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A SEMI-EMPIRICAL ALGORITHM OF WATER
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Abstract—This study employed water transparent characteristics
from the Gulf and archipelago of Finland and the corresponding
data sets of optical sensors at the green wavelength band to estimate
Secchi disk depth (SDD). The SDD is one major optical measurement
of water transparency in the study area, where the coastal waters
are dominated by absorption from both dissolved and particulate
organic matter since the Gulf is optically dominated by scattering
from suspended sediments. Concurrent in situ measurements, Landsat
TM and simulated SeaWiFS data were obtained in August 1997. The
results show that the SDD from the narrow green bandwidth (20 nm)
data of simulated SeaWiFS is slightly better than the SDD from the
broad green bandwidth (80 nm) data of TM using the semi-empirical
algorithm developed in the study. The study of water transparent
characteristics in the area still needs to be further investigated using
SeaWiFS, MODIS and MERIS in the future.
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1. INTRODUCTION

The use of satellite imagery for water quality mapping started as
early as 1973 with the work by Klemas, Bowker and Ruggles. All
three authors reported in the Symposium on Significant Results
Obtained from ERTS-1 data (Earth Resources Technology Satellite,
later renamed Landsat-1). Up to now, the digital evaluation of satellite
information at visible and near infrared (NIR) wavelengths has been
used to estimate water quality parameters [1-5]. Observations of
Secchi disk depth, turbidity and suspended sediment concentration
provide quantitative information concerning water quality conditions
and can be used in various numerical schemes to help characterize
the trophic state of an aquatic ecosystem [6]. However, In situ
measurements of water quality characteristics tend to be limited,
especially in the temporal and spatial domains, because of the costs
associated with data collection and laboratory analysis. Present and
future sensors such as Landsat TM, AVHRR, SeaWiFS, MODIS and
MERIS can provide an alternative means for obtaining relatively low-
cost, simultaneously information on surface water conditions from
numerous lakes and coastal or oceanic areas situated within a large
geographic area [7-15].

Secchi disk depth (SDD) is one important optical measurement of
water quality and differs from suspended sediment concentration for
example, which is a measure of the weight of inorganic particulates
suspended in the water column [10, 16]. So far the SDD has become
the universally accepted tool to measure water transparency [17-21].
Water quality in the form of the water transparency in the visual region
is very important for hydro-optical application [22]. Although there
have been many efforts to map this variable from satellite imagery, the
results for individual scenes to derive water surface parameters are not
very consistent [11].

The Gulf of Finland is optically dominated by scattering from
suspended sediments, whereas the coastal waters of the Gulf and
coastal archipelago are dominated by absorption from both dissolved
and particulate organic matter. This is because the Gulf and
archipelago of Finland is highly affected by the input from the rivers
that discharge a high concentration of mineral suspended solids and
nutrients. The optical characteristics of the water have been studied
by using space-borne and aircraft borne remotely sensed data in the
Gulf of Finland [23-26]. In this study, however, we present a semi-
empirical algorithm of the SDD using the green wavelength band of
Landsat TM and simulated SeaWiFS data in the Gulf and coastal
archipelago of Finland in August 1997.
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2. STUDY AREA AND IN SITU DATA

The Gulf of Finland is strongly eutrophied because of the
anthropogenic nutrient load. The eutrophication problem of the Gulf
has been studied [27]. The Gulf of Finland is relatively shallow, with
a mean depth of 38 m and a maximum depth of 123m. The total
water volume is about 1,130km3. The surface area (29,600km?) is
small compared with the catchment area (421,000 km?). The incoming
river discharge is about 110km?/year. In the easternmost part of
the Gulf the salinity is very low because of the fresh water of the
River Neva. The average salinity on the surface is close to 0.6% in
December and 0.3-0.6% in June. The Gulf is also saline stratified and
in summer temperature stratified. Fcologically, most of the Gulf is
nitrogen limited, but that the inner Neva estuary is phosphorus limited
[27]. Therefore, the factors causing increased light attenuation (organic
matter, phytoplankton, and suspended sediments) vary temporally as
well as spatially.

Concurrent in situ measurements of water transparency, Landsat
TM and simulated SeaWiF'S data were collected in August 1997 in the
study area.

3. LANDSAT TM AND SIMULATED SEAWIFS DATA

3.1. Landsat TM Data

When optical sensors data, transformed into radiances as seen by
the satellite, are used to retrieve quantitative data concerning the
Earth’s surface, a procedure to correct the measured radiance for
the atmospheric contribution is required. The remaining amount of
radiance that reaches the sensor (water leaving radiance) can range
from 25% at the blue region of electromagnetic spectrum to 0% at
the near infrared (NIR) region [4]. One technique over water areas
is to observe a reflectance target such as deep, clear water, a “dark
object” [28], that should almost completely absorb all light in the NIR
wavelength region, and thus should have brightness values close to zero
[29].

In this study, one scene of Landsat TM data was acquired on 16"
August 1997. The resolution of TM data is 30 meters (except band 6
with 120 meters). Since the TM data was only one scene in the study
area, the atmospheric correction of TM was ignored for the purpose of
correlation analysis [30, 31]. However, the TM image was geometrically
corrected using the landuse map, and then the land area of the image
was masked off. In order to extract the TM bands data from those
ground truth points (water quality sampling stations), the mean and
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standard deviation of TM digital number values were calculated using
the defined windows of 300 by 300 meters for each ground truth point.

3.2. Simulated SeaWiFS Data

For the purpose of comparison between different optical sensors during
the same campaign, simulated SeaWiF'S data were resampled from the
Airborne Imaging Spectrometer for Applications (AISA) [32] data on
14 August 1997. The data were spatially and temporally averaged
corresponding to the characteristics of the SeaWiFS sensor. That is,
the spatial resolution is 1.1 km and the central wavelengths should only
be at 490nm, 510 nm, 555 nm, 670nm, and 765nm (AISA excluded
412nm and 443 nm due to its range at 450-900nm). Similarly, the
simulated SeaWiF'S data were extracted corresponding to those ground
truth points by the defined boxes of 1.1 by 1.1 km for each ground truth
point.

4. A SEMI-EMPIRICAL ALGORITHM

Many retrieval algorithms in literature are based on some logarithmic
relation of the reciprocal of the SDD [11]. In this study, however,
we developed a semi-empirical algorithm of SDD using the green
wavelength band of Landsat TM data and simulated SeaWiFS data
over the Gulf and coastal archipelago of Finland.

Secchi disk depth (SDD) for monochromatic light can be given by
[33]

SDD =6.3/c (1)
where c is the attenuation coefficient. The Secchi disk [33] was viewed
through a series of blue, green and red filters with matching filters used
in a transmissometer for the attenuation coefficient measurements.
For turbid waters, the main contribution to attenuation comes
from scattering, and c¢ is independent of wavelength, to a good
approximation [34].  Therefore, Equation (1) would be a good
approximation for the naked eye, without filters [21].

Attenuation, backscattering and absorption coefficients can be
further expanded as

c = cp+cytcs (2a)
by = byp + by + by (2b)
a = ap+ay+as (2¢)

where subscripts p, w, and s refer to contributions from particles, pure
sea water and dissolved substance, respectively. Also, by, = 0.5b,,
where by, is the scattering coefficient for pure sea water [35].
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In the Gulf of Finland, the coastal water is predominantly green
to blue-green in color, except in the plumes of rivers after heavy
rain, so that a submerged Secchi disk can be seen at a central
wavelength of the green band. This is very similar to the central
wavelength (560 nm) of Landsat TM band 2 (i.e., 520-600 nm) and the
central wavelength (555nm) of SeaWiFS band 5 (i.e., 545-565nm),
respectively. For the green band it is reasonable to consider that the
effects of dissolved substances are negligible [35]. In this band, the
absorption by phytoplankton can also be assumed as a minimum [36].
Therefore, we can suppose that all particles are purely scatterers, i.e.,
their absorption is negligible in this band, i.e., a, < a,, [21]. Then we
can get

c = cptcy (3a)
by = bbp + 0.5by, (3b)
a = Gy (3c)

[t

On the other hand, remote sensing reflectivity (R) can be given by [4
R =10.33by/a (4

~—

where R is the ratio of upwelling to downwelling irradiance just below
the sea surface, by, is the backscatter coefficient, and a is the absorption
coefficient.
Therefore, Equation (4) becomes as follows using Equations (3b)
and (3c)
R = 0.33(bpp + 0.5by) /@y (5)

where R is now remote sensing reflectivity at the green band. Let us
put by, = Bb, = Bcy, where B is the ratio of backscatter to total
scattering coefficient for particles, then Equation (5) becomes

R = 0.33(Bcy + 0.5by) /aw (6)
From Equation (1) with ¢ = ¢, + ¢y, thus
¢p =6.3/SDD — ¢, (7)
and then further
R = 0.33(B(6.3/SDD — cy) + 0.5b0) /auw (8)

Now, we note that B is the only adjustable constant in Equation
(8). The theoretical value for pure water is 0.5. Values for coastal
water appear to range between 0.006 and 0.025 [21]. In literature for
the ratio of backscatter to total scattering coefficient for ocean waters
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(not just for particles), the value ranges between 0.006 and 0.11 [36, 37].
In fact, to develop Equation (8), we have assumed that ¢, > ¢, and
(6.3B/SDD) > 0.5b,. Therefore, given a value for B of approximately
0.01 and then putting ¢, = 0.066m~! and b,, = 0.002m~! [33], both
these inequalities will be satisfied if SDD < 100 m, which is always
true in coastal waters [21]. Then, Equation (8) becomes

R =0.33(6.3B/SDD)/a 9)
and with a,, = 0.064m~! [33], therefore
1/SDD = (0.031/B)R (10)

5. RESULTS AND DISCUSSION

Our previous examination of the correlation matrix among TM band
1-7 digital values showed that the correlations (72) for TM band 1-7
pairs ranged between 0.001 and 0.933. This difference among all the
bands implies that the blue wavelength band (TM1), green wavelength
band (TM2), red wavelength (TM3), and NIR wavelength band (TM4),
as well as middle and thermal infrared wavelength bands (TM5, TM6
and TMT) either changed significantly at any site or changed differently
at all sites. This probably have a significant effect on results of data
analysis in the study area [38].

The previous examination also indicated that SDD had a
correlation (r?) of 0.31 with chlorophyll-a and that (r?) of 0.49 with
suspended sediment concentration. This means that the SDD has
significant relationships with both organic and inorganic matters in
the study area [39].

Using Equation (10), the SDD estimated from the TM2 is plotted
against the SDD measured in situ shown in Figure 1, in which the
coefficient of determination R? = 0.51 and the adjustable constant
B =0.0167. In the same way, the coefficient of determination of SDD
from the green band of simulated SeaWiF$ is R? = 0.53.

We also found that there would be a better result for the data
set of SDD at the range between 0.67 m and 2.7 m using equation (10)
from the TM2. The coefficient of determination R? = 0.67 and the
adjustable constant B = 0.0173 (Figure 2) with root mean square
error (RMSE) of 0.36 m. Similarly, for the same range of SDD, the
coeflicient of determination from the green band of simulated SeaWiFS
is R? = 0.71 with RMSE = 0.30m (Figure 3).

In the international literature the mapping of SDD has shown
similar results. The results for individual scenes are not very consistent
and show variability from 0.59 to 0.98 [11]. In practice, however, the
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Figure 1. Regression of SDD measured with estimated (0.67-4.20 m)
from TM2 using the semi-empirical algorithm.
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Figure 2. Regression of SDD measured with estimated (0.67-2.70 m)
from TM2 using the semi-empirical algorithm.
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Figure 3. Regression of SDD measured with estimated (0.67-2.70 m)
from simulated SeaWiF'S bandb using the semi-empirical algorithm.

results from this semi-empirical algorithm are not so good as those
from the multivariate regression analysis using all TM visible bands
in our previous studies [30, 31]. Table 1 presents the comparison of
the results using the semi-empirical approach and our previous results
using the multivariate regression analysis. The results indicate that
the visible bands of TM data [30] and simulated SeaWiFS data have
the greatest ability to estimate SDD using multivariate algorithms.
The results were estimated from the TM visible bands (R? = 0.72 and
RMSE = 0.45m) and from the availably simulated SeaWiF'§ visible
bands (R? = 0.86 and RMSE = 0.34m shown in Figure 4) at the
range between 0.67m and 4.2m. This probably indicates that the
narrow bandwidth of optical sensors is more critical than their spatial
resolution to estimate SDD. However, if these multivariate algorithms
were applied to the range between 0.67m and 2.7 m, both results are
almost same (R? = 0.80 or 0.81 and RM SE = 0.24m seen in Table 1).
The probable reason of this difference and similarity still needs to be
further investigated in our future studies.

Although, in practice, this semi-empirical algorithm developed in
the study is not adequately good to estimate the SDD, it is still very
useful to detect changes of SDD in the study area. Therefore, the
semi-empirical algorithm of water transparency in the area still needs
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Figure 4. Regression of SDD measured with estimated (0.67—
4.20m) from simulated SeaWiF'§ visible bands using the multivariate
algorithm.

Table 1. Comparison of results from the semi-empirical and
multivariate algorithms.

R? (RMSE) Semi-empirical  Semi-empirical  Multivariate Multivariate
SDD range 0.67-4.20m 0.67-2.70m 0.67-4.20m 0.67-2.70m

Landsat TM ~ 051(0.68m)  0.67(0.36m)  0.72(045m)  0.80(0.24 m)

Simulated 053(064m)  071(030m) 086(0.34m) 0.81(0.24m)
SeaWiFS

to be further refined and applied in the future using present and near
new coming optical sensors such as SeaWiFS, MODIS and MERIS.

6. CONCLUSIONS

In this study, we present one semi-empirical algorithm to estimate
SDD through a case study in the Gulf and archipelago of Finland.
The water transparency information and the corresponding data sets
of Landsat TM and simulated SeaWiFS were used in the study area.
The TM and simulated SeaWiF'S data from locations of water samples
were extracted and digital data were examined. Significant correlations
were observed between digital data and SDD observations. Although
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the SDD estimated accuracy is not adequately good, the results still
support our previous studies. We also found that, for the SDD range
between 0.67m and 2.7m, the best result estimated from the green
band of Landsat TM is R? = 0.67 and RMSE = 0.36 m, whereas the
best one from the green band of simulated SeaWiFS$ is R? = 0.71 and
RMSFE = 0.30m.

The results also show that the narrow bandwidth data of the
optical remote sensor is more critical than its spatial resolution for
the purpose of estimating SDD from optical remote observations. The
further study of water transparent characteristics in the area will be
investigated in the future using present and near coming optical sensors
such as SeaWiFS, MODIS and MERIS.
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