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ABSTRACT

The successful launch of ENVISAT in March 2002 has
given a great opportunity to understand the changes of
water colour with high spatial resolution. In this study,
the potential of MERIS sensor to describe variations of
optically active substances of Alqueva artificial lake is
investigated. Regular in situ measurements, from May
2004 to July 2005, are used in combination with MERIS
acquisitions. The surface reflectance is derived from
Level 1b  MERIS data, using radiative transfer
calculations to account for the atmospheric effects. The
parameterizations obtained are used to map the
concentrations of chlorophyll-a, cyanobacteria and
suspended sediments. The results obtained are also
compared with independent in sifu measurements.

1. INTRODUCTION

The control and monitoring of the water quality in
artificial lakes is crucial, since these constitute essential
renewable water resources for domestic, agricultural,
and industrial purposes, amongst many others [1], [2],
[3]. Alqueva is the largest artificial lake in Europe in
terms of surface area (250 km?). It is located in the
south of Portugal - Alentejo, a region that seriously
faces the problem of droughts, and therefore is a good
example of the importance of water quality control in
artificial lakes [4]. The parameters analysed in this
study were chlorophyll-a, cyanobacteria and total
suspended solids (TSS). The chlorophyll is an important
photosynthetic pigment, since its concentration allows
to estimate the phytoplankton concentration
(microscopic algae) and, indirectly, to estimate the
biological activity; it presents a greenish coloration. The
cyanobacteria, also known by blue algae, are
microscopic and unicellular organisms of fresh waters.
They can form colonies becoming perceptible to the
unaided eye; presenting a bluish coloration. They can
develop massively provoking the fluorescence’s, more
known as “blooms”. The most serious effect resultant of
a cyanobacteria bloom is the production of toxins,
which represents a serious risk for the public health. The
TSS are present in all lakes and lagoons, and its
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composition can greatly vary, including minerals,
plankton and debris of several origins.

The study of surface water properties from satellite
remote sensing techniques requires the correction for
the effects of the atmosphere. The present study is only
concerned with clear sky days, therefore all cloudy
situations are discarded. Major gas absorption bands are
avoided as well, therefore, the atmospheric correction
depends essentially on the type and amount of aerosols
present in the atmosphere. Aerosol measurements
(optical thickness, size distribution, and complex
refractive index) are continuously obtained at the
observatory of the Evora Geophysics Centre (CGE)
from the inversion of spectral radiation measurements
taken by a Sun-sky photometer connected to the
AErosol RObotic NETwork (AERONET). Due to the
short distance between Evora site and Alqueva area
(about 40km), a significant variation is not expected,
especially in relation to aerosol type. Therefore the
atmospheric correction over Alqueva is accomplished
using the aerosol characterization obtained in Evora.
The atmospheric correction is done using the Second
Simulation of the Satellite Signal in the Solar Spectrum
(6S) radiative transfer code [5], obtaining hence the lake
surface spectral reflectance. These results are then
combined with in sifu measurements [6] to relate the
atmospherically corrected satellite data and the
corresponding in situ measurements. The
parameterizations obtained are then used to estimate the
chlorophyll-a, cyanobacteria and TSS over the whole
Alqueva surface area, for several case studies. A
preliminary validation is addressed comparing the
results obtained with in situ measurements that were not
used to derive the parameterizations.

2. METHOD

The date and time of the MERIS images used are
summarized in Tab. 1, together with the aerosol optical
thickness (AOT) at the reference wavelength of 550 nm,
and the availability of limnological data on the Alqueva
lake. The selection of the dates (eight days in total, see
Tab. 1) is the result of the fulfilment of three conditions:
clear sky, lack of aerosol events (normally desert dust



and forest fire smoke) and minimum time lag between
MERIS and limnology dates. In the case of aerosols
events, it is difficult to know if type and optical
thickness of aerosols over Evora are similar over the
lake. Since the aerosol concentrations involved in these
cases are much higher, also the errors associated with
such correction would be elevated, therefore situations
of aerosol events are discarded. If the dates of MERIS
images and limnology differ by more than six days, the
corresponding case is also not considered, due to
possible alterations of the water surface parameters.

Table 1. MERIS, Sun-sky photometer and limnological
data availability in the period May 2004 - July 2005.

MERIS AOT
Date acquisition acquisition
time (UTC) time UTC

AOT  Limnology
550 nm dates

08/05 10:36 10:34 0.060 05/05
< 11/09 11:16 11:29 0.069 07/09
§ 13/10 11:11 11:18 0.061 12/10
14/11 11:05 11:01 0.028 09/11
04/12 10:36 10:37 0.056 06/12
04/01 11:02 11:06 0.124 04/01
% 08/05 11:05 - - 09/05
08/07 10:48 10:52 0.135 11/07

2.1. The atmospheric correction

The MERIS spectral reflectance measured at the top of
the atmosphere must be corrected with respect to the
atmospheric effects [7], to obtain the surface spectral
reflectance, which can in turn be related with the in situ
measurements of limnology.

For this purpose, the 6S radiative transfer code is used.
The inputs provided to the code are: the solar and
satellite geometry; the aerosol characterization in terms
of concentration, size distribution and chemical
composition, and the water vapour (H,O) vertical
column concentration, being the latter two obtained
from the AERONET site located in the CGE
observatory in Evora; the ozone (O;) column
concentration is obtained from MERIS level 1b. The
radiative transfer calculations allow for obtaining the
corrected surface spectral radiance and reflectance,
which are essential to study the water properties. Fig. 1
exemplifies MERIS radiance measured at the top of the
atmosphere (black line) and corrected with 6S to
represent the surface (grey line), for 8 May 2004 (clear
sky day with no aerosol events). It can be noted from
the graph the great dominance of the atmospheric path,
especially in the lower wavelengths, with respect to the
surface signal.
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Figure 1. MERIS radiance at the top of the atmosphere
(Satellite measurement) and at the surface (after
atmospheric correction, on 8 May 2004, 11:36 UTC.

2.2. Parameterizations

The ratio of MERIS surface reflectance in bands 5 and 2
(560nm and 442.5nm), is correlated to in situ
measurements of chlorophyll-a concentration. Band 2
represent a maximum and band 5 a minimum of
chlorophyll-a absorption. The best fit obtained is of
exponential growth type, with a correlation coefficient
of 0.73, and is given by Eq. 1. Fig. 2 shows the scatter
plot of chlorophyll-a concentrations against the ratio of
MERIS bands 5 and 2.
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Figure 2. Regression model for chlorophyll-a retrieval
from the ratio of MERIS bands 5 and 2.

The regression based on MERIS reflectance ratio in the
bands 5 and 10 (560nm and 753.75nm) given by Eq. 2



was found to have the highest correlation coefficient of
0.60 with the cyanobacteria values (Fig. 3). MERIS
band 5 represents a maximum of absorption for the
phycocyanin pigment (present in the cyanobacteria)
and band 10 represents a minimum.
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Figure 3. Regression model for cyanobacteria retrieval
from the ratio of MERIS bands 5 and 10.

The regression based on MERIS reflectance ratio in
bands 1 and 4 (412.5nm and 510nm) given by Eq. 3,
was found to have the highest correlation coefficient of
0.52 with the TSS values (Fig. 4). Both bands used have
potential for the detection of suspended matter and on
the other hand, these bands are out of the absorption
bands of the other pigments studied here (chlorophyll-a
and cyanobacteria).
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Figure 4. Regression model for TSS retrieval from the
ratio of MERIS bands 1 and 4.

3. RESULTS

3.1. Surface reflectance

The surface reflectance is strongly connected to the
properties and composition of the water surface. Fig. 5
shows the surface spectral reflectance for three sites of
the lake (Alcarrache, Montante and Mourdo) on 4
January 2005, obtained after the atmospheric correction
scheme was applied to MERIS data. The spectral
reflectance in Mourdo presents higher values than the
other two sites. This fact is probably due to the higher
TSS concentration (3 mg.L"') measured in this site,
whereas the others two sites present 1 mg.L™” for
Alcarrache and 1.5 mg.L™" for Montante. According to
[8], a small concentration of suspended minerals (0.1
mg.L") is enough to increase the value of the
reflectance in a column of water where the
concentrations of chlorophyll-a and dissolved organic
carbon are maintained zero. The reflectance in Montante
site presents a maximum at 510 nm (whereas for the
other two places the maximum is at 560 nm). This fact
can be due to the lower concentration of chlorophyll-a
(0.7 ug.L™") that this site presents in relation to the other
two sites (2.9 pg.L”' for Mourdo and 4.4 pgL"' for
Alcarrache). Once more, according to [8], for a column
of water with suspended mineral concentrations of 0.1
mg.L" and concentration of dissolved organic carbon
maintained zero, an increase of chlorophyll-a
concentration results in an increase of the spectral
reflectance for wavelengths higher than approximately
528 nm and a reduction for lower wavelengths.
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Figure 5. MERIS derived surface spectral reflectance
for 4 January 2005 11:02 UTC, for three places of the
Algqueva lake (Alcarrache, Montante and Mourdo).

3.2. Preliminary validation of the

parameterizations

The parameterizations presented in the Section 2.2 were
applied to a box of four pixels centred in the sites where
the in situ measurements were taken, and the results
obtained are compared with the corresponding in situ
analyses. The mean value was used for comparison with
the in situ measurement and the standard deviation of
the four values was used as error bar. The solid lines
represent the superior and inferior limits of the
established error in each case: 2 pg.L"' for chlorophyll-
a; £20 % for cyanobacteria and +2 mg.L™" for the TSS.
For the chlorophyll-a case shown in Fig. 6, ten point
values are inside the limits of the established error of +2
pg.L'; from the remaining eight points. One value was
overestimated and seven underestimated (see Fig. 6).
MERIS spectral measurements demonstrates to have
high potential to estimate concentrations of chlorophyll-
a lower than 5 pug.L™" (only one value out of the error
limit established). As for chlorophyll-a values higher
than 5 pgL”, results show in general a slight
underestimation. In this case further investigation has to
be carried out.

Fig. 7 shows the scatter plot of the in situ measurements
and MERIS derived cyanobacteria percentages.
Regarding this parameter, eleven values are inside the
error limit of £20 %. As for the remaining seven points,
five were overestimated and two values were
underestimated. The values overestimated correspond to
cyanobacteria percentages inferior to 25% and the
values underestimated correspond to percentages above
95 %. The methodology is limited with respect to low
percentages of cyanobacteria. Nevertheless, the greater
impact that cyanobacteria may have in public health, is
connected with the occurrence of blooms due to the
mass-production of toxins. Results demonstrate the
great capability of MERIS to detect cyanobacteria
blooms (Fig.7).
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Figure 6. Scatter plot of measured and estimated
concentrations of chlorophyll-a.
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Figure 7. Scatter plot of measured and estimated
percentage of cyanobacteria.

As for the TSS shown in Fig. 8, only six MERIS values
were inside the limit of error of £2 mg.L™"'; one value
was underestimated and the remaining ten values were
overestimated by the MERIS based methodology (see
Fig. 8). The fact that only six values have been
estimated inside the error of £2 mg.L" may be due to
the great heterogeneity that composes the TSS (it



includes organic and inorganic matter of different
origins). In summer, TSS are mainly constituted by
unicellular seaweeds that compose the phytoplankton
(organic matter) and can reach very high densities,
superior to 2000 cells/mL. In these situations the water
presents a very characteristic green colour. In the
autumn / winter period, TSS originates from materials
(from the basin of drainage) that are dragged by the
waters after haste events. In these situations the TSS are
principally constituted by inorganic particles, and the
water presents a brownish colour. Therefore, along the
year, TSS present different composition (organic versus
inorganic) and particles of different dimensions and
coloration. Consequently, it is more difficult for MERIS
to estimate annual concentrations of TSS. For future
studies, it is planned to separate the study in dry and
moist seasons, in order to improve correlations.
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Figure 8. Scatter plot of measured and estimated
concentrations of TSS.

3.3. Spatial distribution of water
parameters

quality

In this section, the maps obtained from applying the
parameterizations to the whole Alqueva lake area are
presented for 8 July 2005 at 10:48 UTC. Fig. 9
represents the map of chlorophyll-a concentration. It can
be observed that higher concentrations are found in
tributaries zones since these zones present higher
biological activity.

Fig. 10 represents the cyanobacteria percentage, where
higher percentages (bloom case) are detected in the
central zones of the lake, where still waters are found.

Fig. 11 represents TSS concentration. Note that higher
concentrations are observed in the central zone of the
lake, as well. As for the TSS, it was also found that in
some cases (not shown here), higher values were
concentrated on one side of the lake. This has been
interpreted in accordance with the wind patterns for the
same day.

Figure 9. Chlorophyll-a concentration map.

Figure 10. Cyanobacteria percentage map.



Figure 11. TSS concentration map.

4. CONCLUSION

This study shows the great capabilities of MERIS sensor
to monitor the quality of inland waters.
Parameterizations have been derived for the retrieval of
chlorophyll-a, cyanobacteria and TSS from the ratio of
MERIS bands. Although results are preliminary, the
good correlations found are encouraging.

A critical issue for the water quality parameter retrieval
is the existence of measurements that allow for an
accurate atmospheric correction.
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