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ABSTRACT

Geostationary ocean colour sensors do not yet exist, but are under consideration by a number of space
agencies. This study tests the feasibility and assesses the potential for optical remote sensing of coastal
waters from geostationary platforms, with the existing SEVIRI (Spinning Enhanced Visible and
InfraRed Imager) meteorological sensor on the METOSAT Second Generation platform. Data are
available in near real time every 15 minutes. SEVIRI lacks sufficient bands for chlorophyll remote
sensing but its spectral resolution is sufficient for quantification of Total Suspended Matter (TSM) in
turbid waters, using a single broad red band, combined with a suitable near infrared band. A test data
set for mapping of TSM was obtained from the SEVIRI Archive of the Royal Meteorological Institute
of Belgium (RMIB), covering 15 consecutive days in September 2006 for the Southern North Sea.
Atmospheric correction of SEVIRI images included corrections for Rayleigh and aerosol scattering,
ozone absorption and atmospheric transmittances. A one-band TSM retrieval algorithm, calibrated by
non-linear regression of seaborne measurements of TSM and water-leaving reflectance was applied.
Results show that (1) mapping of TSM in the Southern North Sea is feasible with SEVIRI and that
TSM maps are well correlated with TSM maps obtained from MODIS (2) during cloud-free days, high
frequency dynamics of TSM are detected and (3) daily composites of TSM could be generated in
partially cloudy weather.

INTRODUCTION

The general objective of this study is to test the feasibility and assess the potential for optical remote
sensing of coastal waters from geostationary platforms. Since the launch of SeaWiFS in 1997 and
MODIS-AQUA and ENVISAT-MERIS in 2002, ocean colour data from sensors on polar-orbiting
platforms have become an established source of information for monitoring of chlorophyll a and total
suspended matter (TSM) in coastal waters (International Ocean Colour Coordinating Group (I0OCCG),
2000; Stumpf, 2001; Ruddick et al., 2008). These sensors provide data in mid-latitudes with typical
space and time resolution of about 1km and 1 day in cloud-free periods. While these sensors give an
enormous advantage in terms of spatial coverage when compared to in Situ measurement techniques,
cloudiness is a severe restriction in many regions. The daily revisit may also be a limitation in coastal
waters with high frequency dynamics related to tide- or wind-driven advection, resuspension or
mixing/settling. For these two reasons the much higher temporal resolution that can be achieved from a
geostationary platform is very attractive: if dynamics of the observed parameters are fast, a fast
sampling frequency is necessary to resolve variability; if parameters vary little over the day then many



samples made at different times of the day will enable a more complete daily composite to be built up
in the case where scattered clouds move through a region.

The technology required for building geostationary platforms for optical sensors is well-established
thanks to the Meteosat and GOES (Geostationary Operational Environmental Satellite) series of
meteorological sensors which have been operational since the 1970s. However, it is noted that the
higher orbit required for geostationary platforms increases greatly the cost as compared to polar-
orbiting platforms and gives a reduction in spatial resolution for the same optical system.
Notwithstanding the cost issue, the potential for geostationary ocean colour is theoretically very high
(Robinson et al., 2008) and plans for launching such sensors are at various stages of development
within national and international space agencies (Kang et al., 2004; National Research Council, 2007).
However, the concept has not yet been tested with real satellite data, which is the purpose of the
present study.

Although dedicated geostationary ocean colour sensors do not yet exist in space, it is possible to make
a feasibility study with the existing SEVIRI sensor on the METOSAT Second Generation platform
(MSG). This sensor lacks sufficient bands for remote sensing of chlorophyll. However, it has been
established previously for the Advanced Very High Resolution Radiometer (AVHRR) sensor (Stumpf
and Pennock, 1989) that the use of a single broad red band, combined with a suitable near infrared
band (for aerosol correction), is sufficient for quantification of TSM in turbid waters. In fact, TSM can
be considered as quite an “easy” parameter to retrieve because of the strong signal: turbid regions can
be identified in top of atmosphere radiance (Robinson, 1985) or even in photographs taken from space
(Wolanski and Spagnol, 2003). Mapping of TSM is of interest in many turbid regions because of its
link with sediment transport problems (dredging, dumping, geomorphology) (Fettweis et al., 2006) and
because of its impact on the availability of light for primary production (Ebenhoeh et al., 1997).
Remote sensing algorithms for TSM retrieval are now quite mature and satellite data is becoming more
and more used in coastal monitoring and as support for modelling (Lacroix €t al., 2007). TSM has
therefore been adopted for this feasibility study.

The specific objectives of this study are to test the feasibility of mapping TSM in the Southern North
Sea using the SEVIRI sensor, to determine whether high frequency dynamics of TSM are detected and
how/whether daily composites of TSM can be generated in partially cloudy weather. The SEVIRI
sensor, test data set and processing algorithms, including atmospheric correction and one-band TSM
retrieval are briefly described. Results are then presented for two cloud free days. Results show that (1)
mapping of TSM in the Southern North Sea is feasible with SEVIRI and that TSM maps are well
correlated with TSM maps obtained from MODIS (2) during cloud-free days, high frequency dynamics
of TSM are detected. Finally, conclusions are drawn regarding the feasibility of geostationary ocean
colour for mapping of TSM in coastal waters and recommendations are made for the design of future
geostationary sensors for retrieval of both TSM and chlorophyll.

MATERIALSAND METHODS

SEVIRI instrument and test data sestet. The Spinning Enhanced Visible and InfraRed Imager
(SEVIRI) radiometer (Muller, 2007), primarily designed to support operational meteorology
applications like weather forecasting, has 11 spectral channels with a spatial resolution at nadir of 3km
(5kmx6km at 52°N) and one visual broadband channel where the spatial resolution is 1km. The



nominal coverage includes the whole of Europe, all of Africa, a large part of the Atlantic Ocean and
the Western Indian Ocean. Data is available in near real time every 15 minutes and operationally
processed to level 1.5, i.e. corrected for radiometric and geometric non-linearity.

Two spectral bands were selected for TSM mapping: the red (0.560-0.710um) and near-infrared
(1.500-1.780um) bands, at central wavelengths of 0.635 and 1.640um, respectively. The 0.810um
band might be useful for TSM mapping, but the absorption by water vapour in this bands wavelength
range (0.740-0.880um) is very strong. An image test data set covering 15 consecutive days in
September 2006 was obtained from the SEVIRI archive of the Royal Meteorological Institute of
Belgium (RMIB).

I mage processing steps. Sunlight reaching the SEVIRI sensor does not come entirely from the sea.
Depending on turbidity, between 35% and 95% of the measured light flux can have an atmospheric

origin. These atmospheric influences need to be eliminated from the total signal ( o) to obtain the

water-leaving reflectance (o0 ). In this study, a simple atmospheric correction algorithm is used, based

on the assumption that light reaching the sensor has undergone only one single scattering event. The
main steps in this single scattering atmospheric correction are: (1) correction for absorption by
atmospheric gasses, such as ozone, (2) correction for scattering by air molecules (Rayleigh scattering)
and (3) correction for scattering by aerosols. The Rayleigh scattering is mainly dependent on
wavelength and satellite geometry and can be calculated with precision, while the aerosol reflectance is
highly variable in time and space. Aerosol correction is done by subtracting the Rayleigh corrected
reflectance in the 1.6um near infrared band, where the ocean is considered as perfectly black. TSM is
then estimated from the water-leaving reflectance in the 0.6yum band. All image processing was
performed in the MATLAB R2008a computing environment.

The water-leaving reflectance p, in the 0.6um band, the signal to be retrieved, can be obtained from

the total TOA reflectance pr” as the sum of several contributions” (Viollier et al., 1980; Gordon and
Wang, 1994b):
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where p,

is the contribution to the reflectance from scattering solely by air molecules, p.>* is the

TOA

reflectance resulting from scattering solely by aerosols, p,,

is the interaction term between molecular
TOA

and aerosol scattering, p,.  is the reflectance from foam and white caps and pJOA

from sun glint for which the only scattering event is specular reflection of direct sunlight. Sunglint
reaches the sensor only for viewing zenith angles (6, ) close to the sun zenith (6, ) and for relative

is the contribution

azimuth angles between sun (¢, ) and sensor (¢,) close to 180°. The northern limit of our study area

(see Figure 1) corresponds to a maximum SEVIRI satellite viewing angle of 64°. Rayleigh reflectances
start to dominate the water-leaving signal (typically around 0.02 for moderately turbid waters) for
larger viewing angles (see Figure 2), rendering data unusable for ocean applications. SEVIRI relative

" assuming p,”" to be relatively uniform over horizontal distances of at least several kilometres, this is not the case for areas
very close to the coast (Viollier et al., 1980)



azimuth angle (| @, — @, |) varies between 2 and 75° and 6, ranges between 55° and 64° over the entire

study area and in the timeframe 08:00-16:00 UTC. Measurements are clearly made outside the

JOA can be neglected. p;>" is also neglected in

this approach, since this term is small for wind speeds lower than 10 m/s and largely corrected for in

A is zero in the single

directions contaminated by sun glint and therefore p,

the aerosol correction for maritime aerosols (Gordon and Wang, 1994a). The p

scattering case and can be grouped with p.**

over the wavelengths (0.635 to 1.640um) considered in

the multiple scattering case. T, and T, are the two-way diffuse atmospheric transmittances of air

molecules and aerosol particles, respectively.
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Figure1l. Viewing angle of SEVIRI (on MSGL1 platform located at 3.5°W) over Western-Europe.
The purple box delimits the study area, for which the northern limit correspondsto a 64° satellite
viewing angle.

1.00 -
theta_0=20°

0.90 4 theta_0=40°
theta_0=60°

0.80 1 theta_0=80°

0.70 |
0.60 -
"1 050 4
Q
0.40 -
0.30 1
0.20 1

0.10 4

0.00

0 10 20 30 40 50 60 70 80
6_v ()

Figure2. Rayleigh reflectance at 0.635um for relative azimuth angles typical of SEVIRI
(¢° —4,= 300) and sun zenith angles of 20° (blue), 40° (purple), 60° (pink) and 80° (orange).



Calibration and ozone absor ption correction. The SEVIRI level 1.5 count data (K ) in the 0.6um
and 1.6um bands were transformed into total radiance at the Top of Atmosphere (TOA) Li2* [in Wm’

ot

*st”'um™'] by applying the calibration coefficients (¢, ) and offset values (ry), provided with the
SEVIRI level 1.5 native format file headers, as follows:

ToA _ 10(c,K +r,)

o = > (Govaerts and Clerici, 2004)
A

where 4, is the band central wavelength.

Total radiance at TOA, L[>* was then converted to total reflectance at TOA:

2) TOA
TOA __ 7d ot

Pt (Govaerts and Clerici, 2004)
E, cos6,

where d is the Sun-Earth distance in astronomical units (AU), 6, is the sun zenith angle calculated
from position, date and time (MATLAB algorithm by Reda and Andreas, 2003), E, is the

extraterrestrial solar irradiance at TOA at IAU (in Wm™um™).

P is corrected for ozone absorption by dividing it by the two-way ozone atmospheric

transmittancet’;” :
™! 57! . .
toy =g v e ) (Viollier et al., 1980)

where K, is the ozone absorption coefficient (ko.635um~ko.630um=0.09 cm atm™ and ki1 640um=0 cm atm™!

from Neckel and Labs, 1981)and U is the ozone total column content (in cm atm). Daily ozone total

column content was obtained from the SeaWiFS TOAST (Total Ozone Analysis using SBUV/2 and
TOVYS) data set and spatially averaged over the study area. Ozone concentrations of 0.292 cm atm and
0.295 cm atm were found on the 10™ and the 21* of September 2006, respectively.

Rayleigh scattering correction. The single scattering Rayleigh reflectance, p|**, can be
approximated as follows (Gordon et al., 1988):

0,v
TOA — toz Tr pr
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where 7 is the Rayleigh scattering optical thickness and py is the Rayleigh scattering phase function. 7
is computed as a function of wavelength A (in um), the actual atmospheric pressure Pamat sea level
and Pamg=1013.25mbar, the standard atmospheric pressure:



_ Pim 0.00856947*(1+0.01134A7+0.0001347%) (Hansen and Travis, 1974)
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The atmospheric pressure was obtained from 6-hourly data from the UK-METOffice atmospheric
model nowcasts.

The Rayleigh scattering phase function, pr is given by (Gordon and Wang, 1994b)

P =PR(6)+[ 14 (8)+14,(8) |R(6,)
where

P(a)= %(1 +cos’ 0() and cos @, =tcos, cos b, —sin g, sin 6, cos(¢, —@,)

The air/sea interface reflectance factor, rgy(6) is given by Fresnel’s formula:
1|(sin(0-6)Y  (tan(0-6))
rSky(e):_ S?n( — t) + an( B t)
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with 6, =sin™' [i sin Gj and n,,, the refraction index approximated by 1.34.
ny,

Aerosol scattering correction and diffuse atmospheric transmittance. The aerosol reflectance at
TOA, p!°* in the 0.6um band can be obtained from the Rayleigh corrected reflectance in the 1.6pm
band, where the ocean is considered as perfectly black (i.e. the water-leaving reflectance is zero).
Doing so, we should take into account the wavelength dependence of p;>* and the spatial and
temporal variability of the spectral behaviour and size distribution of the aerosol particles, described by

the Angstrom coefficient (¢« ). Based on experience, it is reasonable to assume a fixed value of & over
the entire scene and over an entire day. Furthermore, it is expected that p]** can be expressed as

follows:

i -
;’OA 1) = ;'OA A
Pa (M)=p (ﬂo)(%]

Then, o can be obtained from the epsilon value for aerosol correction from the 765 and 865 nm
MODIS bands. In the present study we will assume “white” aerosols, with 0=0.

Ta is approximated by 1 and

T B (1+e—7, cos’lﬁv )(1+e—rr cos’lﬁg)
" 4

(Viollier et al., 1980)



Single band TSM algorithm. The single band TSM retrieval algorithm of (Nechad et al., 2003) has
been recalibrated here for the broad SEVIRI 0.635um band from an archive of 67 seaborne reflectance
and TSM measurements to give:

__Ap,(0.6pm)

TSM
C—p, (0.6um)

giving the coefficients A=38.92 mg/l and C=0.16. While this algorithm is defined for band-integrated
reflectance, which can easily be related to band-integrated radiance for a narrow band sensor the
relation between band-integrated reflectance and band-integrated radiance is less trivial for a
broadband sensor. To show the applicability of the TSM algorithm to the broad red band, a correlation
analysis between the upwelling radiance at the central wavelength of the 0.6pum band and the spectral
integral of the upwelling radiance over the wavelength range of the 0.6um band, convoluted with the
SEVIRI spectral response curve, was performed. All available sea-borne data since 2004 (440
observations) were used in the regression analysis. The correlation coefficient was found to be
0.99987.
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Figure 3. Linear regression between the upwelling radiance at the central wavelength of thered
band (L,(0.635u4m)) and the spectral integral of the upwelling radiance over the wavelength range
of the red band, convoluted with the SEVIRI spectral response curve 7(A).
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Figure 4. Regression between 67 seaborne reflectance measurements of p,"in the SEVIRI
0.635um band and TSM concentration.

Cross-validation. SEVIRI TSM products were cross-validated with MODIS TSM products on
September 10™ and 21%at 10:45 UTC and 12:30 UTC, respectively. MODIS TSM images were
resampled to the larger SEVIRI grid computing the average TSM value of the centre MODIS pixel and
its 8 neighbouring pixels. Post-processing of the resampled MODIS TSM image and the SEVIRI TSM
image included removing isolated TSM pixels (e.g. isolated TSM values in a cloud) and applying a one
pixel wide buffer to clouds and land. A log-log regression analysis of MODIS TSM values against
SEVIRI TSM values was made, discarding TSM values smaller than 3 mg/l, which are considered
close to the detection limit of in-situ measurements used for algorithm calibration.

RESULTSAND DISCUSSION

TSM concentration mapping. Figure 5 shows TSM concentrations in the Southern North Sea
obtained from SEVIRI on September 10™ at 10:00 UTC. These distributions are similar to those found
in many previous studies based on in situ measurements, e.g. (Eisma, 1981), or satellite measurements
from CZCS (Holligan et al., 1989), AVHRR (Van Raaphorst et al., 1998), SeaWiFS (Eleveld et al.,
2004), MODIS or MERIS (Ruddick et al., 2008). TSM concentrations are lower (<20mg/1) offshore in
the Central North Sea and the English Channel.
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Figure5. TSM concentration in the Southern North Sea on September 10" 2006 at 10:00 UTC.
Four pixels P1-P4 were selected in clear and turbid waters for which high frequency TSM dynamics
are presented later.

Cross-validation of TSM maps. Figure 6 and Figure 8 show a spatial comparison between SEVIRI
TSM and MODIS TSM maps, captured almost simultaneously on September 10™ and 21% 2006,
respectively. These products show comparable spatial patterns and comparable TSM ranges. A cross-
validation analysis was performed between corresponding TSM products and the resulting log-log
regressions are shown in Figure 7 (for September 10" 2006) and Figure 9 (for September 21% 2006). A
good correlation was found in both cases with correlation coefficients of 0.8294 and 0.7721,
respectively. It is noted that the slope of the regression line is not equal to one. This could be caused by
a non-zero offset in the MODIS TSM algorithm, the rather crude cloud mask applied, masking high
reflectances in the 0.6yum band or by differences in atmospheric correction.
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Figure 6. TSM maps obtained from SEVIRI (left) and MODI S (right) on September 10" at 12:45
UTC and 12:40 UTC, respectively.
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Figure7. Log-log regression of TSM obtained from MODI S and TSM obtained from SEVIRI on
September 10" 2006 at 12:45 UTC and 12:40 UTC, respectively. Values below 3 mg/l were
discarded.
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Figure 8. TSM maps obtained from SEVIRI (left) and MODI S (right) on September 21% at 12:30
UTC and 12:25 UTC, respectively.
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Figure9. Log-log regression of TSM obtained from MODI S and TSM obtained from SEVIRI on
September 21% 2006 at 12:30 UTC and 12:25 UTC, respectively. Values below 3 mg/l were
discarded.



High frequency TSM dynamics. The high frequency variability of TSM concentration is studied on a
cloudfree day on September 10™ 2006 at four different pixels/stations (stations shown on Figure 5) in
clear and turbid waters of the Southern North Sea: P1 close to the mouth of river Scheldt (turbid
water), P2 in the Middle of the North Sea (moderately turbid water), P3 offshore of Calais in clear
waters and P4, offshore of Lowestoft, again in more turbid waters. TSM time series were extracted at
these four pixels between 8:00 and 16:00 UTC and are shown in Figure 10. Outside this timeframe,
low sun angles cause the Rayleigh reflectance to obscure the water leaving signal. A time series was
also extracted for the eastern neighbour pixel of each selected pixel (denoted Pi_nb) to allow to check
for spatial consistency of TSM dynamics.

The variability of TSM concentration in the coastal pixels P1 and P4 suggests a periodicity possibly
related to the tidal cycle. This periodicity is not observed for pixels further offshore (P2 and P3), which
suggests that it is not an artifact introduced by image processing. Comparison of the TSM dynamics
between neighbouring pixels shows its spatial consistency. The noise in the time series can possibly be
reduced if the atmospheric correction algorithm is improved. For example, the 1.6um band used for
aerosol correction is quite noisy. This improved correction algorithm should take into account:
1. the spatial and temporal variability of the spectral behaviour and size distribution of aerosol
particles
2. the impact of aerosol and Rayleigh scattering on atmospheric transmittance
3. the absorption of light by atmospheric gasses, other than ozone, like water vapour, methane and
carbon dioxide.
4. Multiple scattering events
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Figure 10. High frequency variability of TSM concentration at four selected pixels and their
Eastern neighbour pixel (Pi_nb).



CONCLUSION AND FUTURE PROSPECTS

This study demonstrates the feasibility of the SEVIRI radiometer for TSM mapping and provides the
basis for future mapping of TSM from geostationary sensors at very high temporal resolution.
Important applications of the availability of very high temporal resolution TSM maps include:

1. Mitigating the problems of cloudiness encountered with the current generation of polar-orbiters
(MODIS, MERIS, SeaWiFS), through daily averaging of the SEVIRI images.

2. Studying high frequency dynamics of the coastal ecosystem: resuspension of bottom sediments.

3. Studying the relationship between TSM, the amount of light available for photosynthesis by
phytoplankton and the timing of the spring phytoplankton bloom. High concentrations of TSM
and high water turbidity reduce the sunlight available to phytoplankton for photosynthesis, and
thus plays an important role in the timing of the algal spring bloom.

4. Identifying areas of high frequency variability of TSM, indicating where the
SeaWiFS/MODIS/MERIS daily products are less reliable.

The present paper describes a preliminary processing algorithm which is sufficient to establish
feasibility of the technique but should be improved in many respects to obtain higher quality products.
In particular, improvements to the atmosphere correction should include:
e consideration of absorption by gases other than ozone (especially water vapour in the 0.8um
band) as well as the effect of scattering on atmospheric transmittances,
e amore precise calculation of Rayleigh reflectance based on radiative transfer simulation and,
e consideration of non-white aerosols, possibly using the 0.8um and taking information on daily
aerosol reflectance spectral variation from external information (e.g. MODIS imagery, an
aerosol climatology, sunphotometer data and/or a combination of the 0.8um and 1.6pum bands).

In addition the SEVIRI processing could be extended to a higher spatial resolution by use of the
panchromatic visual band. This would require further refinement of both the atmospheric correction
and the TSM retrieval algorithms.

More generally, this feasibility study for SEVIRI can serve as a basis for design of future geostationary
ocean colour missions for quantification of chlorophyll a. This would require additional spectral bands
for chlorophyll a retrieval, better radiometric sensitivity and more accurate atmospheric correction.
However, there should be no significant algorithmic difficulties since the methodology for polar-
orbiting sensors is easily transported to geostationary sensors — the stable geostationary viewing
geometry even simplifies some aspects of atmospheric correction. The potential for geostationary
ocean colour is both enormous (Robinson et al., 2008) and is now clearly feasible.
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