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Results of seawater reflectance measurements carried out in the Black Sea coastal waters in the
summer-autumn season, 2002-2014 on the oceanographic platform of the Experimental Department
of MHI are discussed. The data were obtained using the spectrophotometer developed in the Marine
Optics Department of MHI. Special measuring technique allows one to take into account the light
reflected by the sea surface that eliminates necessity in sub-surface probing and provides higher
accuracy as compared to the results of the model simulations. The measurements show that in the
summer-autumn period the sea reflectance spectra are of almost constant shape with a smooth peak in
the range 480-500 nm. The peak values usually lie within between 1% (October) and 2% (July),
except for the spectra measured during the coccolythophore bloom in 2012 when the peak values
reached 6.6% (4.5% on average). The semi-analytical algorithm of reflectance data processing
permits to obtain inherent optical properties of seawater including the phytoplankton pigments’
concentration, absorption by nonliving organic matter and scattering by marine particles, and also to
detect the auxiliary photosynthetic pigments from the reconstructed phytoplankton absorption
spectrum. Special optimization technique permitting to simplify and to stabilize calculations is
introduced. The chlorophyll-a concentrations obtained using the algorithm are in good agreement
with direct biological data. Simultaneous measurements of reflectance and chlorophyll-a
concentration performed during the sub-satellite experiment in 2002-2004 have shown that
discrepancy between the modeled and the measured concentrations was about 10%. The considered
method permits to carry out operational sub-satellite monitoring of marine environment and, in
particular, to validate the algorithms for processing remote sensing data.
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Introduction. Optical methods are the most convenient for the global primary
production and admixture content evaluation in the surface waters. Their advantage
as compared with the labour-intensive and expensive surface-based oceanological
observations lies in the efficiency, regularity and larger amounts of the information
obtained. One of the most informative hydrooptical characteristics is the seawater
reflectance coefficient, which is the ratio between irradiance upwelling from the
sea and radiance of diffusely reflecting white screen.

Upwelling radiation spectrum depends on the presence in the water of the
suspended particles and dissolved organic matters, such as mineral suspension of
various origin, phytoplankton cells containing chlorophyll-a and other pigments
and also nonliving organic particles (detritus) and dissolved organic matter
(yellow substance). At the same time the number of the unknown seawater
characteristics exceeds the number of the measured parameters. Evaluation of the
characteristics of the water masses based on reflectance data is the classical inverse
problem. However, the algorithms for solving these problems and retrieving the
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concentrations of the admixtures from the upwelling radiance are insufficiently
precise. Because of the regional seawater specificity, chlorophyll-a concentration
evaluations based on the optical data, particularly the satellite ones, can differ
significantly from the real values, especially in the coastal zone.

Spectrophotometers for measurement of the upwelling radiation spectrum are
one of the basic hydrooptical instruments for carrying out the oceanographic
subsatellite experiments for calibration of the new generation satellite scanners.
That is why nowadays there appear a great amount of the works on the seawater
reflectance coefficient measurement methodology, relevant instruments and
algorithms for determination of the biooptical water parameters from the
measurement results [1 — 11].

In the field the reflectance coefficient can be determined in different ways.
One of the popular instruments on the primary stage of the research was the
radiance meter [1 — 5]. The process of measurements was performed in two stages:
firstly the measurement of the radiance of the horizontal diffusely reflecting screen
and then - the water mass radiance. During the remote measurements the sky
radiance was also determined.

In some research the reflectance coefficient was obtained as a result of the
simultaneous measurements by two sensors: downwelling irradiance meter and
radiance meter, the upwelling radiance measurements being performed both
remotely and directly in the water [6 — 11]. However, these two methods have
severe requirements to the accuracy, long-term stability and linearity of the sensor
characteristics. The measurements performed by one instrument are divided in
time, and this circumstance implies additional limitations on the stability of the
external weather conditions. During the determination by two different sensors
small errors of the each sensor can lead to the inadmissible resultant errors.
Moreover, for this kind of measurements the absolute calibration with high
accuracy of the radiance and irradiance photometers is necessary, that is quite
difficult to realize under field conditions nowadays.

To overcome the aforementioned difficulties the specific wide-range high-
stable photometers for sea reflectance determination have been developed in some
countries. They measure simultaneously the downwelling irradiance, upwelling
radiance, sky radiance by the same sensor, but through different optical channels.
Application of these instruments increased the measurements quality, but the
absolute calibration problems had not been solved, as each optical channel needed
the individual calibration [6, 12 — 14].

Instruments. One of the most perfect instruments was developed in the
Marine Optics and Biophysics Department of Marine Hydrophysical Institute RAS
[15]. The multi-purpose spectrophotometer for seawater reflectance coefficient
measurement permits to solve various subsatellite biooptical problems (Fig. 1).
Spectral range of the instrument is 390 — 720 nm, spectral resolution — 5 nm,
error — 3 %. There is the possibility provided for simultaneous measurement of the
spectral radiance angular distribution of the upwelling seawater radiance or
skylight radiance, normalized for the sea surface spectral irradiance. Calibration of
the instrument was carried out by diffusely reflecting screen with known
reflectance coefficient.
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There is also the possibility of the operation both from the board of the
research vessel or the platform, and immediately from the sea surface on the
hydrological stations. In the latter case the measurements permit to reduce up to
minimum the mentioned methodological errors and obtain the control-calibrated
data with the accuracy required to solve the biooptical problems. Remote sensing
from the board of the research vessel or oceanographic platform provide larger
information capability, but the accuracy of the measurements required for the
subsatellite tasks can be reached only in fair weather, when the state of sea does not
exceed 2 — 3 points, and light conditions are quite stable. Under more rough waters,
especially when the ripple takes place, the interferences related to the sun glints
and reflection of the various sky parts from the choppy sea surface become so huge
that they cannot be deleted by the simple spikes cull and special smoothing
procedures.

.\\

Fig. 1. Spectrophotometer for seawater reflectance coefficient measurements

Measuring from the board in the close-to-nadir direction, seawater reflectance
coefficient is expressed by the following formula:
2
n" L, —rly
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where n — the refractive index; r, =0,02 — Fresnel reflection coefficient at normal
fall; T, — air-water interface transmittance; T, — water-air interface transmittance;

L,— upwelling sea reflectance; Ly — zenithal sky diffuse radiation; E;, - sea

surface irradiance.
However during such experiment the instrument case shadowing influence is
rather great and to avoid it the measurements are carried out at 45° angle to nadir.

In this case Fresnel reflection coefficient cannot be accurately taken into account as
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it depends on the sea surface roughness, sky state (polarization, spectral and
angular characteristics of diffuse radiation) and also on the measurements
configuration. To determine the upwelling reflectance reflective constituent
different techniques based both on simulation and specific measurement schemes
have been developed [3, 4, 13, 14, 16, 17].

To use the given spectrophotometer the following measuring technique is
applied. Having measured the seawater reflectance coefficient p., (Fig. 2, on the
left) the water-filled cell with absorbing walls and bottom is installed in the
spectrophotometer field of view for measuring reflectance coefficient of the water
surface p,,+ under the same radiance conditions (Fig. 2, on the right). Spectra

Pars Were then subtracted from the spectra p, . Thus, water mass reflectance
coefficient p, was determined:

Pw = Psea ~ Purf * (2)

Objective {:} Objective {:}

Diffuse Diffuse
radiation radiation

Upwelling
radiation

Fig. 2. Seawater reflectance coefficient measurement procedure

Hereinafter the value p,, will be called seawater reflectance coefficient.

Despite the fact that the measurement procedure is somewhat complicated, this
method allows to take into account the reflected constituent. The difference in the
surface roughness in the sea and in the cell appears as a wider scatter of the
measurement data p,,, , Which is neutralized by spikes rejection and averaging of

the several successive measurements.

Data. In 2002 — 2014 on oceanographic platform (urban village Katsively) a
series of complex subsatellite experiments was carried out in order to determine the
seawater biooptical characteristics including reflectance (Fig. 3). According to the
results of these measurements it can be concluded that the reflectance spectra in the
summer and autumn have almost constant shape with a maximum in the range of
480 — 500 nm. Information on the data obtained is given in the table and in Fig. 4.
The maximum value changed from 1 % in October to 2 % in July. The data
measured during the strongest in recent years coccolithophore bloom [18] in July
2012 are an exception, when the maximum reflectance value averaged 4.5 %, and
the individual values reached 6.6 %, while the shape of the measured spectra did
not change.
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Fig. 3. Complex experiment on the oceanographic platform

Data on seawater reflectance coefficient spectrum measurements on the
oceanographic platform (urban village Katsively)

ver | Da | iemems | Y | D | eituemen
2002 28.07-15.08 18 2008 10.09-13.09 21
2003 16.07 - 28.07 41 2010  11.08-16.08 35
2004  31.08-13.09 41 2010 23.09-28.09 37
2007  08.07 - 21.07 86 2012 07.07-16.07 72
2007 04.10-12.10 44 2014  11.08-14.08 19
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Fig. 4. Average seawater reflectance coefficient spectra

Observation of the bloom was of particular interest because the increase of the
upwelling radiance turned out to be so strong that the automatic satellite data
processing programs recognized the area of bloom as cloudiness (Fig. 5).

Emiliania huxleyi is a species of coccolithophore, unicellular algae cell sized
5 — 8 microns, on the surface of each cell there are calcareous disks (coccoliths) of
1 -2 mm [19]. In the Black Sea Emiliania huxleyi are 90 — 99 % of the total
coccolithophore [20]. During life-cycle the cell casts off coccoliths several times,
resultsing in the multiple growth of the coarse mineral particles amount in the
water and, consequently, in the increase of the light scattering without substantial
increase of the absorption. Weak spectral selectivity of coarse particles scattering
leads to distinctive albescent shade of the water that allows a visual detection of
coccolithophore bloom. Backscattering growth causes increase of seawater
upwelling radiance and reflectance coefficient measured in the present experiment.
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Fig. 5. Satellite image of the Black Sea (a) and after applying the cloud mask (b) dated 26.06.12
(http://blackseacolor.com)
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Methodology. During solving the inverse problems of finding the seawater

. . . . b
optical properties the reflectance is generally related to the ratio =, where b, -
a

seawater backscattering, a — absorption:

=k bb (ﬂ')

p(4) a(l)

3)

Usually backscattering and absorption spectra are represented as the sum of
the respective components, and then the reflectance coefficient spectrum is
described by the following formula

(2) = k() Dy (Ao)(zo/z_);u_i )
ay (1) + Cepagn (4) + Cygme °

(4)

where k=015 [21]; b,,(41) - pure water backscattering index; v -
backscattering spectral slope , depending on the size of the particles; a, (1) — pure
water absorption coefficient [22]; a_,(4) — specific absorption spectrum of the
phytoplankton pigments [23]; « - nonliving organic matter absorption spectral
slope parameter. Model parameters: by, (4,) — backscattering coefficient of the
suspended particles at the wavelength 4, =400 nm, concentration of the

phytoplankton pigments C,, and nonliving organic matter absorption C,,, are

calculated by optimization in the specially developed iterative procedure discussed
below.

From a mathematical point of view, the calculation of the reflectance
coefficient model spectrum p,, parameters based on the experimental data p, is

consists in finding the minimum of the expression
A2
f =D [p(1) = pu (W) Q)
A

as the function f of the variables b, (4,), Cyyy and Cg, within the whole spectral
range, i.e. to the solving of the system of equations

of (bbp'CchI’Cddm) -0

by '

of (bbp’Cchl’Cddm) -0
aC, | (6)

6f (bbpfcchl’cddm) -0

aCddm l

By minimizing the deviation of the experimental data from the model spectra, we
eliminate only the random error of the experiment, considering the model representation
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absolutely reliable. However, the model can not describe all the possible features of the
absorption and scattering of the dissolved and suspended matters.

The absorption bands of the yellow substance and phytoplankton pigments
overlap. Besides, the larger concentrations of chlorophyll-a match the larger
concentrations of dissolved organic matter only on average. Therefore it is not
always possible to find out what determines the shape of the reflectance coefficient
spectrum — the presence of the yellow substance or phytoplankton pigments.

The developed algorithm solves this problem by isolating sites in the visible
spectrum; the concentration of each substance is determined on the spectral site
where its absorption is most significant in comparison with the influence of other
components. This makes possible to distinguish the absorption spectra, based on
the known general laws of their behavior. Mathematically, it looks like the division
of the system of equations (6) as follows:

of (bbp'cchl’Cddm) o -0
oby, e

of (bbp'CchI ’ Cddm) & _ 0, (7)
aCchI 3

of (bbp'Cchl’Cddm) & -0
aCddm A l

i. e. at each site the minimization is performed by one variable at a time, and the
remaining parameters are considered constant. This greatly simplifies the
calculations and stabilizes the solution of the inverse problem.

Values 4 have been found in the numerical experiment described in [24]. The
spectral site 390 — 410 nm is used for the nonliving organic matter absorption,
420 — 460 nm — for chlorophyll-a concentration and 460 — 650 nm — for particles
scattering. At the first stage the minimum of the expression (5) as a function of the
variable by, (4,) is found, in the first approximation the dissolved organic matter

and pigment concentration are taken to be zero. Then the expression (5) is
minimized as the function of C,, and concentration of the pigments is calculated

taking into account the obtained suspension scattering value; in the similar manner
the concentration of dissolved organic matter C,, is found.

On the second and following stages the values by, (4,) are determined
applying the values C, andC,,, , calculated during the previous stage. Thus, we
obtain an iterative algorithm that allows to calculate the parameters Cyy,, , by, (4)

andC,, . To achieve the stop condition |C, —Cl}

< 0,001 up to 10 iterations are

needed.
Results and discussion. The concentrations of phytoplankton pigments

calculated from the reflectance coefficient spectra were compared with data from
the field measurements of chlorophyll-a [25], performed simultaneously with the
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optical ones. The result of this comparison is shown in Fig. 6. At high
concentrations of pigments the decrease of the calculated concentrations compared
with those measured is observed. This is due to the fact that the applied pigment
absorption model is linear and does not take into account "package effect".
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Fig. 6. Comparison of the calculated concentrations of phytoplankton pigments (Chl,, ) with the
measured chlorophyll-a concentrations ((3h|exper ) according to the data of 2002 — 2004

The main source of errors of such method of the unknown concentration
calculating is a wrong assessment of the input model parameters, such as spectral
slopes « and v, as well as the specific absorption of a-chlorophyll. Previously, it
was shown that the nonliving organic matter absorption spectral slope has the
greatest influence on the accuracy of retrieving. It is known from the literature
sources [25 — 27], that the total value of the spectral slope of the total dissolved
organic matter and detritus absorption may vary within 0.015 — 0,02 nm2, which
leads to 25 % change of calculated chlorophyll-a concentration. In the resent work
the spectral slope « is considered constant and equals 0,017 nm™,

Observing coccolithophore bloom in 2012 due to the absence of direct
measurements of the chlorophyll-a concentration the comparison of the results with
the satellite data (averaged over several pixels) obtained in the area of
oceanographic platform was performed. Fig. 7 shows time dependence of the
values C, . We can see that coccolithophore bloom does not lead to a significant

increase in the absorption of phytoplankton pigments. This is most likely because
the calcareous shell of coccolithophore hinders the penetration of light into the cell.
At the same time the average concentration was ~ 0.5 mg « m=, which is slightly
higher than the average values for the summer period, but such overstating of
chlorophyll-a content is consistent with the observations of the other authors [28].
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Fig. 7. Time dependence of the concentration of phytoplankton pigments in July 2012

After calculating the three parameters of the model it is possible to calculate
the absorption spectrum of the pigments, which in contrast to the standard, will
contain not only the maxima of chlorophyll. These maxima explain the difference
between the measured seawater reflectance coefficient spectrum and spectrum

calculated from the already known parametershy,,(4,), Cg, andCgyqy, . Such

deviations occur in the narrow spectral bands, and generally do not affect the
calculation of the parameters. The maximum of absorption at a wavelength of
412 nm (Fig. 8) can be correlated with the chlorophyll-a decomposition products
(chlorophyllide, pheophytin and others); at wavelengths of about 570 nm, a
maximum can be attributed to the presence of cyanobacteria in water containing
phycoerythrin pigments. In addition, phycoerythrins have a maximum fluorescence
at 575 — 585 nm, which explains the sharp dip at wavelengths over 580 nm in the
calculated absorption spectrum, as well as the appearance of negative values [29].
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Fig. 8. Average absorption spectra of phytoplankton pigments (solid line) in July 2003 (left) and July
2012 (right). The dashed line shows a model spectrum [23]
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The absorption spectra were calculated applying the following formula

* _i kbb (/1) _ _ —a(A-2g)
achl(ﬂ') - Ccm |: p(/l) aw(/l) Cddme j| (8)

Specific absorption of phytoplankton pigments, calculated according to the
contact measurement of the reflectance coefficient, has also the spectral values and
behaviour typical for the summer season (Fig. 8). The presence of coccolithophore
does not significantly change the spectrum shape and values of the absorption.

Calculations show that the obtained concentration of nonliving organic matter
and backscattering of the suspension are weakly related with the concentration of
chlorophyll-a found applying certain biological methods. For example, according
to the results of the experiment in September 2004, the average value C,,, was

0.133 mY, the average value by, (4) equaled 0.0059 m~L. These values match well

with the biological data of direct measurements of these quantities. According to
the data of [27], the average value of dissolved organic matter absorption at a
wavelength of 440 nm is 0.08 m, the absorption coefficient of detritus ~0.06 m.
Since the parameter C,, describes the total absorption of dissolved organic matter

and detritus, a good match is observed between the measured and calculated
values.

Measuring the backscattering coefficient using nephelometer, an average value
of 0.0048 m* at a wavelength of 443 nm was obtained. When converting the
retrieved values by, (400) to the wavelength of 443 nm under the spectral law used

in the backscattering model, the value 0.0053 m™, close to experimentally
measured backscattering was obtained.

Processing the data collected during the bloom, it is important to select the
original parameters of the mineral suspension scattering model, since it is the very
factor having the greatest influence on the optical properties of seawater. Since
there is no suspension separation in the coarse and fine fractions in the model, the
parameter by, (4,) will determine the scattering of all the suspended mineral

particles, regardless of size, i. e. by coccoliths, coccolithophore cells, as well as by
the mineral suspension. Unchanged reflectance coefficient spectrum shape shows
that the scattering increase was not accompanied by an increase of absorption,
which is possible under the prevalence of a number of coccoliths over large
particles suspension including cells. According to the literature data [28, 30], under
the circumstances observed the number of coccoliths is order of magnitude higher
than the number of different mineral suspension, and two orders higher than the
number of coccolithophore cells. Therefore, in this paper, the term "mineral
suspension” means a mineral suspended matter containing coccoliths. The works
[28, 31] mention that the spectral slope of backscattering of the mixture of
coccoliths and coccolithophore cells v is 0.8.

To assess the extent of the bloom and number of the coccolithophore is
possible according to the results of the calculation of suspension backscattering. In
order to apply the empirical ratio from the work [31]

bb_cocc (546) =11- 10713 Ncocc ) (9)
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relating the suspension (coccoliths) backscattering b, ... (546) at wavelength

546 nm to the number density of coccoliths N (m™) obtained as a result of
model analysis, the backscatterring by, (400) had been recounted to 546 nm, taking
into consideration the spectral course:

Dy, cocs (546) = by, (400)(400/546)° . (10)

Simultaneously the evaluation of the concentration of coccoliths from satellite data
was carried out, namely according to the content of carbon in the mineral
suspension (particulate inorganic carbon, pic, mole(C)-m=), being one of the

standard MODIS scanner products. pic data were converted to the concentration
of coccoliths by means of the following ratio

piC : ﬂ(C) = mC_cocc Ncocc ) (11)

where x(C) — molar mass of carbon; m =2-10"g - carbon content in

coccolith under the data [28].

Time dependence of the values N, obtained according to such evaluations is
shown in Fig. 9. On the average the concentration value was 1.2 - 10! m=3, which
corresponds to the concentration of coccolithophore cell about 10° cells-1%. The
obtained concentrations of the mineral suspension, as well as the 3 — 4 times higher

than usual reflectance coefficients, indicate that the bloom observed has been one
of the most intense in recent years [20].
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Fig. 9. Time dependence of the mineral suspension concentration

Conclusion.  Spectrophotometer for seawater reflectance coefficient
measurement, developed in the MHI Marine Optics Department, can solve a
variety of marine biooptical problems, including the validation of satellite
measurements. The construction of spectrophotometer enables it to be applied in a

PHYSICAL OCEANOGRAPHY NO. 6 (2015) 27



variety of experimental conditions, and the instrument does not require the absolute
calibration. The measurement scheme is designed in such a way that allows
accurately taking into account the light reflected by the sea surface, without any
calculations and simulation concepts. In general, the instrument makes it possible
quickly and efficiently characterize the biooptical state of the marine environment.

Data processing algorithm of the reflectance coefficient and calculation of the
concentration of optically active impurities — phytoplankton pigments, suspension
and nonliving organic matter — takes into account the characteristics of the optical
properties of the research area. In addition, it uses the specially developed iterative
procedure allowing to simplify calculations and making the solution of the inverse
problem stable.

Obtained by means of the analytical algorithm values of chlorophyll-a
concentrations match well the data of direct measurements. As a result of the
processing of the data obtained during subsatellite experiment (2002 — 2004), when
the direct measurements of chlorophyll-a concentration had been carried out,
deviations of the analytically calculated concentrations of chlorophyll-a from the
measured ones were about 10 %.

The estimated concentration of chlorophyll-a during coccolithophore bloom
(July 2012) was ~0.5 mgem=3, which is higher than the average values for the
summer period [26]. The reason for this increase may lie in a mass development of
other phytoplankton species along with coccolithophore, but this increase is
consistent with the observations of other authors [28].

The estimated concentrations of the nonliving organic matter also match well the
biological data and the backscattering by suspension — with the data of direct
measurements of the scattering coefficient in 2004. The estimated concentration of the

mineral suspension during coccolithophore bloom in 2012 was ~1.2-10" m=, corres-
ponding under the order of values to the blooms fixed in 1992 and 2006. These data
indicate that the observed bloom has been one of the most intense in recent years [20].

Since the reflectance coefficient spectrum is measured with a high resolution (5 hm)
thereon specific absorption spectra of the pigments of phytoplankton can be calculated.
Additional absorption maxima provide information about the presence of the auxiliary
photosynthetic pigments in the water. Analytical algorithm permits to evaluate the presence
of substances in the water, that are difficult to determine by the biological methods.

The resulting methodology can also be used for processing the reflectance
coefficient spectra measured by satellite scanners during remote sensing of the
Black Sea for the monitoring of the ecological state of the Black Sea basin.
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