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1. Introduction

The Water Colour Simulator WASI is a software tool for analyzing and simulating the most
common types of spectra that are measured by ship-borne optical instruments. The deep-water
version is described in Gege (2004), the shallow-water version in Gege and Albert (2006).

The spectrum types and major calculation options are listed in Table 1.1. A more comprehen-
sive summary including the fit parameters is given in Appendix 7. WASI can be used to gen-
erate the spectra of Table 1.1 ("Forward mode™), or to analyze such spectra ("Inverse mode").
Both modes can be combined to perform sensitivity studies ("Reconstruction mode™). The
three modes of operation are described in chapter 3 (forward mode), chapter 4 (inverse mode)
and chapter 5 (reconstruction mode). Model options are depicted in chapter 6, program op-
tions in chapter 8. The installation of WASI is described in Appendix 1.

Basis of all calculations are analytical models with experimentally easily accessible parame-
ters, which are well established among "ocean colour”" modelers and experimentally and theo-
retically validated. These models are described in detail in chapter 2, the corresponding refer-
ences are cited in chapter 9.

Spectrum type Model options
Absorption Of water constituents
Of natural water bodies
Attenuation For downwelling irradiance
Specular reflectance Wavelength dependent
Constant
Irradiance reflectance For deep water

For shallow water

Remote sensing reflectance Below surface for deep water
Below surface for shallow water
Above surface for deep water
Above surface for shallow water

Bottom reflectance For irradiance sensors
For radiance sensors

Downwelling irradiance Above surface
Below surface
Upwelling radiance Below surface

Above surface

Table 1.1: Spectrum types and major model options.

The program consists of an executable file, WASI.EXE, an initialisation file, WASI.INI, and
29 input spectra. WASLINI is an ASCII file that comprises all paths and file names of the
data files, parameter values, constants and user settings. An example listening is given in Ap-
pendix 2. Much effort was spent to make the user interface as clear as possible. Since most
settings in the different pop-up windows are self-explanatory, not every detail is described in
this manual.
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Alternatively to the usual interactive mode of operation, WASI can also be started from an-
other program through the command WASI INI_File. In this case the file INI_File is read
instead of WASI.INI, then calculation is started automatically without opening the graphical
user interface, and finally WASI is terminated after the calculations are finished. This mode
of operation is useful for combining WASI with another program. For example, WASI has
been combined with a radiative transfer simulation program for the atmosphere (6S) to esti-
mate the influence of errors in atmospheric correction on the retrieval of phytoplankton,
Gelbstoff and suspended matter from MERIS and MODIS data (Pyhalahti and Gege, 2001).

Changes compared to version 3

The major differences between version 4 and the previous version 3 (Gege 2005) are:

e Image processing. Version 3 was able to import and process an unlimited number of
spectra from file, version 4 supports additionally multi- and hyperspectral images
(Gege 2014).

e Sensor response. The spectral response of each sensor band can be taken into account.

e Simulation of noise. Constant sensor noise could be simulated in version 3; version 4
supports also wavelength dependent noise.

e Simulation of offset. It is now possible to include in the simulations measurement and
preprocessing errors which lead to a spectral offset.

e Sensor depth. In version 3, models for reflectance, radiance and irradiance were im-
plemented for sensors located directly above or below the water surface; version 4
supports submersed sensors in any depth.

e Model of downwelling irradiance. In version 3 an empirical model of Gege (1994,
1995) was included; it was replaced in version 4 by an extended version of the model
of Gregg and Carder (1990). See Gege (2012) for details.

e Fluorescence. Fluorescence was neglected in version 3, phytoplankton fluorescence
has been included in version 4.

e Implicite spectra. The number of implicite spectra which can be visualised was in-
creased, the relevant menu was re-structured, and a description was added (chapter 7).

e File format. Several options concerning the format of input files were added to facili-
tate data analysis: support of multi-column ASCII tables, import of the sun zenith an-
gle and day of year from the file header.

e Layout. The parameter list was simplified: in version 3 each spectrum type had its own
parameter list, now all 36 model parameters are always visible, but actually irrelevant
parameters are deactivated.

e Netbook compatibility. The GUI of version 3 was too large for netbooks with a screen
height of 600 pixels; it is now automatically adjusted to small screens.

e Break processing. Data processing can be stopped using the “‘Pause’ button.
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2. Models
2.1 Absorption

2.1.1 Water constituents

Absorption of a mixture of water constituents is the sum of the components' absorption coef-
ficients:

A () = 3C-a(4)+Y -a)(4)+ D-a(4). 2.1)

i=0

A denotes wavelength. Three groups of absorbing water constituents are considered: phyto-
plankton, Gelbstoff, and detritus.

Phytoplankton. The high number of species that occur in natural waters causes some varia-
bility in phytoplankton absorption properties. This is accounted for by the inclusion of 6 spe-
cific absorption spectra a;*(A). If no phytoplankton classification is performed, the spectrum
ao™()) is selected to represent the specific absorption of phytoplankton. C; indicates pigment
concentration, where "pigment™ is the sum of chlorophyll-a and phaeophytin-a.

The default spectra provided with WASI are shown in Fig. 2.1. They are based on measure-
ments at Lake Constance. The five spectra a;*(L) ... as*(A) represent relevant optical classes
“cryptophyta type L”, “cryptophyta type H”, “diatoms”, “dinoflagellates”, and “green algae”
(Gege 1994, 1995, 1998b). The spectrum ap*(A), labeled "phytoplankton™ in Fig. 2.1, is a
weighted sum of these five spectra and represents a mixture which can be considered as typi-
cal for Lake Constance. It was calculated by Heege (2000) using phytoplankton absorption
spectra® and pigment data® from 32 days in 1990 and 1991, and he validated it using 139 irra-
diance reflectance and 278 attenuation measurements® from 1990 to 1996.

Gelbstoff (dissolved organic matter). Gelbstoff absorption is the product of concentration Y
and specific absorption ay*(1). The spectrum ay*() can either be read from file or calculated
using the usual exponential approximation (Nyquist 1979; Bricaud et al. 1981):

ay*(1) = exp[=S - (A-20)], (2.2)

where S denotes the spectral slope, and A is a reference wavelength with ay* normalized to 1.
Default values are Ao = 440 nm and S = 0.014 nm™, which can be considered representative of
a great variety of water types (Bricaud et al. 1981; Carder et al. 1989).

Gelbstoff absorption is calculated in WASI by default using the exponential approximation of
eq. (2.2). However, Gege (2000) showed that this approximation provides model errors below
10 % only for the wavelength interval of [Ao— 60 nm, Ao+ 60 nm], and a better approximation
is a sum of 3 Gaussian distributions (the x-axis must be transformed from the wavelength
scale (nm) to the engergy scale (cm™)). The Gaussian model is physically more reasonable

! Derived from above-water reflectance spectra by inverse modelling (Gege 1994, 1995).
2 Measured at the University of Constance by Beese, Richter, and Kenter.
® Measured by Tilzer, Hartig, and Heege (Tilzer et al. 1995, Heege 2000).
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Fig. 2.1: Specific absorption spectra of 6 phytoplankton classes.

than the exponential model and offers a deeper understanding of the chemical interactions
affecting CDOM molecular structure (Schwarz et al. 2002). Thus, a spectrum (Y.A) is pro-
vided with WASI which was calculated using the Gaussian model (eg. (3) in Gege 2000) and
the average model parameters determined for Lake Constance (Table 1 in Gege 2000). It is
shown in Fig. 2.2.

Detritus. Detritus is the collective name for all absorbing non-algal particles in the water. It
is also known as tripton (Gitelson et al. 2008) or bleached particles (Doerffer and Schiller
2007). Its absorption spectrum is parameterised as ag(A) = Dag*(\), with ag*(A) denoting spe-
cific absorption, normalized at the same wavelength Ay as Gelbstoff, and D = ag(A,) describ-
ing the absorption coefficient at Ao. The spectrum ag*(L) is imported from file. The default
spectrum provided with WASI is shown in Fig. 2.2. It was calculated as exp[-Sq(A-Ao)] using
Ao = 440 nm and Sy = 0.008 nm™* (Doerffer and Schiller 2007).
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Fig. 2.2: Normalised absorption spectra of Gelbstoff, ay*(A), and detritus, ap*(A). Left: y-axis linear,
right: y-axis logarithmic.
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Fig. 2.3: Pure water absorption, ayw()A), and temperature gradient of water absorption, daw(A)/dT.

2.1.2 Natural water

The bulk absorption of a natural water body is the sum of absorption of pure water and of the
water constituents:

aA)=a,, (A) + (T—To)-M +ayc(A). (2.3)

Absorption of pure water is split up into a temperature-independent term ay, which is valid at
a reference temperature T, and a temperature gradient daw/dT with T being the actual water
temperature. The spectra aw(L) and daw(A)/dT are shown in Fig. 2.3.

The spectrum aw(A) provided with WASI is a combination from different sources for a tem-
perature of Ty = 20 °C. 196-227 nm: Quickenden & Irvin (1980); 228-390 nm: Interpolation
between Quickenden & Irvin (1980) and Buiteveld et al. (1994); 391-787 nm: Buiteveld et al.
(1994); 788-874 nm: own unpublished measurements on UV-treated pure water of 20°C;

875-2000 nm: Palmer & Williams (1974), 27°C. For daw(L)/dT a spectrum is provided which
was measured by Gege (unpublished data).
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2.2 Backscattering

Backscattering by, of a water body is the sum of backscattering by pure water (index "W") and
suspended matter. For the latter, a mixture of two spectrally different types is implemented:

be\,) = bbWO\f) + X - bb,X* . bx(}x,) + CMie . bb,Mie* . (7\,/7\,5)” (24)

The first type is defined by a scattering coefficient with arbitrary wavelength dependency,
bx (1), the second type by a scattering coefficient following the Angstrém law (A/As).*

2.2.1 Pure water

For pure water, the empirical relation of Morel (1974) is used: bpw(A) = by - (A/A1)™**. The
specific backscattering coefficient, by, depends on salinity. It is b; = 0.00111 m™ for fresh
water and b; = 0.00144 m™ for oceanic water with a salinity of 35-38 %o, when A1 = 500 nm
Is chosen as reference wavelength.

2.2.2 Suspended particles of Type |

Suspended particles of Type | are defined by a scattering coefficient with arbitrary wave-
length dependency, bx(X), which is imported from file. X is the concentration and by x* the
specific backscattering coefficient. The user has several options for calculation:

e X can be treated either as an independent parameter, or X = Cy can be set, where Cy is the
concentration of phytoplankton class no. O (see eq. 1). The latter is useful for Case 1 water
types where the concentrations of particles and phytoplankton are highly correlated.

e by x* can be treated either as constant with a default value of 0.0086 m? g™ (Heege 2000),
or as by x* = A - X, Such a non-linear dependency of scattering on concentration was ob-
served for phytoplankton (Morel 1980). It may be used for Case 1 water types, while by x*
= constant is appropriate for Case 2 waters with significant sources of non-phytoplankton
suspended matter. Typical values of the empirical constants are A = 0.0006 m® g™ and B
= -0.37 (Sathyendranath et al. 1989), which are set as defaults in WASI.

e bx()) can either be read from file, or it can be calculated as bx(A) = ag*(AL) / ap*()), where
ao* () is the specific absorption spectrum of phytoplankton class no. 0 (see eq. 1), and A
denotes a reference wavelength (A = 550 nm by default). This method assumes that parti-
cle backscattering originates mainly from phytoplankton cells, and couples absorption and
scattering according to the Case 1 waters model of Sathyendranath et al. (1989). However,
such coupling may be used in exceptional cases only, since living algae have a negligible
influence on the backscattering process by oceanic waters (Ahn et al. 1992), and in Case 2
waters particle scattering is weakly related to phytoplankton absorption in general. In
WASI, bx(X) =1 is set as default.

* In previous versions of WASI, the first type was termed "large particles” and the second type "small particles".
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2.2.3 Suspended particles of Type Il

Suspended particles of Type Il are defined by the normalized scattering coefficient (A/As)",
where the Angstrom exponent n is related to the particle size distribution. Cy;e IS the concen-
tration and by vie™ the specific backscattering coefficient. The parameters are set by default to
bpmie* = 0.0042 m? g}, As = 500 nm, n = -1, which are representative for Lake Constance
(Heege 2000).

In the open ocean, the exponent n typically ranges from -1 for low to 0 for high (above 2 ug/l)
chlorophyll-a concentrations (Morel 1988, Morel and Maritorena 2001). In coastal waters, the
backscattering coefficients are spectrally rather flat, corresponding to n values around zero
(Babin et al. 2003, Chami et al. 2005). Mass-specific scattering coefficients are typically in
the order of 0.5 to 1.0 m? g+ at 555 nm (Babin et al. 2003), and the ratio of backscattering to
total scattering ranges from about 0.2 % to 3 % (Chami et al. 2005, Antoine et al. 2011),
hence by mie* is in the range from about 0.001 to 0.03 m? g™* for As around 555 nm.
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2.3 Attenuation

The diffuse attenuation coefficient of irradiance E is defined as K = —(1/E) dE/dz, where z is
the depth. Similarly, the attenuation coefficient of radiance L is defined as k = —(1/L) dL/dz.
Attenuation is an apparent optical property (AOP) and depends not only on the properties of
the medium, but additionally on the geometric distribution of the illuminating light field.

2.3.1 Diffuse attenuation for downwelling irradiance

The most important attenuation coefficient is Ky, which describes attenuation for down-
welling vector irradiance. Gordon (1989) has shown for Case 1 waters that the geometric
structure of the light field can be corrected, and the corrected attenuation coefficient, p,K,,
is, to a high degree of accuracy, an inherent optical property which can be related to absorp-
tion a(L) and backscattering by(L). The correction factor is the ratio of downwelling vector
irradiance to downwelling scalar irradiance: w, =E,/E,,. 1,is also called the average co-
sine of the downwelling light field, since it were w, =cos®',,, if there were no atmosphere,
with 6, the sun zenith angle in water. Gordon showed by Monte Carlo simulations that, for
sun zenith angles below 60°, the difference between [, and cosé'y, is usually below 3 %
near the water surface. Thus, the following parameterization of Ky is adapted from Gordon
(1989):

a(l)+b, ()

Ky = w0y S0

(2.5)

a(A) is calculated according to eq. (2.3), bp() using eq. (2.4). The coefficient «, depends on
the scattering phase function. Gordon (1989) determined a value of ko = 1.0395 from Monte
Carlo simulations in Case 1 waters, Albert and Mobley (2003) found a value of kg = 1.0546
from simulations in Case 2 waters using the radiative transfer program Hydrolight (Mobley et
al. 1993). Some authors use eq. (2.5) with ko = 1 (Sathyendranath and Platt 1988, 1997; Gor-
don et al. 1975). In WASI, «o is read from the WASI.INI file; the default value is 1.0546.

2.3.2 Diffuse attenuation for upwelling irradiance

For upwelling irradiance two attenuation coefficients are used: K, for the radiation backscat-
tered in the water, and Kg for the radiation reflected from the bottom. The following parame-
terization is adopted from Albert and Mobley (2003):

Ko (1) = 00+, (1] [1+ 0, OF ™. {1+ %.29% } (26)
coso',,

Koo (1) = [10) +b, ()] [+ 0, ()] {H OoL52 } @7)
cosO',,

The function wp(A) depends on absorption a(A) and backscattering by(\) of the water body:
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b, (A)

A) = — o\ 2.8
%) = 209+b,0) @9)
Egs. (2.6) and (2.7) are used implicitely in the model of irradiance reflectance in shallow wa-
ters, see eq. (2.16).

2.3.3 Attenuation for upwelling radiance

For upwelling radiance two attenuation coefficients are used: kyw for the radiation backscat-
tered in the water, and kg for the radiation reflected from the bottom. The following parame-
terization is adopted from Albert and Maobley (2003):

a0 = 2L [ o {1— e } 2.9)
0 = LR g . [1+ o } (2.10)

These equations are used implicitely in the model of remote sensing reflectance in shallow
waters, see eq. (2.19).
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2.4 Specular reflectance

An above-water radiance sensor looking down to the water surface measures the sum of two
radiance components: one from the water body, one from the surface. The first comprises the
desired information about the water constituents, the second is an unwanted add-on which has
to be corrected. However, correction is difficult. For example, the method from the SeaWiFS
protocols (Mueller and Austin 1995), which is widely used in optical oceanography, leads to
rms errors of the corrected water leaving radiance as large as 90 % under typical field condi-
tions (Toole et al. 2000). Thus, WASI offers different methods.

The radiance reflected from the surface, L(1), is a fraction p_ of sky radiance Ls(1):
L) = po - Ls(A). (2.11)

Ls(2) is the average radiance of that area of the sky that is specularly reflected into the sensor.
It can be imported from file or calculated using eq. (2.26). p._ is the Fresnel reflectance and
depends on the angle of reflection. The value can either be specified by the user or it can be
calculated from the viewing angle 6, using the Fresnel equation for unpolarized light (Jerlov
1976):

~ 1|sin2(6?v—49'v)+tan2(6?v—¢9'v)

_ _ 2.12
2|sin’(,+0,) tan*(6,+6") (212)

PL

'y is the angle of refraction, which is related to 6, by Snell's law ny sin'y = sin6,, where ny
~ 1.33 is the refractive index of water. For viewing angles near nadir, p_ ~ 0.02.

The ratio of the radiance reflected from the water surface to the downwelling irradiance,

L, (1) L, (4)

R (4) = = p.-
E, (1) "

, (2.13)

is called specular reflectance. E4(1) and Lg(A) can either be imported from file, or one or both
can be calculated using eq. (2.23) or (2.26). If the wavelength-independent model of surface
reflection is chosen, it is

T

Toole et al. (2000) showed that R(1) is nearly spectrally flat at overcast sky, but clearly
not for clear-sky conditions. Thus, eq. (2.13a) should be used in general, and eq. (2.13b) at
most for days with overcast sky.
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2.5 Irradiance reflectance

The ratio of upwelling irradiance to downwelling irradiance in water, R(A) = E, (1) / Eq (L),
is called irradiance reflectance (Mobley 1994). It is an apparent optical property (AOP) and
depends not only on the properties of the medium, but also on the geometric distribution of
the incoming light.

2.5.1 Deep water

A suitable parameterization which separates to a large extent the parameters of water and of
the illumination was found by Gordon et al. (1975):

R(V) =1 op(d) +Q - Risp (). (2.14)

RisF (1) denotes the contribution caused by fluorescence; it is calculated using eq. (2.31). The
function wp(A), which is given by eq. (2.8), depends only on inherent optical properties of the
water body, absorption and backscattering. The factor f comprises the illumination dependen-
cies. It can be treated either as an independent parameter with a default value of 0.33 accord-
ing to Gordon et al. (1975), or the relationship of Albert and Mobley (2003) can be used:

(2.15)

f =0.1034- (1+3.3586 - », —6.5358 - % +4.6638- )(1 L2421 ]

cos 'y,

©'sun 1S the sun zenith angle in water. Eq. (2.15) takes into consideration the fact that f depends
not only on the geometric structure of the light field, expressed by the parameter 6',n, but also
on the absorption and scattering properties of the water. Some alternate models of f are also
included in WASI and can be used if desired, namely those of Kirk (1984), Morel and Gentili
(1991), and Sathyendranath and Platt (1997). The equations are given in chapter 6.2.

Independently from Gordon, Prieur (1976) found the relation R(A) = ' - by(X) / a(A). It is also
included in WASI. However, the Gordon algorithm (2.14) is favoured and set as default, be-
cause it restricts the wy, values to the physically reasonable range from 0 to 1, which is not the
case for the Prieur equation.

2.5.2 Shallow water

For shallow water, the parameterization of Albert and Mobley (2003) is used:

R'(W) = R() - [1-A, -exp{- (K, (1) +K y, (1))-24 ]

2.16

+ Ay R () expl-(K (W) +K g (1) 2 &
The first term on the right-hand side is the reflectance of a water layer of thickness zg, the
second term the contribution of the bottom. Bottom reflectance R°(1) is calculated using eq.
(2.21). The K's account for attenuation within the water layer and are calculated using egs.
(2.5), (2.6), and (2.7). The empirical constants are set to A; = 1.0546 and A, = 0.9755 accord-
ing to Albert and Mobley (2003) and cannot be changed by the user.
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2.6 Remote sensing reflectance

The ratio of upwelling radiance to downwelling irradiance, Rys(A) = Ly(A) / E4(X), is called
remote sensing reflectance (Mobley 1994). It is an apparent optical property (AOP), i.e. it
depends on the geometric distribution of the incoming light.

2.6.1 Deep water

The remote sensing reflectance below the water surface is, for deep water, proportional to
R(M):

R.(4) = R(A) (2.17a)

Q

This follows from the definitions Rs =L, /Eq,Q=E, /L, ,andR=E, / Eq. R(A) is ei-
ther calculated using eq. (2.14), or imported from file. The factor Q, which is a measure of the
anisotropy of the light field in water, is treated in WASI as a wavelength-independent pa-
rameter with a default value of 5 sr. It depends on the geometric distribution of the upwelling
and downwelling light, and thus on the scattering and absorption properties of the water body.
Consequently, Q depends on wavelength. However, this is not accounted for in WASI, since
no convenient parameterization of Q is known. Yet, an alternative to eq. (2.17a) with a con-
venient parameterization of the factor f,s was found by Albert and Mobley (2003):

Ris (1) = frs - op(L) + Ris (). (2.17b)

R F is the contribution caused by fluorescence and calculated using eg. (2.47). Note that fluo-
rescence is also included in eq. (2.17a) through R(L) according to eq. (2.14). The following
parameterization of the factor f is valid for both deep and shallow waters (Albert and Mobley
2003):

f.. =00512- (1+4.6659 - ©, —7.8387 - ,” +5.4571- 0, )-
0.1098 0.4021 (2.18)
1+ -1+ .

cos 0'y, cos ',

Parameters of f,s are my, of eq. (2.8), the sun zenith angle in water, 0's,, and the viewing angle
in water, 0',. Alternately, fs can be calculated in WASI as fs = f / Q using the ill-favoured
parameter Q.

2.6.2 Shallow water

For shallow water, the following parameterization is chosen (Albert and Mobley 2003):

Ri? (7\') = Rrs_ (7\') ' [1_Ars,1'exp{_ (Kd(}\') +kuW (}\‘))ZB}]

(2.19)
+ Ay, R -expl- (K (W) +K g (1)) 25|
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The first term on the right-hand side is the reflectance of a water layer of thickness zg, the
second term the contribution of the bottom. Bottom reflectance R°(1) is calculated using eq.
(2.22). Ky, kyw and kg account for attenuation within the water layer and are calculated using
egs. (2.5), (2.9), and (2.10), respectively. The empirical constants are set to A1 = 1.1576 and
A2 =1.0389 according to Albert and Mobley (2003) and cannot be changed by the user.

2.6.3 Above the surface

The remote sensing reflectance above the water surface is related to radiance and irradiance
spectra in water as follows:

oL zo)l=a) |-

— Lu(ﬂ“) _ rl\/2\/ + pLLs(i) — n\/2\1 + . Ls(i)

Rrs (ﬂ“) - - _ _ ,0|_ .
E.(4) E.(4) E.(4) E;(A)-p,-E; (1) E.(4)

Eq. (2.29) was used to replace L,(1), and eq. (2.24) to express Eq4(A) in terms of E4 (1) and
E. (A). The first term on the right-hand side describes reflection in the water, the second at the
surface. By using L, (A) = E,"(A) / Q, multiplying numerator and denominator of the first
term with R(A) / E,"(A) (where R(A) = Ey (A) / Eq (X)), and expressing the second term as
R (1) according to eq. (2.13a), the following equation is obtained:

(-0)t-0) _ RA) | pan

e B 7

(1). (2.20a)

Replacing R(A) by Rys(1) according to eq. (2.17a) yields the following relationship:

_ (1_0-)(1_0-[) . Rr;(ﬂ“) surf
R,(A) = = o e (2.20b)

This eq. was used, for example, by Lee et al. (1998) for comparing simulated remote sensing
reflectance spectra above and below the surface and calculating the conversion factors, for
which they found as typical values (1-c)(1-o. )/nw” = 0.518 and p,- Q = 1.562. The factor
Q, which is difficult to assess in practice, can be avoided by replacing in the denominator Q -
Ris by R:

(1_ O—)(]_— o'[) ‘ R'; (ﬂ) L Rt (ﬂ.) (2 ZOC)
n2 1-p,-R(D) ° 7 |

w

R,(4) =

The three equations (2.20a), (2.20b), and (2.20c) are formally identical. The first term on the
right-hand side of each equation describes reflection in the water, the second at the surface.
Frequently, the first term alone is called remote sensing reflectance (e.g. Mobley 1994). In
WASI, the reflection at the surface is also included in the R definition. It is calculated using
eq. (2.13a) or (2.13b) and can easily be excluded by setting the reflection factor o equal to
zero.

The factors o, o, and p, are the reflection factors for Eq, L,, and E,, respectively.
o depends on the radiance distribution and on surface waves. Typical values are 0.02 to 0.03
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for clear sky conditions and solar zenith angles below 45°, and 0.05 to 0.07 for overcast skies
(Jerlov 1976; Preisendorfer and Mobley 1985, 1986). It is set to ¢ = 0.03 by default. o~ can
either be calculated as a function of 6, using eq. (2.12), or a constant value can be taken. p, is
in the range of 0.50 to 0.57 with a value of 0.54 being typical (Jerome et al. 1990; Mobley
1999). The defaults of the other constants are set to Q =5 sr and ny = 1.33.

Which of the equations is used, depends on the application:

o Eq. (20a) is useful when Rs(A) shall be connected to R()), for example if in-situ meas-
urements of R(A) were performed as "ground truth™ for a remote sensing instrument.

« EQq. (20b) links remote sensing reflectance in water to that in air. Since the same spectrum
type is used above and below the water surface, it is the most convenient parameterisation.
This equation is used by default.

e EQ. (20c) avoids the use of the factor Q, which is difficult to assess. The equation is use-
ful, for example, for optical closure experiments which investigate the consistency of
measurements above and below the water surface by measuring simultaneously the spec-
tra Ris(A), R(A), and Rys (A).

Eq. (2.20a), (2.20b) or (2.20c) is also used to calculate the corresponding spectrum R*"(%) for
shallow water. R(1) is replaced by R*"(), and Ris (A) by R™™(1) in the case of shallow wa-
ter.
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2.7 Bottom reflectance

The models of bottom reflectance are used to calculate reflectance and radiance spectra in
shallow waters. However, they can be applied as well to land surfaces, if the input spectra are
replaced by suitable albedo spectra from terrestrial bottom types.

2.7.1 For irradiance sensors

The irradiance reflectance of a surface is called albedo. When N different surfaces of albedo
an(A) are viewed simultaneously, the measured albedo is the following sum:

RYG) =3 2,0 (2.21)

fn is the areal fraction of surface number n within the sensor's field of view; it is X f, = 1. This
equation is implemented in WASI for N = 6 bottom types. The spectra an(A) provided with
WASI are shown in Fig. 2.4. They were measured by Pinnel (2005) using a submersible
RAMSES spectroradiometer. Three of them represent bare bottom, the other green
makrophytes:

0. constant: an artificial spectrum with constant albedo of 10 %;

1. sand: sandy bottom in a coastal shallow area in Bolivar (South Australia);

2. silt: fine-grained sediment in 50 cm water depth close to the shoreline of Starnberger

See (Germany);

3. Chara aspera: green makrophyte from Bodensee (Lake Constance, Germany);

4. Potamogeton perfoliatus: green makrophyte from Starnberger See (Germany);

5. Potamogeton pectinatus: green makrophyte from Starnberger See (Germany).

2.7.2 For radiance sensors

When the upwelling radiation is measured by a radiance sensor, the corresponding remote
sensing reflectance can be expressed as follows:

RZ(K) = % f.-B,-a,(A). (2.22)

B, is the proportion of radiation which is reflected towards the sensor. In WASI, the B,'s of
all surfaces are assumed to be angle-independent. The default values are set to B, = 1/n =
0.318 sr*, which represents isotropic reflection (Lambertian surfaces).



20 WASI manual version 4

0.40 0.40
constant sand
0.30F - 0.30 -
= i 4 =2 n ]
p- 0.20 e 0.20
0.10 0.10F E
n n n n 1 n n n n 1 n n n n 1 n n n n n n n n 1 n n n n 1 n n n n 1 n n n n
0'09,00 500 600 700 800 0'09;00 500 600 700 800
Wavelength (nm) Wavelength (nm)
FIG24A | 4.6.2005 FIG24B | 4.6.2005
0.40 - 0.40
silt Chara aspera
0.30F E 0.30F -
2 R {4 £ L ]
p 0.20 T 0.20
0.10f - 0.10 -
ey M
O'OS,UO 500 600 700 800 0'0300 500 600 700 800
Wavelength (nm) Wavelength (nm)
FIG24C | 4.6.2005 FIG24D | 4.6.2005
040 - 040 -
Potamogeton perfoliatus Potamogeton pectinatus
0.30F - 0.30 -
< i 4 £ R ]
5 0.20 ¥ 0.20
N - b -/\/\_/-
—/|\/|\_’_ 1 1 1
O'%O 500 600 700 800 0'09;00 500 600 700 800
Wavelength (nm) Wavelength (nm)
FIG24E | 4.6.2005 FIG24F | 4.6.2005

Fig. 2.4: Spectral albeldo of 6 bottom types.



WASI manual version 4 21

2.8 Downwelling irradiance

2.8.1 Above water surface

The downwelling irradiance spectrum, E4()), is split into a direct and a diffuse component:
Ed(7\.) =fyq - EddO\I) + fys - EdsO\f)- (2.23)

Eqa(1) is the direct component of the downwelling irradiance, representing the sun disk in the
sky as light source. The radiation from the sky, i.e. the diffuse downwelling irradiance, is split
into two components: Eqs(A) = Egsr(A) + Egsa(A), With Egsr(A) representing Rayleigh scattering,
and Egsa()) aerosol scattering. The parameters f; are the intensities of the "light sources” E;
relative to conditions with undisturbed illumination geometry. These reference conditions
(with f; = 1) are defined by a cloudless atmosphere, unobscured view of the upper hemisphere,
and an horizontally oriented sensor with an angular response equal to the cosine of the inci-
dence angle. 0 < f; < 1 corresponds to measurements when intensity is decreased (due to
shadows, sensor tilt or deviations from the cosine response), fi > 1 when intensity is increased.

The calculation of E;(A) is based on equations and data of Gregg and Carder (1990), which
these authors derived from Bird and Riordan (1986). The adopted equations are recalled brief-
ly. Eq. (2.23) extends these models by adding weights f; which allow simulation and analysis
of measurements at non-standard conditions.

The three components of downwelling irradiance are calculated as follows:

Eaa(r) = Eo(L) €050sun Tr(R) Taa(h) Tas(h) Toz(L) To(R) Tun(R), (2.24)
Egsr(A)= %2 Eo(L) €05 Ogun (1=T(1)>%) Taa(A) Toz(R) To(R) Tun(R), (2.25)
Edsa(k) = EO(X) COsS esun Tr(k)l'5 TaaO\') Ton\') To(k) va(k) (1_Tas(7\')) Fa- (2-26)

Eo()) is the extraterrestrial solar irradiance corrected for earth-sun distance and orbital eccen-
tricity, Osun the solar zenith angle, F, aerosol forward scattering probability, and the T; denote
transmittance of the atmosphere after scattering or absorption of component i (T, Rayleigh
scattering, Ta,: aerosol absorption, T, aerosol scattering, To;: 0zone absorption, T,: oXygen
absorption, Ty, water vapour absorption). The T; are given by:

T,(A) = exp[-M"/(115.64061."~1.335)%)], (2.27)
Taa(A) = exp[—(1—wg)ta(A)M], (2.28)
Tas(L) = exp[—mata(A)M], (2.29)
Toz(A) = exp[—acz(A)HozMo], (2.30)
T (4)=exp ~1.41a,(1)-M" (2.31)

[1+118.3a,(1)-M'[*"
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Fig. 2.5: The four input spectra of the irradiance model.

~0.2385a,, (1) -WV - M

T, (1) =ex .
w(2)=exp [1+20.07a,, (1)-WV -M]*®

(2.32)

The atmospheric path length is M = 1/[c0sOsn + a(90°+b—0s,,)°]. The numerical values used
by Gregg and Carder (a = 0.15, b = 3.885°, ¢ = 1.253) were replaced by updated values a =
0.50572, b = 6.07995°, ¢ = 1.6364 from Kasten and Young (1989). M' = MP/(1013.25 mbar)
is the path length corrected for nonstandard atmospheric pressure P, and My, =
1.0035/(c0s’0sun +0.007)2 iis the path length for ozone.

Aerosol is parameterised in terms of aerosol optical thickness, t, = B-(A/Aa)™“, and aerosol
single scattering albedo, @, = (—0.0032AM + 0.972) - exp(3.06-10*RH). The Angstrom ex-
ponent o determines the wavelength dependency, the turbidity coefficient  is a measure of
concentration. The reference wavelength A, is set in WASI by default to 550 nm.> o typically
ranges from 0.2 to 2, § from 0.16 to 0.50. 3 is related to horizontal visibility V and aerosol
scale height Ha: B = 14(550) = 3.91-H,/V. Typical values are 8 to 24 km for V, and 1 km for
H.. The parameters of w, are air mass type, AM, which ranges from 1 (typical of open-ocean
aerosols) to 10 (typical of continental aerosols), and relative humidity, RH, with typical val-
ues from 46 to 91 %. Aerosol forward scattering probability is calculated using the equation
Fa =1 — 0.5 exp[(B1+B2C0S0sun)-c0S0sun] With By = B3[1.459 + B3(0.1595 + 0.4129B3)], B, =
B3[0.0783 + B3(-0.3824 — 0.5874 B3)], B3 = In(1-<c0s0s,n >), and <cosOsyn > = -0.14170 +
0.82. Water vapour concentration, WV, is expressed in units of precipitable water, which typ-
ically ranges from 0 to 5 cm.

® Frequently A, = 1 pm is set, e.g. Gregg and Carder (1990).
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The calculations make use of four spectra which are imported from file: Eo(L), ao(L), aoz(L),
and aw (7). The spectra provided with WASI are shown in Fig. 2.5. They were calculated us-
ing the radiative transfer model MODTRAN-3 (Gege 2012).

2.8.2 Below water surface

The downwelling irradiance just below the water surface (indicated by the symbol 0-) is cal-
culated as follows:

Eq(X, 0-) = fug - (1-pad) - Eqa(A) + fas - (1-pas) - Eas(h) + pu - Eu(X, 0-). (2.33)

The factors fyq and fgs are much more variable in water than in air, because the wavy water
surface induces strong focusing effects (Dera and Stramski 1993, Zanefeld et al. 2001). pgq
and pgs describe the losses of downwelling irradiance at the air—water interface, E,(A, 0-) is
the upwelling spectral irradiance in water, and py is the reflection factor of the water surface
for Ey(A, 0-). The reflection factor for the direct downwelling component is calculated using
the Fresnel equation (Jerlov 1976)

1 |Sin2 (Hsun — Hlsun ) tanz (esun — glsun )
Pa = 5|2 C oy T2 '
2‘sm Oy +0'y) tan(0,,+0',)

sun sun

; (2.34)

that of the diffuse downwelling component using the empirical equation (Gege 2012)

pas = 0.06087 + 0.03751 - (1-C08O4un) + 0.1143 - (1-0SOsun)?; (2.35)

and that of the upwelling component is set to p, = 0.54 by default (Jerome et al. 1990, Mobley
1999). Using the irradiance reflectance R(A) = E,(A, 0-)/ E4(A, 0-) to remove Ey(A, 0-) from
eq. (2.33) leads to the following expression:

Eda(2,0-) = faa - (1~paa) - Eaa(X) + fas - (1-pas) - [1+pu- R(A) - (L+1a(2,0-)] - Eas(h).  (2.36)

ra(A, 0=) = faa/fas - Eqa(A, 0=)/ Egs(A, 0-) is the ratio of direct to diffuse irradiance just beneath
the water surface. It is calculated using the equation (Gege 2012)

r, (1,0_):M_1_pdd . 2Tr(ﬁ“)Tas(/1)

_ 2.37
fds 1- Ps 1—Tr (/AL)O'95 +2 'Tr (1)1.5 '[1_Tas (/1)] ’ Fa ( )

Equation (2.36) is used in WASI for calculating E4(A, 0-). R(A) is calculated using eq. (2.14)
without fluorescence, i.e. Rsg (M) = 0 is set. Downwelling irradiance below the surface in
shallow water, E¢™"(1, 0-), is also calculated using eq. (2.36), but with R*(1) instead of R(1).

2.8.3 At depth z

Since the path lengths are different for the direct and the diffuse component, their depth de-
pendencies are calculated separately. The direct component is attenuated along a path with
length z / cosO'syn:
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E, (1,2)=E, (1,0-) exp{— [a(®) +b,(D)]- 21 } - (2.38)
cosd'y,,

lqq is the path length of direct radiation relative to sensor depth; it is set equal to one by de-
fault. The diffuse component of downwelling irradiance at depth z is related to that below the
surface as follows:

Eas(A, ) = Eus(A, 0-) exp{-[a(A)+bo(A)] - Z - lus}- (2.39)

The average path length of diffuse radiation relative to sensor depth, lgs, is calculated using
the following approximation:

lgs = 1.1156 + 0.5504 - (1-C0S0'sun). (2.40)
The downwelling irradiance at depth z is the following sum:

Ed(X, ) = faq - Eaa(A, 2) + fas - [1 + pu- R(A) - (2+rg(X,0 =)] - Egs(A, 2). (2.41)
Equations (2.36) to (2.39) were validated using Hydrolight simulations (Gege 2012); howev-

er, the upwelling radiation reflected at the water surface in downward direction was neglected
in that paper (corresponding to p, = 0).
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2.9 Sky radiance

A parameterization similar to E4(A) is implemented for the sky radiance, Ls(1):

Ls(A) = Qdd - Eaa(L) + Gasr - Ease(1) + Gasa - EdsalR). (2.42)

The radiance downwelling from a part of the sky is treated as a weighted sum of three wave-
length dependent functions, Egq(A), Egs(A) and Egsa(A), which are given by egs. (2.24) to
(2.26). In contrast to eq. (2.23), the two diffuse components are treated separately since Ray-
leigh scattering has a much stronger angle dependency than aerosol scattering. The parameters
Jad, Gasr aNd Qasa are the intensities (in units of sr?) of Eqg(L), Egsr(A) and Egsa()), respectively.
The radiance p. - gas - Eqq(A) that is reflected at the water surface into a radiance sensor is
known as sun glint, and the radiance py - [Qasr - Edsr(A) + Gusa - Easa(X)] as sky glint.

Note that Ls(A) doesn't represent the radiance of a "piece of sky" at the coordinates (6., ¢v), as
the term "sky radiance” may indicate. The functions Eqq(A), Egsr(A) and Egsa(A) have been de-
rived to parameterize the downwelling irradiance, but not radiance. Hence they are only
functions of the sun zenith angle, but not of the sun azimuth angle or the viewing angles
Oy, ¢v. The purpose of Ls(L) in WASI is modeling of upwelling radiance that originates from
the upper hemisphere and is reflected at the water surface [p.- Ls(A) in eq. (2.45)]. Since the
water surface is almost never perfectly flat, this radiance originates from different locations of
the sky, thus a parameterisation of Ls(1) in terms of (0, ¢\) is not considered useful.

Odd, Jdsr and Qgsa Can be used as fit parameters to correct reflections at the water surface. For
forward modeling, the user has to specify a value for each parameter. By default, gqq = 0.05,
Qasr = 0.5 and ggsa = 0.1 is set.
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2.10 Upwelling radiance

The upwelling radiance is that part of the downwelling irradiance which is reflected back
from the water into a down-looking radiance sensor. Calculation is based on a model of Ry
and a model or a measurement of Eg.

2.10.1 Below the water surface

In water, eq. (2.33) is used for calculating Eq (), and eq. (2.17a), (2.17b) or (2.19) for
Rrs (A). The upwelling radiance is then calculated as follows:

L.(4) = R.(A) -E4(A) + Le (A). (2.43)

Le(r) denotes fluorescence; it is calculated using eq. (2.54). In shallow waters, R"(1) is
used instead of Rys (1), and E¢™ (L) instead of Eq (A).

2.10.2 Above the water surface

The upwelling radiance after crossing the water-air boundary is related to the upwelling radi-
ance in water, L, as follows:

L0, = %) - o)+ 0(0,) Ly (-0,) (2.44)

w

0y is the zenith angle of the observer in air, 0, in water. These two angles are related to each
others according to Snell's law via ny sin®'y = sin6, with ny = refractive index of water. The
first term on the right-hand side of eq. (2.44) is the radiance upwelling in the water, weakened
at the interface by Fresnel reflection (factor 1-c,(6'y)) and refraction (flux dilution by widen-
ing of the solid angle, factor 1/n,,%). The second term are specular reflections of downwelling
radiance at the surface. Eq. (2.44) is valid for a flat surface, i.e. without waves.

Omitting for simplicity the symbol 6, and using the more general model (2.11) for the radi-
ance reflected from the surface, the following equation is obtained:

uurzkng4@+ppgu>. (2.45)

This equation is used in WASI for calculating Ly(2). L, (1) is calculated using eq. (2.43). The
sky radiance Ls(\) can either be calculated using eq. (2.42), or a measured spectrum can be
imported from file. The reflection factor for upwelling radiance is set to o~ = 0.02 by default.
This value, which is valid for a nadir-looking sensor, can be changed in the WASI.INI file.
The reflection factor for downwelling radiance, p., can either be calculated using the Fresnel
equation (2.12), or it can be set constant. The default p. = 0.02 is valid for a nadir-looking
sensor. By setting p. = 0 the water leaving radiance can be calculated. Further, nyw = 1.33 is
set as default.
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2.11 Fluorescence

Fluorescence is an inelastic process where a fraction ng of photons incident at wavelength '
is emitted at longer wavelengths A. The ratio ng(A, A") = N/N'" is called fluorescence quantum
yield, where N and N' denote the number of photons at wavelength intervals [A, A+dA] and
[A, A'+dA], respectively (Gordon 1979). The subscript "F" is used to indicate fluorescence,
and the prime superscript to denote quantities which are functions of excitation wavelengths.

When fluorescence is expressed in terms of radiation quantities, care must be taken whether
radiation is expressed in units of photon numbers or energy. Conversion makes use of the
equation E = hc/A for the energy of a single photon: N photons with a wavelength of A have
the energy E = N hc/A and N' photons with A' have E' = N' hc/A', hence E/E' = N/N' - A'/A.
Consequently, the ratio of radiation parameters in energy units is equal to that ratio in photon
number units times the factor A'/A. In particular, if incident and emitted photon fluxes F and F'
are expressed in units of W m, the fluorescence quantum yield is given by

N F 2
AA)=—=— 2.46
7 ( ) N E A4 ( )

Fluorescence is calculated in WASI in terms of upwelling spectral radiance Lg(A) (in units of
W m? nm™ sr) as described below. It is the additive term in eq. (2.43) to the radiance caused
by reflection. The fluorescence component of remote sensing reflectance is obtained by divid-
ing Lr(1) by Eq(A):

(2.47)
Eq()) is calculated using eq. (2.41). Eq. (2.47) is used in eq. (2.17b).

2.11.1 Phytoplankton

Phytoplankton shows a characteristic fluorescence peak at 685 nm with a full width at half
maximum (FWHM) of 25 nm. It originates almost completely (~95%, Owens 1991) from
photosystem 11 (PS-11). Phytoplankton can use approximately the spectral range from 400 to
700 nm for photosynthesis. This photosynthetic active radiation (PAR) is absorbed within the
phytoplankton cells by light harvesting antenna. The excited electrons of the antenna pig-
ments are transfered to PS-11, where water molecules are splitted and oxygen is formed (Ab-
bott and Letelier 1999). The energy wasted here causes the 685 nm fluorescence peak. Conse-
quently, since it is irrelevant which pigment had absorbed the incident photon, chlorophyll-a
fluorescence quantum yield ncn(2) is largely independent of A'. A comprehensive overview of
the photosynthesis processes is given by Babin et al. (1996).

The flux absorbed by the phytoplankton in depth z is given by:

F'(2)= | Zsjci a,*(1")-E,(',2)dA, (2.48)

PAR i=0
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where C; denotes concentration of phytoplankton class number i, a;*(1") the specific absorp-
tion coefficient of that class, and Eq(A', z) the scalar irradiance. Since irradiance at depth z is
related to irradiance at the water surface by the Lambert-Beer law,

Eo(\, 2) = Eo(\, 0) - exp[= K(L) - 7], (2.49)

with K(L") the attenuation coefficient of scalar irradiance, F'(z) can be expressed as follows:

F()= | Zlei a *(1')-E,(4',0)-exp[-K (1) - z]dA" (2.50)

PAR i=0
The flux (in units of W m™) emitted by a layer at depth z at wavelength 2 is:

F(L2) = (D) F ()% (2.51)

see eg. (2.46). ncni(A) can be described quite accurately by a Gaussian function:

N (AF) _ (/AL_/ALF)2
77ch| (ﬂ') - (272'6,3 )1/2 eXp|: 20_'3 :| (252)

Since fluorescence is in good approximation isotropic, the radiance (in units of W m? sr)
emitted by a layer of thickness dz is given by:

dL. (1,2) :%F(ﬂ, 7)dz. (2.53)
T

For a downward looking sensor in depth z, the fluorescence radiance is the sum of contribu-
tions from layers at depths z’ > z down to the bottom (depth zg), weighted by the transmission
of the water column between sensor and each layer. The transmission is obtained from the
Lambert-Beer law using the attenuation coefficient for upwelling radiance, k,. Hence,

L-(4,2) = Z_deF (4,2")-exp[-k, (1) - (z'-2)]dz'=
1 A , .
E j e () F'(2)-explk, (2) - (2-2)]dz'=

[ [ 3 a (1) 2 2B (210)- eXplK (4 + K, (4)- 7] explk, () 2]d7 02

z PAR i=0

1
dr
Solving the integral over depth leads to:

E,(1',0)

i \ddac Ay Y | (2.54)
K(4)+k, (1)

PAR i=0

Similar equations are used by Maritorena et al. (2000) and Huot et al. (2005) for optically
deep water (zg = ). Note that the factor A'/A is missing in their equations since they use pho-
ton number units (mol m™ s for fluxes, mol m? s™ sr* nm™ for spectral radiances).
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Eo(\', 0) is calculated from the downwelling vector irradiance using the approximation
Eo(?x,', O) = feo- EdO\", O—) (2.55)

with fgg = 1.30 (Maritorena et al. 2000) and Eq4(A', 0-) from eq. (2.33). K(A") is approximated
by K4(A") using eq. (2.5), and ky(A) is calculated using eg. (2.9).

The chlorophyll-a fluorescence quantum vyield, ncn(Ag), can be treated as fit parameter in
WASI with a default value of 0.01 (Gilerson et al. 2007). The parameters of the Gaussian
shaped fluorescence peak are set by default to Ar = 685 nm and o = 10.6 nm, which corre-
sponds to a FWHM of 25 nm. The wavelength range of PAR is set to 400—700 nm.
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2.12 Miscellaneous

2.12.1 Depth of light penetration

The light penetration depth zg4 is defined as the depth where the incident irradiance has de-

creased to a specified percentage peg. It is @ measure of water clarity. Calculation makes use
of the approximation E4(z) = E4(0) exp{—Kgq z}. Solving it for a given fraction pgq = E4(2) /

Eq(0) leads to:

Zeg (A) = —E—F();")- (2.56)

Kq4()) is calculated using eq. (2.5). peq is set by default to 1 % since the average of zg4(A) over
the photosynthetic active radiation (PAR) range 400 to 700 nm then yields the euphotic zone
depth, z19, wWhich is not only a quality index of an ecosystem but also an important property
for primary production and heat transfer in the upper water column (Lee et al. 2007). zgq4(A)
and its average over the PAR range can be visualized after Kq()) has been calculated.®

® Select in the menu bar “Display — peq depth”. peq can be changed in “Options — Models — Irradiance”.
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3. Forward mode

The forward mode allows to calculate a single spectrum or a series of spectra according to
user-specified parameter settings. The supported spectrum types are listed in Table 1.1.

3.1 Graphical user interface

Fig. 3.1 shows WASI's graphical user interface (GUI) at the example of the spectrum type

"Remote sensing reflectance”.
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Fig. 3.1: Graphical user interface of the forward mode. 1 = Drop-down list for selecting the spectrum type,
2 = Check box for switching between forward and inverse mode, 3 = Parameter list, 4 = Selection panel for
specifying the parameter iterations, 5 = Check boxes for selecting model options (model specific), 6 =
Menu bar, 7 = Start button, 8 = Plot window.

The GUI consists of 8 elements:

(1) Drop-down list for selecting the spectrum type. The user selects one of the spectrum types
from Table 1.1. If the spectrum type is changed, the parameter list (3) is updated such that
only the relevant parameters are activated. Also the model options (5) are updated.

(2) Check box for switching between forward and inverse mode. In the forward mode, this

box is not checked.
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(3) Parameter list. This list tabulates the parameters which are relevant for the selected spec-
trum type. It displays the parameters' symbols (in WASI notation, see Appendix 3) and
their actual values. Default values are read from the WASLINI file, actual values are set
by the user by editing the corresponding "Value" fields. Depending on the model options,
not all parameters may be relevant. Irrelevant parameters are disabled, i.e. the correspond-
ing symbol and value is displayed in gray colour, and the value cannot be edited.

(4) Selection panel for specifying the iterations. Up to 3 parameters can be iterated simultane-
ously during one run, thus the panel has 3 rows, one for each parameter. The iterated pa-
rameters are selected in the "Parameter" drop-down lists, their minimum and maximum
values in the "from" and "to" fields, and their numbers of values in the "steps” fields. The
"log" check boxes specify whether the intervals are equidistant on a linear scale (no hook)
or on a logarithmic scale (hook).

(5) Check boxes for selecting model options. Several spectrum types support options which
further specify the model, cf. Table 1.1. Each option is either switched on or off.

(6) Menu bar. Further details concerning the model, data storage and visualisation can be
specified in various pop-up windows, which are accessed via the menu bar.

(7) Start button. Calculation is started by pressing this button.
(8) Plot window. Each spectrum is plotted in this window after calculation. All curves are

plotted together in order to visualize the spectral changes for the chosen iterations. A
counter in the upper right corner is updated after each plot.

3.2 Calculation of a single spectrum

3.2.1 Mode selection

For calculating a single spectrum in the forward mode, the following settings must be made:

e Set forward mode: the "invert spectra” box (@ in Fig. 3. 1) is unchecked;
e No parameter iteration: select "none" in each "parameter” drop-down list (® in Fig. 3. 1).

3.2.2 Spectrum type selection

WASI allows to calculate 8 different types of spectra, see Table 1.1. The desired type is se-
lected in the main window from the drop-down list ® of Fig. 3. 1.

Several types of spectra support further options, see Table 1.1. If that is the case for the se-
lected type, the options are displayed at the bottom of the main window (® in Fig. 3. 1). Each
option is either switched on or off. The selection is done by marking the corresponding check
box with a hook. In the example of Fig. 3.1 three options are available:

(1) Above water. Since the check box is marked, the remote sensing reflectance will be cal-
culated for a sensor above the water surface; when the hook is removed, calculation is per-
formed for below the surface.
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(2) Wavelength dependent surface reflections. Since the check box is unmarked, the surface
reflections will be treated as constant (R<""(A) = o/n according to chapter 2.5).

(3) Calculate sigma_L from viewing angle. Since the check box is unmarked, the reflectance
factor for sky radiance, o, is treated as a parameter that can be defined by the user. Oth-
erwise, o would be calculated from the viewing angle using eqg. (2.18).

3.2.3 Parameter selection

All model parameters are read during program start from the WASIL.INI file. The parameters
which are relevant for the actual spectrum type are listed at the left side of the main window
(® in Fig. 3. 1). This list can be edited.

3.2.4 Calculation options

Several calculation settings are made in the pop-up window "Forward calculation settings"
which is shown in Fig. 3.2. This pop-up window is accessed from the menu bar via "Options -
Forward calculation™ (see Fig. 9.1)

© -
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r FoT
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i i £
o | [ add offset
s [IET
~
d: wazidhdataoffzet. bt J
F o B
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[v ifM < 131 zave all zpectra in a zingle table I
0K . Lancel |

Fig. 3.2: The pop-up window ""Forward calculation settings"".
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Add errors. Three types of measurement errors can be simulated:

e Low radiometric resolution. If the check box "reduce radiometric resolution” is marked
with a hook, the numerical accuracy is limited to the value shown in the corresponding in-
put field. For example, 0.005 rounds original real numbers such that values of 0.000,
0.005, 0.010, 0.015, etc. result. If "reduce radiometric resolution™ is not selected, the cor-
responding input field is not enabled.

e Noise. If the check box "include Gaussian distributed noise" is marked with a hook,
Gaussian distributed noise is added to each calculated value. Its standard deviation can be
chosen constant or wavelength dependent. A constant value is specified in the input field
"StdDev", a spectrally dependent noise pattern is imported from the specified file.

e Offset. If the check box "add offset" is marked with a hook, an offset is added to each cal-
culated value. It can be either chosen constant or wavelength dependent. A constant value
is specified in the input field "Offset"”, a spectrally dependent offset is imported from the
specified file.

Save spectra. Automatic saving of calculated spectra is activated by a hook in the check box
"save all spectra”. The directory is selected in the "Directories” window, see section 8.2 (Fig.
8.3). The calculated spectrum is stored in ASCII format as file B1.FWD. Note: If a file with
the name B1.FWD already exists, it will be overwritten without warning. Two additional files
are created automatically in the same directory as the spectrum. First, a copy of the initialisa-
tion file WASI.INI containing the actual parameter settings. It documents the data and param-
eters used for calculation. Second, a file CHANGES.TXT, which can be ignored; it is relevant
only if a series of spectra is calculated.

The check box "if N < 131, save all spectra in a single table" is not relevant for calculating a single spectrum.

3.2.5 Start calculation

Calculation is started by pressing the "Start™ button (@ in Fig. 3. 1).

After calculation, the resulting curve is plotted in the main window (® in Fig. 3. 1) and stored
automatically, if spectra saving is activated in the pop-up window "Forward calculation set-
tings" (Fig. 3.2).

3.2.6 Example

An example of a spectrum calculated in the forward mode is given in Fig. 3.3. The spectrum
type is irradiance reflectance in shallow water. The values of the model parameters are listed
in the parameter list at the left-hand side: phytoplankton concentration, C[0] = 2 ug/l; phyto-
plankton fluorescence quantum vyield, fluo = 0.01; concentration of suspended particles (type
), X = 0.6 mg/l; Gelbstoff absorption at 440 nm, C_Y = 0.3 m™; Gelbstoff exponent, S =
0.014 nm™; nis irrelevant since C_Mie = 0; water temperature, T_W = 20 °C; anisotropy fac-
tor, Q =5.0; sensor depth, z = 0.5 m; sun zenith angle, sun = 30.0°; bottom depth, zB =5 m;
areal fraction of bottom surface type no. 2 (fine-grained sediment), fa[2] = 1. The concentra-
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Fig. 3.3: A single irradiance reflectance spectrum calculated in the forward mode.

tions of other water constituents and the areal fractions of other bottom types are set to zero.
Irrelevant parameters for the chosen spectrum type are indicated by gray text color. The fact
that the displayed spectrum is a model curve (and not a measurement) is indicated by "simu-
lated spectra™ at top right.

A listening of the first lines of the file with the calculated spectrum is shown in Fig. 3.4. The
header specifies the spectrum type (irradiance reflectance), informs that the spectrum has been
created by the program WASI, gives the software version ("latest update™), lists the files
which contain additional information (WASI4.INI, CHANGES.TXT), and lists the wave-
length range (400 to 700 nm) that was used to calculate the average intensity (Avg). After the
header, the calculated spectrum is listed.
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Irradiance reflectance

This file was generated by the program WASI
Version 4 - Latest update: 17 January 2014
Parameter values in files: WASI4_INI, CHANGES.TXT
Average from 400 to 700 nm

No. 1

Avg 0.01670

380.00 0.004427
381.00 0.004462
382.00 0.004498
383.00 0.004533
384.00 0.004568
385.00 0.004604
386.00 0.004640
387.00 0.004679
388.00 0.004718
389.00 0.004756
390.00 0.004795

Fig. 3.4: Listening of the first lines of the spectrum from Fig. 3.3.
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3.3 Calculation of a series of spectra

3.3.1 General

Calculating a series of spectra in the forward mode is very similar to calculating a single spec-
trum. The only difference is that the parameter iterations have to be specified. Hence the steps
are as follows:

o Define the spectrum type: select the type from the drop-down list (O in Fig. 3.1);

e Set forward mode: uncheck the "invert spectra” box (@ in Fig. 3.1);

e Specify the parameter values: set the values of all model parameters in the parameter list
(®inFig. 3.1).

Up to three model parameters can be iterated simultaneously as described below. For these,
the parameter list entries are irrelevant since the values are set during iteration.

3.3.2 Specification of the iteration

3.3.2.1 Iteration over 1 parameter

For studying the dependence of a spectrum on a certain parameter, the values of that parame-
ter can be iterated over a user-defined range. WASI allows to iterate the parameters of Ap-
pendix 3. As shown in Fig. 3.5, the parameter to be iterated has to be selected from one of the
three "Parameter” drop-down lists of the selection panel@ of Fig. 3.1 (it is irrelevant, which
of the 3 lists); the selection in the two other drop-down lists must be "none". The range of
variation of the iterated parameter is specified by a minimum and a maximum value (“from",
"to"), and the number of calculated spectra by the number of steps (“steps™). If the check box
"log™ is marked with a hook, the parameter intervals are equidistant on a logarithmic scale,

Parameter from to steps log
o =] fotoo froo N
|nore =] fo100 1 4 -
[nore =] 1 |5.00 5

Fig. 3.5: Iteration over 1 parameter.

otherwise they are equidistant on a linear scale.

In the example of Fig. 3.5, the phytoplankton concentration C[0] is iterated from 0.100 to 10
ug/l in 7 steps which are equidistant on a logarithmic scale, i.e. 7 spectra with concentrations
of 0.100, 0.215, 0.464, 1.0, 2.15, 4.64 and 10 pg/l are calculated.

3.3.2.2 lteration over 2 parameters

When 2 parameters should be iterated, these parameters, their range of variation and the num-
ber of steps must be specified analogously to iterating 1 parameter. This is illustrated in Fig.
3.6.
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Fig. 3.6: Iteration over 2 parameters.

In the example of Fig. 3.6, the phytoplankton concentration C[0] is iterated as in Fig. 3.5 from
0.100 to 10 pg/l in 7 steps which are equidistant on a logarithmic scale, and Gelbstoff absorp-
tion at 440 nm, C_Y, is iterated from 0.100 to 1 m™ in 4 steps which are equidistant on a line-
ar scale, i.e. absorption values of 0.1, 0.4, 0.7 and 1.0 m™ are taken. Spectra are calculated for
each combination, hence the number of generated spectrais 7 - 4 = 28,

3.3.2.3 Iteration over 3 parameters

When 3 parameters should be iterated, these parameters, their range of variation and the num-
ber of steps must be specified analogously to iterating 1 or 2 parameters. This is illustrated in
Fig. 3.7.

Parameter from to steps log
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ey =] fotoo 4 -
[ =l |5.00 5

Fig. 3.7: Iteration over 3 parameters.

In the example of Fig. 3.7, phytoplankton concentration C[0] and Gelbstoff absorption C_Y
are iterated as in Fig. 3.6, but additionally the concentration of suspended particles, X, is iter-
ated from 1 to 5 mg/l in 5 steps which are equidistant on a linear scale, i.e. concentrations of
1, 2, 3, 4 and 5 mg/l are taken. Spectra are calculated for each combination, hence the number
of generated spectrais 7 - 4 -5 =140.

3.3.3 Data storage

Calculated spectra are stored automatically if saving is activated in the "Forward calculation
settings™ pop-up window shown in Fig. 3.2. Each spectrum is stored in a separate file; the file
names are Bnr.fwd with nr = file number. The extension fwd indicates that the spectra are the
result of forward calculations. The parameters which change from one spectrum to the next
are listed in the file changes.txt. A copy of the wasi.ini file is created for documenting
completely all parameters and input files. The directory where all the files are stored is select-
ed as described in section 8.2.
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If the number of calculated spectra is below 131, the spectra can alternately be stored in a
single file, spec.fwd. This option is selected by marking the check box "if N < 131 save all
spectra in a single table™ in the "Forward calculation settings” pop-up window (see Fig. 3.2).

3.3.4 Example

An example of a series of spectra calculated in the forward mode is given in Fig. 3.8.
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Fig. 3.8: A series of irradiance spectra calculated in the forward mode.

The spectrum type of Fig. 3.8 is irradiance reflectance. N = 15 spectra have been calculated
by iterating two parameters: phytoplankton concentration, C[0], was changed from 0 to 8 pg/I
in 5 steps, i.e. concentrations of 0, 2, 4, 6, 8 pug/l were taken, and the concentration of sus-
pended particles, X, was changed from 2 to 8 mg/l in 3 steps, i.e. concentrations of 2, 5 and 8
mg/l were taken. The values of the other parameters are shown in the parameter list at the left
side. The list values of the iterated parameters, C[0] and X, are invalid.

When "save all spectra” is activated in the "Forward calculation settings™ popup-window (see
Fig. 3.2), all 15 spectra are saved in ASCII format as separate files in the specified directory;
an example listening of such a file was given above in Fig. 3.4. The file names are B0O1.fwd,
BO2.fwd, ... B15.fwd.

If the number of calculated spectra is less than 131, and if the check box "if N<131 save all
spectra in a single table" of the "Batch mode options™ menu is marked with a hook, a single
table with the file name SPEC.FWD is created instead of separate files. An example of that ta-
ble is shown in Fig. 3.9.
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Irradiance reflectance

This file was generated by the program WASI
Version 4 - Latest update: 16 January 2012
Parameter values in Files: WASI4_INI, CHANGES.TXT
Average from 400 to 700 nm

No. 1 2 3 4 5

Avg 0.03564 0.08684 0.1311 0.02971 0.07362
380.00 0.01174 0.02756 0.04403 0.01088 0.02551
381.00 0.01189 0.02795 0.04465 0.01100 0.02581
382.00 0.01204 0.02834 0.04529 0.01111 0.02612
383.00 0.01220 0.02874 0.04594 0.01123 0.02643
384.00 0.01235 0.02914 0.04659 0.01135 0.02674
385.00 0.01251 0.02955 0.04725 0.01147 0.02706
386.00 0.01267 0.02996 0.04792 0.01159 0.02738
387.00 0.01283 0.03038 0.04861 0.01171 0.02770
388.00 0.01299 0.03081 0.04930 0.01184 0.02803
389.00 0.01316 0.03125 0.05000 0.01196 0.02836
390.00 0.01333 0.03169 0.05071 0.01209 0.02870

Fig. 3.9: The first lines and the first 5 columns of the file SPEC.FWD of the spectra series of Fig. 3.8.

The parameter values and input files used for calculating the spectra are documented by a
copy of the WASI.INI file, which is stored automatically in the directory of the spectra. The
values of the iterated parameters are tabulated in the file CHANGES.TXT. An example of that
file is given in Fig. 3.10.

This file was generated by the program WASI
Version 4 - Latest update: 16 January 2012
List of parameter values which differ from one spectrum to the next
Common parameter set of all spectra in Ffile: WASI4_INI
All spectra are the results of forward calculations
Spectra = Irradiance reflectance
Spectrum C[O] C L

BO1.fwd 0 2.000

BO2.fwd 0 5.000

BO3.fwd 0 8.000

BO4 . fwd 2.000 2.000

BO5. fwd 2.000 5.000

BO6 . fwd 2.000 8.000

BO7 . fwd 4.000 2.000

BO8. fwd 4.000 5.000

B09. fwd 4.000 8.000

B10.fwd 6.000 2.000

B11.fwd 6.000 5.000

B12.fwd 6.000 8.000

B13.fwd 8.000 2.000

B14.fwd 8.000 5.000

B15.fwd 8.000 8.000
Fig. 3.10: The file CHANGES.TXT of the spectra series of Fig. 3.8
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4. Inverse mode

Inverse modeling is the determination of model parameters for a given spectrum. More pre-
cisely, those values of the model parameters must be determined for which the correspond-
ence between model curve and given spectrum is maximal.

Three modes of operation are implemented for inverse modeling of spectra:

e Single spectrum mode. Inversion is performed for a single spectrum which the user loads
from file. After calculation, an overlay of imported spectrum and model curve is automat-
ically shown on screen and resulting fit parameters, number of iterations, and residuum
are displayed. This mode allows to inspect the results for individual measurements. It is
useful for optimizing the choice of initial values and the fit strategy before starting a batch
job.

« Batch mode. A series of spectra from file is inverted. After each single run, an overlay of
imported spectrum and model curve is automatically shown on screen. This mode is
useful for processing large data sets.

e Reconstruction mode. Combines forward and inverse modes. Inversion is performed for
a series of forward calculated spectra which are not necessarily read from file. The model
parameters can be chosen differently for forward and inverse calculations. This mode is
useful for performing sensitivity studies.

4.1 Graphical user interface

The graphical user interface (GUI) of WASI in the inverse mode is shown in Fig. 4.1. It con-
sists of 8 elements:

(1) Drop-down list for selecting the spectrum type. As in the forward mode.

(2) Check boxes for specifying the operation mode. In the inverse mode, the box “invert spec-
tra" is checked. A hook in the "batch mode" check box indicates that a series of spectra is
analyzed. Otherwise, a single spectrum is inverted (single spectrum mode). The check box
"read from file" selects whether the spectra are read from files (hook), or if previously
forward calculated spectra are used (reconstruction mode, no hook).

(3) Parameter list. The list tabulates the start values of the fit parameters. Defaults are read
from the WASIL.INI file, the user can change them by editing the "Value" fields. A hook in
a "Fit?" check box makes the corresponding parameter to a fit parameter, otherwise the
parameter is kept constant during inversion. In the single spectrum mode, the resulting fit
values are displayed after inversion is finished.

(4) The appearance of this area depends on the mode of operation. In the single spectrum
mode, the residuum and the number of iterations are shown here after calculation is fin-
ished. In the batch mode, this area is empty. In the reconstruction mode, the panel of the
forward mode for specifying the parameter iterations is displayed.

(5) Check boxes for selecting model options. As in the forward mode.
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Fig. 4.1: Graphical user interface of the inverse mode. 1 = Drop-down list for selecting the spectrum type,
2 = Check boxes for specifying the operation mode, 3 = Parameter list, 4 = Display elements depending on
mode of operation, 5 = Check boxes for selecting model options (model specific), 6 = Menu bar, 7 = Start
button, 8 = Plot window.

(6) Menu bar. As in the forward mode.
(7) Start button. Inverse modeling is started by pressing this button.

(8) Plot window. The input spectrum is displayed in blue, the fit curve in red. The window is
refreshed before a new pair of spectra is plotted, thus only the last pair remains on screen
when a series of spectra is analyzed. The file name of the imported spectrum is shown on
top right.

In the example of Fig. 4.1, a downwelling irradiance spectrum with the filename
BO9 309.Ed, which had been measured by a submersed irradiance sensor, was inverted in the
single spectrum mode. During inversion five parameters were fitted (C[0], C_Y, z, f _dd,
f_ds), the other parameters were kept constant. Parameters irrelevant for the spectrum type
"downwelling irradiance" are inactive, indicated by gray text and gray check boxes. Fit results
are C[0] =3.689 pug 1>, C_Y =0.2354 m ™, z=1.041 m, f dd = 0.8701 and f_ds = 1.045. The
fit converged after 287 iterations at a residuum of 3.39 mW m™.
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4.2 Inversion of a single spectrum

4.2.1 Spectrum selection
A single spectrum from file is selected as follows:

o Define the spectrum type: select the type from the drop-down list (O in Fig. 4.1);
e Load the spectrum.

Loading the spectrum is illustrated in Fig. 4.2. The pull-down menu "File" is opened from the
menu bar, and "Load" is selected (top). Then a pop-up window for file selection opens, where
the desired file is selected (bottom). Note: The layout of the file selection window depends on
the operating system and the language; here the version of Windows XP in German is shown.

EE_WAEI - Water color simulator

File Display Options Help

... -

3
Ve 03

Load INI-file
Save INI-file

Exit

=1 r I

-] « & ef E-

B

Bz Fivd
B3.Frud
B4.Frud
BS.Fiwd
Bt Fvd

D ateiname: IB'I j Offnen I
D ateityp: I * Fwad j Abbrechen |

%

Fig. 4.2: Loading a single spectrum for inversion. Top: Menu bar and pull-down menu "File. Bottom:
Pop-up window for selecting the file.

After the spectrum is loaded, it is automatically displayed in the plot window ® of Fig. 4.1,
and the program mode is automatically set to "single spectrum mode", i.e. the check boxes @
of Fig. 4.1 are set as shown in Fig. 4.3. No user action is required.
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[ irvert spectia
[~ batch mode

v read from file

Fig. 4.3: Check box settings of the single spectrum mode.

4.2.2 Definition of initial values

Initial values of each fit parameter are read from the WASLINI file. The user can change
them either in the parameter list ® of Fig. 4.1, or in the "Fit parameters” pop-up window,
which is more detailed, see Fig. 4.4.

i

| W ater n:u:unstituentsl &lgae classesl Ground u:u:werl Miscellanenusl

Parameter Unitzs Symbol  Fit Start Min Max
Feflection factor of Edd 1 rhio_dd o |E|_|:|2|:|2 II:I_EIEEIEI IE_EIEI
Reflection factor of Eds 1 tho_ds | II:I_EIESE I-E_IJEI IEEI.EI
Feflection factor of Lz 1 thio_ L H ||:|_|:|2|:|‘| IEI II:I_EEIEI
Fraction of Lz due ta Edd 1 g_dd v ||:|_|:|5|:||:| Il:l I‘I 0.0
Fraction of Le due to Edsr 1 q_dsr v II:I_EI:IEI IEI I'I 0.0
Fraction of L due to Edza 1 g_d=a v II:I_EII:H a0 IEI I'I 0.0
Default valuez |

ak Cancel |

Fig. 4.4: The pop-up window "'Fit parameters' with the register card ""Surface".

The pop-up window "Fit parameters"” is accessed from the menu bar via "Options - Inverse
calculation - Fit parameters” (see Fig. 8.1). It has seven register cards which sort the parame-
ters according to the categories Geometry, Illumination, Surface, Water constituents, Algae
classes, Ground cover, and Miscellaneous. Fig 4.4 shows as example the register card "Sur-
face". For each parameter, a short description, the physical units, and the symbol are listed. A
check box "Fit" determines whether the parameter is fit parameter or kept constant during
inverse modeling. The start value, as well as minimum and maxium values that are allowed
for the fit routine, can be specified. Pressing the button "Default values™ changes the complete
set of start values of the displayed register card to the default values from the WASI.INI file.
These default values are stored separately from the start values and can be changed only by
editing the WASL.INI file.
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4.2.3 Fit strategy

Inverse modeling aims to determine the values of unknown model parameters, called fit pa-
rameters. These are determined iteratively as follows. In the first iteration, a model spectrum
is calculated for user-defined initial values of the fit parameters. This spectrum is compared
with the measured one by calculating the residuum as a measure of correspondence. Then, in
the further iterations, the fit parameter values are altered using the Downhill Simplex algo-
rithm (Nelder and Mead 1965, Caceci and Cacheris 1984), resulting in altered model curves
and altered residuals. The procedure is stopped when the calculated and the measured spec-
trum agree as good as possible, which corresponds to the minimum residuum, or if the num-
ber of iterations is above some threshold. The values of the fit parameter of the step with the
smallest residuum are the fit results. WASI supports two options for residuum calculation:

e wavelength dependent weighting,
e 6 different minimisation methods.

The implemented equations to calculate the residuum are summarized in Table 4.1.

no. [ method y-values residuum

1 |least squares linear Ygit|m-f |2

2 |absolute differences | linear gt m-f|

3 |relative differences |linear Ygi|1-f/m|

4 |least squares logarithmic | ¥ g, - | In(m)) - In(f) |2
5 |absolute differences |logarithmic |¥ g - | In(m;) - In(f) |

6 |relative differences |logarithmic | % g. - |1 - In(f) / In(m; )|

Table 4.1: Implemented algorithms to calculate the residuum. g; = weight of channel i, m; = measured
value of channel i, f; = modeled value of channel i.

The residuum is calculated by averaging the weighted differences between measured and fit
curve over a user-defined wavelength interval. The weights g; are specified in the "Weights"
register card of the pop-up window "Fit tuning”, which is shown in Fig. 4.5 and accessed from
the menu bar via "Options - Invers calculation - Fit tuning” (see Fig. 8.1). Path and file name
of that function are displayed in the "File" field; the file can be exchanged by opening a file
selection window by pressing the "..." button. The number of header lines and the columns of
the x- and y-values have to be specified. If all wavelengths shall be weighted equally, the file
contains a constant function. Such a file with 1 as g; values, EINS_PRN, is set as default in
WASI.

Settings for all spectrum types

Iniial values | Final Fit | Rresidual Weights |

File: |d-/ashDATALEINS PRN |

Header lines IE
Colurin with s-values |1
Column with y-values IE

Fig. 4.5: The register card ""Weights' of the popup window "'Fit tuning".
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Settings for all spectrum types

Iniial values | Final Fit Fesidual | weights |

birirnize
" [~ p-values logarithmic
{+ Least squares [rri-F ™2
" Abzolute differences  [m-fl

{~ Relative differences  [1-f/ml

M = MERESN £ = A

Fig. 4.6: The register card ""Residual’ of the popup window "'Fit tuning".

The equation used to calculate the residuum is selected in the "Residual™ register card of the
pop-up window "Fit tuning”, which is shown in Fig. 4.6.

4.2.4 Definition of fit region and number of iterations

Which part of the spectrum is fitted and which data interval is taken for calculating the
residuum is specified in the "Final fit" register card of the "Fit tuning" menu, as shown in Fig.
4.7. The pop-up window is accessed from the menu bar via "Options - Invers calculation - Fit
tuning” (see Fig. 8.1). The maximum number of iterations forces the fit routine to stop; the
number should be set high enough that a forced stop is exceptional.

Settings for all spectrum types

Initial walues  Final Fit | Fiesiduall Weightsl

W avelength range fram ISEEI ko IEEEI rm

D ata interval |5 fi
b asimurn number of iterations I 1000

Fig. 4.7: The register card "Final fit"" of the pop-up window "'Fit tuning™'.
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4.3 Inversion of a series of spectra

4.3.1 Selection of spectra

A series of spectra is selected for inversion as follows:

Set the path of the input spectra in the menu "Options - directories”, field "Read spectra”.
Set the path for storing the results in the menu "Options - directories”, field "Save results",
input line "Inversion™.

Activate reading of spectra in the menu "Options - Invers calculation - Data in/out” (Fig.
4.7a), field "Batch processing™: mark the box "import series of spectra” with a hook and
choose path and files after clicking the "..." button. Alternately, specify file extension in
the input box "Extension".

Set the properties of the input files in the menu "Options - Invers calculation - Data
infout” (Fig. 4.7a), field "Input file format™: number of header lines, column of x-values,
column of y-values. If the sun zenith angle is provided in the input file, mark the box "sun
zenith angle available” with a hook and specify line, column and format of the angle. The
batch mode supports also files which contain several spectra in the format (X, yi, Yo, ...
yn). To read such files, mark the box "multiple columns per file" with a hook and specify
the maximum number N of spectra per file by editing the "max. columns™ box. "Column
with y-values™ specifies the column containing the first spectrum y;.

Activate or deactivate saving of each fitted spectrum in the menu "Options - Invers calcu-
lation - Data in/out” (Fig. 4.7a), field "Batch processing": select / deselect the box "save

calculated spectra” and choose the directory after clicking the "..." button.
=i

—Input file format

header lines = |1 7
column with x-values = |1
calurmn with y-values = |5

¥ zun zenith angle available

line = |1 ]
column = |5 Cancel |

units * deg [0-90]
oz [0-pid2)

Batch processing

[v import series of specha _I

D:AD aten\R amses\nicole\tmp

Extension = I".Ed

¥ multiple columns per file
max. columns = |1 1]

v isave calculated spechrd I

d:\temp

Fig. 4.7a: The pop-up window "'Data infout"".
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As a result of inversion, the fit results are stored in the table FITPARS.TXT. This table is gen-
erated at the specified path, irrespective whether saving of spectra is activated or deactivated.
If saving of spectra is activated, for each input spectrum a file is generated which lists the
spectral values of input and fit curve. The file names are identical to the input file names, but
the file extensions are set to INV.

4.3.2 Definition of initial values

When a series of spectra shall be inverted, the initial values can either be chosen identically
for every spectrum, or they are determined individually. The selection of the method is done
in the "Initial values" register card of the pop-up window "Fit tuning” menu, as shown in Fig.
4.8. The pop-up window is accessed from the menu bar via "Options - Invers calculation - Fit
tuning".

If the box "identical for all spectra” is marked with a hook, the initial values for every spec-
trum are taken from the parameter list, as described in section 4.1.3. Otherwise, there are two
options: either the results from the previous fit are taken as start values for the subsequent fit,
or some start values are determined from the spectrum itself. Which of these options is taken
is specified individually for each spectrum type in the register card "Settings for individual
spectra types"”. However, determination of start values from the spectrum itself is not possible
for every spectrum type. If there is no register card for a specific spectrum type, or if the reg-
ister card does not include a box labeled "automatic determination of initial values”, the re-
sults from the previous fit are taken as start values.

Fig. 4.8 shows as an example the register card for the spectrum type Irradiance reflec-
tance. "Automatic determination of initial values” is activated, i.e. the initial values are de-
termined from the spectra themselves. The implemented algorithms for automatic determina-
tion and the relevant user interfaces are described in chapter 4.3 "Optimisation of inversion".
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Fig. 4.8: The pop-up window "'Fit tuning"* with the opened register cards "Initial values' and "Irradi-
ance reflectance™ of deep water.
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4.4 Optimisation of inversion

4.4.1 Irradiance reflectance of deep water

The most important parameters that can be determined from irradiance reflectance spectra of
deep water are the concentrations of phytoplankton, Gelbstoff and suspended matter. A study
has been performed which investigated their retrieval sensitivity to errors (Gege 2002). It re-
sulted a very small sensitivity for suspended matter, some sensitivity for Gelbstoff, but very
high sensitivity for phytoplankton. The study suggested a procedure for initial values deter-
mination, which has been optimised by further simulations. Finally the 5-steps-procedure
summarised in Table 4.2 was implemented in WASI. The user can fine-tune the procedure in
the "Fit tuning™ pop-up window, which is shown in Fig. 4.8. It is accessed from the menu bar
via "Options - Invers calculation - Fit tuning".

Step |determine |algorithm Procedure

1 |Cyx Cumie analytical Determine a first estimate of Cx and Cy;. from an analytic equation
at a wavelength in the Infrared.

2 |Y,Cq analytical Determine a first estimate of Y and C, from analytic equations at
two wavelengths; for Cyx and Cy;e the values from step 1 are taken.

3 [Cx, Cumie, Y | fit Determine initial values of Cy, Cyie and Y by fit; C, is kept constant

at the value from step 2, Cx, Cyie and Y are initialized using the
values from steps 1 and 2, respectively.

4 1CyY,S fit Determine initial values of Cy, Y and S by fit; Cy is kept constant at
the value from step 3, Y is initialized using the value from step 3,
S is initialized by the user-setting from the parameter list.

5 [All parame- [ fit All parameters are fitted, starting with initial values for Cy, Cyje, Co,
ters Y and S from steps 3 and 4.

Table 4.2: Procedure for inversion of irradiance reflectance spectra of deep water.

Fine-tuning of steps 1 to 4 is done in the "Irradiance reflectance” register card of the "Fit tun-
ing" pop-up window. It is shown in Fig. 4.9. Steps 1 and 2 are performed if the check boxes
"Analytic estimate of ..." are marked with a hook. Otherwise the initial values from the pa-
rameter list or from the previous fit are taken, as described in section 4.2.2. Steps 3 and 4 are
tuned in the "Pre-fit" frames. The pre-fits are performed if "max. iterations™ is set to a value
larger than 1. At step 5 the user can define the wavelength range to be fitted, the intervals be-
tween data points, and the maximum number of iterations. The relevant user interface is
shown in Fig. 4.7.

Step 1. Suspended matter backscattering B, can be calculated analytically from the reflec-
tance at any wavelength, for which phytoplankton and Gelbstoff absorption are either known
or can be neglected. The equation of determination is obtained from the irradiance reflectance
model described in section 2.5.1. Two models are implemented:

ROY =f. — Cow®¥By (4.1a)
a(l)+b, ., (\)+B,
RG) =f. DB, (4.1b)

a(i)
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Settings for individual spectrum types
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Fig. 4.9: The register card "Irradiance reflectance™ for deep water of the pop-up window "Fit tuning"'.

Eq. (4.1a) is the Gordon et al. (1975) model, eq. (4.1b) the Prieur (1976) model, see section
2.5.1. If absorption of water and its constituents, a, is known at a certain wavelength Ar, Bo is
calculated as follows:

— aO\‘IR) ) RO\‘IR) _
B, = F—R(L,) bywir), (4.29)
B, = 2nl Rle) _p ), (4.20)

These equations are obtained by solving egs. (4.1a) and (4.1b) for By, respectively. Which is
used for calculating By depends on the selected R model. a(Ar) is calculated according to eq.
(2.3) using as inputs the values from the parameter list; typically a(Ar) is very close to pure
water absorption, aw(Ar), except for high Gelbstoff concentration.

The calculation of f depends on the selected f model, cf. chapter 6.2. If f is parameterised
solely as a function of the sun zenith angle (egs. 6.1, 6.3), the f value resulting from the given
sun zenith angle is taken. If f is parameterised additionally as a function of backscattering
(egs. 6.2, 6.4), fis calculated in two steps. First, the values from the parameter list are taken to
calculate backscattering at wavelength A using eq. (2.4); with that result a first estimate of f
is calculated. In the second step, eq. (4.2a) or (4.2b) is applied to calculate By using the f val-
ue from the first step. Then f is calculated again using eq. (6.2) or (6.4).

A special algorithm has been implemented for the f model f = constant. Obviously a constant
f value needs no further consideration for applying eq. (4.2a) or (4.2b). However, if that f
model is selected, f can be treated as a fit parameter. If fitting of f is activated, an initial value
for f can be calculated in addition to By as described in the following.
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Special case: Initial values for f and By

Calculation is based on reflectance values at two wavelengths Ar; and Aro (Mir2 > Mg ). It re-
quires that R(Ar1) # R(Ar2); if that is not the case, f is kept constant at the value from the parame-
ter list, and By is calculated as described above. Initial values determination makes use of eq.
(4.1a); no corresponding algorithm for eq. (4.1b) is implemented.

First the factor f is eliminated by taking the ratio of eq. (4.1a) for two wavelengths Ar ; and A 2:

R(A k1) '(aO"lR,l) +byw(Aiga)+ Bo) _ byw (A ir1)+ By (4.3)
R\ r2) '(a(xm,z) +byw(hir o)+ Bo) byw P ir2)+Bo .

Eq. (4.3) assumes that By is the same at Ar; and Ar . Multiplication of eq. (4.3) with the product
of both denominators leads to a quadratic expression in B, of the form

o-B2 +B-B,+y=0, (4.4)
with
o =RAr)—RMAR2); (4.52)
B= ROHR,l) '(aOHR,l) + bb,W (}\'IR,l) + bb‘W (7\'IR,2)) - (4.5b)
R(hir)- (a(km,z) +0yw (Mg ) +bpw (7"|R,2));
Y= RO\‘IR,l)'(aO\’IR,l) +bb,WO\‘IR,l)).bb,WO\‘IR,Z) - (4.5¢)

RO\'IR,Z) '(a(le,z) + bb,w (7\|R,2)) 'bb,w OHRJ) .

It has two solutions:
—BE+/B —4day
BO = 2— (4'6)
(04

The positive solution gives the correct value of B,. This is the algorithm for calculating B,. The al-
gorithm for calculating f is obtained directly from eq. (4.1a):

f =R(7HR2).aO‘ﬂR,z)"‘bb,w(?‘m,z)"’Bo ' 4.7

’ bb,W(A'IR,Z)J’_BO

It has been investigated how the accuracy of the retrieved C, values depends on the choice of the wave-
lengths g1 and Ar 2 and on the errors of the initial Y and C, values. The more A g and A g, are shifted
towards longer wavelengths, the better are the results. For Gelbstoff concentrations below 1 m™ the rela-
tive error of C_ is always below 20 % if both wavelengths are above 820 nm. For the MERIS channels
Mr1= 870 nm and Ar, = 900 nm the relative errors are always below 5 % for Y < 0.5 m™* and below 12
% for Y <1 m™. Hence, for sensors equipped with two or more channels above 820 nm and for moderate
Gelbstoff concentrations the analytical equations are well-suited to determine initial values of C_and f.

The conversion from optical units By to gravimetric concentrations C,, Cs is based on eq.
(2.4) assuming by (LX) = 1. Accordingly it is By = bp(A) — bpw(X) = CL - by * + Cs - bps* -
(MAs)". If Cs =0, Cy is calculated as

Bo (4.8a)

CL=—5—
bp L

Otherwise, i.e. for Cg # 0, the user-defined ratio r s = C./Cs is retained, hence the initial val-
ues of C, and Cg are calculated as follows:
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C, = By : Co=—L. (4.8b)

b;L_}_bE’S.tklRJ rLS
rLS }\'S

C_ can be determined in that way with an accuracy in the order of 1 % (Gege and Albert
2005).

Step 2. A non-iterative procedure based on two channels was found to be practicable for cal-
culating the initial concentrations of phytoplankton and Gelbstoff at an accuracy in the order
of 30 % (Gege and Albert 2005). If suspended matter concentration and the factor f are known
with little error, e.g. from step 1, the concentrations Co and Y can be determined analytically
from two wavelengths A, and A,. The equations of determination are obtained from the irradi-
ance reflectance model described in chapter 2.5.1:

b, ()
ay, () +Y-ai (1) +Cy-ag(1) +b, (1)

R(A) =f- (4.9)

Resolving the equation for the sum Y - ay*(A) + Co - ap*(A), and ratioing that equation for two
wavelengths yields the following ratio Ra:

* * P20 o 6)-b,0)

_Ya,()+Coay(h) | R(W) | (4.10)
AY-al(hy)+Co-ag(hy) f.M ~a,(A,)-b,(,)
R(7\,2) W 2 b 2

Since all functions on the right-hand side of this equation are known, Ra can be calculated.
Division of nominator and denominator of the center expression by C, leads to an equation
which has as single unknown parameter the ratio Y/Cy. Rewriting this equation yields the fol-
lowing expression:

Co 3-:((7“1) - RA'a:Obz)

The ratio of Gelbstoff to phytoplankton concentration is calculated using this equation. It is a
matter of optimisation to determine the best-suited wavelengths A; and A,. By inserting Y =
(YICy) - Co into eq. (4.9) and solving eq. (4.9) for C, the following expression is obtained:

(b0)
R(\,)
2 ) 22, )

0

Ay (7\'3) - bb (7"3)
(4.12)

C, =

Eq. (4.12) is used to calculate the phytoplankton concentration. It is a matter of optimisation
to determine the best-suited wavelength A3;. Gelbstoff concentration is then calculated using
eq. (4.13) with the results from egs. (4.11) and (4.12):
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y-Y.c,. (4.13)
CO

It has been investigated how the accuracy of the ratio Y/C, and of the Cy and Y values de-
pends on the choice of the wavelengths A1, A, and A3, on the errors of C,_ determination from
step 1 and on suspended matter concentration. The results of these studies are as follows:

e ) should be chosen below 470 nm;
e ), should be chosen below 500 nm;
e )3 should be chosen below 550 nm.

In each case, preference should be given to shorter wavelengths. A good choice is A, = Ao
since S errors don't affect Gelbstoff absorption at Ao. For A3 no separate wavelength must be
chosen, it can be set A3 = A,. Consequently, selection of only two wavelengths is implemented
in WASI. Their defaults are: A; =413 nm, A, = 440 nm.

Steps 3 and 4. These steps were suggested by Gege (2002). The newly developed steps 1 and
2 make them now unnecessary in most cases, but they are useful under certain conditions, for
instance if no suitable infrared channel is available for accurate determination of C_ or Cs, or
if S is fit parameter. Steps 3 and 4 improve the estimates for Cy, C, Cs and Y by including
additional spectral information, and a start value of S can be determined. Wavelength range,
data interval and maximum number of iterations for the fits of steps 3 and 4 are specified in
the "Pre-fit" frames of the register card "lIrradiance reflectance” of Fig. 4.9. If max. Itera-
tions is set to 0 or 1, the respective fit is not performed.

Step 5. Wavelength range, data interval and maximum number of iterations for the fit of step
5 are specified in the "Final fit" register card of the "Fit tuning™ pop-up window, see Fig. 4.7.
The maximum number of iterations forces the fit routine to stop; the number should be set
high enough that a forced stop is exceptional.

4.4.2 Irradiance reflectance of shallow water

Inversion of a shallow water irradiance reflectance spectrum determines in addition to the
parameters of deep water several parameters related to the bottom: bottom depth zg and areal
fractions f, of up to 6 bottom albedo spectra. The analytic function R*(1) used for inversion is
given by eq. (2.16). Since it consists of as much as 21 parameters, it is very important to ini-
tialise the fit parameters with realistic values. Otherwise the probability is large that the Sim-
plex gets lost in the high dimensional search space (up to 22 dimensions) and hence the fit
provides completely wrong results. Albert (2004) developed the well-working methodology
of Table 4.3 to increase step by step the number of estimated parameters, and he implemented
it in WASI.
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Step [determine [algorithm Procedure

1 |zp analytical Determine a first estimate of zz from an analytic equation at a
wavelength interval in the red.

2 |C,Cs analytical Determine a first estimate of C_ and Cs from an analytic equation
at a wavelength in the Infrared using the zg value from step 1.

3 |awc()) nested Estimate the total absorption spectrum of all water constituents for

intervals a wavelength interval in the visible using nested intervals. The

required values of zg, C, and Cs are taken from steps 1 and 2.

4 |Cq Y fit Determine a first estimate of Cy and Y by fitting the spectrum
awc()\) of step 3.

5 |f, f,=1/N The areal fractions of all bottom types are set equal; N = number
of considered bottom types.

6 |C,Cg,zg [fit Determine a second estimate of C, Cs, Y and zg by fitting a wave-
length interval in the infrared.

7 |CoV,S,zg |[fit Determine a first estimate of S, a second of Cy, and a third of Y
and zg by fitting a wavelength interval in the blue.

8 |[Al fit All fit parameters are fitted.

parameters

Table 4.3: Procedure for inversion of irradiance reflectance spectra of shallow water.

Fine-tuning of steps 1, 2, 4, 6, and 7 is done in the "Irradiance reflectance" register card of the
"Fit tuning” pop-up window. It is shown in Fig. 4.10. Steps 1 and 2 are performed if the check
boxes "Analytic estimate of ..." are marked with a hook. Otherwise the initial values from the
parameter list or from the previous fit are taken, as described in section 4.2.2. Steps 4, 6 and 7
are tuned in the "Pre-fit" frames. The pre-fits are performed if "max. iterations" is set to a val-
ue larger than 1. At step 8 the user can define the wavelength range to be fitted, the intervals
between data points, and the maximum number of iterations. The relevant user interface is
shown in Fig. 4.7.

Step 1. The equation (2.16), which parameterises irradiance reflectance of shallow water, is
simplified by setting K,w(}) = Kys(A) = Kg(A). The resulting equation,

R (L) = R(A\)-A, -R(A)-exp{-2K (L) -z, } +A, -R°(L)-exp{-2K, (1) -5},  (4.14)
is solved for zg:

1 InAl-R(k)—AZ-Rb(k).

Z, = 1 (4.15)
2K, (1) R(L)—R* (A

Various simulations were performed to study the accuracy of this equation depending on
wavelength and on errors of concentration and bottom type (Albert 2004). The wavelength
interval 600-650 nm was found to be best-suited, thus it is used by default in WASI. By aver-
aging the zg values of that interval, an accuracy of zg of typically 20—40 % can be expected at
moderate suspended matter concentration (< 10 mg/l) and zg < 10 m. Such accuracy is suffi-
cient to initialise zg.
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Settings for individual spectrum types
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Fig. 4.10: The register card "lIrradiance reflectance™ for shallow water of the pop-up window "Fit tun-
ing".

Step 2. Like in the deep water case, an analytic approximation of the reflectance spectrum is
solved for suspended matter backscattering By = by(1) — b, w() to obtain an analytic equation
for Bo. The analytic approximation of the reflectance spectrum is given by eq. (4.14) in which
R()) is replaced by eq. (4.1a). Solving this equation for By yields:

_ R ) [a) +by )]-by ()

B
° 1-R°(1)

: (4.16)

where

1 R™M(1)-A, -R°(1)-exp{-2K, (1) 2,
f 1-A, -exp{-2K, (1) -z} '
The conversion from optical units By to gravimetric units C., Cs uses eq. (4.8a) or (4.8b), as
for deep water.

RO(N) = (4.17)

Simulations of Albert (2004) showed that for zg > 2 m the accuracy is typically better than 20
% for C. + Cs< 5 mg/l and better than 40 % for C_ + Cs< 25 mg/l if 760 nm is taken as ref-
erence wavelength, which is used as default in WASI. Such accuracy is sufficient for initialis-
ing C. and Cs.

Step 3. Because eq. (4.14) cannot be solved analytically for Cy and Y, an intermediate step is
required to estimate the total absorption of all water constituents, awc. This is done iteratively
by the method of nested intervals, which is described in the following.

At wavelengths of non-negligible absorption of water constituents the values of R and Ky de-
pend on awc. When R is calculated using eq. (4.1a) and Ky using eg. (2.5), values for b, and a
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have to be assigned first. by is calculated using eq. (2.4); for its critical parameters C, and Cg
the values from step 2 are taken. a is calculated using eg. (2.3); the value of awc in that equa-
tion is treated as unknown and determined iteratively as follows. In the first step R and K are
calculated using a start value Ao for awc in eq. (2.3), and with these R and Kq values R™ is
calculated using eq. (4.14). In the next steps Ay is replaced in a systematic way with different
A values until one of the following stop criteria is reached: (1) the ratio § = R™", / R®"-1,
which is a measure of the deviation between calculated value R*"; and measurement R*", is
below a threshold dmin; (2) the number of iterations exceeds a threshold imax. The rule for cal-
culating Ai+1 from A; is as follows:

A+2 ifs<0
A, = ' (4.18)

A -2 ifss0
|

The value of the last iteration, Ai.1, is assigned to awc. These iterations are performed wave-
length for wavelength. The wavelength range 400-800 nm and a wavelength interval of 5 nm
were found suitable, thus these are used by default in WASI. As a result an estimate of the
spectrum awc(X) is obtained. Ag =5 m™, A=1m™, 8min = 0.01 and imax = 100 are set as de-
faults in WASI. Wavelength range, wavelength interval, and inax can be changed in the frame
labeled "C[0] and C_Y by nested intervals and fit of absorption spectrum” of Fig. 4.10. Ay, A,
and dmin can be changed by editing the WASLINI file.

Step 4. A first estimate of the two parameters Cy and Y is determined by fitting the spectrum
awc(A) from step 3 with the Simplex algorithm using eq. (2.1). The parameters C;...Cs and D
of eq. (2.1) are set to zero in this step. For wavelength range, wavelength interval, and inax the
same values are taken as in step 3.

Step 5. The areal fractions f, of all those bottom types are set equal which are marked as fit
parameters.

Steps 6 and 7. These steps can be tuned by the parameters in the two "Pre fit ..." frames of
Fig. 4.10.

Step 8. Wavelength range, data interval and maximum number of iterations are specified in
the "Final fit" register card of the "Fit tuning” pop-up window, see Fig. 4.7. The maximum
number of iterations forces the fit routine to stop; the number should be set high enough that a
forced stop is exceptional.

4.4.3 Remote sensing reflectance of deep water

The remote sensing reflectance of deep water above the surface, Rys(1), is calculated using eq.
(2.20a), (2.20Db) or (2.20c); that below the surface, Rys (1), according to eq. (2.17a) or (2.17b).
Rrs(1) has 25 parameters which may be fitted, Rys (1) has 15. This high number of fit parame-
ters makes fit tuning necessary. In particular it is important to find suitable start values of the
parameters, i.e. to start with initial values which are not too different from the final results.
The user interface for controlling fit tuning is shown in Fig. 4.11. It is accessed from the menu
bar via "Options - Invers calculation - Fit tuning".
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Settings for individual spectrum types

Irradiance] Iradiance reflectance  Remote sensing reflectance
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from | 380 to (450  nm steps |5 nm max. |terations 100

Fig. 4.11: The register card ""Remote sensing reflectance' for deep water of the pop-up window ""Fit tun-
ing".

If a downwelling irradiance measurement is available, the number of fit parameters for Rs(1)
can be reduced by 4 (o, B, v, 8). In this case the box "use Ed measurement” should be marked
with a hook, and the measured spectrum has to be specified.

Most of the initial values are taken from the parameter list in the main window. However, for
some parameters an automatic determination is possible: for a, B, v, 6 if an Ed measurement
is available, for Cx and o from a pre-fit in the Infrared, and for Co, Y, S and Q from a pre-fit
in the Blue. These pre-fits are activated by chosing a value >1 for "max. Iterations". The
wavelength intervals, steps and maximum number of iterations have to be specified for each
pre-fit. If "max. Iterations™ is set to 0 or 1, the corresponding pre-fit is not performed.

4.4.4 Remote sensing reflectance of shallow water

For inversion of remote sensing reflectance spectra also the 8 steps of Table 4.3 are per-
formed. The only difference to the case of irradiance reflectance is that all R spectra are re-
placed by the corresponding R spectra.
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4.4.5 Downwelling irradiance

The downwelling irradiance above the water surface, E4(A), is calculated according to eq.
(2.1) as a weighted sum of 4 spectra. Since the curve forms of these spectra are quite differ-
ent, it is not possible to obtain similar sum curves by using rather different sets of weights. In
other words, the solution of the inversion is unequivocal. Consequently, no fine-tunig of the
inversion scheme is necessary.

The downwelling irradiance below the water surface, Eq (A), is calculated according to eq.
(2.4) using the above-water spectrum Eg(A). For E4(L) either the parameterization of eq. (2.1)
can be chosen, or a measured spectrum can be taken. The selection is done in the register card
"Irradiance™ of the pop-up window "Fit tuning”, which is shown in Fig. 4.12. It is accessed
from the menu bar via "Options - Invers calculation - Fit tuning".

Settings for individual spectrum types

| Irradiance reflectance I Remote sensing reflectance I

—Subzurface dowrnwelling iradiance

[T usze Ed measurement [no fit of Ed, only of B)

File: |d:xwasixdataxdeman_dnme2H.|:1 |

Header lines |30 HeCalumn |'| Y-EnlumnIE

Fig. 4.12: The register card "Irradiance of the pop-up window ""Fit tuning"".

Downwelling irradiance spectra below the water surface are not very different from those
above the surface, i.e. the curve form of E4 (A) depends much more on the parameters of
Eq(1) than on those of R(A). Hence small errors of E4(A) cause large errors of the retrieved
parameters of R(L). Thus the option of using E4(A) measurements for fitting Eq (1) must be
applied with care; in general it should not be used.’

" The option has been included for consistency reasons: Eq(A) measurements are useful for inversion of
upwelling radiance and specular reflectance spectra.
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5. Reconstruction mode

The reconstruction mode is a combination of forward and inverse mode: A spectrum is calcu-
lated in the forward mode, and subsequently this spectrum is fitted in the inverse mode. The
model parameters of the forward calculation are stored together with the fit parameters of the
inversion in one file; the spectrum may be saved or not. Analogously to the forward mode, up
to three parameters can be iterated simultaneously. Parameters of the forward mode and of the
inverse mode can be chosen differently. The mode is called reconstruction mode because in-
version reconstructs model parameters of the forward mode at altered conditions. It is useful
for sensitivity studies.

5.1 Definition of parameter values

Initial values of each fit parameter are read from the WASIL.INI file. The user can change
them most conveniently in the parameter list at the left side of the main window (or alterna-
tively in the "Fit parameters™ pop-up window, see Fig. 4.4). An example is shown in Fig. 5.1.

Drawramelling iradiance il
Parameter Yalue I d J
alpha IEI.2EIEI
Start [ irvert spectra
beta IEI.1EIEI
gamma IEI.1EIEI
delta ¥ abowve water

1]

nue

Drawrwweliing iradiance b
Parameter Fit? Yalue I d J
alpha IF ||:|2|:||:|
Start ¥ invvert spectia
beta IDDEDD

[+ batch mode
[~ read from file

0.200

[+ above water

v
gamma v
delta I

-

1]

e

Fig. 5.1: Example of a parameter list. Top: values of forward modeling; bottom: start values of inversion.

By clicking the "invert spectra™ check box, the user can quickly switch between the forward
and inverse values. Fig. 5.1 shows as an example the parameter list of the downwelling irradi-
ance model above the water surface. On top the forward values are shown, on bottom the start
values of the inverse mode. The forward and inverse values are chosen identical for two pa-
rameters (alpha, delta), and differently for three other parameters (beta, gamma, nue).

Fig. 5.1 is an example how to study propagation of model errors. A different value of the pa-
rameter nue is chosen for forward and inverse calculation, and nue is not fitted. This is an
efficient way to introduce a well-defined model error: the error of the inverse model is at-
tributed to the parameter nue, and the error is given quantitatively as nue"™" — nue®"™" = 0 —
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1. Due to the wrong nue value, the fit cannot find the correct values of the fit parameters al-
pha, beta, gamma. The errors of these parameters depend only on the nue error. In this way,
the sensitivity of alpha, beta, gamma on nue errors can be studied. Systematic investigations
of such error propagation are the basis of sensitivity studies.

Error propagation can be investigated systematically by iterating the erroneous model pa-
rameter during forward calculation. The way to do this is explained in section 3.3.2. Fig. 5.2
shows as example how to study systematically the errors caused by wrong values of the pa-
rameter nue: nue is iterated from -1 to 1 in 11 steps. Thus, 11 spectra are calculated in the
forward mode with nue values of -1, -0.8, ..., 1, and these spectra are subsequently fitted. If
nue is fixed during inversion like in Fig. 5.1, a series of inversion results is obtained for a sys-
tematically changing error of the parameter nue.

Parameter from to stepz log
e =] |00 | 11
[nore =] |1 |200 20
[nore =] |n.0T000 100 EN

Fig. 5.2: Iteration of the parameter nue.

5.2 Definition of output information

The results of fitting a series of spectra are stored in a single file, FITPARS.TXT. Fig. 5.3
shows as an example a listening of this file for the settings of Figs. 5.1 and 5.2. The first lines
explain the file content and summarize relevant information.

The first column of the data block of the file FITPARS.TXT, headed "File", lists the file names
of the calculated spectra. Whether the spectra are saved or not, decides the user. As sensitivity

This file was generated by the program WASI
Version 2.4 - Latest update: 6 July 2004

List of fitted parameters which may differ from one spectrum to the next
Common parameter set of all spectra in file: WASI.INI
Errors are given in %: error = 100*(inv/fwd-1)

fwd Inversion inv inv inv error error error

File nue lterations Residuum alpha beta gamma alpha beta gamma
BO1 -1.000 105 0.166 0.186 0.0741 0.146 -7.00 -25.9 46.0
B0O2 -0.8000 111 0.129 0.189 0.0794 0.136 -5.50 -20.6 36.0
BO3 -0.6000 112 0.0957 0.192 0.0845 0.126 -4.00 -15.5 26.0
B04 -0.4000 114 0.0654 0.195 0.0895 0.117 -2.50 -10.5 17.0
BO5 -0.2000 118 0.0383 0.197 0.0945 0.108 -1.50 -5.50 8.00
B06 -5.551E-17 103 0.0147 0.199 0.0993 0.0998 -0.500 -0.700 -0.200
BO7  0.2000 99 0.0103 0.201 0.104 0.0919 0.500 4.00 -8.10
BO8  0.4000 110 0.0281 0.203 0.109 0.0844 1.50 9.00 -15.6
BO9 0.6000 111 0.0444 0.204 0.113 0.0773 2.00 13.0 -22.7
B10 0.8000 142 0.0585 0.206 0.118 0.0705 3.00 18.0 -29.5
B11 1 96 0.0703 0.207 0.123 0.0641 3.50 23.0 -35.9
mean= -6.056E-17 111 0.06557 0.1981 0.09894 0.1019 2.86 13.2 22.3
max= -1.000 142 0.1663 0.2070 0.1230 0.1460 -7.00 -25.9 46.0

Fig. 5.3: Example of the output file FITPARS. TXT.
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studies are generally based on a large number of spectra, usually not all spectra are saved, but
only a few for illustration purposes. Thus, a study may be performed in two steps: in the first
step, the parameters of interest are iterated over the interesting ranges with few steps, and the
resulting spectra are saved; in the second step, the calculations of step 1 are repeated, but with
much more steps, and without saving the spectra. How to save forward calculated spectra is
described in sections 3.2.4 and 3.3.3, the corresponding pop-up window is shown in Fig. 3.2.
How to save fit spectra is described in section 4.3.1. How the directories are selected is de-
scribed in section 8.1, the corresponding pop-up window is shown in Fig. 8.2.

The second column of the data block lists the values of the parameter which is iterated during
forward calculation. The abbreviation "fwd" in the heading of this column means "value of
forward calculation™, the heading's second line specifies the parameter name. If more than one
parameter is iterated, similar columns are added. In the example of Fig. 5.3, 11 values of the
parameter nue (-1.000, -0.800, ..., 1) were taken for forward calculation. Since the other mod-
el parameters were hold constant for the series of forward calculations, these are not included
in this file; their values are documented in the WASI.INI file, as indicated in the header in-
formation.

All subsequent columns summarize the results which were obtained by fitting the forward
calculated spectra. The column headed "Inversion lIterations” shows the required number of
iterations of the fit routine (see 4.2.4). The next column, "Residuum®, lists the residuals,
which are a measure for the correspondence between the forward calculated spectrum and the
fit curve (see 4.2.3.1). The next columns tabulate the resulting values of the fit parameters.
The abbreviation "inv" in their heading means "value of inverse calculation”, the heading's
second line specifies the parameter name. Each parameter, for which in the parameter list the
corresponding check box "Fit?" is marked with a hook, is represented by such a column. In
the example of Fig. 5.3 these are the parameters alpha, beta, gamma.

The specific results of the reconstruction mode are tabulated in the last colums. These col-
umns, labeled "error” and headed by parameter names, list the relative errors of user-selected
parameters. The selection which parameters to tabulate, is done in the pop-up window "Re-
construction mode settings", which is shown in Fig. 5.4. This window is accessed from the
menu bar via "Options — Reconstruction mode™, see Fig. 8.1. The relative errors are calculated
as 100 * (inv/fwd — 1), where "inv" is the fit result of inverse modeling and "fwd" is the pa-
rameter value used during forward calculation. Hence, the relative errors are the fit parame-
ter's deviations from the "true" values in percent.
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Fig. 5.4: The pop-up window "Reconstruction mode settings"".
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6. 2D mode

The 2D mode allows to visualize and invert hyperspectral and multispectral image data using
the models described in chapter 2. It is intended primarily to process atmospherically correct-
ed images from airborne sensors and satellite instruments in units of upwelling radiance or
remote sensing reflectance. Please refer to Gege (2014) for a detailed description.
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7. Model options

7.1 Downwelling irradiance

The spectrum type "Downwelling irradiance" is activated by selecting in the main window
"Downwelling irradiance™ from the drop-down list above the "Start" button, see Fig. 6.1 right.
After the spectrum type is selected, the check box "above water" appears on the screen, and
the relevant parameters are activated in the parameter list (Fig. 7.1 left). The example of Fig.
7.1 shows the parameters of the irradiance model below the water surface (equation 2.29).

Parameter Yalue Parameter Yalue

Clo] W sUh W

C[] ||;|— view ||:|—

C[2] |n— f_dd |1—

C[3] |n— f_ds |1—

C[4] |n— H_oz W

C[5] |n— alpha W

fluc IW beta Im

Bl [ w [2500

.S ||:|— zigma_dd I‘I—

CD |n— rhio,_dd W

B W o, ds W

5 M Falll] |n—

: " I—ISDDD :E; I—IE IDDwnweIIing imradiance j
r 04000 | falE] o]

0 [oo0 | feld] o]

z W FalE] |n— = t
=B IW dpowve Water

Fig. 7.1: Parameter settings of the spectrum type "Downwelling irradiance". Left: Parameter list for
in-water calculation. Right: Drop-down list with ""Downwelling irradiance' selected as spectrum
type and "above water" check box.

A number of options are available for calculating downwelling irradiance. These are set in the
register card shown in Fig. 7.2. It is accessed from the menu bar via "Options — Models - Irra-
diance".

The first panel "Reflection factors for downwelling irradiance™ is used to specify how reflec-
tion of downwelling irradiance at the water surface is calculated. The reflection factor for the
direct component, pqq, is calculated by default using the Fresnel equation (the check box
"Calculate rho_dd using sun zenith angle and Fresnel equation™ is marked with a hook). Al-
ternately, a user-defined value can be used (by de-selecting that check box and entering the
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Fig. 7.2: The register card "lrradiance™ of the pop-up window "Options — Model"'.

L« |

desired value in the "rho_dd" box). Similary, the reflection factor for the diffuse component,
pas, Can either be calculated using equation (2.24) by activating the check box "Calculate
rho_ds using sun zenith angle and empirical equation”, or the value of pgys can be specified by
the user in the "rho_ds" edit box. The second panel "Reflection factor for upwelling irradi-
ance" is used to specify the value of p,.
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7.2 Irradiance reflectance

The spectrum type "Irradiance reflectance" is activated by selecting this type in the main win-
dow from the drop-down list above the "Start" button, see Fig. 7.2 left. After the spectrum
type is selected, one of the two parameter lists shown in Fig. 7.2 is displayed: if the check box
"shallow water" below the "Start button™ is not marked, the short list is displayed (Fig. 7.2
center), otherwise the long list is displayed (Fig. 7.2 right). Only 25 of the 36 parameters of
the shallow water model can be displayed simultaneously; for displaying the hidden parame-

Parameter Value =
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C[1] In—
Cl2] |n—
C[3] In—
C[4] ID—
C[A] ||;.—
CL |1—
C_S |n—
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ctil e o
(| IEI T IW
BE) CR Foo
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CI5] ID— almhat IW
C_L I'I— Letst IW
- IEI— FETEE IW L
L= IEI— delbaf In—
C_y [0zm0 e N
Irradiance reflactance j i I_IEDMD Z::a IE?EE
Start T W IW A= IW
N IW delta In—
W shallows water F| IW f W LI

Fig. 6.2: Settings of the spectrum type "lrradiance reflectance™ in the main window. Left: Drop-
down list with "Irradiance reflectance' selected as spectrum type. Center: Parameter list of the
deep-water model. Right: Parameter list of the shallow-water model.

ters, the scroll bar to the right of the "Value" fields has to be moved up- or downwards.

Irradiance reflectance spectra R(A) are calculated using the Gordon algorithm, see eq. (2.14a),
or the Prieur algorithm, see eq. (2.14b). Both algorithms parameterize R(A) as a function of
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—&lgorithim
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CR=tf*bhia Frieur (1976

—f factor
" f = constant Gardon et al. (19745)
{ 1=0975- 0629 * cos(sun_w) Kirk (1984}
= 06279-0.2227n-0.051 302 + (-0.3119+0 2465n) * cos(sun) Marel & Gentili (1991}
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Ok I Cancel

Fig. 6.3: The register card ""Reflectance™ of the pop-up window ""Model options".

absorption and backscattering and thus require as parameters the concentrations of the differ-
ent phytoplankton classes (Ci = CJ[i], 1 =0, 1, ..., 5), of large (C_ = C_L) and small (Cs=C_S)
suspended particles, of detritus (D = C_D) and of Gelbstoff (Y = C_Y), and the Angstrom
exponent (n), water temperature (T = T_W), proportionality factor (f), and eventually
Gelbstoff exponent (S). f can either be treated as a parameter, or it can be calculated as a func-
tion of absorption, backscattering and the sun zenith angle.

R algorithm and f calculation method are selected in the "Reflectance” register card of the
"Model options” pop-up window, which is shown in Fig. 6.3. The pop-up window is accessed
from the menu bar via "Options — Models".

The factor of proportionality, f, depends on the scattering properties of the water and on the
illumination geometry. In WASI, f can either be treated as a parameter, or it can be calculated
using one of the following algorithms:

f=0.975-0.629 - c0S 0'sun (6.1)
f=0.6279 — 0.2227 - 1o — 0.0513 - 12 + (=0.3119 + 0.2465 - 1) - COS Osun (6.2)
05 63)

~ 0.5+cos Oun
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Backzcattering coefficient ID.UU1 44 m*=1 at 500 nm

—Large particle

v correlate with phytoplankton (set _L = C_P, useful in case-1 water types)

[~ scattering function from file
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Ok Cancel |

Fig. 6.4: The register card ""Backscattering™ of the pop-up window ""Model options'. The settings are
not the default settings of WASI; they correspond to the model of Sathyendranath et al. (1989).

f = 0.1034- (1+3.3586 - X —6.5358 x* +4.6638- x3)-(1+%). (6.4)

Equation (6.1) is taken from Kirk (1984), (6.2) from Morel and Gentili (1991), (6.3) from
Sathyendranath and Platt (1997), and (6.4) from Albert and Mobley (2003). 6, is the sun
zenith angle above the water surface, 6's,n below the surface. The factor n, in eq. (6.2) is the
ratio b, w/by. The factor x in eq. (6.4) is by/(a+by) for the Gordon algorithm and by/a for the
Prieur algorithm.

The options for calculating absorption are described in section 6.3. Those for calculating
backscattering are set in the register card "Backscattering” of the pop-up window "Model op-
tions", see Fig. 6.4.

Backscattering by large particles

In Fig. 6.4 the box "correlate with phytoplankton™ determines whether C_ of eq. (2.15) is
treated as an independent parameter (no hook), or if C_ = Cy is set, with Cy = C[0] denoting
phytoplankton concentration (hook). In case-1 water types suspended matter is highly corre-
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lated with phytoplankton, hence it is suggested to mark the box for case-1 waters, but not for
case-2 waters.

The boxes "scattering function from file" and "scattering function calculated from phyto-
plankton absorption™ are exclusive, i.e. exact one of both is marked with a hook. They deter-
mine how the function b (1) of eq. (2.15) is selected: it is either read from file ("scattering
function from file" is marked) or it is calculated from the specific absorption spectrum of phy-
toplankton (the other box is marked). Calculation is useful when suspended matter and phyto-
plankton are highly correlated, i.e. for case-1 waters, otherwise a spectrum independent from
phytoplankton should be taken. If no information about the spectral dependency of backscat-
tering by large particles is available, it is a good idea to use a constant function b (1) = 1. This
provides good results for instance in Lake Constance (Heege 2000). By default, b (A) = 1 is
read from the file eins.prn. For reading another file, the WASI.INI file must be changed
accordingly.

The box "nonlinear with concentration” determines whether the specific backscattering coef-
ficient by, * of eq. (2.15) is treated as constant (no hook), or if it is calculated as A - C.®
(hook). B is the value in the input field "Power of C_L", which is visible only in the nonlinear
case. The value in the input field "Specific backscattering coefficient” corresponds to by * in
the linear case, and to A in the nonlinear case. The "at ... nm" input field of Fig. 6.4 specifies
the wavelength where the specific backscattering coefficient is valid. After a scattering func-
tion is read from file or calculated from phytoplankton absorption, it is normalized at that
wavelength.

Backscattering by small particles

The value in the input field "Specific backscattering coefficient™ of the "Small particles” sec-
tion of Fig. 6.4 corresponds to b, s* of eq. (2.15). The "at ... nm" input field specifies the
wavelength As of eq. (2.15).
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7.3 Absorption

The spectrum type "Absorption” is activated by selecting in the main window "Absorption”
from the drop-down list above the "Start™” button, see Fig. 6.5 left. After the spectrum type is
set to "Absorption”, the check box “include pure water" (Fig. 6.5 left) and the parameter list
shown in Fig. 6.5 right are displayed.

Parameter Yalue
i) oo
Cif] O
Ci2l O
i3] O
Cl4) O
Ahbzarption j E[i]: IE—
C_Y [0300
5 [oo40
[T include pure water T_W IW

Fig. 6.5: Settings of the spectrum type "Absorption' in the main window. Left: Drop-down list with
"Absorption" selected as spectrum type and "'include pure water" check box. Right. Parameter list.

The spectrum type "Absorption” supports two options: include or exclude pure water absorp-
tion. If pure water absorption is included (check box is marked with a hook), the absorption
spectrum of the water body is calculated using eg. (2.3). Otherwise (no hook) absorption of
the water constituents alone is calculated using eq. (2.1).°

Parameters of the absorption model are the concentrations of the 6 phytoplankton classes (C;
=C[i],i=0, 1, ..., 5), the concentration of detritus (D = C_D), Gelbstoff concentration (Y =
C_Y), and eventually Gelbstoff exponent (S) and water temperature (T = T_W). T is model
parameter if pure water absorption is included; it is not required for calculating absorption of
the water constituents.

Whether S is model parameter or not depends on the choice of the specific Gelbstoff
absorption spectrum ay*(). It can either be read from file, or it can be calculated during run-
time using eq. (2.2). The selection is done in the "Absorption™ register card of the pop-up
window "Model options”, which is shown in Fig. 6.6. The corresponding boxes “exponential
function" and "specific absorption from file" are exclusive, i.e. exact one of both is marked
with a hook. The input field "Normalize absorption spectrum at ... nm" specifies the
wavelength Ao where ay*(A) is normalised.

® Most spectrum types included in WASI depend on the absorption of the water body. For all types which use
absorption implicitely, the absorption spectrum includes pure water, i.e. absorption is calculated according to eq.
(2.3).
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Fig. 6.6: The register card ""Absorption of the pop-up window ""Model options".

The input spectrum ax™*(L) may be normalized after it is read from file, or not. The selection is
done in the check box "Normalize absorption spectrum™ of the "Particles"” section of Fig. 6.6.
If normalization is selected, the corresponding wavelength A, must be specified in the "at ...
nm" input field. When ax*(A) is normalized, the concentration of large suspended particles is
given in units of absorption at the reference wavelength A, otherwise it is given in units relat-

ed to the units of the input file. By default ax*(\) is normalized.

The 10 input spectra aw(L), daw/dT()), ay*(R), ax*(1), ai*(1) with i1=0..5, are read from files
which are specified in the initialisation file WASLINI. If these spectra should be replaced by

other spectra, the WASIL.INI file must be changed accordingly.
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7.4 Bottom reflectance

The spectrum type "Bottom reflectance” is activated by selecting this type in the main win-
dow from the drop-down list above the "Start" button, see Fig. 6.7 left. After the spectrum
type is set to "Bottom reflectance”, the check box "radiance sensor" (Fig. 6.7 left) and the
parameter list shown in Fig. 6.7 right are displayed.

Parameter VYalue
= fa[0] [D200
Bottom reflectance & Fa[1] ID—
fal2] [Dz00
Start Fa(3] W
Fa[4] o
¥ radiance sensar Fal3] Il:l—

Fig. 6.7: Settings of the spectrum type ""Bottom reflectance' in the main window. Left: Drop-down list
with ""Bottom reflectance" selected as spectrum type. Right: Parameter list of the forward mode.

If the check box "radiance sensor" is marked with a hook (like in Fig. 6.7 left), the bottom
reflectance is calculated for a radiance sensor using eq. (2.22). Otherwise, it is calculated for
an irradiance sensor using eq. (2.21).

Bottom albedo (irradiance reflectance) is calculated as a weighted sum of 6 albedo spectra.
The weights f, = fa[n], n = 0..5, are the relative areas of the 6 bottom types within the sensor's
field of view. Consequently, it is X f, = 1, thus only 5 of the f, are independent parameters,
while one is calculated using X f, = 1. Which of the weights is adjusted in this manner is de-
fined in the register card "Bottom" of the pop-up window "Model options”, see Fig. 6.8. It is
accessed from the menu bar via "Options — Models" (see Fig. 8.1). The selection is done in
the box "Adjust bottom albedo”. If "none™ is selected, the weights are not automatically ad-
justed. In the example of Fig. 6.8 the weight for surface no. 3 is automatically adjusted. This
is visible in the main window by an inactive input box for fa[3] in the parameter list, i.e. the
calculated value is displayed in gray instead of black, see Fig. 6.7 right.

For a radiance sensor the bottom reflectance spectra are weighted additionally to f, with re-
flection factors By, which are the ratio of radiance reflected in the direction of the sensor rela-
tive to the downwelling irradiance. For an isotropic (Lambertian) reflecting surface it is B, =
1/m = 0.318 sr, thus 0.318 sr* are the default values for all B,'s. The reflection factors can be
set for each surface type individually in the register card "Bottom" of the pop-up window
"Model options”, see Fig. 6.8.
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E:- Model options

Fig. 6.8: The register card ""Bottom" of the pop-up window ""Model options"".
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8. Implicite spectra

All calculations of WASI make use of spectral data which are either imported from file or
calculated during run-time. In particular some calculated spectra can be of interest, for
instance to estimate spectral details of the radiation or bulk optical properties of the
atmosphere or the water body, or for comparison with independent measurements. All
implicite spectra can be visualised using the "Display” item of the menu bar as shown in Fig.
8. 1.

mwnSI - Water color simulator B ] 54
Fllz | Displawy ©Options  Help
waker L3
phrytoplankkon 3
suspended makker b Transmittance of the atmosphere after water vapor abzorption Calculated spectum
Gelbstoff 3
bottom 3
atmosphere 3 r
irradiance 3 tau a
fluorescence 3 T_as
weight T aa
a
R
— T_03
Ed ==
R_rs 2
¥d LR
M
KL s i
U ke
E T
070
T T T T T
400 500 GO0 oo 200
Parameter Value wavelength [nm]

Fig. 8. 1: Visualising of an implicite spectrum using the ""Display" menu.

The example of Fig. 8. 1 shows how to visualise an implicite spectrum of atmosphere
modelling, here the atmospheric transmittance after water vapor absorption, Tyy(2), which is
calculated using eq. (2.32). A visualised spectrum can be exported to file using a dialog
window which pops ups after selecting "File — Save™ as shown in Fig. 8. 2.

File Display Options Help
Load

Load INI-file
Save INI-file

Exit

Fig. 8. 2: Saving an implicite spectrum.

The file format of exported spectra is ASCII. An example is shown in Fig. 8. 3.
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Transmittance of the atmosphere after water vapor absorption

This file was generated by the program WASI
Uersion 4 - Latest update: 29 July 2818
Parameter values in files: WASI4_IHI, CHAMGES._TXT

350.88
351.88
352.88
353 .00
354 .88
355.88
356.00
357.88
358 .88
359.00
360.88

B I I T e A A ]

Fig. 8. 3: First lines of an exported spectrum.

The interesting spectra are calculated during run-time. When these are exported, also the
parameter values used for calculation should be documented. This can be done by updating
the file WASI.INI as shown in Fig. 8. 4 and archiving a copy of this file.

File Display Options Help
Load
Save

Load IMI-file

Save INI-file

Exit

Fig. 8. 4: Documenting the parameter settings.

A summary of all implicite spectra of WASI is given in Appendix 5 (input spectra) and
Appendix 6 (internal spectra).
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9. Program options

The "Options" item of the menu bar on top of the WASI window is the entry point to all pro-
gram settings. Fig. 8.1 shows the main menu bar of WASI and the structure of the "Options"

item. The various program settings are grouped in 8 thematic areas; one of these ("Invers cal-
culation™) is further divided into 2 themes. When one of the themes is selected, a pop-up win-
dow shows up which allows to inspect and modify the settings.

EEWASI - Water color simulator
File Display | Options Help

Models

Forward calculation

Invers calculation Fit tuning
Reconstruckion mode Fit parameters

Drata Farmat
Directories
Display
General

Fig. 9.1: The structure of the ""Options’ menu.

The pop-up menus of the first four thematic areas are described in the previous chapters:
"Models" in chapter 6 (Figs. 6.3, 6.4, 6.6, 6.8), "Forward calculation™ in chapter 3 (Fig. 3.2),
"Invers calculation” in chapter 4 (Figs. 4.4 to 4.12), and "Reconstruction mode™ in chapter 5
(Fig. 5.3). The pop-up menus of the four remaining themes are described in the following.

9.1 Data format

The pop-up window for specifying parameters related to data formats is shown in Fig. 8.2.
The window consists of three sections.

Wavelengths of calculated spectra. The wavelength range and the data interval of the calcu-
lated spectra can be selected in two ways:

e If the spectra shall be calculated at equidistant wavelengths, the check box "x-values from
file" has to be deselected. The first wavelength is specified in the "xmin" field, the last
wavelength in the "xmax" field, and the intervals in the "dx" field.

e For non-equidistant intervals, e.g. if calculations should be performed for channels of a
specific sensor, the wavelengths are read from an ASCII table.® In this case the box "x-
values from file" must be marked with a hook, and the corresponding file must be select-
ed. The pre-selected file can be changed by pressing the button |...|, which causes the
opening of a file-selection window. The number of lines in the ASCII file that are skipped
are specified in the "header lines" input field; the column with the wavelengths is speci-
fied in the "column with x-values" field.

If calculated spectra should be saved to file at reduced data interval, the "Interval for saving
data™ can be set to a value > 1.

% Spectral weighting using sensor-specific response functions is not supported.



78 WASI manual version 4

=

— Wavelenathz of calculated spectra

xmin = |35|:| rim ¥max = |900 rim dx = I‘I rim

[~ x-values from file

Id:'xwasid'xdata'xu:h_meris.t:-:t |
header lines = IE colurmr with s-values = |1

|nterval for zaving data = |1 channels

— File format of measurements

ik fres = I-I v zun zenith angle available [~ day of year available

o ine = [10 e = .
colurnn with #-values = |1 line: lirie

- |5 _ 3
colurnn with y-values = |2 colurin ol I

unitz 3 [0-pid2) day of year = |E|4

columng separated by & deg(0-90)
) eqg [U-

" TAB
* TAB or blanks [max. ling length: 256 bytes)

— Batch proceszing

[+ fimport senes of spect= | Extenzion = |*Ed
D:vwasididata‘demol\Ed

[+ rmultiple columns per file max. columnsg = IEI]

[ szave calculated spectra |

d:hwasidhdatabdemohbtmp

(] 4 I Cancel

Fig. 9.2: The pop-up window "'Data format".

File format of measurements. This section specifies the data format of input spectra. Any
ASCII table can be used as input. Basic settings which need to be specified are the number of
header lines, column of x-values, and column of y-values. The columns can be separated ei-
ther by TAB or by an arbitrary number of blanks. However, for large multi-column tables
which have lines longer than 256 bytes, only TABs are supported as column separators.

If the sun zenith angle is provided in the input file, mark the box "sun zenith angle available™
with a hook and specify line, column and units. If the day of year is provided in the input file,
mark the box "day of year available” with a hook and specify line and column; otherwise,
specify it in the "day of year" box.

Batch processing. The batch mode can be used to process automatically a series of files, i.e.
to import one file after the other in WASI, analyze each file by inverse modeling, and store
the resulting fit parameters to file. This mode is activated by marking the box "import series
of spectra” with a hook. The user has to choose path and files after clicking the ™..." button.
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Alternately, if the path is already set, the file extension can be changed in the input box "Ex-
tension”.

The batch mode supports files which contain several spectra in the format (X, y1, V2, ... Yn).
To read such tables, mark the box "multiple columns per file" with a hook and specify the
maximum number of spectra per file, N, by editing the "max. columns™ box. The first spec-
trum y; is specified via "Column with y-values™ in the section "File format of measurements".

While the fit parameters are always saved automatically in the batch mode, the user can
choose if he wants to save also each calculated spectrum. This selection is done by activating
or deactivating the box "save calculated spectra”. The directory in which the calculated spec-
tra are stored, is choosen by clicking the corresponding "..." button.

9.2 Directories

The directories for saving calculated spectra and for reading import spectra are selected in the
"Directories” pop-up window. It is accessed from the menu bar via "Options — Directories”
(see Fig. 8.1) and shown in Fig. 8.3. The pre-selected directories can be changed by entering a
new directory name or by pressing the buttonE and selecting a directory from the displayed
directory tree (not shown).

=10l x|
—Fead zpectra
|nwversion: ID:'xwaSid'xdata'xdemD'\Ed _I
—Save result

Forward calculations: Id:\wasi#'\data'\demu'\tmp

L

|nwversion: Id:\wasi#'\data'\demu'\tmp

Cancel |

Fig. 9.3: The pop-up window "'Directories"".
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9.3 Display options

The pop-up window for settings concerning visualisation is shown in Fig. 8.4. It appears
when the thematic area "Display" is selected in the "Options"” menu (see Fig. 8.1).

il

Xmin = |35d KMax = IEH:II:I—
ymin = |E3E ymag = |4355

W autoscale v display filename
v dizplay grid [ display path
[~ dizplay subgrid

v show dats

if nurnber of data paints < I'I o0
dot zize = |3

B ackground Calor :l |

k. Cancel |

Fig. 9.4: The popup-window "*Display options"".

Range of x and y values. The range of the displayed x-values is defined by the values in the
fields "xmin =" and "xmax =". The range of the displayed y-values is either defined by the
values in the fields "ymin =" and "ymax =", or adjusted automatically to the actual spectrum if
the check box "autoscale" is marked with a hook. In the latter case the input fields for ymin
and ymax are deactivated. By default the autoscale option is activated.

Spectrum information. On top right of the plot window the file name of the actual spectrum
can be displayed, either excluding or including the path. The selection is made using the
check boxes "display filename™ and "display path™.

Layout. The spectra can be plotted either on a blank background, or on a coarse or fine grid.
The selection is made using the check boxes "display grid™ and "display subgrid”. The back-
ground colour can be changed by pressing the|Z| button and selecting the desired colour in
the upcoming popup-window (not shown).
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9.4 General options

The pop-up window for some general settings is shown in Fig. 8.5. It appears when the the-
matic area "General™ is selected in the "Options" menu (see Fig. 8.1).

il x|

[T mave IMI file autornatically

[T multiply spectiurn Ed with factaor |3_1 416
[ multiply =pectum EO with Factor |1 nooo
[ rmltiply spectiurn Brs with factar |3.1 415

(1] 4 Cancel |

Fig. 9.5: The pop-up window "'General options"".

Four yes-no-decisions can be made:

The check box "save INI file automatically” selects whether or not the file WASLINI is
updated automatically at program termination.

The check box "multiply spectrum Ed with factor” allows to multiply automatically each
downwelling irradiance spectrum Eg(A), which is read from file, with a factor whose value
is set in the adjacent input field. This is useful if Eq(A) was measured as radiance
upwelling from a horizontally oriented diffuse reflecting panel, Lyy(A). In this case it is
Ed(A) = m - p - Lyp(R), where p is the panel's reflectance. The conversion factor is set to
n = 3.1416 by default, which corresponds to p = 1.

The check box "multiply spectrum EO with factor” allows to multiply automatically the
spectrum of the extraterrestrial solar irradiance, Eq(A), with a conversion factor. This is
useful if the spectrum Eg(A) is given in units which are different from the units of the other
irradiance spectra. For example, the spectrum Eq(L) provided with WASI is given in units
of pW cm™ sr*, while the common units in WASI are mW m™2 sr™*. This leads to a con-
version factor of 0.1.

The check box "multiply spectrum Rrs with factor” allows to multiply automatically all
remote sensing reflectance spectra Rys(A) (those read from file as well as those forward
calculated) with a factor whose value is set in the adjacent input field. This provides a fast
way to convert Ris(A) to irradiance reflectance R(A) using the model of Eq. (2.13a), Rys (1)
= R(1)/Q. The conversion factor is set to Q = © = 3.1416 by default, which represents the
idealized case of isotropic reflection.
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Appendix 1: Installation

WASI has no custom setup routine like most WINDOWS programs. However, installation is
very easy.

Method 1:

The simplest method is to install WASI in the directory D:\WASI4. The steps are:
o Create the directory D:\WASI4

o Copy WASIL.ZIP into D:\WASI4

e Unzip WASI4.ZIP

Method 2:

If you prefer to install WASI in another directory than D:\WASI4, then installation needs a

little bit more effort. The steps are:

o Create the desired directory

o Copy WASI4.ZIP into that directory

e Unzip WASI4.ZIP

o Edit WASI4.INI: Replace with a text editor all occurences of "D:\WASI4\" with your di-
rectory

To start WASI, execute the file WASI4.EXE.
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Appendix 2: WASI4.INI

WASI4.INI is the initialization file of WASI. It is read automatically during program start.
All program settings are stored in this file. To facilitate the usage of WASI, it is convenient to
save the current program settings in that file. The default file WASI4.INI is shown in the fol-
lowing. A copy of that file is stored in the directory d:\wasi4\data\additional.

Initialization file for the program WASI - water colour simulator
WASI4_INI version 14 January 2014
WASI14_EXE Version 4 - Latest update: 17 January 2014

[ Spectrum of x-values ]
d:\wasi4\data\ch_meris.txt
Header lines

Column with x-values
Column with FWHM-values

NP O
o

[ noise = Spectrum of measurement noise ]
d:\wasi4\data\noise.txt

10 Header lines

Column with x-values

Column with y-values

WP

offset = Spectrum of measurement offset ]
\wasi4\data\offset. txt

Header lines

Column with x-values

Column with y-values

L
d:
2
1
2

EO = Extraterrestrial solar irradiance ]
\wasi4\data\EO_sun.txt

1 Header lines

Column with x-values

Column with y-values

NP QM

a02 = Absorption coefficient of oxygene ]
\wasi4\data\02.a
= Header lines
Column with x-values
Column with y-values

NPFP,A~OM™m

a03 = Absorption coefficient of ozone ]
:\wasi4\data\03.a

Header lines

Column with x-values

Column with y-values

NP, A~OMm™

aWV = Absorption coefficient of water vapor ]
\wasi4\data\W.a

= Header lines

Column with x-values

Column with y-values

NP, ArOMm™

[}
=
|

= Absorption coefficient of pure water ]
wasi4\data\water.a

7z

= Column with x-values
= Column with y-values

[ dadT = Temperature gradient of pure water absorption ]
d:\wasi4\data\dawdT.txt

10 = Header lines

1 = Column with x-values

2 = Column with y-values

[ aP[0] = Specific absorption of phytoplankton class no. 0 ]
d:\wasi4\data\phyto.a

12 = Header lines
1 = Column with x-values
2 = Column with y-values

[ aP[1] = Specific absorption of phytoplankton class no. 1 ]
d:\wasi4\data\cry-lo.a

10 = Header lines

Column with x-values

Column with y-values

N

[ aP[2] = Specific absorption of phytoplankton class no. 2 ]
d:\wasi4\data\cry-hi.a

11 Header lines

Column with x-values

=
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2 = Column with y-values

[ aP[3] = Specific absorption of phytoplankton class no. 3 ]
d:\wasi4\data\dia.a

10 = Header lines

1 Column with x-values

2 Column with y-values

[ aP[4] = Specific absorption of phytoplankton class no. 4 ]
d:\wasi4\data\dinoflagellates.a

11 = Header lines
1 = Column with x-values
2 = Column with y-values

[ aP[5] = Specific absorption of phytoplankton class no. 5 ]
d:\wasi4\data\green_algae.a

11 = Header lines

1 = Column with x-values

2 = Column with y-values

[ aD = Normalized absorption coefficient of detritus ]

d:\wasi4\data\detritus.a
258 = Header lines

1 = Column with x-values

2 = Column with y-values

[ aY = Normalized absorption coefficient of Gelbstoff ]
d:\wasi4\data\Y.a

262 = Header lines

1 = Column with x-values

2 = Column with y-values

bX = (Normalized) scattering coeff. of suspended particles Type | ]
\wasi4\data\X.B

Header lines

Column with x-values

Column with y-values

[ albedo[0] = Albedo of bottom type #0 = const ]
d:\wasi4\data\const.R

9 = Header lines

1 Column with x-values

2 Column with y-values

[ albedo[1] = Albedo of bottom type #1 = sand ]
d:\wasi4\data\sand.r

21 = Header lines

1 = Column with x-values

2 = Column with y-values

albedo[2] = Albedo of bottom type #2 = silt ]
\wasi4\data\silt.r

Header lines

Column with x-values

Column with y-values

L
d:
9
1
2

[ albedo[3] = Albedo of bottom type #3 = green makrophyte "Chara contraria™ ]
d:\wasi4\data\chara.r

26 = Header lines

Column with x-values

Column with y-values

N -

[ albedo[4] = Albedo of bottom type #4 = green makrophyte '"Potamogeton perfoliatus”
d:\wasi4\data\perfol.r

9 = Header lines

1 Column with x-values

2 Column with y-values

[ albedo[5] = Albedo of bottom type #5 = green makrophyte '"Potamogeton pectinatus" ]
d:\wasi4\data\pectin.r

9 = Header lines

1 Column with x-values

2 Column with y-values

[ Measurement ]
D:\WASI14\DATA\demo\R_rs\STA11l 09.Rrs
17 Header lines

Column with x-values

Column with y-values

Line with sun zenith angle
Column with sun zenith angle
Line with day of year

Column with day of year

o
(L L O L VR VI |

ANUOROR

[ Measurement: Irradiance reflectance, R ]
D:\WAS14\DATA\demo\R\FWD.R

header lines

column with x-values

8
1
2 column with y-values

1
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[ Measurement: Downwelling irradiance,

Ed ]

D:\WASI14\DATA\demo\Ed\BO9_109.Ed

17

WrRroam

NFENOMm™

header lines

column with x-values
column with y-values

header lines

Measurement: Sky radiance reflected at surface,
\wasi4\data\demo\L_sky\Ls. fwd

Ls 1]

column with x-values
column with y-values

Header lines

Measurement: Attenuation for downwelling irradiance, Kd ]
:\wasi4\data\demo\Kd\K.prn

Column with x-values
Column with y-values

Header lines

Weight function for inversion ]
:\WAS14\data\eins.txt

= Column with x-values
= Column with y-values

_img = Hyperspectral image ]
ASI4\DATA\dem0\2D\Stasee_OS_rad_atm_geo_lOOa

le_LUT = Look-up table ]
wasid\data\LUT\rainbow3. lut

[ Spectra inverted in batch mode ]
D:\WASI14\DATA\demo\R_rs\*_.Rrs

[ Directories: save FWD, save INV ]
d:\wasi4\data\demo\tmp
d:

\wasi4\data\demo\tmp
[ General settings and
300 = MinX
1000 = MaxX
0.10 = MinDX
-100 = MinY
1.0E+5 = MaxY
400 = Xu
800 = X0
-9.4E-5 = yu
0.0072 = yo
350 = xub
1000 = xob
1 = dxb
0 = dsmpl
1 = dxs
10.0 = FWHMO
1 = FWHMO_min
50.0 = FWHMO_max
3 = dotsize
100 = dotMaxN
600 = PopupDirW
3.1416 = Ed_factor
1 = EO_factor
3.1416 = Rrs_factor
2 = spec_type
8=Ed_Gege, 9=Test
1 = Model_Ed
0 = Model_R
0 = Model_R_rsA
0 = Model_R_rsB
4 = Model f
0 = Model_f_rs
0 = Model_Kdd
-1 = bottom fill

$00ELFFFF = cIPlotBk
$002E5A5A = clMask

[ Flags: O = FALSE, 1 =

POOOOOORORRRLRERLRRLRO

flag_SubGrid
flag_Grid
flag_Dots
flag_Autoscale
flag_ShowFile
flag_ShowPath
flag_INI
flag_sv_table
flag_save_t
flag_mult_Ed
flag_mult_EO
flag_mult_Rrs
flag_x_File
flag_fwhm
flag_read_day

parameters 1

allowed
allowed

lowest x-value
highest x-value

for data import and calculation
for data import and calculation

lowest dx-value allowed for calculation
lowest y-value allowed for display
highest y-value allowed for display
lowest x-coordinate displayed

highest x-coordinate displayed

lowest y-coordinate displayed

highest y-coordinate displayed

lowest x-coordinate calculated

highest x-coordinate calculated

wavelength interval for calculation
resampling distance (channels); 0 =
interval for saving data (channels)
spectral resolution (nm)

lowest allowed spectral resolution (nm)

highest allowed spectral resolution (nm)

size of plotted dots

max. number of data points to plot dots

width of popup window “directories”

multiplicator of spectrum E_down

multiplicator of spectrum EO

multiplicator of spectrum R_rs

type of spectrum: O=E_d, 1=L_up, 2=R_rs, 3=R, 4=R_surf, 5=a, 6=K_d, 7=R_bottom,

no resampling

Ed model: 0 = simple, 1 = separation between direct and diffuse component
R model: O=f*bb/(a+bb), 1=F*bb/a

R_rs above surface is a function of 0=R_rs(0-), 1=R, 2=both

R_rs model below surface: 0=f_rs*bb/(a+bb), 1=F rs*bb/a, 2=R/Q

f model: O=const, 1=Kirk, 2=Morel+Gentili, 3=Sath.+Platt, 4=Albert+Mobley
f_rs model: O=Albert, 1=f/Q

Kdd model: 0=Gege, 1=CGrotsch

bottom surface type adjusted to yield sum of weights = 1

color of plot background

color of image mask

TRUE ]

draw subgrid

draw grid

draw dots

autoscale plot

display filename

display path

save INI file automatically

save forward-spectra as table
save calculation time

multiply spectrum Ed with factor
multiply spectrum EO with factor
multiply spectrum R_rs with factor
read x-values from file

use sensor resolution

read day of year from file
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flag_read_sun
flag_sun_unit

read sun zenith angle from file
sun zenith angle in deg

Parl_log Logarithmic steps of Parameter 1
Par2_log Logarithmic steps of Parameter 2
Par3_log Logarithmic steps of Parameter 3
flag_batch batch mode (including forward mode)

flag_b_SaveFwd
flag_b_Savelnv
flag_b_LoadAll

save all spectra of forward mode
save all spectra of invers mode
load spectra from files

POORRPRPRPPRPPRPPOORPROOOOOOOOOORRPPFRPOOOORFRPORPRFRLPOOORE

flag_b_Reset
flag_b_Invert
flag_avg_err

reset start values
invert spectra
reconstruction mode: save average errors?

flag_multi multiple columns per file

flag_Res_log weight residuals logarithmically

flag_Y_exp exponential Gelbstoff absorption

flag_surf_inv wavelength dependent surface reflections (inversion)
flag_surf_fw wavelength dependent surface reflections (forward mode)
flag_fluo include fluorescence of chl-a

flag_use_Ed make use of Ed measurement

flag_use_Ls make use of Ls measurement

flag_use_R make use of R measurement

flag_radiom
flag_offset
flag_offset_c
flag_noise
flag_noise_c
flag_Tab
flag_aw
flag_above
flag_shallow

reduce radiometric resolution

add measurement offset

offset is constant

add measurement noise

noise is constant

only TAB separates columns

include water absorption in bulk absorption
above water

shallow water

flag_L bottom signal from radiance sensor

flag_anX_R analytic determination X start value for R spectra in deep waters
flag_anX_Rsh analytic determination X start value for R spectra in shallow waters
flag_anCY_R analytic determination C, Y start values for R spectra

flag_anzB analytic determination of zB start value in shallow waters

flag_Fresnel_view

flag_bX_fFile

flag_bX_linear

flag_CXisCO
flag_norm_D

= calculate Fresnel reflectance from viewing angle
scattering coefficient of particles Type 1 from file
scattering coefficient of particles Type | linear with C_X
set C_X = C[O]

normalize detritus absorption spectrum from file at Lambda_O

flag_norm_Y normalize Gelbstoff spectrum from file at Lambda_O
[ Settings for batch mode ]
0 = iter_type = parameter that is iterated
2.0 = rangeMin = first value of successive calculation
4.0 = rangeMax = last value of successive calculation
1 = rangeDelta = interval of successive calculation
0 = Parl_Type = Parameter 1
0 = Par2_Type = Parameter 2
0 = Par3_Type = Parameter 3
0 = Parl_Min = Minimum of Parameter 1
0 = Par2_Min = Minimum of Parameter 2
1 = Par3_Min = Minimum of Parameter 3
1 = Parl_Max = Maximum of Parameter 1
0.400 = Par2_Max = Maximum of Parameter 2
5.00 = Par3_Max = Maximum of Parameter 3
5 = Parl_N = Steps of Parameter 1
5 = Par2_N = Steps of Parameter 2
5 = Par3_N = Steps of Parameter 3
80 = ycol_max = Max. number of y-columns

[ Settings for inverse mode ]

[ from to step Maxlter ]

400 800 2 800 = fit settings of pre-fit 1

600 800 5 0 = fit settings of pre-fit 2 (IR region)

380 450 5 0 = fit settings of pre-fit 3 (UV region)

400 800 5 1000 = fit settings of final fit

400 800 5 0 = fit of a (shallow water)

700 800 5 0 = fit of R and Rrs in IR region (shallow water)

400 500 5 0 = fit of R and Rrs in UV region (shallow water)

400 800 1 2000 = fit of R and Rrs (shallow water)

870 900 = LambdaLf = wavelengths for C_X and f initialisation

5 0 = dLambdaLf = wavelength intervals of LambdalLf

760 = LambdaLsh = wavelengths for C_X initialisation (shallow water)

2 = dLambdalLsh= wavelength interval of LambdalLsh (shallow water)

413 440 440 = LambdaCY = wavelengths for C[0] and C_Y initialisation

5 5 870 = dLambdaCY = wavelength intervals of LambdaCY

625 = LambdazB = wavelength for zB initialisation (shallow water)

25 = dLambdazB = wavelength interval of LambdazB (shallow water)

0.10 = zB_inimin = zB minimum during initial value determination (shallow water)
0.10 = CL_inimin = C_X minimum during initial value determination (shallow water)
0.10 = CO_inimin = C[O] minimum during initial value determination (shallow water)
0.010 = CY_inimin = C_Y minimum during initial value determination (shallow water)
5.0 = a_i = start value of absorption for nested intervals (shallow water)
1.0 = da_ini = initial absorption interval for a_ini (shallow water)

0.010 = delta_min = threshold of spectrum change for nested intervals (shallow water}
0.50 = SFfA_min = minimum sum of fA[i] (shallow water)

2.0 = STA_max = maximum sum of fA[i] (shallow water)

1.0E-4 = res_max = maximum allowed residuum

0 = res_mode = type of residuum (0=|m-f|”2 = least squares, 1=|m-f]|, 2=]1-f/m])
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[ Model constants ]

189 = day = Day of year

20.0 = T_WO = Temperature of water absorption spectrum (°C)

1.33000 = nW = Refractive index of water

550 = Lambda_a = Reference wavelength for aerosol optical thickness (nm)
440 = Lambda_O = Reference wavelength for Gelbstoff absorption (nm)

550 = Lambda_L = Reference wavelength for scattering of particles Type I (nm)
500 = Lambda_S = Reference wavelength for scattering of particles Type 11 (nm)
685.0 = Lambda_f0 = Center wavelength of chl-a fluorescence (nm)

10.62 = Sigma_f0 = Standard deviation of chl-a fluorescence (nm)

400 = PAR_min = PAR range: lower boundary (nm)

700 = PAR_max = PAR range: upper boundary (nm)

400 = Lmin = Spectrum average: lower boundary (nm)

700 = Lmax = Spectrum average: upper boundary (nm)

0.00111 = bbW500 = Backscattering coefficient of pure water (1/m)

0.00060 = bbX_A = Factor A in backscattering to concentration relationship (m2/g9)
-0.3700 = bbX_B = Factor B in backscattering to concentration relationship
0.00860 = bb_X = Specific backscattering coeff. of particles Type 1 (m2/9g)
0.00420 = bb_Mie = Specific backscattering coeff. of particles Type Il (m2/9)
0.45000 = b_X = Specific scattering coeff. of particles Type 1 (m2/g)
0.30000 = b_Mie = Specific scattering coeff. of particles Type Il (m"2/g)
0.06087 = rhoO = rho_ds polynomial: Oth order value

0.03751 = rhol = rho_ds polynomial: 1st order value

0.11430 = rho2 = rho_ds polynomial: 2nd order value

0.54000 = rho_Eu = Reflection factor for upwelling irradiance

0.06600 = rho_Ed = Reflection factor for downwelling irradiance

0.02000 = rho_Lu = Reflection factor for upwelling radiance

0.00500 = dynamics = Radiometric resolution

0.03000 = offset_c = Measurement offset (constant)

0.00020 = noise_std = Noise level (standard deviation)

1.00000 = Idd = Path length of direct irradiance: Oth order value

1.01700 = ldda = Path length of direct irradiance: 1st order value

1.95000 = Iddb = Path length of direct irradiance: 2nd order value

1.11600 = 1dsO = Path length of diffuse irradiance: Oth order value

0.55040 = Ids1 = Path length of diffuse irradiance: 1st order value

0.00000 = Idsb = Path length of diffuse irradiance: 2nd order value

1.05460 = Id = Path length factor of total irradiance, Ed

0.31800 = BRDF[O0] = BRDF of bottom type #0

0.31800 = BRDF[1] = BRDF of bottom type #1

0.31800 = BRDF[2] = BRDF of bottom type #2

0.31800 = BRDF[3] = BRDF of bottom type #3

0.31800 = BRDF[4] = BRDF of bottom type #4

0.31800 = BRDF[5] = BRDF of bottom type #5

[ Parameters of 2D module ]

1 = flag_2D = 2D version of WASI (1=TRUE)

1 = flag_JoinBands = ldentical scaling for 3 preview bands
1 = flag_3Bands = Preview 3 bands / 1 band

1 = flag_LUT = Use lookup table

1 = flag_ENVI = Read ENVI header file

100 = Width_in = Input image width

100 = Height_in = Input image height

160 = Channels_in = Input image channels

7 = Channels_out = Output image channels

0 = HSI_header = Input image header bytes

55 = band_R = Preview band red

41 = band_G = Preview band green

12 = band_B = Preview band blue

0 = interleave_in = Input image interleave (0=BIL, 1=BSQ)
1 = interleave_out = Output image interleave (0=BIL, 1=BSQ)
12 = Datentyp = Input image data type

1000 = x_scale = Scale factor of x-axis (1=nm, 1000=um)
31416.0 = y_scale = Scale factor of y-axis

103 = band_mask = Preview band of mask

0.0000 = thresh_below = Mask threshold min

0.0040 = thresh_above = Mask threshold max

10 = Plot2D_delta = Interval to plot spectrum

0.25 = contrast = Preview image contrast

26 = Par0_Type = Preview parameter during inversion
5.00 = ParO_Min = Preview parameter min

0 = Par0_Max = Preview parameter max

15 = N_avg = Averaged pixels for parameter initialization

[ Model parameters ]

[ forward default start min max Fit sv
1 1 3.00 0 100 1 0 Cc[o] = Concentration of phytoplankton class #0
0 0 0 0 60.0 0 O C[1] = Concentration of phytoplankton class #1
0 0 0 0 60.0 0 O C[2] = Concentration of phytoplankton class #2
0 ] 0 0 60.0 0 O C[3] = Concentration of phytoplankton class #3
0 0 0 0 60.0 0 O C[41] = Concentration of phytoplankton class #4
0 ] 0 0 60.0 0 O C[5] = Concentration of phytoplankton class #5
1 0.500 2.00 0.100 10.0 1 0 C_X = Concentration of suspended particles Type |
0 0 0 0 125 0 O C_Mie = Concentration of suspended particles Type
11
0 0 0 0 100 0 O C_D = Concentration of detritus
0.300 0.500 1 0 50.0 1 1 C_Y = Gelbstoff absorption
0.0140 0.0140 0.0140 0.00400 0.0250 O O S = Gelbstoff exponent
-1.00 -1.00 -1.00 -2.00 2.00 0 O n = Angstrom exponent of particle scattering
20.0 18.0 20.0 0 35.0 0O 0 TW = Water temperature (°C)
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Anisotropy factor of Lu (1/sr)

reflection factor of Edd

Reflection factor of downwelling radiance
Reflectance factor of diffuse downwelling

Turbidity coefficient

Angstrom exponent of aerosols

Fraction of direct downwelling irradiance
Fraction of diffuse downwelling irradiance
Ozone scale height (cm)

Precipitable water (cm)

f-factor of R

Sensor depth (m)

Bottom depth (m)

Sun zenith angle (°)

Viewing angle (°)

azimuth difference sun - observer (°)
fraction of bottom type #0

fraction of bottom type #1

fraction of bottom type #2

fraction of bottom type #3

fraction of bottom type #4

fraction of bottom type #5

chl-a fluorescence quantum yield

Fraction of sky radiance due to direct

Fraction of sky radiance due to Rayleigh
Fraction of sky radiance due to aerosol

NOT USED
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Appendix 3: Parameters

The following table summarizes the 39 model parameters of all 8 spectrum types. The No.'s
are used program-internally as parameter indices. A¢ is included for future developments and
so far not used.

No. [WASI Symbol | Units | Description
1-6 | CJ[i] Ci pg/l | Concentration of phytoplankton class numberi, i =0..5
7 X CL mg/l | Concentration of suspended particles type |
8 C_Mie Cs mg/l | Concentration of suspended particles type Il
9 C.Y Y m™ | Concentration of Gelbstoff (absorption at Ao)
10 |S S nm* Exponent of Gelbstoff absorption
11 n n - Exponent of backscattering by small particles
12 T W Tw °C | Water temperature
13 |Q Q sr | Anisotropy factor of upwelling radiation ("Q-factor")
14 fluo Nehl - Quantum yield of chl-a fluorescence
15 rho_L pL - Reflection factor of downwelling radiance
16 rho_dd Pdd - Reflection factor of direct downwelling irradiance
17 rho_ds Pds - Reflection factor of diffuse downwelling irradiance
18 | beta B - | Turbidity coefficient
19 |alpha o - Angstrom exponent of aerosol scattering
20 |f_dd fad - Fraction of direct downwelling irradiance
21 |f_ds fas - Fraction of diffuse downwelling irradiance
22 H_oz Hoz cm | Ozone scale height
23 |WV wv cm | Precipitable water
24 |f f - Proportionality factor of irradiance reflectance ("f-factor")
25 |z z m | Sensor depth
26 |zB ZB m | Bottom depth
27 sun Osun ° Sun zenith angle
28 | view Oy ° Viewing angle (0 = nadir)
29 | dphi Ad ° Azimuth difference between sun and viewing direction
30-35 | fA[n] fa - Areal fraction of bottom surface type number n, n = 0..5
36 |C.D D m™ | Concentration of detritus (absorption at Aq)
37 |g_dd Jdd st | Fraction of sky radiance due to direct solar radiation
38 |g_dsr Odsr st | Fraction of sky radiance due to molecule scattering
39 |g_dsa Jdsa st | Fraction of sky radiance due to aerosol scattering

Forward mode. Each parameter can be set by the user. When a series of spectra is calculated,
iteration can be performed over each of the parameters.

Invers mode. The user defines for each parameter if it should be treated as a constant or as
variable to be fitted during inversion.
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Appendix 4: Constants

The following table summarizes the model constants of all 8 spectrum types. They can be
changed using the GUI or by editing the WASI4.INI file.

WASI4.INI [ Symbol | Units [ Default value [ Description

Day d - 94 Day of year

T_WO0 To °C 20 Reference temperature of spectrum aw()\)

nw Nw - 1.33 Refractive index of water

Lambda_a Aa nm 550 Reference wavelength for aerosol optical thickness
Lambda_0O Ao nm 440 Reference wavelength for Gelbstoff absorption
Lambda_L AL nm 550 Reference wavelength for scattering of large particles
Lambda_S As nm 500 Reference wavelength for scattering of small particles
Lambda_f0 e nm 685 Centre wavelength of chl-a fluorescence

Sigma_f0 oF nm 10.62 Standard deviation of chl-a fluorescence

PAR_min - nm 400 PAR range: lower boundary

PAR_max - nm 700 PAR range: upper boundary

Lmin - nm 400 Spectrum average: lower boundary

Lmax - nm 700 Spectrum average: upper boundary

bbwW500 b1 m* 0.00111 Backscattering coefficient of pure water at 500 nm
bbX_A A m? g’1 0.006 Factor A in backscattering to conc. relationship
bbX_B B - -0.37 Factor B in backscattering to conc. relationship
bb_X bp,x* m? g’l 0.0086 Specific backscattering coefficient of particles Type |
bb_Mie bp,mie* 2 g’l 0.0042 Specific backscattering coefficient of particles Type Il
b X bx* m’g* 0.45 Specific scattering coefficient of particles Type |
b_Mie bmie* 27t 0.30 Specific scattering coefficient of particles Type Il
rho0 - - 0.06087 rho_ds polynomial: Oth order value

rhol - - 0.03751 rho_ds polynomial: 1st order value

rho2 - - 0.1143 rho_ds polynomial: 2nd order value

rho_Eu Pu - 0.54 Reflection factor of upwelling irradiance

sigma_Ed c - 0.03 Reflection factor of downwelling irradiance
sigma_Lu oL - 0.02 Reflection factor of upwelling radiance

dynamics - - 0.005 Radiometric resolution

noise - - 0.0004 Noise level

ldd - - 1 Path length of direct irradiance: Oth order value

ldda - - 1.017 Path length of direct irradiance: 1st order value

Iddb - - 1.95 Path length of direct irradiance: 2n order value

IdsO - - 1.1156 Path length of diffuse irradiance: Oth order value
lds1 - - 0.5504 Path length of diffuse irradiance: 1st order value
Idsb - - 0 Path length of diffuse irradiance: 2n order value

Id Ko - 1.0546 Path length factor of total irradiance, Ed

BRDF[n] Bn srt 0.318 BRDF of bottom surface no. n, n=0..5
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Appendix 5: Input spectra

The following table summarizes the 30 spectra which are imported from files. For each, a
default spectrum is provided in the WASI software package, and stored in the directory
IWASI4/DATA. The user can replace the default spectra by changing the corresponding file
description in the WASIA4.INI file.

No. | WASI GUI | Symbol Units Description
1 [x,FWHM |A nm Wavelengths, Spectral resolution
2 | noise - variable Noise
3 | offset - variable Offset
4 |EO Eo(X) mwW m~ nm™ Extraterrestrial solar irradiance
5 |a_ 02 ao(\) cm™ Absorption coefficient of oxygene
6 |a 03 aoz(M) cm™ Absorption coefficient of ozone
7 |la wv aw()) cm™ Absorption coefficient of water vapor
8 |aw aw()) m™ Absorption coefficient of pure water
9 | daw/dT daw(A)/dT m™ec™ Temperature gradient of pure water absorption
10 [aP[0] ao*(\) m? mg’1 Specific absorption coeff. of phytoplankton class no. 0
Default: Mixture of species typical for Lake Constance
11 [aP[1] ar*(1) m? mg‘1 Specific absorption coeff. of phytoplankton class no. 1
Default: Cryptophyta type "L"
12 [aP[2] ax*(\) m? mg’1 Specific absorption coeff. of phytoplankton class no. 2
Default: Cryptophyta type "H"
13 [aP[3] as*(L) m? mg‘1 Specific absorption coeff. of phytoplankton class no. 3
Default: Diatoms
14 |[aP[4] as*(1) m? mg‘1 Specific absorption coeff. of phytoplankton class no. 4
Default: Dinoflagellates
15 [aP[5] as*(\) m? mg’1 Specific absorption coeff. of phytoplankton class no. 5
Default: Green algae
16 |aD* ag*(1) - Normalized absorption coefficient of detritus
17 |aY* av*(L) - Normalized absorption coefficient of Gelbstoff
18 |[bX bx(%) - (Normalized) scattering coeff. of suspended particles Type |
19 |albedo[0] [ag()) - Albedo of bottom type no. 0. Default: Constant
20 |albedo[l] |ai(A) - Albedo of bottom type no. 1. Default: Sand
21 |albedo[2] |ax(A) - Albedo of bottom type no. 2. Default: Silt
22 |albedo[3] |az(r) - Albedo of bottom type no. 3. Default: Chara aspera
23 |albedo[4] |as(A) - Albedo of bottom type no. 4. Default: P. perfoliatus
24 | albedo[5] |as(A) - Albedo of bottom type no. 5. Default: P. pectinatus
25 |- variable variable Measurement: Current input for inverse modeling
26 |R R() - Measurement: Irradiance reflectance
27 |Ed Ea(L) mwW m~?nm™ Measurement: Downwelling irradiance
28 |Ls Ls(L) mW m2 nm sr! | Measurement: Sky radiance
29 |Kd Ka(2) m* Measurement: Attenuation for downwelling irradiance
30 |weight ag() - Weight function for inversion
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Appendix 6: Calculated spectra

During run-time different spectra are calculated as intermediate results, depending on the ac-
tual spectrum type and calculation options. Some calculations can replace input spectra
(bx()), ay*(A), Eq(1), Ls(A), Ka(X), R(L)). Each spectrum can be displayed and exported to

file.

WASI GUI | Symbol Units Description

bbw bow(r) m* Backscattering coefficient of pure water

bX bx(%) —/m™ (Normalized) scattering coefficient of suspended particles Type |

b_Mie bumie*-(MAs)" m? mg‘l Scattering coefficient of suspended particles Type Il

bb_Mie bb mie*-(A/As)" m? mg’1 Backscattering coefficient of suspended particles Type I

ay* av*(L) - Normalized absorption coefficient of Gelbstoff

T 02 To(X) - Transmittance of the atmosphere after oxygen absorption

T_03 Toz(A) - Transmittance of the atmosphere after ozone absorption

T wv Tw(L) - Transmittance of the atmosphere after water vapor absorption

tau_a ta(A) - Aerosol optical thickness

Tr Te(A) - Transmittance of the atmosphere after Rayleigh scattering

T as Tas(M) - Transmittance of the atmosphere after aerosol scattering

T aa Taa()) - Transmittance of the atmosphere after aerosol absorption

EdO Eq(X, 0-) mwW m2nm™ Downwelling irradiance just beneath water surface

Ed Ea(L) mw m~nm™ Downwelling irradiance

fdd*Edd fad - Eaa(r) mwW m2nm Direct component of downwelling irradiance

fds*Eds fas - Eas(A) mwW m2nm™ Diffuse component of downwelling irradiance

E_dsr Egsr(M) mwW m2nm™* Diffuse component of downwelling irradiance caused by Ray-
leigh scattering

E_dsa Edsa()) mw m2nm Diffuse component of downwelling irradiance caused by aerosol
scattering

r_d ra(}) - Ratio of direct to diffuse downwelling irradiance

Lu Lu(A) mwW m2nm?sr? | Upwelling radiance

Lr pL- Ls(D) mwW m?nm*sr® | Radiance reflected at the water surface

Ls Ls(n) mwW m2nm™sr* | Sky radiance

Lf Le()) mwW m2nmsr? |Chl-a fluorescence component of upwelling radiance

Kd Ka() m* Diffuse attenuation coefficient for downwelling irradiance

Kdd Kaa(A) m* Attenuation coefficient of direct irradiance

Kds Kas(2) m* Attenuation coefficient of diffuse irradiance

K_uw Kuw() m* Attenuation of upwelling irradiance backscattered in water

K_uB Kus(r) m* Attenuation of upwelling irradiance reflected from the bottom

k_uw kaw(X) m* Attenuation of upwelling radiance backscattered in water

k_uB kus(X) m* Attenuation of upwelling radiance reflected from the bottom

R R() - Irradiance reflectance

Rrs Rrs(A) srt Remote sensing reflectance
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Rrs_surf | R™(L) srt Surface reflectance

Rrs_f RrsF(A) srt Chl-a fluorescence component of remote sensing reflectance
f f - f factor

frs frs - f_rs factor

bottom R°(M) - Bottom albedo

bottom Ris’(L) srt Bottom remote sensing reflectance

a a(h) m* Absorption coefficient

b b(x) m* Scattering coefficient

bb bu(A) m™* Backscattering coefficient

a_calc - m™* Absorption of water constituents + evtl. water (inverse mode)
aPh_calc [Z Ci-a*() m* Phytoplankton absorption (inverse mode)

b_calc b(}) m* Scattering of water + constituents (inverse mode)

bb_calc b(L) m* Backscattering of water + constituents (inverse mode)
omega_b | wp(L) - Ratio backscattering over absorption plus backscatttering

z Ed - m Depth at which peq % of surface irradiance remains
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