, a multivariate statistical analysis frequently used to 
identify similarities between groups. 

 
12. With the partially inundated sites included, overall classification accuracy was 69% on 

the basis of three algal cover classes. Excluding the partially inundated sites led to a 
dramatic improvement in overall classification accuracy to 86% with only four sites being 
misclassified. The best classified groups were in the 0 to ≤ 5% and > 15% to < 75% OGA 
cover classes (at 89 and 91% correct, respectively).  

 
13. The QuickBird data was thus shown to have sufficient spatial resolution to accurately 

classify algal cover on the basis of its four spectral bands. 
 
14. Based in the experience from this study a number of key recommendations are made for 

the monitoring of OGA cover in Scotland’s estuarine systems. Critical amongst these are 
considerations to the timing of image acquisition, particularly with respect to tidal state 
and season, the need for some but minimal field site calibration.  

 
15. Further research could investigate the value of spectral-based vegetation indices as 

indicators of the amount of vegetation present and of the effect of differences in 
substrate type.  

 
16. The Standard Operating Procedure developed is intended to be further developed by 

SEPA Marine Science for routine application. 
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2 INTRODUCTION 
 
 
2.1 Aims and objectives 
 
The aim of this project is to assess the capabilities of QuickBird high resolution satellite data 
as a routine means of assessing green macroalgal weed cover within intertidal areas for the 
purpose of classifying transitional and coastal waters for the WFD, OSPAR and UWWTD, as 
a supplement to groundtruthing survey.  
 
The project focuses on the Ythan Estuary, a designated Nitrates Vulnerable Zone situated in 
Aberdeenshire, as a test area, and aims to develop a protocol for SEPA for rapid and cost 
effective assessment of opportunistic green algal (OGA) cover.  The Standard Operating 
Procedure developed is intended to be further developed by SEPA Marine Science for 
routine application.  
 
 
2.2 Background to the Project 
 
Macro-algal weed mats can exhibit abnormal levels of growth when exposed to elevated 
levels of nutrients, either directly through ground-water or via overlying riverine, transitional 
or coastal waters. Evidence of abnormal levels of spatial cover and biomass of opportunistic  
macroalgae, particularly green algae (OGA) will result in degradation from ‘Good Ecological 
Status’ as defined under the Water Framework Directive (WFD) or the designation of the 
water body as ‘Sensitive to Eutrophication’, as defined under OSPAR/UWWTD. 
 
The accurate assessment of the spatial cover of OGA is thus one of the primary 
classification criteria for WFD ecological status. Traditionally, assessments of OGA have 
been made using ground surveys. However, the limitations of such techniques that aim to 
interpolate point surveys to produce a representation of full coverage are well understood 
and the potential of remote sensing as an alternative to conventional methods is now widely 
accepted, as being  the most cost-effective and feasible means of mapping and monitoring 
coastal ecosystems over large areas (Bouvet et al. 2003, Maeder et al. 2002, Green et al. 
2000, Luczkovich et al. 1993).    
 
Due to limitations in the spatial resolution of satellite images, previous remote sensing 
studies have been restricted to the use of airborne imagery in the form of aerial photography 
or digital sensor images (Green et al. 2000). However, these have only met with partial 
success due to the difficulties in geo-referencing and mosaicking of aerial photographs as 
well as difficulties with scale and corrections in orientation.  Since 1999, the advent of 
satellite sensors capable of measurement at a much higher spatial resolution (e.g. 1 to 5 m 
pixel size) such as the IKONOS and QuickBird2 sensors, has presented significant potential 
for using spaceborne data for the determination of spatial coverage of macroalgal weed 
mats. The advantages of using high resolution satellite imagery over aerial photography for 
broadscale and biotope mapping applications are well documented in (Bates et al, 2002), 
with some of the principal benefits being: 
 

• Satellite data are spatially uniform and provide synoptic coverage, requiring 
considerably less pre-processing to produce a single digital orthorectified image 
suitable for subsequent analysis. As a result the costs of analysis are greatly 
reduced.  

• Satellite images are obtained in specifically defined spectral bands, some of which 
penetrate clear waters to considerable depths. It is thus possible to correct the data 
for both depth and for the attenuation of light by the water column, and thus improve 
discrimination of shallow subtidal biotopes, where turbidity is not limiting. 
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• Very high spatial resolution can be achieved approaching that of aerial photography 
(e.g. 60 cm) when fusion methods described above are applied. 

• High spatial resolution satellite sensors are pointable, allowing the avoidance of 
sunglint from the sea surface. 

• The availability of bands located in near infrared wavelengths (not available in aerial 
photography) improves classification of intertidal biotopes.     

• Satellite data are on the whole cheaper to acquire than aerial photography, being on 
average roughly half the costs of photography. Analysis costs are also reduced as 
there is not the need for significant effort in orthocorrection and mosaicking of 
numerous photographic images to obtain a single, full cover image.  

 
Thus, digital imaging from satellite is physically-based, relying on the notion that targets 
have distinct spectral reflectance properties (spectral signatures), and one that is well suited 
to assessing change, where the orbits of the satellite allow for frequent and repeated 
coverage.  
 
 
2.3 Site habitat description 
 
The Ythan Estuary, situated in Aberdeenshire (2.00° W, 57.34° N) on the east coast of 
Scotland was selected as the test area for this study. The site comprises the long, narrow 
estuary of the River Ythan and is part of the Sands of Forvie and Ythan Estuary SSSI and 
National Nature Reserve. The estuary includes extensive intertidal mudflats and mussel 
beds, which are important feeding grounds for internationally important numbers of wading 
birds and eider ducks. High levels of nitrates in the River Ythan have stimulated the 
production of mats of algae, notably opportunistic green algae, to spread over the mudflats 
which in turn can reduce invertebrate numbers for wading birds. The River Ythan catchment 
was designated a Nitrate Vulnerable Zone (NVZ) in 2000 and the resulting action plan limits 
the amount and timing of nitrogen fertilizer inputs used in the catchment. This and other 
changes in practice should eventually result in reduced inputs of nitrate into the estuary. 
 
 



 8

 
3 METHODS  
 
3.1 Scientific staff 
 
A number of research scientists from RS Scientific and SEPA were involved with the field 
surveys and subsequent data analysis.  These individuals are listed in Table 3.1. 
 
Table 3.1  Scientific Staff involved in the 2005 QuickBird mapping project 

 
Name Affiliation Tasks 
Evanthia Karpouzli RS Scientific Overall project management, field 

survey, image analysis 
Tim Malthus RS Scientific Field survey, image analysis 
Clare Scanlan SEPA SEPA project manager, ground 

survey 
Richard Park SEPA Project development 
Nicky Rowberry  SEPA Ground survey, Health and Safety 

contact 
Eleanor Shield 
 

 SEPA Ground survey 

Carol Milner SEPA Ground survey 
 
 
3.2 Field procedures 
 
3.2.1 Measurement of ground validation sites 
 
Three survey teams involving RS Scientific and SEPA staff completed field work related to 
the acquisition of data in support of the satellite image acquisition (see Section 3.3) and to 
visit at least 100 ground validation sites distributed across the estuary to estimate the extent 
of algal cover. Measurements made at each validation site consisted of GPS position, 
(measured using a WAAS enabled hand-held Magellan GPS unit, GPS station positions 
were recorded for at least 10 minutes, which, with EGNOS availability, gave a positional 
accuracy of approximately 2 m, within one pixel of the true position of the multispectral 
imagery), categorisation of target type (both species and substrate type), percentage cover 
of algal cover, and a photographic record. In all, the three survey teams collected information 
from 104 sites distributed across the estuary. This number of sites was required to cover the 
range of species, covers and substrates encountered across the estuary.  
 
Prior to teams splitting up and working separately, two key sites were visited and jointly 
assessed, to ensure a degree of consistency within each team in carrying out the 
procedures. 
 
Sample sites were chosen on the basis of variations in substrate type to ensure that a 
representative number of sites were visited covering a range of substrate types (bare mud, 
mud with algal cover, sand, mussel beds and stony substratum) and to include a range of 
algal covers from no cover to almost complete cover. Percentage cover of algae was 
assessed by eye within an approximate 3m2 area, corresponding approximately to the area 
of one pixel on the QuickBird satellite image in advance of the groundtruthing.  
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3.2.2 Algal biomass sampling  
 
A further 26 sites were visited separately and sampled by SEPA staff for algal biomass 
measurements to test the relationship between satellite spectral reflectance and algal 
biomass.  Samples of algae were taken from three 0.25 m2 quadrats. The algae removed 
were placed in labelled plastic bags, and placed in a cool box for transportation to the 
laboratory. 
 
 
3.2.3 Laboratory procedures 
 
At the laboratory, algal biomass samples were washed in a 500mm sieve to remove gross 
mud, sand and animals, and then squeezed to remove excess water.  Fresh weight was 
determined by then weighing the algae to the nearest gram on a previously calibrated 
balance.   
 
 
3.3 Satellite imagery 
 
3.3.1 Survey of previous satellite image acquisitions 
 
A survey of publicly available global image archives revealed two Landsat satellite datasets 
over the Ythan estuary obtained corresponding to low tide conditions. These datasets were: 
 

• A Landsat 5 Thematic Mapper (TM) image, acquired on 26th June 1995. 
• A Landsat 7 Enhanced Thematic Mapper (ETM+) image acquired on 10th May 2001. 

 
Both images are displayed in figures 3.1 and 3.2. The image acquired in 1995 shows clear 
atmospheric conditions and low tide conditions in the upper reaches of the estuary, but some 
substrate surface cover by water in the lower reaches. The 2001 image shows low tide 
conditions throughout the image but shows coastal cloud contamination toward the mouth of 
the estuary.  
 
However, the relatively coarse resolution of the images (at 30 m pixel size), relative to the 
size of the Ythan itself, highlights the difficulty in differentiating different substrate types or of 
identifying algal cover using the conventional satellite platforms such as the Landsat and 
SPOT series of satellites. Accurate estimation of algal coverage will only be obtained from 
imagery at a much higher spatial resolution (5 m pixel resolution or less).  
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Figure 3.1. Landsat 5 TM image acquired over Ythan Estuary, 26th June 1995 
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Figure 3.2. Landsat 7 ETM+ image acquired over Ythan Estuary, 10th May 2001 
 
 
3.3.2 Satellite Image acquisition 
 
Orders were placed two months in advance for QuickBird satellite sensor image acquisition 
over the Ythan Estuary from early August 2005. The characteristics and spectral response 
functions of the QuickBird sensor are listed in Table 3.2. QuickBird simultaneously acquires 
two images of the area of earth surface it is imaging: a multispectral image in four broad 
regions of the spectrum (at blue, green, red and near-infrared wavelengths) at a spatial 
resolution of 2.4 m and a higher spatial resolution panchromatic image (0.6 m spatial 
resolution) in a single broad visible and near-infrared wavelength band.   
 
Conditions on the acquisition in terms of timing were also placed by the need for acquisition 
during periods of low tide to ensure intertidal regions were exposed and to minimise the 
effects of water column attenuation. Using Aberdeen port as the nearest geographical 
location, tidal software was used to identify the suitable optimal dates for image acquisition, 
given that the satellite passes over Scotland at approximately 11:30 BST. Due to constraints 
placed by the data providers, Eurimage and DigitalGlobe, the acquisition windows were 
restricted to a minimum of 7 days which is not necessarily ideal. Suitable windows 
subsequently forwarded to Eurimage were: 
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• 5th-15th August 
• 21st-28th August 
• 4th-13th September 
• 19th-27th September 

 
The contract with the data providers established that we were obliged to accept any image 
obtained within the windows and containing less than 20% cloud cover (the minimum cloud 
cover content over which it was possible to reject an image). Due to the relatively wide tidal 
windows identified above, there was thus a risk that the imagery may be obtained in less 
than fully exposed, low tide conditions.  
 
 

Table 3.2.  Characteristics of the QuickBird satellite and sensor. 

 

Characteristic QuickBird 
Launch: October 18, 2001 
Altitude: 450km 
Orbit: 98 degrees, sun-synchronous 
Imaging modes: Panchromatic and 

Multispectral 
Spatial resolution: 0.6m (Panchromatic) 

2.6m (Multispectral) 
Spectral resolution: Four bands (Blue, Green, Red, 

Near infrared) 
Revisit Frequency: n/a 
Radiometric resolution: 11 bit (2048 radiance levels) 
Swath: 16.5km 
Other features: Pointability 

 
 
 
3.3.3 Field methods  
 
All field-based measurements associated with the acquisition of data to support the 
processing of the satellite imagery were undertaken during the targeted field campaign in the 
Ythan Estuary from the 17th to 19th September 2005.  
 
 
3.3.3.1 Establishment of ground control points 
 
The QuickBird imagery was supplied by DigitalGlobe Inc. in geocorrected form to a 1:50,000 
scale accuracy. This is the most basic level of geocorrection. To check the accuracy of the 
imagery, 16 prominent and permanently located sites, distributed across the image and 
which were discernable on the imagery were measured for their precise location using a 
WAAS-enabled 12 channel Magellan Marine GPS unit (Table 3.3). GPS station positions 
were recorded for at least 10 minutes, which, with EGNOS availability, gave a positional 
accuracy of approximately 1 m, within one pixel of the true position of the multispectral 
imagery. Positions were recorded in UTM WGS84 coordinates. 
 
The same GPS unit was also used to accurately locate the sites where measurements were 
made for atmospheric correction and for the measurement of habitat reflectance, as 
described in the following sections. 
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Table 3.3. GPS measured locations of prominent sites used for geocorrection of the 
QuickBird image dataset.  
 
 

GPS station Northings Eastings 
YT05G01 398842 829585
YT05G02 399176 828941
YT05G03 399723 828193
YT05G04 399420 827860
YT05G05 400074 826452
YT05G06 400184 826096
YT05G07 399891 825168
YT05G08 400144 824750
YT05G09 399798 824839
YT05G10 400320 828065
YT05G11 402106 829473
YT05G12 400326 829212
YT05G13 399121 829947
YT05G14 399064 829911
YT05G15 400525 826235
YT05G16 400459 826856

 
 
 
3.3.3.2 Measurements of land field target for atmospheric correction 
 
Atmospheric correction of the imagery was undertaken using the empirical line method 
which provides an accurate method for atmospherically correcting high spatial resolution 
satellite imagery (Karpouzli and Malthus, 2003). Six large and relatively homogeneous land 
targets of varying brightness were measured for their spectral reflectance properties using a 
GER 1500 spectroradiometer hired for this research from the NERC Field Spectroscopy 
Facility (Table 3.4, Figure 3.3).  This rapid scanning instrument uses a linear photodiode 
array to measure radiance over the visible to near infrared wavelength range (300 - 1100 
nm) with a nominal dispersion of 1.5 nm and resolution of 3 nm. This is to a much higher 
resolution than the QuickBird sensor (which has just four bands) but allows for the 
reflectances from these bands to be simulated.  
 
The targets used ranged from deep water, dark asphalt, a putting green, bare soil, grass, 
and a sandy beach. The methods employed are outlined in detail in Bates et al. (2004). 
 
A single spectroradiometer sensor head was used fitted with a 15° lens giving a ground 
footprint of approximately 16 cm diameter. Between 15 and 20 spectra were taken of each 
target depending on the apparent variation visible within the target itself. References to 
incident irradiance over a calibrated SpectralonTM panel were obtained for every 3 - 10 target 
measurements, depending on the degree and change of cloud cover at the time of the 
measurement. 
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Table 3.4. Locations of the six land targets measured for atmospheric correction of the 
QuickBird imagery. 
 

Stations Northings Eastings
YT05A01 400109 829416
YT05A02 400522 828204
YT05A03 400070 824767
YT05A04 400013 824741
YT05A05 400592 824302
YT05A06 400198 826799

 
 
 

   
 
 
Figure 3.3. Examples of measurement of field atmospheric reflectance targets made using 
the GER spectroradiometer (left, water surface reflectance measurement; right, 
homogeneous asphalt surface on car park). 
 
 
3.3.3.3 Measurement of substrate reflectances 
 
A number of spectral reflectance measurements were made of typical substrate types for the 
estuary, in order to characterise their variations in reflectance properties such that they may 
inform the habitat classification process. They were considered as a useful addition to the 
measurements made as a means to establish the degree to which the different habitats were 
spectrally separable at ground level. This would give an indication of the degree to which the 
targets may or may not be separable using the four spectral bands in which the QuickBird 
imagery would be obtained.  
 
Measurements were made on selected exposed intertidal habitats measured in situ (e.g. 
Figure 3.4). The measurements were made using the same spectroradiometer as outlined in 
Section 3.3.3.2. The surfaces measured ranged from bare dry sand, bare wet sand, bare 
mud, stony substrate, mussel bed, and mud covered by algae in different proportions. 
 
The habitat targets measured included: 
 

• Dark wet Mudflat, Bare 
• Ephemeral green algae 
• Algal covered mudflat, wet, not saturated 
• Algal covered mudflat, wet 
• Fucus lumps 
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• Very soft saturated bare mud 
• Wet sand habitat 
• Wet bare pebbles 

 
 

   
 
 
Figure 3.4.  Example of spectral measurement of substrate surface reflectance made using 
the spectroradiometer (left, gravel substrate measurement; right, all measurements of 
reflected radiance are made relative to levels of incident irradiance measured over a 
calibrated white reference panel). 
 
 
3.3.4 Satellite image processing 
 
Relatively cloud free multispectral and associated panchromatic images were acquired on 
27th of September 2005, the characteristics of which are given in Table 3.5. The images 
acquired were virtually cloud free over the estuary itself, but with regions of cloud and 
associated shadow overlying some land areas in the vicinity of the estuary (Figures 3.5 and 
3.6). The overall percentage cloud cover was 11%. There was also relatively little 
atmospheric haze despite the relatively low sun angle (31˚). Visual inspection of the data 
revealed few radiometric problems or other flaws such as missing scan lines, etc. With 
respect to tidal state, the image was acquired on the falling tide at 2.7 m above Chart Datum 
(predicted for Aberdeen), but during a tidal cycle at which low water was predicted at 2.1 m 
above CD at 3:10 pm.  High tide during that cycle was predicted at 3.7 m at 9.10 am (Table 
3.6). 
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Table 3.5.  Ythan Estuary QuickBird image data acquisition characteristics. 

 
Acquisition Date: 27th September 2005 
Acquisition Time: 11:41:20 GMT 
Platform altitude: 450 kilometres 
Orbit: 98 degrees, sun-synchronous 
Geometric Processing Level: Standard 
Interpolation Method: Nearest neighbour 
Bits per Pixel: 11 (2048 brightness levels) 
Satellite Azimuth: 348.1˚ 
Satellite Elevation: 67.3˚ 
Sun Angle Azimuth: 174.9˚ 
Sun Angle Elevation: 31.0˚ 
In track View Angle 18.9˚ 
Cross track View Angle -9.8˚ 
Panchromatic resolution: 0.61 m 
Panchromatic bandwidth: 450 - 950 nm 
Multispectral data spatial resolution: 2.5 m 
Multispectral bands: 
Blue  
Green  
Red  
Near Infrared 

 
450 - 520 nm 
520 - 600 nm 
630 - 690 nm 
760 - 900 nm 

 
 
 
Table 3.6. Predicted tidal height for time of QuickBird satellite overpass (~11:30 GMT) for 
the tidal window during which the image was obtained (height predicted for Aberdeen port at:  
57° 09’N,   2° 05’W). The image was obtained on 27th September, highlighted in yellow. 
 

September 2005 date Predicted tidal height 
(Metres above Chart Datum) 

20 2.2 
21  1.7 
22  1.4 
23  1.4 
24  1.6 
25  2.0 
26  2.4 
27  2.6 
28 3.3 
29 3.6 
30 3.7 
1 3.7 
2 3.6 
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Figure 3.5. The raw QuickBird multispectral image acquired over the Ythan Estuary. 
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Figure 3.6. The corresponding raw QuickBird panchromatic image acquired over the Ythan 

Estuary. 
 
 
3.3.4.1 Geometric correction 
 
Qualitative comparison of our field-measured GPS data points with that of the original image 
indicated that the original data supplied were accurate to within 1 pixel of their 'true' location.  
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This accuracy is sufficient to work with without further geocorrection, but it cannot be 
assumed that all “standard” QuickBird datasets will be this accurate.  Nevertheless, the data 
were further geocorrected to the GPS data following the method outlined in Bates et al. 
(2004).   
 
 
3.3.4.2 Atmospheric correction 
 
The raw spectra from the five sets of homogeneous target measurements scanned for 
atmospheric correction of the imagery were processed to absolute reflectance (corrected to 
reflectance traceable to standards held by the National Physical Laboratories; this means 
that the surface reflectances can be compared to other absolutely corrected reflectances 
without the assumption of errors due to differences in the measurement process). The 
average scans for each target were then processed to extract reflectances for the four 
spectral bands of the QuickBird sensor based on the sensor’s specific spectral response 
functions. Image pixel radiance data, corresponding to the exact points sampled on the 
ground, will be extracted from the QuickBird multispectral image and used to establish 
relationships between the radiance measured by the satellite and the ground reflectance 
values (Figure 3.7). The relationships show a high degree of linearity. Previous research 
shows that the response of the QuickBird sensor can be considered to be linear across the 
range of typical earth surface reflectances. The points where the lines would intersect the X-
axis indicate the contribution to radiance from background reflectance of light in the 
atmosphere. This is highest in the blue and green regions where atmospheric scattering is 
considerable and generally decreases with increasing wavelength. 
 
These empirically derived relationships were used to atmospherically correct the QuickBird 
multispectral dataset to percent reflectance. As the research focussed on the multispectral 
image, the panchromatic dataset was not atmospherically corrected. 
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Figure 3.7. Empirical line relationships for the individual QuickBird wavebands from the 
Ythan image. 

 
 
3.3.4.3 Masking 
 
In processing coastal images, brighter pixels over land surfaces frequently visually interfere 
with the processing of darker pixels over water dominated pixels. ‘Masking’ is a technique 
which is used to remove these pixels such that one can concentrate on the pixels, or region, 
of interest. To remove land areas for subsequent image processing, the corrected QuickBird 
image datasets were masked to a manually adjusted Scottish coastline vector dataset. 
Areas of cloud and cloud shadow were also removed from the imagery by manually digitising 
around the affected areas. The resultant masked images are shown in Figure 3.8.  
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Figure 3.8. Masked, geometrically and atmospherically corrected multispectral (left) and panchromatic (right) QuickBird image datasets. 



 22

 
4 RESULTS  
 
4.1 Ground survey data 
 
Figure 4.1 shows the distribution of field sites (a total of 111 sites) visited during the field 
survey. Full details of these sites may be found in Annex 1.  
 
 

 
Figure 4.1. Distribution of field sites overlaid on the multispectral QuickBird imagery.  
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Spectral reflectances, measured in situ over a range of exposed substrate surfaces are 
shown in Figures 4.2. Reflectances are generally low across the visible spectrum for the 
algal covered surfaces (Figure 4.2, top), with the green species showing distinct peaks in 
green reflectance at ~550 nm. The brown Fucus species showed subtle and variable visible 
reflectances in the brown/red part of the visible spectrum (~ 560 to 670 nm). All algal 
covered surfaces exhibited distinct changes in reflectance from low red reflectance (as a 
result of strong absorption by chlorophyll at 670 nm) to high near infrared reflectance, as a 
result of scattering of light within the algal tissue.  
 
‘Bare’ surfaces (Figure 4.2, bottom) show generally higher visible spectral reflectance than 
the algal covered surfaces and reflectance generally increases linearly with increasing 
wavelength. The wet sand habitat is brightly reflecting across the spectrum and with 
increasing reflectance across all wavelengths. Reflectance from sand is low in the blue and 
green and relatively high in the red, belying the orangey red colour of the sand. Dips in 
reflectance in the red region from the ‘bare’ surfaces at ~670 nm are probably due to the 
presence of microscopic algal films on the substrate surfaces.  The wet bare pebble surface 
shows few spectral differences from the bare mud surfaces. Apart from variations in 
sediment grain size and type (pebbles to sands to muds) the other key factor that will 
influence reflectance is moisture content, with sediments exposed to longer drying conditions 
generally exhibiting higher spectral reflectances (e.g. Rainey et al. 2000). When 
predominantly wet, substrate types are more indistinguishable due to the overriding 
influence of water on the resulting spectral signatures. Evidence suggest that the drier the 
substrates are the more spectrally distinguishable they become (Rainey et al. 2000).  Thus 
spectral differentiation of sediment types in situ will largely be dictated by intertidal 
topography drying conditions.  
 
Thus, with the exception of sand, reflectances from the other substrates show low 
reflectance in the visible region and show little variation with respect to algal covered and 
substrate surfaces. This has implications for the potential differentiation of individual species 
or substrate types using the QuickBird multispectral data.  
 
On the other hand, because of low red and corresponding high near infrared reflectances 
from algal covered surfaces, the differentiation of macroscopic algal covered substrates from 
bare surfaces is expected to be high, in particular when the substrate is exposed at low tide.  
The spectral signatures also demonstrate moderate potential for the discrimination of green 
and brown algal types but only from high spectral resolution data such as those shown in 
Figure 4.2, since there are subtle spectral differences between these algal species.  
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Figure 4.2. Measured spectral reflectances from in situ exposed surfaces made using the 
spectroradiometer. Bottom, bare substrate surfaces; top, algal covered substrate surfaces. 
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4.2 Satellite imagery and maps 
 
Qualitative comparison of our field-measured GPS data points with that of the original image 
supplied by DigitalGlobe indicated that the original data supplied were accurate to within 1 
pixel of their 'true' location. This accuracy is sufficient to work with without further 
geocorrection, but it cannot be assumed that all “standard” QuickBird datasets will be this 
accurate. However, there is no reason to suggest that this level of accuracy would not be 
maintained in any subsequent images obtained from the company. It may be felt, therefore, 
that the level of accuracy of the data originally supplied is of acceptable accuracy to work 
with, without the need for further geocorrection. Although it is unknown what system or map-
base DigitalGlobe use for their original corrections, it is likely that this level of accuracy 
would be similar for any images obtained around the Scottish coastline.  
 
 
4.2.1 Quality of the image for algal mapping 
 
The satellite imagery obtained for this project are somewhat compromised for the goal of 
mapping extent of algal biomass because of the extent of inundation that remains at the time 
of image acquisition.   This is due to a number of factors:  
 
Tidal height – the image was acquired on the last day of a tidal ‘window’ during a sequence 
when not a particularly low tide was predicted at the time and day of acquisition of the 
QuickBird image on 27th September 2005 (2.7 m above Chart Datum at ~11:30 GMT). 
 
Tidal state – it was clear on the imagery that water is still discharging from the estuary at the 
time of acquisition, and thus that low tide in the Ythan Estuary occurs later than low tide 
observed at Aberdeen.  This was also confirmed during fieldwork.  The times for low tide 
predicted from Tables and the tide prediction software, were about 1 hour later than the 
predicted times. However, time of low tide is affected by river flow, wind and barometric 
pressure and can be difficult to predict with precision in the Ythan estuary. 
 
Thus, much of the estuary is still inundated at the time of acquisition. The most exposed 
intertidal region is the large mudflat at Sleek of Tarty.  
 
In addition to the effects of inundation, wave action evident in the coastal waters imaged 
indicates that fairly strong winds are occurring on the day of acquisition. Whilst the wave 
action is strongest in the coastal waters it is clear that surface reflection effects due to wave 
action are contributing to reflection in the waters further up the estuary. These may be 
limiting the extent to which bottom features can be observed through the overlying water 
column.  
 
 
4.2.2 Initial processing steps 
 
A histogram equalisation contrast stretch applied to the image improves the contrast in the 
image (Figure 4.3), and more clearly shows the extent of water coverage remaining in the 
estuary at the time of acquisition. However, it also indicates that areas of mudflat and dense 
algal cover are evident through the overlying water column.  
 
 
4.2.3 Sunglint and surface reflection correction 
 
Both methods are based on the assumption that, as near infrared light is strongly absorbed 
by water, any signals remaining in near infrared channels (after atmospheric correction) 
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represents scattered light from the sea surface (Hedley et al. 2005). This information can 
then be used to correct for the sunglint in the three visible channels of the satellite image. 
Ideally, the method requires a measurement of incident spectral irradiance made above the 
water surface at the time of image acquisition; this is used to compensate for the relative 
contribution of incident irradiance in each of the spectral bands as it is not constant across 
the spectrum. As no simultaneous measurement was possible at the time of acquisition, two 
measures of incident irradiance from other occasions were used – incident light reflected 
from a reference panel obtained during the measurement of different substrates using the 
spectroradiometer at the estuary in September and a measurement of incident spectral 
irradiance made just below the water surface measured in August 2005 in the Sound of 
Harris. The two should suffice to approximate the relative irradiance in each satellite channel 
at the time of measurement.   
 
The results of the sunglint corrections using the two different irradiance measurements are 
presented in comparison to the original image in Figure 4.4. For exposed substrate surfaces 
the correction method tended to oversaturate exposed mudflat areas rendering it less useful 
for substrate and algal definition than the original image. For areas covered in water, 
however, the sunglint corrections have removed significant elements of surface water 
reflectance rendering the extent of the underlying mudflats more clearly defined which may 
assist their classification. There is little difference between either sunglint correction method, 
but that based on the panel method perhaps providing slightly greater contrast.  
 
However, it is encouraging that the water is clear enough to see the mudflats even when 
there is some inundation – when image is taken under less than optimal conditions.  
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Figure 4.3. Histogram equalisation contrast stretched multispectral image.
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Figure 4.4. Close-up comparison of original image (left) with the two different methods of sunglint correction (centre and right). 
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4.3 Green algal biomass cover and classification 
 
Each site visited in the field where cover was determined was classified into one of four 
classes depending on the percentage of green algal cover found at the site.  The sites used 
in the analysis were dominated by OGA algae as only few stations were encountered where 
brown or red algae were the dominant classes, and those were mainly found to be 
submersed at the time of image acquisition and could not be used.  
 
These classes were: 
 

• 0 to ≤ 5% OGA cover  (High Ecological Status) 
• Over 5% to ≤ 15% OGA cover  (Good Ecological Status) 
• Over 15% to < 75% OGA cover (Moderate Ecological Status) 
• 75% to 100% OGA cover (Poor Ecological Status) 

 
These class ranges were chosen to fit the current WFD draft classification guidelines for 
defining algal cover in estuarine environments as high, good, moderate, poor and bad 
status. There are separate draft thresholds for biomass, which would be used in conjunction 
with percentage cover. A critical percentage cover boundary is 15%.  
 
Using the GPS positions of each site shapefiles were formed to enable the field stations to 
be overlaid on the satellite image in the Erdas Imagine image processing software. The 
spectral signature reflectance values for each point were then extracted from the 
multispectral image by digitising the area around each point to an area equivalent in size to 
the 5 m2 area surveyed in the field. Sites that were clearly completely submerged in water at 
the time the image acquisition (water depth over ~0.25 m) were not included in further 
analysis. This meant that all points in the ‘Over 5% to ≤ 15% OGA cover’ class, which were 
few in number, were not included in further analysis being completely submerged. Some 
other sites which were partially inundated were included in the initial analysis but were 
excluded in a second analysis for comparison purposes.  
 
The spectral signatures for each extracted point (in blue, green, red and near infrared 
wavelengths) were subjected to classification analysis using discriminant function analysis, a 
multivariate statistical analysis frequently used to identify similarities between groups. The 
technique attempts to classify individuals into one of several mutually exclusive a priori 
defined groups, based on their scores in a set of independent variables, in this case their 
spectral signatures (Cressie 1993). In this study the analysis was used to test the 
discrimination of the separate algal cover groupings defined above.  
 
The analysis was performed using the SYSTAT statistical analysis software, (version 9, 
SPSS Inc. 1998). All four satellite wavebands were entered in the analysis for each point 
and the resulting three discriminant (or canonical) functions were calculated as linear 
combinations of these bands.  The accuracy of the classification was quantified using the 
standard practice of constructing a ‘confusion matrix’ not only to identify the proportion of 
correctly classified pixels, but also to quantify and evaluate misclassifications between 
classes.   Overall accuracy rates at the different description levels, and user’s accuracy for 
the individual classes were calculated.  User’s accuracy, which represents the probability 
that a classified pixel represents that category on the ground (Congalton 1991), is the best 
measure for individual class accuracy, as it is ultimately more useful to coastal managers 
and other users (Green et al. 2000). However, it should be noted that accuracy values do not 
necessarily reflect the accuracy with which other reflectance signatures will be classified in 
the predefined group classes.  This is because the same datasets were used to derive the 
functions, and to evaluate the accuracy of the predictions instead of an independent dataset, 
due to the limited data available for each OGA cover class. 
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The nature of the discrimination of each category was explored graphically by plotting the 
discriminant scores of the dependent variables (class members) in the reduced data space 
defined by the derived discriminant functions with the highest canonical correlations. 
Differences in the location of the class means (centroids) show dimensions along which the 
classes may differ.  This helped to identify the areas of confusion between the 
predetermined OGA cover classes.   
 
 
4.3.1 Results of the discriminant analysis 
 
In total, 38 visited field sites were included in the initial analysis, including 10 partially 
inundated sites (where water was considered less than ~ 0.25 m deep). The results of the 
analysis of the three algal cover classes based on their discrimination using the four 
QuickBird spectral bands are summarised in Table 4.1 and the scatterplot of discriminant 
space is shown in Figure 4.5. Overall, classification accuracy was 69% with the 75% to 
100% class best classified with only one class mis-classified. The > 15% to < 75% class was 
next best classified at 67% accuracy with some apparent confusion in sites with the other 
two classes. The 0 to ≤ 5% category was poorest classified at 54% showing confusion 
mainly with the > 15% to < 75% category.  
 
The scatterplot of the first two discriminant functions (1 and 2) plotted against each other 
shows the discrimination of the groups in discriminant space (Figure 4.5). This plot shows 
the overlap (indicating misclassification) between the 0 to ≤ 5% and > 15% to < 75% OGA 
categories (classes 1 and 5).  
 
 
Table 4.1. ‘Confusion’ matrix showing results for the first initial classification into three OGA 
classes (cases in row categories classified into columns) 
 

OGA Cover 0 to ≤ 5% > 15% to < 
75% 

75% to 
100% 

Percentage 
Correct 

0 to ≤ 5% 7 5 1 54 
> 15% to < 75% 3 10 2 67 

75% to 100% 0 1 8 89 
Total 10 16 11 68 
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Figure 4.5.  Scores from the discriminant function analysis to three OGA cover classes 
projected into discriminant function space of the first two functions that best separated the 
groups. Class categories: 1, 0 to ≤ 5% OGA; 5, > 15% to < 75% OGA; 7, 75% to 100% OGA 
cover.  
 
 
In the second classification the 10 partially inundated sites were excluded from the analysis, 
leaving 28 sites in the analysis. In the subsequent analysis, overall classification accuracy 
was shown to be dramatically improved to 86% with only four sites being misclassified 
(Table 4.2). The best classified groups were the 0 to ≤ 5% and > 15% to < 75% OGA cover 
classes (at 89 and 91% correct, respectively) with the 75% to 100% OGA cover class 
showing some confusion in two cases with the other two classes.  
 
The discriminant feature space plot (as a function of the first two discriminant) functions 
shows improved separation of the three algal cover classes (Figure 4.6).  
 
 
Table 4.2. ‘Confusion’ matrix showing results for the first initial classification into three OGA 
classes for the second classification.  
 

OGA Cover 0 to ≤ 5% > 15% to < 
75% 

75% to 
100% 

Percentage 
Correct 

0 to ≤ 5% 8 0 1 89 
> 15% to < 75% 0 10 1 91 

75% to 100% 1 1 7 78 
Total 9 11 9 86 
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Figure 4.6.  Scores from the discriminant function analysis of the second classification 
plotted as a function of the first two discriminant functions. Class categories: 1, 0 to ≤ 5% 
OGA; 5, > 15% to < 75% OGA; 7, 75% to 100% OGA cover.  
 
A further broader classification into just two classes (less than 5% OGA cover and >15% 
OGA cover) was attempted. Overall classification accuracy remained the same at 86%, but 
the discrimination accuracy of the OGA dominated surfaces in combination increased to 
90%.  
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5 DISCUSSION 
 
5.1 LESSONS LEARNED  
 
Original QuickBird multispectral and panchromatic data were acquired for this study to 
investigate its suitability to map OGA in the Ythan estuary. Although the full image was 
contaminated by some cloud, cloud free data was acquired over the estuary itself. The 
principal steps in the acquisition and processing chain are shown in Figure 5.1.  
 
The image acquisition was supported by an extensive field survey which visited 111 sites 
distributed around the estuary where algal cover was visually determined. A small subset of 
these sites were visited again where biomass of OGA cover was determined. The field 
campaign also collected field spectra for atmospheric correction of the image data, and GPS 
positions of identifiable field sites for checking of the geometric correction of the imagery.  
 
The QuickBird imagery supplied for this study were found to be highly geometrically 
accurate, to within 1 pixel of their 'true' location, as recorded on the ground using GPS.  This 
accuracy would be considered sufficient to work with without the need for further and time-
consuming and costly geocorrection of the data. However, it cannot be assumed that all 
“standard” QuickBird datasets may be this accurate, but the GPS positions obtained during 
this study can be re-used to check the accuracy of subsequent image datasets without the 
need for future site visitation.  
 
Both the multispectral and panchromatic images acquired simultaneously were purchased 
for this study to test their discrimination properties for algal classes.  It was concluded that 
the multispectral image was far superior for discriminating the classes of interest, and 
although its resolution is coarser than the panchromatic image, it is recommended that this is 
used for future work due its higher spectral resolution. 
 
Attention was paid to the atmospheric correction of the imagery obtained for this study as 
processing the data to percentage of ground reflectance allows for the elimination of 
atmospheric influences to allow for comparisons with subsequent image datasets where 
atmospheric conditions may vary. An ‘empirical line’ method was used for the correction 
which has been shown to be accurate for the correction of high spatial resolution satellite 
image datasets (Karpouzli et al. 2003). This method is based on the field measurement of 
the reflectance of ‘pseudo-invariant’ targets identifiable on the imagery and, using 7 targets, 
a high degree of linearity was observed. It is quite possible that some of the ‘pseudo-
invariant’ atmospheric sites (e.g. tarmac surfaces, sand, putting green) could be re-used in 
subsequent studies with new image data to save costs, providing principally that moisture 
conditions are not different; a few sites may need to be visited for checking the calibration. 
 
The principal problem and challenge with the processing of the image data in this study was 
related to its acquisition on the last day of a tidal window during non-ideal tidal conditions, 
where at the time of the satellite overpass, considerable areas of the estuary were still 
inundated. Whilst sun-glint correction was attempted it was shown that the presence of water 
overlaying algal and substrate covered surfaces alters their spectral reflectances and 
hinders the accurate mapping of OGA surfaces. Surface water inundation meant that many 
of the field sites visited during the field survey could not be included in the subsequent 
classification analysis as they were still inundated with water and, despite efforts to correct 
for sunglint, algal coverage was much less obvious.  Therefore a restricted number of the 
field test sites were used in the analysis.  
 
Thus, the imagery acquired for this study highlights the inherent risks to obtaining imagery 
under ideal, low tide conditions which must coincide with both relatively cloud free conditions 
and satellite overpass at ~11:30 am. However, the results of three QuickBird acquisitions for 
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previous studies undertaken for Scottish Natural Heritage (Sound of Harris, Eden Estuary 
and Firth of Tay) also highlights the relative success of this approach and that, although 
risky, the chances of a good acquisition outweigh a poor acquisition.  
 
The seven-day tidal acquisition window placed upon us by the image data providers means 
that the risks of obtaining non-ideal data at the ‘boundaries’ of ideal conditions may be high. 
However, as a part of a deal to acquire a number of image datasets for different estuarine 
areas around Scotland, it may well be possible to negotiate with satellite data providers for 
more restricted tidal windows to better guarantee acquisition under more ideal low tidal 
conditions. Nevertheless, we believe savings in costs of this approach, despite the risks, 
outweighs use of airborne data for routine monitoring of such studies.  
 
A further limitation of this study that reduced the chances of getting a cloud free image 
during low tidal conditions was the apparent unpredictability of accurately estimating low tide 
in the Ythan estuary.  The dates of the acquisition window which coincided with low tide at 
11.30 am GMT were estimated using tidal tables and the tidal prediction software “Neptune” 
based on the port of Aberdeen. However, subsequent experience of undertaking fieldwork in 
the area showed that low tide conditions in the estuary were possibly half to one hour later 
than those predicted for Aberdeen, highlighting the difficulty of accurately predicting the 
timing of low tide in complex estuaries.  This problem was encountered for the first time in 
this study and was not found to be a limitation in other estuaries such as Eden and Tay 
where similar work has been undertaken as part of contracts for SNH.     
 
The QuickBird data was shown to have sufficient spatial resolution to accurately classify 
algal cover on the basis of its four spectral bands. For non-inundated areas classification 
accuracy was shown to be 89% to two or three OGA classes, regardless of substrate type. 
Limitations to further accurate classification may be the result of a number of factors 
including: inaccurate estimation of algal cover in the field, inaccurate positioning of the field 
site, and spectral confusion as a result of the influence of different substrate types and the 
spectral similarities of targets in the four QuickBird bands (e.g. as shown in Figure 3.1).  
 
High spectral resolution reflectances of algal covered and bare substrate targets measured 
in the field showed that, with the exception of sand, reflectances from typical areas in the 
Ythan show low reflectance in the visible region for both algal covered and substrate 
surfaces. However, because of low red and corresponding high near infrared reflectances 
from algal covered surfaces, the differentiation of macroscopic algal covered substrates from 
bare surfaces is expected to be high, as was shown by the discriminant classification. This 
differentiation is strongest for exposed intertidal areas as any overlying water will rapidly 
attenuate infrared light leading quickly to low reflectances from inundated algal covered 
surfaces.  
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Figure 5.1  Flow diagram showing the different stages involved in the process of 
using satellite images to provide estimates of OGA cover and biomass. 
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6 RECOMMENDATIONS AND FUTURE WORK  
 
Based on the experience from this study, we suggest a number of recommendations for the 
monitoring of OGA cover in Scotland’s estuarine systems.  
 
Type of imagery – The spectral resolution of the multispectral imagery of QuickBird was 
found adequate to achieve a high level of accuracy of classification of OGA cover in this 
study. The panchromatic imagery was found less useful and its purchase can be avoided in 
the future to reduce costs of image acquisition.   
 
Spatial resolution – High spatial resolution imagery is required to map the complex spatial 
heterogeneity in both sediment and algal distributions in estuarine systems. For the 
purposes of this study it was felt that the pixel resolution of QuickBird at 2.4 m was sufficient 
for mapping of algal fractional cover to meet the requirements of WFD and OSPAR 
directives.   
 
Spectral resolution – high spatial resolution satellite sensors will continue to have few and 
relatively broad spectral bands in the required visible and near infrared spectral regions into 
the foreseeable future. However, it was shown that accurate discrimination of OGA cover is 
possible on the basis of the four QuickBird spectral bands.  The discrimination of brown and 
green algae could not be tested in this study due to the restricted number of sites that were 
exposed at the time of image acquisition. 
 
Timing of image acquisition - The imagery acquired for this study highlights the risks 
inherent in image acquisition.  However careful planning and placing of acquisition orders 
early in the year (at least 6 months prior to the first acquisition window) can reduce these 
risks. As stated above, further negotiation with satellite data providers may reduce the risks 
of acquisition under non-ideal conditions by further narrowing the 7-day acquisition window 
placed on this study.  
 
Tidal conditions – Improved knowledge of the relationship between actual low tidal 
conditions and those predicted for common ports is required to reduce the risks of 
differences between predicted low tidal conditions and actual, and thus enhance the 
chances of acquiring imagery with as much intertidal areas exposed as possible.  The use of 
some field observations to compare with predicted tidal states before deciding acquisition 
windows, especially for complex estuaries that extend far inland, would reduce risks greatly. 
 
Cloud free acquisition – although some cloud contamination of the QuickBird imagery used 
in this study occurred, the Ythan estuary itself was clear of clouds. This may not always be 
the case in future image acquisitions; if cloud contamination over an estuarine area occurred 
in future acquisitions, cloud masking would be required, eliminating the area affected, and 
thus areas obscured by cloud need to be accounted for in estimations of percentage algal 
cover.  
 
Timing with respect to season – Imagery from similar seasons may be required to detect 
interannual changes in OGA cover. Timing of acquisition should ideally coincide with the 
projected maximum extent in algal coverage towards the end of the summer and early 
autumn.  
 
Field site calibration – some field site validation is required to check both accuracy of the 
geometric correction of the imagery and for its atmospheric correction. However, providing 
long-term and reliable sites are chosen, GPS positions need only be obtained once for any 
site and, similarly, if well chosen, sites for atmospheric correction could be re-used with one 
or two revisited to establish any spectral variations. A number of OGA covered sites should 
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be visited and surveyed to validate the accuracies of any image based classifications of algal 
cover.  
 
Atmospheric correction – Although not vital for estimation of OGA cover for any single 
satellite image, we recommend the atmospheric correction of image datasets to ensure 
accurate comparison of any multitemporal datasets. The empirical line method is a simple 
and accurate method with which to achieve this.  
 
Vegetation indices – Biomass estimation. Further research could investigate the value of 
spectral-based vegetation indices as indicators of the amount of vegetation present. This 
should involve a more direct study between spectral reflectances of algal species involved 
and spectral reflectance – such a study could be undertaken at ground level using a 
spectroradiometer combined with direct sampling of algal cover and sediment type.  
 
Effects of substrate type – our results show that accurate classification of OGA cover is 
possible regardless of variations in substrate type. However, some of the remaining 
classification error may be the result of differences in substrate type and colour (e.g. 
brightness, colour, grain size, wetness).  
 
Surface sunglint correction - although visually improves the image for areas where 
inundation occurs, use of this step does not improve classification accuracy because it 
eliminates the infrared band from subsequent processing, which was shown to play a key 
role in distinguishing vegetated sites and algal covered sites.  
 
Effects of partial inundation – partial inundation (to a few cm of water) still allowed 
classification of algal cover, but with much less accuracy (67%) than for exposed sites. This 
has implications for timing of satellite acquisition; for best results, however, total exposure is 
required which improves the accuracy greatly (89%). Thus, requirement of good planning to 
ensure image acquisition is timed with low water is critical for best results.  
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8 List of acronyms 
 
 
EGNOS European geostationary navigation overlay service (see 

www.esa.int/esaNA/GGG63950NDC_index_0.html) 
 
ETM+ Enhanced Thematic Mapper plus (sensor on Landsat 7 platform) 
 
GPS Global positioning system 
 
NERC Natural Environment Research Council 
 
NVZ  Nitrate vulnerable zone 
 
OGA  Opportunistic green algae 
 
OSPAR the Oslo and Paris Commissions, with the objective of protecting the 

Northeast Atlantic against pollution 
 
SPOT Sensor pour l’observation de la terre 
 
TM Thematic Mapper (sensor on Landsat platforms 3 to 5) 
 
UTM Universal transverse Mercator (geographic coordinate system) 
 
UWWTD Urban waste water treatment directive (EU) 
 
WAAS Wide area augmentation system (see 

gps.faa.gov/Programs/WAAS/waas.htm) 
 
WFD Water framework directive (EU) 
 
WGS84 World geodetic system 1984 (designed to fit the shape of the entire Earth as 

well as possible with a single ellipsoid, used as a reference on a worldwide 
basis) 
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9 Annex – Biological data obtained during the field survey. 
 

New 
station 

ID 

Original 
station 

ID Samplers 

0GA 
class 

ID Eastings Northings 

Total 
Algal 

% 
cover 

OGA 
percent 
cover Substrate 

 1st 
Sp % 
cov 1st Sp 

2nd Sp % 
cov 2nd Sp 

3rd 
Sp 
% 

cov 
3rd 
Sp 

1 4 CS/ES 1 400143 827542 2 1 St 1 Ent 1 Fucus   
2 4 NR/CM 1 400135 826221 5 2.5 IMX 2.5 Ent 3 Fucus   
3 6 NR/CM 1 400167 826517 5  Mud 5 Fucus     
4 5 EK/TM 1 400802 824782 0  Mud       
5 8 CS/ES 1 400461 828194 3 3 Mud 3 Chaeto     
6 11 EK/TM 1 400897 825224 5 5 Mud 5 EGA     
7 42 EK/TM 1 400627 828552 <5 <5 Mud <5 Ulva     
8 11 CS/ES 1 400651 828456 5 5 Mud 5 Ent     
9 11 NR/CM 1 399999 826957 Trace Trace Mud Trace Ent     

10 13 NR/CM 1 399854 827140 Trace Trace Mud Trace Ent     
11 16 NR/CM 1 399753 827417 Trace Trace Mud Trace Ent     
12 17 NR/CM 1 399707 827649 Trace Trace Mud Trace Ent     
13 19 NR/CM 1 399759 827836 Trace Trace Mud Trace Ent     
14 22 NR/CM 1 399696 827940 Trace Trace Mud Trace Ent     
15 32 EK/TM 1 399794 829128 1 1 Mud 1 EGA     
16 34 EK/TM 1 300004 828973 1 1 Mud 1 EGA     
17 15 CS/ES 1 400551 824717 5 5 Mus 5 Ent     
18 19 CS/ES 1 400745 825215 <5 <5 Mus <5 Ent     
19 18 CS/ES 1 400721 825075 <1 <1 Mus <1 Ent     
20 1 CS/ES 1 400157 826978 0  Sand       
21 12 NR/CM 1 399988 827238 0  Sand       
22 2 EK/TM 1 400570 824510 0  Sand       
23 9 EK/TM 1 400878 825124 0  Sand       
24 4 CS/ES 1 400667 824212 0 0 Sand 0      
25 5 CS/ES 1 400644 824271 0 0 Sand 0      
26 6 CS/ES 1 400615 824342 0 0 Sand 0      
27 7 CS/ES 1 400549 824389 0 0 Sand 0      
28 8 CS/ES 1 400534 824416 <5 0 Sand 0      
29 13 CS/ES 1 400443 824694 0 0 St 0      
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30 6 EK/TM 1 400814 824840 0  St       

31 16 EK/TM 1 400631 825828 0  St       
32 6 CS/ES 3 400204 825858 12 12 Mud 10 Chaeto 1 Ulva 1 Ent 
33 27 EK/TM 3 400387 826514 5-10 5-10 Mud 5-10 EGA     
34 27 CS/ES 3 400672 824989 10 10 Sand 10 Ent     
35 5 NR/CM 3 400160 826447 10 10 IMX 5 Ent     
36 10 NR/CM 3 400049 826905 5-10 5-10 Mud 5-10 Ent     
37 5 CS/ES 3 400346 825720 10 10 Mud 10 Chaeto     

38 1 CS/ES 5 400398 825746 65-70 65-70 Mud 
65-
70 Ent     

39 4 CS/ES 5 400347 825700 63 60 Mud 60 Chaeto 3 Brown   
40 4 EK/TM 5 400758 824751 48 48 Mud 48 EGA     
41 21 EK/TM 5 400447 826105 70 70 Mud 70 EGA     
42 39 EK/TM 5 400548 828738 70 70 Mud 60 Chaeto 10 Ulva   
43 1 All 5 400481 824715 25 25 Mud 25 Ent     
44 2 NR/CM 5 400133 826151 40 40 Mud 40 Ent     
45 14 NR/CM 5 399628 827189 45 45 Mud 45 Ent     

46 18 NR/CM 5 399770 827631 15-20 15-20 Mud 
15-
20 Ent     

47 21 NR/CM 5 399780 827957 45 45 Mud 45 Ent     
48 23 NR/CM 5 399809 828054 45 45 Mud 45 Ent     

49 3 CS/ES 5 400312 825850 25-30 25-30 Mud 
25-
30 Ent     

50 13 EK/TM 5 400829 825338 40 40 Mud 40 EGA     
51 24 EK/TM 5 400378 826282 <50 40 Mud 40 EGA <5 Fucus <5 Por 
52 35 EK/TM 5 300088 828931 25 25 Mud 15 Chaeto 10 Ulva   
53 41 EK/TM 5 400605 828601 40 40 Mud 20 Chaeto 20 Ulva   
54 10 EK/TM 5 400840 825184 45 45 Mus 45 EGA     
55 7 EK/TM 5 400784 824899 40 40 Mus 40 EGA     
56 9 CS/ES 5 400526 824437 20 20 Mus 20 Ent     
57 1 EK/TM 5 400622 824452 60 50 Sand 50 EGA 10 Por   
58 10 CS/ES 5 400514 824435 70 70 Sand 70 Ent     
59 8 EK/TM 5 400820 824937 30 30 Sand 30 EGA     
60 11 CS/ES 5 400477 824471 60 60 Sand 60 Ent     
61 26 CS/ES 5 400495 824765 20 20 Sand 20 Ent     
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62 12 EK/TM 5 488035 825297 60 60 Mud 60 EGA     

112 biomass CS/ES 5 400516 828839  72 Mud  Chaeto     
63 6 CS/ES 7 400268 828067 98 95 Mud 65 Chaeto 30 Ulva 2 Brown 
64 22 EK/TM 7 400421 826230 80 80 Mud 80 EGA     
65 23 EK/TM 7 400401 826244 90 80 Mud 80 Por 10 Fves   
66 2 All 7 400494 824711 75 75 Mud 75 Ent     
67 3 CS/ES 7 400499 824708 80 80 Mud 80 Ent     
68 9 CS/ES 7 400480 828193 90 90 Mud 75 Ent     
69 10 CS/ES 7 400569 828330 84 83 Mud 80 Chaeto 3 Ulva 1 Fucus 
70 15 NR/CM 7 399565 827781 85 85 Mud 85 Ent     
71 20 NR/CM 7 399789 827878 80 80 Mud 80 Ent     
72 7 CS/ES 7 400258 825740 90 90 Mud 45 Ent 45 Chaeto   
73 17 EK/TM 7 400576 825939 75 75 Mud 75 EGA     
74 33 EK/TM 7 399872 829158 95 80 Mud 80 EGA 15 Fucus   
75 36 EK/TM 7 400139 829030 90 80 Mud 80 EGA 5 Chaeto 5 Ulva 
76 38 EK/TM 7 400404 828817 80 80 Mud 70 Chaeto 10 Ulva   
77 40 EK/TM 7 400552 828640 96 95 Mud 90 Chaeto 5 Ulva 1 Fucus 
78 14 CS/ES 7 400509 824715 90 90 Mus 90 Ent     
79 3 EK/TM 7 400545 82459 >90 90 Sand 90 EGA     
80 12 CS/ES 7 400459 824508 75 75 Sand 75 Ent     

113 biomass CS/ES 7 400575 828598  83   Chaeto     

114 biomass CS/ES 7 400570 828767  83 Mud  Chaeto     
115 biomass CS/ES 7 400258 825740  88 Mud  Ent     
116 biomass CS/ES 7 400507 824716  92 Mus  Ent     
117 biomass CS/ES 7 400543 828711  95 Mud  Chaeto     

81 14 EK/TM 
mixed 
algae 400752 823556 90  IMX 90 Fucus     

82 15 EK/TM 
mixed 
algae 400693 825716 55  IMX 55 Fucus     

83 7 NR/CM 
mixed 
algae 400165 826587 35  Mud 35 Fucus     

84 25 CS/ES 
mixed 
algae 400513 825766 65 0 Mus 0  65 Fucus   

85 2 CS/ES 
mixed 
algae 400306 825883 35  Mus 35 Fucus     

86 20 CS/ES 
mixed 
algae 400565 825244 56 <1 Mus <1 Ent 55 Brown   
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87 3 NR/CM 
mixed 
algae 400118 826170 40 0 St 40 Fucus     

88 8 NR/CM 
mixed 
algae 400184 826702 50 Trace St 50 Fucus Trace Ent   

89 9 NR/CM 
mixed 
algae 400141 826821 25  St 25 Fucus     

90 30 EK/TM 
mixed 
algae 400343 826736 45-50  St 

45-
50 Fucus     

91 31 EK/TM 
mixed 
algae 400274 826798 75 5 St 70 Fucus 5 EGA   

92 7 CS/ES 
mixed 
algae 400350 828146 82 2 St 2 Ulva 80 Fucus   

93 17 CS/ES 
mixed 
algae 400632 824893 15 0 St 0  15 Fucus   

94 21 CS/ES 
mixed 
algae 400494 825403 <12 <2 Mud <2 Ent 10 Brown   

95 24 CS/ES 
mixed 
algae 400530 825694 <15 <5 Mus <5 Ent 7 Fucus   

96 37 EK/TM 
mixed 
algae 400257 828924 15  St 10 Fucus <5 Algae   

97 28 CS/ES 
mixed 
algae 400652 825131 10 5 IMX 5 Ent 5 Fucus   

98 29 EK/TM 
mixed 
algae 400401 826648 <10 <5 Mud <5 EGA <5 Red/brown <5 EGA 

99 29 CS/ES 
mixed 
algae 400565 825398 55 45 Mud 45 Ent 10 Brown   

100 3 CS/ES 
mixed 
algae 400247 827152 <35 25 Mud 25 Ent 10 Fucus   

101 16 CS/ES 
mixed 
algae 400646 824828 80 60 Mus 60 Ent 20 Fucus   

102 5 CS/ES 
mixed 
algae 400146 827801 45-55 25 Mud   20 Brown   

103 22 CS/ES 
mixed 
algae 400560 825428 62 30 Mud 30 Ent 30 Brown 2 Por 

104 23 CS/ES 
mixed 
algae 400512 825518 90 35 Mud 35 Ent 20 Fucus 35 Por 

105 19 EK/TM 
mixed 
algae 400503 826016 50 30 Mud 30 EGA 20 Fucus   

106 20 EK/TM 
mixed 
algae 400414 826053 35 15 Mud 15 Ent 20 Fucus   

107 25 EK/TM 
mixed 
algae 400368 826380 50 20 Mud 20 EGA 20 Fucus 10 Por 

108 26 EK/TM 
mixed 
algae 400358 826486 25 10 Mud 10  15 

Porphyra or other 
red/brown   

109 2 CS/ES 
mixed 
algae 400193 827017 <55 20 St 20 Ent 20 Fucus <5 Brown 
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110 28 EK/TM 
mixed 
algae 400384 826551 20 10-15 St 

10-
15 EGA 5 Fucus   

111 18 EK/TM 
mixed 
algae 400527 826018 90  St 80 Por 10 Fucus   

 
 
 


