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1. I ntroduction

This is a preliminary draft verson of the ATBD "phytoplankton classification”. The goal is to
produce maps of the distribution of major phytoplankton classes from MERIS data. The corre-
sponding MERIS processor had been defined at the beginning of the project as an experimental
product, because it was not clear if the goa can be achieved. Earlier work had shown that from
spectrally highly resolved reflectance spectra, which were measured onboard a ship, a distinction
between four phytoplankton classes is possible and that the relative concentrations can be deter-
mined with a class-dependent accuracy between 12 and 25 % (Gege 1994, 1998b). During sev-
eral campaigns within the MAPP project an extended data set was collected for improving the
model. This draft reflects the work performed for improving the model; it is not yet at a stage to
be applicableto MERIS.
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2. Algorithm overview

Advanced remote sensing algorithms allow to determine the concentrations of three classes of
water congtituents: chlorophyll, yellow substance, and suspended matter (Schiller and Doerffer
1993, Krawczyk et al. 1993, Hoge and Lyon 1996). Two of these algorithms will be adapted to
MERIS (ATBD WC1, WC2). They are based on physica models of the radiative transfer in the
water, at the air-water-interface and in the atmosphere. These can be applied, in principle, to any
type of water, while the widely used empirical algorithms are restricted to so-caled case | wa
ters, mainly open ocean areas, which are dominated by a single optical class of water consti-
tutents.

It is the goal of the present algorithm to refine the chlorophyll class, i.e. to distinguish between
different phytoplankton classes and to determine their concentrations. This is realised by includ-
ing additional classes of water congtituents into a physical model of the radiative transfer. Phyto-
plankton classes are relatively similar in their optical properties compared to the spectral differ-
ences between chlorophyll, yellow substance and suspended matter, thus phytoplankton classifi-
cation is much more sensitive on errors. At the present stage of the project it is still not clear how
many phytoplankton classes can be distinguished using MERIS data, nor is it known if a
satisfactory accuracy can be achieved. The two magjor challenges of the algorithm are:

to find a parameterisation of the measured radiance spectra which is robust against errors;

to define a representative and remote-sensing-suited classification of the numerous phyto-
plankton species.

The two tasks resulting from these challenges are to select and optimise the physical model that
describes the water-leaving radiance spectrum, and to fill the data base. This requires an exten-
Sive data set that comprises remote sensing data (water leaving radiances and reflectances), opti-
cal data of the upper water layer (reflectance, attenuation, absorption, scattering, backscattering),
biochemical data (concentrations of various phytoplankton pigments, dissolved organic matter
(yellow substance) and inorganic suspended matter), taxonomic data (abundancies of phyto-
plankton species or classes), and absorption gectra of the most abundant phytoplankton classes.
A suitable data set that comprises al required measurements was obtained during severa cam-
paigns at Lake Constance. It is the experimental basis of the proposed a gorithm.

The agorithm is based on full-resolution MERIS Level-2 data, i.e. normalized water leaving
radiance (reflectance) spectra. It is assumed that these have been corrected with sufficient accu-
racy from atmospheric influences by the ESA software. No emphasis is layed on optimising
computing time, as this has been done by others for similar algorithms devoted to water constitu-
ents (ATBD WC1, WC2), and it is expected that an adaptation is possible.

Here follows in the final ATBD a short summary of the algorithm. The algorithm is not finished
at the present stage of the project.
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3. Algorithm Description

3.1  Theoretical Description
3.1.1 Physicsof the Problem

A radiance sensor pointing from low altitude (ship) towards the water surface detects the
sum L, of two radiation components originating from the water: a component Ls from the surface
and a component L, from the water body:

Lu(l) =Lw(l) + Ld1). (1)

At high dtitude (aircraft, satellite) L, is modified due to absorption and scattering proc-
esses in the atmosphere. It is the task of atmosphere correction algorithms to correct these modi-
fications, see 5.1.

3.1.1.1 Specular reflections at the water surface

Reflection at the water surface obeys to the Fresnel equations. The radiation which is re-
flected at a smooth water surface from the sky into a radiance sensor is the radiance L4(q,f)
downwelling from zenith angle q and azimuth angle f, multiplied with the Fresnel reflectance

s(Q):
Ll p-q, p+f) = s(g) - La(l, . ). (2)

If the water surface is wind-roughened, radiance from any point in the sky can in princi-
ple be reflected by the wavy surface into the sensor. In this case s(q) becomes a function of time,
wavelength, wind speed, the sky radiance distribution and the sensor's field of view. The tempo-
ral variability of L is illustrated in Fig. 1. A typical value of s(q) is 0.028 for a viewing direc-
tion which minimizes the effect of sunglint (40° from the nadir and 135° from the sun) for wind
speeds less than 5 m/s (Mobley 1999).
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In Fig. 1 the variability of L, is caused by the variability of Ls. For ship measurements it
can be reduced, in principle, by extending the integration time to few seconds. Spatial averag-
ing, which is system immanent for sensors on aircrafts and satellites, also reduces the variability.
The average Ls vaue is correlated with wind speed (Cox and Munk 1954) and wind direction
(Cox and Munk 1956). These Cox-Munk relations are usually taken for correcting specular re-
flections at the water surface for remote sensing data. However, when applied to data with spatial
or temporal variability of Ls or for unknown wind speed, the remaining error may be significant.
Since more light may be reflected at the surface than in the water for certain observation condi-
tions, these errors can be very critical for determining the concentrations of water constituents.

Because correction of the reflections at the water surface is very important and the stan-
dard algorithm based on the Cox-Munk relations is not accurate enough for many situations, al-
ternate algorithms have been developed for measurements from ship (Gege 1998a) and aircraft
(Heege 2000). These will be applied to MERIS data and validation measurements. They are de-
scribed below.

3.1.1.2 Transmission across the air-water boundary

Only few percent of the downwelling radiation are specularily reflected at the water sur-
face. Most light is transmitted into the water. Due to refraction at the air-water boundary a ray
with a solid angle of W above the water is focused into a smaller angle of W/ n,? below the wa-
ter (nyw = refractive index of water), thus a radiance sensor with a small, but constant field of
view detects more radiation below the water. Accounting for the loss s(q) at the surface and the
gan s (q) from upwelling light L, that is reflected back at the surface, the downwelling radi-
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ance below the water surfaceis

Lo (1, d) = (1-s(q) - n’ - Lol , @) +57(q) - Lu (@), (3)

According to Snell's law the relation between the zenith angles above (q) and below (Q)
the water surface is ny sing = sing'. By integration over al azimuth and zenith angles the follow-
ing relation between the downwelling irradiance above (Eg) and below (Eq') the water surfaceis
obtained:

Eq(1)=(1-s)-Eql)+s -Es(l). 4)

S is an average reflection factor for specularily reflected radiation from the upper hemi-
sphere, s™ is the analogue for the lower hemisphere. Typica values of s are 0.02 to 0.03 for
clear sky and high solar elevation and 0.05 to 0.07 for clear sky and solar zenith angles below
45° and for overcast sky (Jerlov 1976, Preisendorfer and Mobley 1986). s™ isin the range of 0.50
to 0.57 with avalue of 0.54 being typical (Jerome et al. 1990, Mobley 1999).

The upwelling radiance L,in air after crossing the boundary is calculated from the up-
welling radiance in water L, asfollows:

Lol ,a) = (1-s" (@) /n” - Ly (1, 9) +s(0) - La(l , 0. (5)

The second term on the right side are the specular reflections that have been discussed in
3.1.1.1. By integration over all angles follows the relation between the upwelling irradiance
above (E,) and below (E,) the water surface:

Eu(l)=(-s")-Eu(I)+s -Eql). (6)
The ratio Ey(l ) / E«(l ) is called albedo.

3.1.1.3 Reflection in the water

Radiation transfer in the water depends on the geometry of the illumination (position of
sun, clouds, angular distribution of diffuse radiation) and on absorption, scattering and fluores-
cence properties of water and its constituents. Accurate models (e.g. Monte Carlo models) are
capable of calculating radiance spectra for any depth and observation angle. In practice the
achievable accuracy is limited by the knowledge about the optical properties of the relevant wa-
ter constituents. For example, only little measurements exist concerning the angle dependency of
scattering (phase function) of different suspended material, and as the size distribution is only
rarely determined, calculations are also not very accurate.

In practice smple analytical models frequently substitute accurate, angle-resolved mod-
els. This is because the parameters required for a correct mathematical treatment are often not
accurately known (e.g. phase functions) and computing time is quite high. As long as the knowl-
edge of the optical properties of the relevant water constituents, and not the model approxima
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tions, limits the achievable accuracy, the use of a smple model is of advantage. As this is the
case for remote sensing, the present algorithm for phytoplankton classification uses such a sm-
ple analytica model, namely the model of Gordon et a. (1975). It relates the irradiance reflec-
tance R to the inherent optical properties a (absorption) and by, (backscattering):

o By()
R() =f a(|)+bb(|)' @)

The factor of proportionality, f, depends on the scattering properties of the water and on
the illumination and viewing geometry. There exist severa algorithms to estimate f (Aas 1987,
Kirk 1991, Sathyendranath and Platt 1997). Here f = 0.33 is set, which is a good approximation
for clear sky conditions at high solar elevation (Gordon et a. 1975, Prieur 1976). In the inversion
model the product of f with an other factor r ~ is determined iteratively.

The spectra a(l ) and by(l ) depend on the dissolved and suspended water constituents.
Their parameterisation is described below (3.1.1.4 and 3.1.1.5). The irradiance reflectance R is
defined as the ratio of upwelling irradiance E, to downwelling irradiance E4, both measured
below the water surface (labeled by a superscript - "):

RID =B/ (1) /Eda (). (8)

Eq istheintegral of all radiances Lq4(q,f) downwelling from zenith angles 0 £ q < 90° and
azimuth angles 0 £ f < 360°, weighted with the cosine of the zenith angle:

2ppl/2

E.(1)=00QL4(l.gF)xcosq>dgdF . 9

00
Ey(l') is defined analogoudly, but the zenith angle ranges from 90° < g £ 180°.

Model (7) was developed for in-situ measurement of instruments that have a 180° field of
view and measure irradiances. It is common use to apply it aso to radiance measurements where
the sensor has a narrow field of view. Measured upwelling radiances L, are converted into ir-
radiances E, by multiplication with a factor Q, which depends on the scattering properties of the
water. Eq can be determined with a radiance sensor using a white diffusor pandl. If the reflection
ro(l ) of the pand is isotropic (Lambertian reflector) and if it is kept horizontally, the radiance
spectrum of the panel multiplied with p/ry(l ) yields Eq(l ).

3.1.1.4 Absorption of water

The absorption of the water body is the sum of absorption of pure water, ay, plus the
absorption of all water constituents. In the visible and near infrared the main absorbing compo-
nents are dissolved organic matter (yellow substance) and phytoplankton. Thus absorption can be
expressed in good approximation by the following equation:
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al)=aw(l) +Cv-a*()+SpCo-at(l). (10)

Cy and Cp denote the concentrations of yellow substance and phytoplankton, respec-
tively, and ay* (I ) and a*(l ) their specific (i.e. normalized to concentration) absorption spectra.
The specific absorption spectrum of yellow substance is approximately an exponentia function:

a*(l) =exp[-S- (1 o). (11)

For Lake Constance the spectral slope has a typical value of S = 0.0142 nm™. Yellow
substance concentration is expressed as absorption at | o = 440 nm. Its mean value for Lake Con-
stanceis Gy = 0.29 m™.

The concentrations Cp of the phytoplankton classes are defined as mass of chlorophyll-a
per volume and have the units pg/l. The specific absorption spectra a* (I ) of the optical phyto-
plankton classes have several characteristic peaks of approximate Gaussian shape. The peaks at
430 and 670 nm are present at al classes and vary not much in shape and amplitude, as these
peaks are caused by chlorophyll-a which is present in al classes. The spectra &* (| ) representing
the phytoplankton in Lake Constance are shown in the Appendix.

3.1.1.5 Backscattering of water

The backscattering coefficient of the water body is the sum of backscattering of pure
water, byw, plus the backscattering of all water constituents. For pure water the empirical rela-
tion of Morel (1974) is used:

-4.32

byw (1) = b1>§|_§ : (12)

The factor of proportionality, by, depends on sdlinity. It is b; = 0.00111 m™ for fresh
water and by = 0.00144 ni™ for typica oceanic water with a salinity of 35-38 %o, if | 1 =500 nm
is chosen as reference wavelength (Morel 1974).

Scattered intensities depend on the scattering angle and on particle size relative to |,
shape, refractive index and absorption. In the visible and near infrared the main scattering com-
ponent is suspended matter. It is composed of inorganic and organic particles, mainly phyto-
plankton. Several published models use specific backscattering coefficients for a few compo-
nents, for example for phytoplankton and the inorganic particles. However, these are highly vari-
able, mainly due to the large natura variability of the size. For this reason, and because charac-
teristic spectral features are missing, "class-specific" backscattering coefficients are much less
specific than absorption spectra. In the model presented here no class-specific backscattering
coefficients are used. Instead, the backscattering of all water constituents is approximated by the
sum of awavelength-independent term and aterm proportional to| ™

bo(l ) = bow(l ) + CL - b * +Cs - bps* - (1/19)" (13)
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Backscattering of particles with a diameter large compared to | (above ca. 5 um) is
approximated by the product of concentration C. and a wavelength-independent specific back-
scattering coefficient by, *. Scattering of smaller particles obeys approximately Angstrom's
(1929) empirical | " law, which follows from Mie theory for a size distribution of spherical parti-
cles proportional to d™* with d = diameter (van de Hulst 1957). Consequently, the backscattering
of small particles is parameterised as the product of concentration Cs, specific backscattering
coefficient b, s* at areference wavelength | s, and the function (I /1 5)". For many water types n =
- 1 was observed to be a good approximation (Maffione and Dana 1997). For Lake Constance it
is by, * = 0.0086 m? g* and bps* » 0 (Heege 2000), i.e. backscattering of small particles can be
neglected.

3.1.1.6 The analytic forward model

The analytic model (7) is used for parameterising the subsurface reflectance of the water.
It eliminates the illumination conditions from the equation by normalising the information-
bearing measurement of upwelling radiation with the downwelling irradiance. The same nor-
malisation is performed for L, measurements above the water surface:

r(l)= ; E: ; (14)

Eq(l ) is the downwelling irradiance just above the water surface. Inserting the equations (4) and
(5) and using E, = Q L, yieldsthe following expression:

(1' S)(l' S (ql)) xE- (I )
Qxnj, ) s(q) 41 ,9)

e n-sen T B0 19

As irradiance reflectance is for most water types below 5 %, the denominator of the first
term of the right-hand side approximately equals Eq4 (I ), and it follows by using eg. (8):

_@-s)A-s (@) (Lall9)
r(l) = Qe R(I') +s(q) —Ed 0 (16)

Since s, s°(q"), s(q), Q and n, depend only dightly on the wavelength, both terms on the
right side can be approximated by products of wavelength-independent factors and wavelength-
dependent functions:

r(I):r'XR(I)+r*><Ld*(I) (17)

E.()

The factors are in the orders of r™ = 0.11 s and r* = 0.03, because s » 0.02, s ()
» 0.02, s(g) » 0.03, Q » 5 sr, ny » 1.33. The spectrum Lq(I ,q) has been replaced by a spectrum
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Lq*(1 ), which represents a radiance spectrum that is reflected at a water-roughened surface into
the sensor. As explained in Appendix A, it can be approximated by a sum of four base functions.
In the forward model L4*(l ) is calculated using user-defined weights a*, b*, g*, d* of the base
functions, in the inversion model these weights are determined iteratively.

Eq. (17) is the analytic model which is used for forward and inverse calculations. Table 1

lists dl parameters of eq. (17) and their default values. In the forward model the actual parameter
values are set by the user, in the inversion model severa of them are fit parameters and deter-

mined iteratively.
function | parameter | default value | meaning remark
R(l) Cy 0.29m* yellow substance absorption at 440 nm
S 0.0142 nm™ spectral slope of yellow substance | not fitted
absorption
Cal 1 pg/l cryptophyta concentration low phycoerythrin concentration
Cech 1 pg/l cryptophyta concentration high phycoerythrin concentration
Cq 1 pg/l diatom concentration
Cat 1 pg/l dinoflagellate concentration
Cqy 1 pg/l green algae concentration
CL 2 mg/l concentration of large particles
Cs 0 concentration of small particles neglected for Lake Constance
n -1 Angstrém exponent of backscattering by | not fitted for Lake Constance
small particles
f 0.33 factor of proportionality not fitted
La*(1) ax 0.4 reflection factor of direct solar radiation
b* 0.1 reflection factor of blue sky
g 0.1 reflection factor of aerosol scattered
radiation
ax 0.1 reflection factor of clouds
n* 0 Angstrém exponent of aerosols not fitted
Ea(l) a 0.4 weight of direct solar radiation not fitted, but determined separately
b 0.1 weight of radiation scattered by mole- | not fitted, but determined separately
cules
g 0.1 weight of radiation scattered by aero- | not fitted, but determined separately
sols
d 0.1 weight of radiation scattered by clouds | not fitted, but determined separately
n 0 Angstrém exponent of aerosols not fitted
r(l) r 0.11srt conversion factor irradiance reflectance
to remote sensing reflectance
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re 0.03 reflection factor for sky radiances

Table 1: The parameters of the analytic model (17).

3.1.1.7 Inversion model for ship measurements

to be completed

3.1.1.8 Inversion model for MERIS

to be completed

3.1.2 Mathematical Description of the Algorithm
A detailed mathematical description is given together with a schematic description.
32 Practical Considerations

This section describes anticipated techniques for agorithm implementation. This section focusses on scientific is-
sues involved in algorithm implementation.

3.2.1  Numerical computation considerations
3.2.2  Calibration and Validation

Validation methodol ogies shall be outlined.

3.2.3 Quality Control and Diagnostics

Quality control and diagnostics will be developed to inform the users of the uncertainties expected in the final re-
sults, for example, the effects of sub-pixel clouds and adjecent clouds.

3.24  Exception Handling

Actions on saturation or data dropouts shall be given.

Action on non-availability of ancillary and auxiliary data shall be given. The product(s) format will be described
with their likely precision. Accompanyig each product will be a summary of the input parameters used and an error
budget. A data product summary sheet shall be produced (Chapter 7).

3.25 Output Product

4, Error Budget Estimates

An error budget on the uncertainties/errors described in the above section is given. The extend of vaidity is dis-
cussed, for example it’ s regiona and seasonal applicability.
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5.  Assumptionsand Limitations

Assumptions and limitations shall be summarized including assumptions on the quality of input data (L 1b, L2 data,
ancillary data, flags) required to achieve certain accuracy.

A magor contribution to the signal at satellite height originates from the atmosphere; typicaly
more than 90 %. Atmosphere correction procedures have been adapted to MERIS for land (San-
ter et al. 1997), case 1 waters (Antoine and Morel 1997) and case 2 waters (Aiken and Moore
1997). These procedures are implemented as standard software in ESA's MERIS processor. It is
expected that the ESA software corrects the atmospheric influence with sufficient accuracy.
Hence the proposed algorithm is based on full-resolution MERIS Level-2 data, i.e. normalized
water leaving radiance (reflectance) spectra, for which ESA promises an accuracy < 2 x 107
(product  ID: MER_FR__2P, see  http://envisat.estec.esanl/instruments/meris/date-
app/prodspread.html).

As it is not an easy task to correct accurately the atmospheric influence, it cannot be excluded
that errors from atmosphere correction introduce errors into the determination of water constitu-
ents and phytoplankton classification.

It is planned to perform relevant calculations of error propagation.
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Appendix A: An analytic model of the downwelling radiation

An anaytic model of the downwelling radiation with only few parameters has been de-
veloped by Gege (1994). The actual version is described here. Its main purpose is to correct
specular reflections at the water surface. These cannot be calculated with sufficient accuracy
with an "exact" angle-resolved model (like Modtran, 6S etc.), because for a wind-roughened wa-
ter surface the reflected region of the upper hemisphere is statistically fluctuating. Higher accu-
racy is achieved by adjusting the few parameters of the analytic model in an inverse procedure
(Gege 1998a).

A.1 The modd

The parameterisation of the downwelling radiation is based on the fact that the radia-
tion illuminating the water surface consists of four spectrally different components. (1) the direct
solar radiation transmitted through the atmosphere, (2) the blue sky, (3) radiation scattered by
aerosols, and (4) clouds. Each component is expressed in terms of a wavelength-dependent frac-
tion of the extraterrestrial solar irradiance Eo(l ):

Eql)=[a-ta(l)+b- (1N R*®+g-(1/1m)"+d-tc(1)] - Eo(l). (A.1)

This is the defining equation of the four base functions ta(l ), (I /1 )™, (I /I )" and
tc(l ). Accordingly the base functions are a ratio of two irradiance spectra, hence they are diffuse
transmission spectra. In order to make them all dimensionless, the constants | r and | \ are intro-
duced, whose values are determined by normalisation. The relative intensity of each base func-
tion — a, b, g and d — may change from one measurement to the other, but the base functions
themselves are assumed to be constant in time.

The assumption behind eg. (A.1) is that each point of the sky emits radiation which is a
weighted sum of the four light sources sun, blue sky, aerosols and clouds. Hence eg. (A.1) isas
well a model for the downwelling irradiance E4(l ) as also for the downwelling radiance
Lq(l ,9,f) for any zenith angle O £ q < 90° and any azimuth angle 0 £ f < 360°. In particular it is
a suitable model for the radiation which is specularily reflected at the water surface. Accordingly
the radiance spectrum Lg* (1 ) of eq. (17) is parameterised as follows:

L) =[a* -ta(l )+ b* - (1 N Q™* P+ g - (1 N )" +d* -tc(1)] - Eo(l ). (A.2)
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A.2 Thelight sources

The base spectrata(l ), (I /I ))™*%, (I /I )" and te(l ) of the model (A.1) represent the four
light sources sun, blue sky, aerosols and clouds, respectively. Their calculation is described be-
low. They are shownin Fig. A.1.
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Fig. A.1: The four base spectra of the model of the downwelling radiation.

The transmission spectra of Fig. A.1 are normalised such that the weights a, b, g and
d represent the relative intensities of the four light sources in the spectral range of 400 to 800 nm
for an E4(l ) spectrum. This requirement corresponds to the following normalisation condition:

80(%i(l)xEo(l)CII =80é)ﬁo(|)d| ! (A.3)

with ti(1 ) = ta(l ), (1 /1 ™%, (1 /1 w)", te(l ). From this equation the Rayleigh and Mie
scaling factors are obtained: | g =533 nm, |y dependsonn: |y =583nmforn=1and | y=
563 nm for n = 1.

A.2.1 Extraterrestrial solar irradiance
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The electromagnetic radiation from the sun is emitted by the solar photosphere. Its spec-
trum consists of millions of absorption and emission lines with temperature dependent line shape
parameters. Models of the solar photosphere are derived semi-empiricaly by solving the equa-
tions describing the physical processes in the solar atmosphere as far as possible, and then
adjusting atmospheric parameters to obtain agreement between calculated and observed intensi-
ties (Avrett 1997). In this way a compilation of more than 58 million atomic and molecular lines
was performed by Kurucz (1992, 1994) and a spectrum of the solar irradiance with a resolution
of 1 cm™ was derived. Fig. A.2 shows this solar irradiance spectrum for the wavelength range of
380 to 450 nm together with three spectra which are averaged for spectrometers with a spectral
resolution around 1 to 2 nm.
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Fig. A.2: Comparison of solar irradiance spectra with different spectral resolutions.

The highly resolved data of Kurucz are included in the HITRAN database
(http://www.HITRAN.com). One curve of Fig. A.2 was calculated from these 1 cm™* datain 1
nm steps by integrating over intervals of + 0.5 nm, corresponding to channels with rectangular
response function and widths of DI = 1 nm. An other curve was calculated from the 1 cm™ data
to match the channels of a ZEISS MCS 501 UV-NIR spectrometer owned by DLR. The spectra
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response of each channel was assumed to have a Gaussian shape and a standard deviation of s =
1.3 nm; the centre wavelengths (spacing 0.8 nm) were taken from the manufactorer's calibration
table. The third curve is a frequently used spectrum of the solar irradiance that was measured by
Neckel and Labs (1981) in steps of 2 nm and a spectral resolution around 2 nm.

Fig. A.2 clearly illustrates that a weighted integra of the solar irradiance over a certain
wavelength range depends strongly on the weighting function and on the integral borders. Since
any spectrometer integrates and weights the radiation over a certain wavelength range, the spec-
tral response of al channels must be known very precisely if the instrument is used to measure
solar radiation in absolute units, for example to derive a transmission spectrum.

The instrument-adapted spectrum with 0.8 nm steps and s = 1.3 nm is taken as spektrum
Eo(l ) for the above-desribed model. This spectrum is shown for the spectral range of 400 to 800
nm in Fig. A.3. As explained below, the transmission spectra "sun" and "clouds’ of Fig. A.1 ha
ve been derived from experimental data with the Eq(l ) spectrum of Fig. A.3 as light source. The
remaining spectral mismatch between the instrument and Eqy(l ) causes the "noise” that is visible
in the transmission spectra.
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Fig. A.3: Extraterrestrial solar irradiance spectrum Eql ).

A.2.2 Direct solar transmission
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The base spectrum ta(l ) was determined as follows. First an approximation t'a(l ) was
calculated using the radiative transfer code Lowtran-7 (Kneizys et a., 1988). This spectrum was
then used in eg. (A.1) for determining the parameters a, b, g and n in a least-squares fit by ad-
justing the right-hand side of eg. (A.1) to an E4(l ) measurement at cloud-free conditions (d = 0).
Finaly ta(l ) was calculated from eg. (A.1) using the fitted values of a, b, g and n. Severa of
these spectra were calculated from measurements at Lake Constance. That one was selected
which was least influenced by water vapour absorption a 720 nm.

A.2.3 Blue sky

Light scattering by molecules obeys Rayleigh's classical | ™ law (Strutt 1871). For the
atmosphere this | “-dependency is not strictly valid due to wavelength-dependent refraction.
From experimental data severa empirica relationships have been derived, which yield similar
spectra. Here the empirical power law of Linke (1956) with an exponent of -4.09 is adopted.

A.2.4 Aerosols

For aerosol scattering the empirical | " formula of Angstrém (1929) is taken as base func-
tion. It follows from Mie theory for a size distribution of spherical particles proportiona to d™ >
with d = diameter (van de Hulst 1957).

The model accuracy is not affected significantly by an incorrect Angstrom exponent
(Gege 1994). This behaviour of the model results from the method for calculating ta(l ): the
method described in A.2.2 compensates errors in n by errors in ta(l ). Consequently, actual
measurements Eq4(l ) can be reproduced quite well as long as aerosol scattering has a similar
wavelength dependence as for the measurement used for deriving ta(l ).

A.2.5 Clouds

The spectrum tc(l ) was determined from an E4(l ) measurement at overcast sky as fol-
lows. Since no first guess of tc(l ) existed, tc(l ) = 0 was set in a first step, hence the only un-
knows of eq. (A.1) are the parameters a, b, g, n, while all wavelength-dependent functions are
known. These parameters were determined in a least-squares fit. From the difference between
measurement Eq(l ) and fit curve (1 ) afirst estimate of tc(l ) was calculated: d - tc(l ) = [Eq(l )
- f(1 )] / Eo(l'). It contains negative and positive values. By adding the lowest tc value to all spec-
tral channels a new spectrum tc(l ) was obtained which contains only positive values. Its scaling
factor d was determined by normalisation according to eg. (A.3). This spectrum tc(l ) was then
used in the next step to determine an improved parameter set a, b, g, d, n by aleast-squares fit,
and these values were used to calculate a further improved spectrum tc(l ) with eq. (A.1). Severd
of these spectra were calculated from measurements at Lake Constance. That one was selected
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which was most influenced by water vapour absorption at 720 nm.
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Appendix B: Optical properties of Lake Constance

The experimental basis of the algorithm are data from Lake Constance (Bodensee). These are
summarized here.

B.1 Ydlow substance

Yellow substance absorption and its variability have been studied during campaigns in
May and September 1998. The measurements and the results are described in detail in Gege
(1999). The major results are shown in Fig. B.1.
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Fig. B.1: Typica yellow substance absorption of Lake Constance. Bold: Mean spectrum. Gray shaded: standard
deviation due to concentration changes. Green lines: standard deviation due to changes of the spectral slope.

The average absorption at 440 nm of samples from the lake is 0.29 m™*. Significantly hig-
her values are observed only in the Schussen river plume. Otherwise, the standard deviation of

ay(l ) due to concentration changes is 0.05 m™ at 440 nm or + 17 %. It is shown in Fig. B.1 as
gray shaded area.

The spectral slope has a mean value of S = 0.0142 nm™ and a standard deviation of
0.0012 nm*, which corresponds to a variability of + 8 %. The resulting variability of yellow sub-
stance absorption ay(l ) isshown in Fig. B.1 as green lines.

Scattering by yellow substance was not investigated. It is neglected in the model.
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B.2 Phytoplankton

The modd treats the phytoplankton in two ways. for correcting specular reflections a the
water surface an average absorption spectrum is used, for phytoplankton classfication the specific
absorption spectra of all relevant optical classes are required. Backscattering of phytoplankton is
lumped together in the model with backscattering of other suspended matter, i.e. no phytoplankton-
specific backscattering spectraare required.

B.2.1 Average absorption spectrum

The average specific absorption spectrum of phytoplankton is shown in Fig. B.2. It is based
on 213 reflectance measurements from 32 days in 1990 and 1991. By inverse moddling the phyto-
plankton absorption spectra have been derived (Gege 1994). These caculated in-Situ absorption
gpectra have been normdized to the sum of chlorophyll-a and phaeophytin-a concentration. Heege
(2000) has shown that this mean specific absorption spectrum is well-suited to derive the chloro-
phyll-a concentration from airborne data (DAEDALUS scanner) and from underwater reflectance
spectra (MER radiometer).

0-04\\\\\\\\\I\\\\\\\\\I\\\\\\\\\I\\\\\\\\\

0.03

0.01

9100 500 600 700 800
Wavelength (nm)

A_PH | 17.1.2000

Fig. B.2: Mean specific aosorption of phytoplankton in Lake Constance.

The spectrum of Fig. B.2 is used for correcting specular reflections a the water surface. This
agorithm is not sengtive on minor deviations of the actud absorption spectrum from the mean
spectrum. It excludes the spectrd range from 500 to 600 nm where the deviations are largest.
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B.2.2 Absorption spectra of major optical classes

The phytoplankton in Lake Constance is composed of more than hundred species. A spec-
tral distinction on species level is not possible. Because al species belonging to the same taxonomic
class contain smilar pigment types, optica classfication is oriented on taxonomic classfication.
Taxonomic classes which have smilar absorption spectra are merged together into one optica class.
A comparison of various measured and published spectra on species leve led to the classfication of
Table B.1 (Gege 1994).

Taxonomic classes Optical class
Cryptophyceae cryptophyta
Bacillariophyceae .
Chrysophyceae diatoms
Chlorophyceae

Zygnemaphyceae green algae
Cyanophyceae

Dinophyceae dinoflagellates

TableB.1: Optica classfication of the phytoplankton in Lake Constance.

The classification of Table B.1 is based on laboratory measurements at pure cultures of sin-
gle species. For two taxonomic classes the optical classfication is not Satisticaly proven:

Chrysophyceae. Not a sngle absorption measurement was available. The class was put into the
diatoms class because inverson of reflectance measurements determined high diatom concen-
trations for the two days when Chrysophyceae were dominating.

Cyanophyceae. The absorption of many species belonging to this class is highly dependent on
the illumination conditions during growth, and there are large differences between the species.
For Lake Congtance only one species, Microcystis, occured at high concentrations, but the ab-
sorption spectrum of this species is not known. The class was put into the green agae class be-
cause inverson of reflectance measurements determined high green agae concentrations for the
days when Microcystis was dominating.

The specific absorption spectra of the four optical phytoplankton classes are shown in Fig. B.3.
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Fig. B.3: Specific aosorption of the optica classes of the phytoplankton in Lake Congtance. For crpytophyta two spectra
are required to account for the high variability of the concentration of the pigment phycoerythrin.

For cryptophyta two spectra are required to account for the high variability of the pigment phyco-
erythrin. The spectrum which represents the class at low phycoerythrin concentration was meas-
ured (Hartmann 1995) on a pure culture of Cryptomonas ovata, which is by far the most abundant
species in Lake Constance. To account for high phycoerythrin concentration a published (Haxo
and Fork 1959) absorption measurement of the species Rhodomonas lens was digitized and re-
scaled to a*(440) = 0.02 nf /mg. For representing the specific absorption spectrum of diatoms a
Fragilaria crotonensis measurement (Hartmann 1995) was choosen, for green algae a Mougeotia
sp. measurement (Hartmann 1995), and for dinoflagellates a published spectrum (von Smekot-
Wenserski et d. 1992) which averages five marine species.

B.3 Suspended matter

The specific absorption of suspended matter was calculated from underwater measure-
ments of irradiance reflectance (139 depth profiles) and diffuse attenuation (142 depth profiles)
at 88 days from 1990 to 1996. Two methods, multivariate optimisation and least-sgquares fit,
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were applied to the data set which comprises besides optical aso biochemical measurements
(Heege 2000). The result is that absorption of non-phytoplankton suspended matter is negligible.

The specific backscattering of suspended matter was determined by inverse modelling of
139 subsurface irradiance reflectance measurements from 1990 to 1996 in 1 m depth, for which
the concentrations of inorganic and organic suspended matter, phytoplankton and yellow sub-
stance were known (Heege 2000). Because no clear distinction between the contributions of phy-
toplankton and inorganic matter was possible, the backscattering of al suspended particles is
treated as an entity. It resulted no significant wavelength dependency of backscattering. The av-
erage specific backscattering coefficient of suspended matter is:

bo * (1) = 0.0086 m* g™

In accordance with eg. (13) the subscript "L" is used in order to indicate that backscat-
tering is dominated by "large”" particles. The natural variability of by * was estimated by com-
paring suspended matter concentrations derived from inversion of multispectral airborne data
from 4 campaigns in 1996 and 1997 and in-situ measurements (Heege 2000). If water with very
high concentrations near to river mouths is excluded, the average deviation is 25 %. Because part
of the deviation is caused by other error sources, it can be concluded that the variability of by *
in the lake is below 25 %.

Both results, the approximate independency from wavelength and the value around 0.01
m? g*, were confirmed by direct measurements of the backscattered light. These measurements
were performed in May and September 1998 with a commercia instrument (bb-4, Sequoia Sci-
entific, owned by GKSS Geesthacht) that detects the light backscattered at an angle of 140° at 4
spectral channels at 414, 440, 510 and 675 nm.



