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Abstract

Many algorithms for determination of water constituents in case-2 waters make use of the
Gordon approximation for the subsurface irradiance reflectance. It parameterises the water
constituents by specific absorption and backscattering spectra. Based on specific optical
properties of water constitutents from Lake Constance, error propagation at inversion of the
Gordon algorithm was investigated for concentration values typical for that lake. The
following error sources were considered: proportionality factor f in the Gordon equation;
curve forms of suspended matter backscattering spectra, Gelbstoff and phytoplankton
absorption spectra; concentrations of phytoplankton, suspended matter and Gelbstoff;
statistical noise; radiometric resolution. A ranking of the error sources is performed, required
accuracies of model inputs are derived, and a strategy for finding suitable start values of the
fit parameters is suggested.

Introduction

Three groups of water constituents can be distinguished by remote sensing: phytoplankton,
suspended matter, and Gelbstoff. Those waters where the concentrations of the three groups
are weakly correlated or uncorrelated are called case-2 waters. In these waters the absorption
and scattering properties of all three constituents have to be considered for quantitative
determination of concentration from spectral measurements. This paper discusses how a
wrongly determined concentration value of one water constituent influences the accuracy for
the other constituents, and investigates errors induced by wrong model inputs and radiometric
limitations of the sensor.

Irradiance reflectance model

The subsurface irradiance reflectance spectrum R(1) is expressed according to Gordon et al.
(1975) as function of absorption a and backscattering by, of the water body:

R(A) =f- bb—(m
a(A)+b, (1)

The factor of proportionality, f, depends on the scattering properties of the water and on the
illumination and viewing geometry. There exist several algorithms to estimate or parameterise
f (Aas 1987, Kirk 1991, Sathyendranath and Platt 1997). For clear sky conditions and high
solar elevation f = 0.33 is a good approximation (Gordon et al. 1975, Prieur 1976).
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Backscattering by, of the water body is calculated as the sum of backscattering by pure water
and suspended particles:

bp(A) = byw(L) + X - byx* - (MAx)".
For pure water the empirical relation of Morel (1974) is used:
bo.w(L) =by - (W) 2.

The factor of proportionality, b;, depends on salinity. Here the fresh water value of b; =
0.00111 m™! for A1 =500 nm is taken. For oceanic water usually b; = 0.00144 m! is set.

The backscattering of suspended matter is calculated as the product of concentration X,
specific backscattering coefficient by x*, and a normalised scattering function (A/Ax)". The
Angstrom exponent n, which determines the spectral shape, depends on particle size
distribution. For large particles this parameter is near zero, for small particles it is typically in
the order of —1 (Sathyendranath et al. 1989). b, x* is in the order of 0.01 m’ g for hx = 500
nm (Sathyendranath et al. 1989), but the values vary in lakes by more than one order of
magnitude (Kutser et al. 2001). Here b, x* = 0.0086 m” g ' is set, which is a typical value for
Lake Constance (Heege 2000).

The absorption of the water body is the sum of absorption of pure water and of all water
constituents. Here the following parameterisation is used:

a(l) = aw(h) + Y - ay*() + C - ap*(h).

The pure water absorption spectrum aw(2) is taken from Buiteveld et al. (1994). Two groups
of absorbing water constituents are considered: Gelbstoff (dissolved organic matter) and
phytoplankton. Gelbstoff absorption is the product of concentration Y and specific absorption
ay*(L). For the spectrum ay*(A) the usual exponential approximation (Nyquist 1979, Bricaud
etal. 1981) is taken:

ay*(A) = exp[-S - (A—o)].

Gelbstoff concentration Y is given in units of absorption at a reference wavelength Ay. Here
Ao =440 nm is chosen. The parameter S denotes the spectral slope.

The high number of phytoplankton species that occur in natural waters cause a wide natural
variability of the absorption properties of phytoplankton. Here a spectrum ap*(A) is used
which is typical for Lake Constance (Heege 2000, Gege 2002). The phytoplankton
concentration C is given as sum of chlorophyll-a and phacophytin-a concentration.

In summary, the irradiance reflectance model uses 6 parameters (C, X, Y, S, n, f), 2 material
constants (bp x*, b;) and 2 non-parametric spectra (aw(A), ap*(A)).

Forward and inverse modeling
All simulations were done using the public domain software WASI = Water Colour Simulator

(Gege 2002). 9 series of simulations have been performed for studying the influence of 9 error
sources on the retrieval of C, X, Y from R(L) spectra. Each series consists of a number of



forward calculations and corresponding inverse calculations of R(A). During forward
modeling the parameter of interest was changed from a minimum value to a maximum value,
while all other parameters were kept constant. During inversion the concentrations C, X, Y
were fitted, while the parameter of interest was fixed at a certain value. The spectral range of
all calculations was 400 to 900 nm, the spectral sampling interval was 1 nm.

The Simplex method (Nelder and Mead 1965) was taken as inversion algorithm. Minimisation
of the residuals was done on the least squares of the linear reflectance values. (Least squares
of the logarithmic reflectance values were also tested, but the results were much more
sensitive to noise.) All wavelengths were weighted equally. It was verified that the results did
not depend on the choice of the start values by performing most inversions twice: one time
using the values of Table 1 as initial values, and one time using the "automatic determination
of initial values" feature of WASI, which determines a "first guess" of C, X, Y from analytical
equations (Gege 2002). The automatic method was not applied to noisy and dynamics-
reduced spectra, because it failed when the spectrum was distorted significantly in the
infrared.

A detailed explanation of the analysis is given at the example of S simulations (see Fig. 3);
the other simulations are analogue. The simulations were performed for studying errors
caused by the Gelbstoff absorption curve form, which is parameterised by S. In the forward
mode a series of reflectance spectra was generated with different S values, while for the other
parameters the values from Table 1 were used. This set was then inverted three times: first S
was fixed at 0.010 nm'l, then at 0.014 nm'l, and finally at 0.018 nm’. During inversion C, X,
Y were fitted, while all other parameters were kept constant. The result is shown in Fig. 3 left:
the relative errors of C, X, Y are plotted as a function of the relative error of S. Each error
curve consists of a coloured center curve, which is valid for a S value of 0.014 nm'l, and a
coloured band whose borders correspond to the lower and upper S values of 0.010 nm™ and
0.018 nm™. Also shown (Fig. 3 right) is the forward modeled reflectance spectrum for the
parameter values of Table 1 together with fit curves for two wrong S values, corresponding to
relative errors of -25 % and +50 %. The appertaining errors of C, X, Y are listed in Table 1.

Results

Propagation of model parameter errors. It was investigated which errors in the retrieved
concentrations C, X, Y result from using wrong model inputs. In fact, the relative errors
caused by wrong values of f, n and S, and those from using a wrong spectrum ap*(A), were
calculated. The results are shown in Figures 1 to 4:

e In case of f, the concentration errors don't depend on the value of f, only on its relative
error. Wrong f factors affect mainly X. Errors for C are small and errors for Y negligible.

e 1 is typically in the range of 0 to -1, thus n errors are in most cases below *1 (absolute).
These cause Y errors up to ~50 % and C, X errors below 30 %. C errors increase at low n
values.

e An important error source is S: Wrong S values cause very large errors for C (easily above
100 %), large errors for Y, but almost no errors for X.

e Errors caused by wrong spectra ap*(A) are difficult to quantify since ap*(A) is not
parameterised. Here 5 spectra were used which have been shown to characterise the
phytoplankton in Lake Constance from a remote sensing point of view (Gege 1998). The
large errors in C retrieval suggest to rescale the 5 spectra. Errors for X and Y are relatively
small.



Propagation of concentration errors. It was investigated how a wrongly determined
concentration value of one water constituent influences the accuracy for the other
constituents. The results are shown in Figures 5, 6, 7:
e Errors of C cause only minor errors for the other water constituents, except errors at high
C cause high Y errors.
Errors of X cause very large errors in C (easily above 100 %) and large errors of Y.
Errors of Y cause very large errors in C (easily above 100 %), but have almost no
influence on X.

Propagation of sensor limitations. It was investigated which errors in the retrieved
concentrations C, X, Y result when the spectrum R(A) is detoriated by sensor noise or
insufficient radiometric dynamics. The results are shown in Figures 8 and 9: Both sensor
properties affect mainly the accuracy of C (statistical errors in the order of 10-20 %), while
the accuracies of X and Y are little impaired. It should be noted, however, that a high number
of spectral channels compensates radiometric sensor deficiencies to some extent; the results
will be very different for sensors with less channels.

Error ranking. A comparison of the 9 error sources is given in Table 1. For each parameter
the resulting errors of C, X, Y are listed at two wrong parameter values. Based on this table, a
ranking of the errors is made in Table 2. It comprises all error sources which cause errors
above +25 % in Table 1.

Par. C X Y Par. C X Y
Par. Value
error error error error error error error error
f 04 -25% 17% 36% 1% 50% 10% -35% 3%
n 0 -0.5 -17% 14% 26% 0.5 12% -12% -22%

S 0.014nm” | -25% 158% 3% -31% 50% 193% 7% -35%

ap*(A) spectrum mean 56% 3% 9% max | -100% -8% 21%

C 2ugl’ | 25% - 3% 7% | 50% - 5% | -10%
X 2mgl’ | 25% | -100% | - 9% | 50% | 376% - 38%

Y 03m’ | 25% | 49% | 4% - 50% | -100% | 5% -
noise StdDev | 0.001 | +10% | +1% | +3% | 0.002 | +20% | +2% | +5%
dynamics | AR 0.001 | +5% 0 1% | 0.002 | £10% | +1% | +2%

Table 1: Comparison of errors.

Rank C X Y
1 X +3.4% f +19% S +20%
2 S +3.5% — — X +33%
3 Y +6.5% — — n +0.48
4 ap*(\) | £25% - - - -

Table 2: Ranking of error sources and required accuracies for concentration errors below £25 %.

Required accuracies. As a result of the simulations, more and less critical error sources for
the retrieval of water constitutents have been identified. Table 2 provides a ranking of the
critical error sources, and it lists the accuracies required to obtain concentration errors below
25 % from a single error source. The resulting sensitivity to errors is very different for the
retrieval of chlorophyll, suspended matter and Gelbstoft:



e Highly sensitive to errors is the determination of phytoplankton concentration: 3
parameters must be known very accurately to avoid large errors. The main error source is
Gelbstoff, which contributes 2 critical parameters: spectral shape and concentration. Both
parameters must be known with an accuracy of few percent. The second important error
source is suspended matter, where also few percent concentration error is critical. The
third error source, ap*(A), represents a conversion factor from "optical" to gravimetric
phytoplankton concentrations, which is highly variable in nature.

e Quite robust is the retrieval of suspended matter: the only notable error source is the f
factor, which can be determined, however, with little error from models. The main
problem for suspended matter is the conversion from "optical" to gravimetric
concentrations, since the conversion factor by, x™* is highly variable in nature.

e The accuracy of Gelbstoft retrieval is not critically affected by errors. Main error source is
the spectral shape of the Gelbstoff absorption spectrum. For the other error source,
suspended matter, relatively large errors concerning concentration and spectral shape of
backscattering are acceptable.

Conclusions

Summarising the results, the determination of "optical" concentrations from irradiance
reflectance spectra by inversion is very differently sensitive to errors for the different water
constituents: the sensitivity is very small for suspended matter, small for Gelbstoff, but very
high for phytoplankton. The conversion from "optical" to gravimetric concentrations is an
additional error source; this subject was only touched at the example of phytoplankton.

The results can be applied to the initial values problem of inversion. It is the problem that the
inversion algorithm may not find the correct values of the fit parameters if the start values are
too different from the correct values. Correct are those values for which the correspondence
between fit curve and given spectrum is maximal. The problem is caused by the fact that
different sets of model parameters yield similar reflectance spectra. For illustration sample fit
curves are shown for each simulation, see the right diagrams of all Figures. In many cases the
fit curve is very close to the forward modeled spectrum, although one parameter is
significantly wrong. Thus, if inversion is started using a set of parameter values which
correspond to a curve that is already similar to the given spectrum, the correct set of fit
parameters may not be found. This can happen in particular if the spectrum is detoriated by
noise or calibration errors, or if spectral features are present which are not included in the
model, e.g. absorption of detritus and inorganic particles or fluorescence of Gelbstoff and
phytoplankton.

Based on Table 2, a two-steps procedure is suggested for determining initial values:

e The first step determines an accurate start value of X and a "first guess" of Y. Fit
parameters are X and Y, all other parameters are kept constant. The result for X is quite
accurate since X is very little affected by errors. The result for Y depends mainly on the
accuracy of the start values of S and n.

e The second step determines a start value of C and suited start values of Y and S. Fit
parameters are C, Y and S. The strategy is to fit simultaneosly with C all parameters
which cause large errors for C determination. These are Y and S, while X is known
accurately from the first step.

The limitations of this procedure need further investigations.
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Fig. 1: Propagation of f errors. Left: Errors for C, X, Y retrieval for f = 0.3, 0.4, 0.5 (identical results). Right: Best
fit curves for wrong f values.
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Fig. 2: Propagation of n errors. Left: Errors for C, X, Y retrieval for n = 0 (coloured lines), -1 and 1 (borders of
shaded areas). Right: Best fit curves for wrong n values.
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Fig. 3: Propagation of S errors. Left: Errors for C, X, Y retrieval for S = 0.014 (coloured lines), 0.010 and 0.018
nm™' (borders of shaded areas). Right: Best fit curves for wrong S values.
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Fig. 7: Propagation of Y errors. Left: Errors for C, X retrieval for Y = 0.3 (coloured lines), 0.1 and 1 m™' (borders
of shaded areas). Right: Best fit curves for wrong Y values.
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50 0.05 ‘
40 ——— forward, dynamics = 0.002
—— invers
0.04 A 4
_ V4
S ]
5 20 £ 0.03 J/,r
£ k3]
@ °
s 0 T 0.02 N _
[ 14
0 J"f ﬁg\*\\
0.01 S
-10 \\:
-20 : : ‘ S ‘ ‘ 0 |
0.000 0.001 0.002 0.003 0.004 400 500 600 700 800
ERRDYN| 26.7.2002 radiometric resolution RDYNAM | 1.8.2002 Wavelength (nm)
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