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Purpose. The work is aimed at studying the effects of light absorption in the Black Sea waters with due
regard for the variations of its individual components, and how they are manifested in the NASA archival
results of calculating the chlorophyll a concentration obtained by processing satellite data using the
universal operational method.

Methods and Results. The NASA archival data of the MODIS and SeaWiFS satellite instruments, and
the values of the light absorption components (determined by the method of Generalized ocean color
inversion model for retrieving marine inherent optical properties (GIOP)) related to yellow substance
and phytoplankton were analyzed. In order to avoid possible manifestations of various distortions in
the results of determining the remote sensing reflectance of the sea and in the products resulted from
application of the GIOP method, only the specially selected and sufficiently reliable test data from two
areas located near the Crimea Southern Coast and south of the Danube estuary were used.
Conclusions. In the considered examples with low content of chlorophyll a in the seawater, the yellow
substance plays a predominant role in light absorption in the spectrum blue part, whereas if the
chlorophyll a content is high, the phytoplankton contribution is dominant. The revealed relationship
between the light absorption components related to yellow substance and phytoplankton significantly
differs from that implicitly preset as a basis of the universal method (applied in NASA for the satellite
data operational processing) for determining the chlorophyll a concentration. This, in its turn, is
manifested in the fact that the data on the chlorophyll a concentration in the Black Sea stored in the
NASA archive may be overestimated in case the chlorophyll a concentration is low, and underestimated
—in case it is high.
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Introduction

The space remote sensing data application in the visible range of spectrum
permits to determine the numerical values of the optical characteristics of water in
the sea. To meet this challenge, it is necessary to use special complex methods for
processing and interpreting the results of measurements of radiation by equipment
operating in space. The range of issues arising in this case is considered from
a general viewpoint in [1-3].

The present paper is aimed at studying the light absorption effects in the Black Sea

waters. For this purpose, some examples of the data analysis from the SeaWiFS and
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MODIS satellite instruments are given in [4, 5]. The results of studies of light absorption
features in the Black Sea waters, obtained using field measurements, are shown in [6—
8]. Within the framework of practical applications of optical models, variations in the
absorption coefficient components caused by phytoplankton ap(\) and yellow substance
(together with detritus) aqg(A) (A is the wavelength radiation) are taken into account. Such
information is necessary in the study of ecological processes, modeling the conditions
for the light field formation in the sea. The optical characteristics of the Black Sea waters
undergo significant variability due to the variety of occurring processes and phenomena;
therefore, it is useful to consider new examples of using satellite data for their study.

Reliable separate retrieval of the absorption coefficient components ayn(A) and
adg(A) from satellite measurements is a rather difficult task; nevertheless, there are
methods for its solution [1-3, 5, 6]. The relevance of this task lies in the fact that the
apn(A) value is directly related to the most important indicator of the biological
productivity of the sea — the chlorophyll a concentration, while the light absorption
component variations aqg(A) can be a hindrance for determining its content in water by
satellite data. In addition, the light absorption by a yellow substance is of independent
interest, since in the Black Sea waters it can make a significant contribution to the total
absorption [4-8]. Earlier in [4, 5], the apn(A) and agg(X) values retrieval results in
the deep-water part of the Black Sea were described; in this paper, new examples of
analysis of observations of areas located closer to the coast are considered.

Materials and Methods

Instruments installed on the satellite register radiation of various wavelengths in
the visible range going out into space; the results of these measurements depend on
many variable factors, which in general should be considered as unknown
parameters. To find their numerical values, it is necessary to carry out a chain of
transformations of the initial data. For this purpose, methods and algorithms of
different complexity can be used [1, 3]. The results presented below were obtained
using the data processing products of the SeaWiFS and MODIS (Aqua) instruments
contained in the NASA archive (http://oceancolor.gsfc.nasa.gov/) using
the Generalized ocean color inversion model for retrieving marine Inherent Optical
Properties (GIOP) [2, 3]. The GIOP method is based on the search for a model
description of the empirical spectral values of the remote sensing reflectance Ris(L),
calculated at one of the first stages of satellite measurements processing during
atmospheric correction. In this case, physical models that in functional form express
the Ris()) dependence on the light wavelength and on the content of the main
impurities in water or their optical properties at some fixed A, are used. In the GIOP
method, light absorption variations in the sea are taken into account by two variable
parameters, apn(443) and aqg(443). One of the key elements of this method is the
single-parametric representation of the spectral dependence ap(A) as a chlorophyll a
concentration function based on the statistical model from [9]. To date, few direct
studies of absorption characteristics have been carried out in the Black Sea, but the
information available in the literature (see, e.g, [6-8]) does not contradict the model
concepts used in the GIOP method. Strictly speaking, it is possible that in the sea
areas under consideration, the optical properties of water have specific features that
differ from those taken into account in the GIOP method, thereby further refinement
of the results obtained using this method may be required.
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Results of satellite data processing by the GIOP method are available in
the NASA archive in a convenient digital format without loss of spatial and temporal
resolution. The archive files, among other parameters, contain apn(443) and aqy(443),
which can be used to calculate ap(A) and agg()) for all other wavelengths using the
GIOP model. Examples of the complete spectra of these values are given in [5].

In addition to the absorption parameters, chlorophyll a concentration estimates
are also considered below. C, will denote the results of its retrieval using
the universal OC3m method, which are contained in the NASA archive directly
among the standard products for operational satellite data processing.
As an alternative, designated as Ca, it is also useful to consider the results of
chlorophyll a calculation according to the model from [9] using the following
formula: Car = 222a,n(443)*%*. As a rule, in the Black Sea, the values of C, and Ca
differ; it is interesting to compare them and understand the reasons for this
difference.

During practical GIOP method implementation, a significant limitation is due
to the fact that the results of Ris(A) determination often do not have a sufficiently high
reliability [10-12], and this leads to a decrease in the reliability of the final a,n(443)
and aqy(443) values. The reasons for these distortions are associated with the
complexity of atmospheric correction, manifestations of a sun glint, errors in setting
the calibration parameters of the device, etc. Note that the problem associated with
the Ris(A) distortions is relevant not only for the Black Sea, but also for many other
water areas [ 12-15].

At the same time, the sources of distortions, as a rule, are variable in nature, and
therefore, in some cases, conditions sufficiently favorable for the GIOP method
application can appear. Accordingly, in order to obtain reliable conclusions, it makes
sense to analyze only specially selected situations with the most reliable Rys(A)
values. The satellite measurement processing system implemented in NASA provides
identifying and excluding from the number of usable samples with low reliability,
but to improve the accuracy of the GIOP procedure results, it is useful to consider
the requirements based on more stringent criteria formulated and tested in [4, 5],
additionally.

These requirements are that within extended cloudless areas of the sea there are
no sharp chaotic spatio-temporal fluctuations of all determined values, including
atmospheric parameters, and false local correlations between the products of
calculations of the characteristics of the atmosphere and sea water. In addition,
a sufficiently accurate model simulation of the empirical spectra Ris(A) and
the coincidence of the results obtained from the data of the SeaWiFS and MODIS
instruments are required.

It is known that when implementing methods such as GIOP, effects associated
with instability or ambiguity in the solution of a multidimensional optimization
problem may appear. However, as a result of the additional verification carried out, it
was found that such effects are not significant for the considered test examples.

Application of the listed criteria leads to a significant reduction in the amount of
data suitable for detailed studying of the Black Sea. However, the experience shows
that it remains possible to analyze some rather interesting demonstration examples.
For 2002-2010 the NASA archive accumulated a large number of such surveys with
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SeaWiFS and MODIS (Aqua) instruments, which can be considered almost
synchronous and reflects a wide variety of variability of the optical properties of water
in various areas and in different years.

Results and their Discussion

As a first example, the results of surveys of the area near Crimea in June 2009
are considered. Fig. 1 shows schematic maps of the spatial C, distribution on
June 19, 2009 and the sea surface temperature on June 18, 2009, based on the results
of processing data from the MODIS device contained in the NASA archive for this
area. As is known, in many situations, C, can differ markedly from the actual
chlorophyll a content in the Black Sea. However, from Fig. 1 it is possible to judge
indirectly the spatial distribution of the optical properties of water in this area. The
maps of this figure show a characteristic spatial image of coastal upwelling, in which
an increase in the chlorophyll a concentration is associated with a water temperature
decrease [16, 17]. As a rule, when studying upwelling, contrasts in the water
temperature field are primarily taken into account, but it is also useful to consider its
manifestation in the light absorption characteristics.
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Fig. 1. Maps of spatial distribution of the Ca value (a) and the surface temperature T (b) near Crimea
on June 19 and 18, 2009, respectively. Crosses denote the positions of the analyzed test samples

Table 1 presents quite reliable results of retrieving the chlorophyll a concentration
and the optical parameters in the sea areas selected from the Fig. 1, carried out by the
SeaWiFsS instrument on June 19, 2009. In the NASA archive, this data is readings in
single nodes of a regular coordinate grid (with a step of ~ 9 km) of the standard Level-
3m format. The apn(443) and aq(443) values in Table 1 for the wavelength A = 443
nm are quite indicative, and there is no need to consider them for other wavelengths.
The results presented refer to the area (44.04° N; 33.04° E) with a low water
temperature; in this area, ayn(443) is 1.5 times higher than in neighboring areas. The
contrast in the ayn(443) field is not so great, but everywhere the yellow substance
makes a predominant contribution to the total light absorption. This feature of the
optical properties of Black Sea water should be taken into account when determining
the total absorption spectra, as well as in a more accurate chlorophyll a concentration
calculation from the results of space measurements. The data in Table 1 generally
reflect the spatial distribution of the considered parameters in the sea area shown in
Fig. 1. The C, and Ca; values obtained here differ markedly, with C; > Ca. In this case,
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in the Ca field, the same picture of local contrasts as in the C, value map shown in Fig.
1 can be observed. The difference between them comes down to the difference in the
general level and the imposition of insignificant distortions and fluctuations.

Table 1

Results of retrieving the chlorophyll a concentration and the optical
parameters in the Black Sea waters, 19.06.2009

Coordinates®

apn(443), m™ | ag(443), m* | Comg-m2 | Ca, mg- m

N | E
4429 3154 0.0134 0.0447 0.47 0.19
4404 30.71 0.0189 0.0478 0.56 0.33
4404 33.04 0.0230 0.0503 0.71 0.47

Regularities of values variations given in Table.1 are similar to those previously
established in [5] from observations of the deep-water part of the Black Sea, and are
characterized by relatively low values of ap()) and aq(); therefore, as another
example, it is interesting to consider the results of area survey near the Danube
mouth with significant spatial contrasts due to the outflow of river waters containing
a large number of various impurities.
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F i g. 2. Maps of spatial distribution of the apn(443) and adg(443) values near the Danube mouth
constructed based on the MODIS (Aqua) data (12.08.2006). Crosses are the positions of the analyzed
test samples

Fig. 2 shows maps of the spatial distribution of the apn(443) and aqq(443) values
in this area, created from the MODIS satellite imagery results on August 12, 2006.
On these maps, a typical pattern of a river discharge with an increased level of light
absorption parameters in water having a complex shape is shown. The results
of processing satellite measurements related to four representative nodes of
the Level-3m format coordinate grid from the area shown in Fig. 2 are given in Table.
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2. These data cover wide ranges of changes from practically the lowest values of the
considered values found in the Black Sea to anomalously high ones, which are
manifested near the coast and in the shelf zone.

Table 2

Results of retrieving the chlorophyll a concentration and the optical
parameters in the Black Sea waters for August, 12, 2006

Coordinates an(443), M | ag(443), mt | Camg-m? | Ca,mg-m?

N | E
4379 29.13 0.1038 0.0603 2.40 5.40
4379 2954 0.0662 0.0595 1.69 2.60
4379 29.88 0.0315 0.0564 0.90 0.78
4379 30.29 0.0147 0.0388 0.43 0.22

Their variation patterns in the range of low values are similar to those described
above for the area located south of the Crimea coast. Here aqy(443) > a,n(443) and C, >
Ca1. At higher values, the picture changes to the opposite — ap(443) becomes higher
than aqy(443), and Ca1 exceeds Ca. In a visual form, the relationship between C, and
Ca for the test data from Table 2 is shown in Fig. 3. The coincidence of these values
occurs when they are equal to 1 mg-m~3,

0.15 T T 6 0.12 T T T T T
0.12 | i 3
2
- 14 . _ 008}
= 0.09 = =
g 1 g E R x ¥ X X
T 006 2 3 F x
s {2 © S004f x
3
0.03 | |
0 1 1 0 ] 1 1 1 1 1
0 1 2 3 0 0.04 0.08 0.12
C,, Mr-M—? ag(443), m™!

Fig. 3. Dependences of the a(490) and Ca1 values on
Ca for the test data in Table. 2: 1 — a(490); 2 — Caz and
3 — Ca1 = Ca (straight line)

F i g. 4. Relation between the apn(443) and
adg(443) values: 1 — based on the data from
Tables 1 and 2; 2 — simulation results; 3 —

adg(443) = apn(443) (straight line)
The C, values contained in the NASA archive are calculated according to
a formal procedure through the spectral ratio R(A, Ao) = Rrs(A)/Ris(ho) for two light
wavelengths A and Xo. Choice of the spectral channels to be used in this case depends
on the R(A, Ao) level, but this does not play a fundamental role [18]. Strictly speaking,
such formulas are not able to provide an accurate account of all variable factors
which the Rs()) values depend on, with their arbitrary independent variability.
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As is known, the R(\, Lo) spectral ratio variations are mainly determined by
variations in the light absorption in the sea [19, 20]. Therefore, in its physical sense,
the Ca value differs from the real chlorophyll a concentration. According to the same
test data that are used in Table 2, Fig. 3 shows the relationship between C, and the
total light absorption in water a(490) at A = 490 nm. It is easy to see that a distinct
close to linear relationship appears between these values. Since the NASA algorithm
for chlorophyll a concentration calculation switches between spectral channels, here
the value a(490) is taken instead of a(443).

On the other hand, according to the physical sense, within the GIOP model
framework, a one-to-one relationship between the chlorophyll a concentration and
apn(443) should be fulfilled. Therefore, the results of Ca value calculation can be
adequate to the real chlorophyll a concentration values, only if the variations in
the a(A) and apn() values occur in such a way that a certain quite definite relationship
is observed between them. The variable absorption components apn(A) and adg(:)
should also be related in an appropriate way.

In the operational algorithm for processing satellite measurements OC3m used
in NASA, this relationship is taken into account implicitly as a result of the formal
adjustment of the included coefficients. It’s based on a statistical analysis of a large
data array from direct test measurements of Rys(A) and chlorophyll a concentration
in water so that as a result it is reflected generalized in the statistical sense the
regularity of variability of conditions in the World Ocean. The corresponding
functional relationship between ap(443) and aqy(443) can be established by
calculations using the GIOP model, taking into account the formulas used in this
algorithm.

For this purpose, a series of model calculations was carried out. There the Rys(A)
spectra are calculated using the GIOP model on a sufficiently dense grid in the
coordinates {apn(443), aq(443)}, and the calculated chlorophyll a concentration
values (for them designation C,(OC3m) is used ). Then, by direct enumeration of
options on the grid, the such aqy(443) values are determined, which the following
equality is satisfied

Ca(OC3m) = 222a,n(443)464

for all fixed input apn(443).

Additional test calculations indicate that variations in the scattering parameters
can be neglected in this case. This is explained by the fact that the OC3m algorithm
includes the Rys(A) ratio for A values close in the spectrum. The results of such
calculations are shown in Fig. 4 by a solid line.

Within the ranges of variations of the analyzed optical parameters,
corresponding to the studied conditions in the Black Sea, shown in Fig. 4, the curve
is approximated with good accuracy by a 5" degree polynomial with coefficients
0.048; —8.625; 585; —1.4743-10% 1.7614 10°% —8.11-10°. According to this relation,
at apn(443) < 0.023 m~1, the condition agn(443) > aqy(443) is satisfied, and at higher
values, on the contrary: apn(443) < aqy(443). According to the model described in [9],
the transition value apn(443) = 0.023 m™ corresponds to the chlorophyll
a concentration of ~0.45 mg m=3. Note that when obtaining such estimates, the model
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described in [9] was used. It corresponds to ocean waters of the so-called first type
according to the well-known Morel classification [19].

For comparison, Fig. 4 also shows the data from Table 1 and 2.
The configuration of the corresponding set of points differs significantly from
the relationship between apn(443) and aqy(443), which is assumed in the algorithm
for Ca calculation used in NASA. This difference explains the reason for
the difference by the values of C, and Ca1  between those shown in Table 1 and 2.
As noted above, C, and Ca coincide if they are equal to 1 mg-m=3; this occurs when
apn(443) = 0.037 m, ag(443) = 0.057 m™* To find out the universality of
the established regularities of the variability of the optical properties of the Black
Sea water, further research is required.

Conclusion

Using satellite data from the NASA archive, obtained by the GIOP method
processing, areas located near the southern coast of Crimea and south of the Danube
mouth are considered. The analysis carried out helps the better understanding the
features of the variability of the optical properties of water in the Black Sea. The
analysis results show specific manifestations of variations in light absorption
components associated with yellow substance and phytoplankton. The established
relationship between these factors differs significantly from the one that is implicitly laid
in the basis of the universal operational method used in NASA for determining the
chlorophyll a concentration in the upper water layer. In the considered examples with
low content of chlorophyll a in the seawater (Ca < 1 mg-m=), the yellow substance plays
a predominant role in light absorption with 443 nm wavelength, whereas if the
chlorophyll a content is high, the phytoplankton contribution is dominant.

The NASA algorithm gives adequate estimates of the chlorophyll a concentration,
in case the relationship between the absorption components has the opposite character —
at a low level, the main role is played by phytoplankton, and at a high level — by yellow
substance. This, in its turn, is manifested in the fact that the data on the chlorophyll a
concentration in the Black Sea stored in the NASA archive may be overestimated in case
the chlorophyll a concentration is low, and underestimated — in case it is high.
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