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Marine optical measurements of a mucilage event in the northern Adriatic Sea
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Abstract

Optical measurements performed during the summer of 1997 from an off-shore oceanographic tower in the
northern Adriatic Sea in the presence of mucilage matter are presented. These measurements include apparent
(diffuse attenuation coefficient, reflectance) and inherent (absorption and beam attenuation coefficients) optical
properties of the water column at several wavelengths. The presence of mucilage layers (which was confirmed by
divers) was associated with unique, very sharp subsurface maxima in the vertical distribution of both apparent and
inherent optical properties. These layers were characterized by very high values of the diffuse attenuation coefficient
of upwelling radiance and the beam attenuation coefficient, as well as the ratio of the scattering-to-absorption
coefficients at all wavelengths. The mucilage data were compared to nonmucilage observations and two situations
came out regarding surface reflectance ratios: (a) When the mucilage was in (vertically narrow) subsurface layers,
mucilage events could not be distinguished from nonmucilage situations; and (b) When the mucilage was more
homogeneously distributed throughout the water column and, in particular, approaching the surface, there was a
detectable difference with respect to nonmucilage water. However, the data set is small, and the detection capability
is based on a small difference, so the variance in nonmucilage water properties may still mask the properties of the

mucilage-contaminated water.

During the summer of 1997, the northern Adriatic Seawas
the site of a mucilage event. This outbreak was the first since
the more intense 1988-1991 events. This recurrent phenom-
enon (Vollenweider et al. 1995) is represented by an intense
production of organic gelatinous material which form sus-
pended aggregates of varying sizes and shapes. The evolu-
tion of the phenomenon is thought to begin with small flocs
in the order of millimeters, and end with strings and sheets
of afew centimeters or even clouds on the order of meters.
This development sequence is initiated by abnormal exuda-
tion of polysaccharide chains by phytoplankton, in particular,
some specific diatoms. The chains are followed by the for-
mation of colloids, and then, through successive aggregation,
bigger particulate assemblages. The most striking stage is
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their occasional presence at the surface as floating grayish
to brownish strings and sheets.

The environmental conditions needed for the initial phy-
toplankton physiological manifestation, as well as for the
aggregation processes, are not well understood, but the result
is the aggregates become suspended micro-ecosystems with
their own particular composition in protozoa, bacteria, phy-
toplanktonic algae, etc. The resulting biological activity, to-
gether with hydrodynamic forces and the proportions of liv-
ing organisms to mucus, establish the vertical distribution of
mucilage in the water column. Although some risks for hu-
man health may exist, linked in particular to the possible
concentration of toxic allochthonous compounds within this
matrix, a major negative effect of the phenomenon is the
damage caused to the tourism industry from floating muci-
lage concentrated near the coast. Of particular interest to
coastal communities is forecasting the development and mo-
tion of mucilage production events.

Remote sensing (satellite or airborne) techniques may pro-
vide a useful tool for monitoring and surveying the extent
and intensity of mucilage events, given knowledge of the
spectral properties of the different stages of development.
Use of remotely sensed information in the visible and the
infrared has already been proposed (Zambianchi et al. 1992;
Tassan 1993) for detecting floating mucilage. In this case,
the bright floating patches contribute to enhancement of the
surface reflectance signal at all wavelengths. Nevertheless,
this stage is only one phase in mucilage development, and
it may be of interest to investigate the possibilities of de-
tecting and monitoring subsurface stages.

To this end, we present a unique bio-optical data set col-
lected during recurring measurement campaigns performed
from the Acqua Alta Oceanographic Tower in the northern
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Adriatic Sea during a mucilage event in the summer of 1997.
The objective of the data analysis is to determine what as-
pects, if any, of the mucilage event can be uniquely identi-
fied using optical instruments. The implications of these re-
sults for the use of ocean color remote sensing in the
monitoring of mucilage, in particular when present at depth,
are discussed.

Data and methods

The COASTS time series—Within the field campaigns of
the Coastal Atmosphere and Sea Time-Series (CoASTS)
Project, which started in October 1995 and continues to-date,
atmospheric and marine measurements are periodically per-
formed at the Acqua Alta oceanographic tower. The tower
is operated by the Italian National Research Council and is
located in the northern Adriatic Sea approximately 15 km
southeast of the city of Venice (12.51°E, 45.31°N) in ap-
proximately 17 m of water (Zibordi et al. 1995). Measure-
ment campaigns last a few days and take place every 2—4
weeks, depending on the season, and can include from 3-10
sets of measurements or stations. The measurements include
in-water optical profiles, water samples at different depths
(0, 8, and 14 m) for biogeochemical analyses, temperature
and conductivity profiles, sky radiance and sun irradiance,
and meteorological data. For the present work the following
measurements from selected campaigns are used:

1. Underwater upwelling radiance L, (A, 2) at nadir and
irradiance E (A, 2), plus downwelling irradiance E4(A, 2) (all
at 412, 443, 490, 510, 555, 665, and 683 nm), taken with
OCR-200 and OCI-200 Satlantic radiometers. From these
measurements, we derived the spectral diffuse attenuation
coefficients for upwelling radiance and downwelling irradi-
ance, K (A, 2 and K (A, 2), respectively, as well as the
reflectance, R(A, 2) = E,()A, 2/E4(A, 2) with a vertical reso-
lution of 1 m.

2. In situ beam attenuation c(A, 2) and absorption a(A, 2)
coefficients (all at 412, 440, 488, 510, 555, 630, 650, 676,
and 715 nm) taken with a Wetlabs AC-9. The values pre-
sented in this study do not include the contribution from pure
seawater and correspond to mean values within 1-m thick
layers. Scattering correction to the measured absorption was
performed following the method of Zaneveld et al. (1992).

3. Water temperature and conductivity taken with an Id-
ronaut CTD.

4. Pigment concentrations measured with the high perfor-
mance liquid chromatography (HPLC) method (JGOFS
1994). Only the concentration of Chl a (including chloro-
phyllide a), denoted as [Chl] and expressed in mg m~3, is
used hereafter.

5. Total suspended matter concentration, denoted as
[TSM] and expressed in g m~3, measured by the dry weight
method (Strickland and Parson 1972).

6. In vivo pigmented and nonpigmented particulate matter
absorption spectra, a,,(A) and a,,(A), using the Tassan and
Ferrari (1995) method.

7. Colored dissolved organic matter absorption spectra,
a(A) asin Ferrari et a. (1996).

The first three are derived from continuous profiles,

Table 1. Chlorophyll a [ChI], total suspended matter [TSM],
colored dissolved organic matter absorption coefficient at 400 nm
(a,[400]) and ratio of the in situ scattering and absorption coeffi-
cients at 440 nm (b/a[440]) at 0, 8, and 14 m for the selected
stations. Optical profile M1 was performed one hour after the water
sampling. Note that the different quantities are corresponding to the
depths of water sampling and thus are not systematically represen-
tative of high attenuation layers described in the text.

Sam-
Present pling a,

COASTS numer- depth [Chl] [TSM] (400) b/a
station aion (m) (mgm=3)(gm=3) (m? (440)
30s4-04 M1 00 0982 0.67 0152 8.4
9 Jul 1997 80 0887 087 0119 202
140 1340 053 0.164 44
31s5.01 M2 00 2842 258 0.163 75
30 Jul 1997 80 1314 142 0115 6.8
140 1152 242 0204 4.8

wheresas, the last four are from discrete water samples col-
lected at certain depths.

Section of the mucilage data—The abundance of mu-
cilage peaked during the months of July and August 1997
at the tower site. Divers reported underwater visual obser-
vations of mucilage, mucus aggregates were found on the
submersible instruments, and, on some occasions, ribbons of
floating mucilage disks (diameter of the order of tens of cm)
were seen after boats passed by. These observations—si-
multaneously made in other areas of the northern Adriatic
Sea—were qualitatively very similar to those reported dur-
ing previous events in the Adriatic and Tyrrhenian Seas (In-
namorati 1995; Rinaldi et al. 1995). During these months,
and particularly in early July, the vertical distribution of op-
tical properties showed unusual patterns with strong peaks
at depths never seen during the preceding campaigns.

The stations showing the most noticeable effect of muci-
lage on underwater optical properties were extracted from
the 1997 CoASTS archive to form a mucilage data set. The
mucilage data set includes profiles from campaigns 30 (08—
10 July), 31 (29-31 July), and 32 (20 August). In particular,
two stations, renamed M1 and M2 (see Table 1) will be
presented in detail.

Results and discussion

Vertical distribution of the optical propertiesin the water
column—TFigure 1 presents two vertical profiles of K (A, 2)
at 443, 555, and 665 nm together with c(A, 2) and a(A, 2)
(at 440, 555, and 676 nm) typical of the mucilage campaigns
(stations M1 and M2). The use of K, (A, 2) has been chosen
rather than K, (A, 2), because upward radiance is more sen-
sitive than downward irradiance to changes in the vertical
distribution of bio-optical properties in the water column,
since it is less influenced by the direct light component.

On these profiles, subsurface mucilage is evident as strong
maxima of K , and c at depths around 8-9 m. At these max-
ima, K ,(443) varies between 0.45-1.40 m-* and K, (555)
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Fig. 1. Vertical profiles of the diffuse attenuation coefficient for upwelling radiance K (A, 2
(dashed line and open diamonds) and of the in situ beam attenuation c(A, 2) (solid line and solid
circles) and absorption a(A, 2) (dotted line and open circles) coefficients at 443 (440 for ¢ and a),
555 and 665 (676 for ¢c and a) nm. See text and Table 1 for the explanation of station numbers.
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Fig. 2. Vertical position of the subsurface mucilage layer versus
depth of the main density discontinuity.

between 0.30—1.00 m~* (M2 and M1); c(440) between 1.20—
3.00 m~, whereas a(440) ranges between 0.11-0.15 m-1,
The width of these maxima is relatively constant and equal
to approximately 3 m. In rare cases (e.g., M2), mucilage was
observed floating on the surface, and this usually coincided
with the passage of boats, but this material usually sank
within several minutes. Alldredge and Crocker (1995) ob-
served that mucous aggregates could occur at density gra-
dientsincreasing by only one to three units of density. Figure
2 presents, for all the stations belonging to the mucilage data
set, the plot of the position of these observed subsurface
maxima of K, and c versus the depth where the density was
one unit higher than the mean density within the surface
layer. A good correspondence can be observed between the
two depths, consistent with Alldredge and Crocker’s (1995)
observation (see also the following Fig. 3).

Good coupling between K (A, 2 and c(), 2), and to a
lesser extent a(A, 2), is evident at all wavelengths (Fig. 1).
For station M1, a(A, 2) is much less correlated with K, (A, 2)
in the red part of the spectrum than in the blue and green,
except near the bottom, suggesting that the amount of pig-
mented material embedded in these highly attenuating (mu-
cilage) layers was less than for the other stations ([Chl] was
also lower for station M1 than for M2 as shown in Table 1).



Marine optical measurements of mucilage 325

o, (kg m~7] o, [kg m™ o, [kg m™®
20 22 24°26° 28 30 20 22 '2[4925]28 30 20 22 '2[4926]28 30
0 T T T T T T T T T T T T
5.
= iiriiiiiee
E 10 o e 1
™~ P P
) ®
[ ) [ 3
15F e
M1
20 ' : s L 1 : L L 1 ' ! !
0 5 10 15 20 25 30 0 50 100 150 200 250 0 20 40 60 80
b/a(440) b/a(555) b/o(676)
o, [kg m™] o, [kg m™] o, [kg m™]
20 22 '24° 28" 28 30 20 22 '24° 267 28 30 20 22 24°26° 28 30
o T T T .l T T T T T T T T
)
.
[ ]
L2
‘e
o
E
N
M2
20 L L L ‘ L L L 1 \ ) s L
0 2 4 6 8 10 0O 10 20 30 40 50 60 0O 10 20 30 40
b/a(440) b/a(555) b/o(676)

Fig. 3. Vertical profiles of the ratio b(A, 2)/a(A, z2) (where b = c—a) (dotted line and solid
circles) for the same wavelengths as in Fig. 1 and vertical profiles of density (solid line).

Obviously, c(A, 2) and a(A, z) do not include the contribution
of pure water itself (particularly elevated in the red), whereas
5% S T U ] K.u(A, 2) does, but this contribution is depth independent.

2 ] The good correspondence between passive (OCR-200) and

: ] active (AC-9) optical signals also shows the coherency of
4F 3 the derived vertical structure of c(A, 2) and a(A, 2); athough,

3 the mucilage matter probably perturbed the water flux inside
1 the AC-9 chambers by aggregating on the external filters and
= increased the noise in the resulting recorded data.

Figure 3 presents the vertical distribution of the ratio b(A,
2/a(A, 2 (where b = ¢ — a) for the same wavelengths as in
Fig. 1. The b/a ratios are shown with density profiles, and it
can be seen that very high values of b/a are indicative of the
3 highly attenuating layers described earlier. At the depths of
E these layers, b(440)/a(440) varies between 7 (M2) and 27 (M1),
1 whereas, b(555)/a(555) varies from 30 to 250 (for the same
g ] stations). As a matter of comparison, two stuations of high
b ... ..., L e e 3 [TSM] concentration at the surface (thus, susceptible to exhibit

high-scattering values) recorded during the CoASTS program
#00 °00 600 700 (413 and 2.27 g m2 in April 1997 and February 1998, re-
spectively) presented b/a ratio maximum values of 19 and 8

Fig. 4. Average spectra of the diffuse attenuation coefficient for @ 440 nm and 85 and 33 a 555 nm. The mgor difference
upwelling radiance, K., normalized to the value at 555 nm, com-  between mucilage and nonmucilage layers, therefore, is seen
puted for 1-m thick layers. Dotted line and empty circles: mucilage ~ here most clearly in the green part of the spectrum.
data set; solid lines and solid circles: CoASTS 1995-1997 data set
excluding the mucilage campaigns 30, 31, and 32. Vertical bars Spectral characteristics of K, measured in the mucilage
around circles: = 1 SD. layers—Figure 4 shows the average normalized (to 555

Ku(})/Ku(555)
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INURNY SURRREN

Wavelength [nm]



326 Berthon et al.

1or——TT rrTTT T rrrrTTTTTe
8_ ]
® ol ! :
S
< a4t .
o E
| éé
O vt s e e e [T S
400 500 600 700

Wavelength [nm]

Fig. 5. Spectra of the irradiance reflectance immediately below
the surface, R(A, 0~). Open symboals: circles (campaign 30), squares
(campaign 31), diamonds (campaign 32). Solid circles and bars:
mean = 1 SD computed for the leftover COASTS stations (i.e.,
campaigns of the first two years excluding campaigns 30, 31, and
32).

nm) K, ,(A) spectra computed for the mucilage data set from
the individual spectra measured at the depth of the main
subsurface maximum (dashed line and empty circles with
bars indicating =1 SD). For comparison purposes the av-
erage spectrum computed for the CoOASTS data set (1995—
1997) excluding the mucilage campaigns is also shown
(solid line and circles). For this last, individual K, ,(A) were
computed within an optically homogenous surface layer,
the maximum values of [TSM], and [Chl] being generally
observed within this surface layer. The COASTS spectrum
is presented shifted by 2.5 nm in order to better visualize
the differences.

Both average spectra appear very similar in the range
490-555 nm with a relatively flat shape and a very slight
minimum at 555 nm. Between 490 and 412 nm values are
then increasing with a slightly lower slope for the muci-
lage spectrum than for the CoASTS one, resulting in a
K. .(412)/K ,(555) ratio of about 1.65 at 412 nm (versus
1.9 for CoASTS). Both situations are completely differ-
entiated in the red part of the spectrum around the
K, .(665)/K ,(555) ratio of 2. Globally, the average muci-
lage spectrum results flatter than the CoOASTS one in the
range 412—665 nm.

Surface reflectances—Figure 5 shows the reflectance
spectra, R(A, 2) = E (A, 2/E4(A, 2), immediately below the
surface, R(A, 07), for all stations pertaining to the mucilage
campaigns 30, 31, and 32 (indicated by the open symbols).
Also shown is the average spectrum (solid circles with bars
indicating = 1 SD) computed for the COASTS data set ex-
cluding the mucilage campaigns. Apart from one station in
campaign 30, the mucilage reflectance values are systemat-
ically lower than the mean CoASTS spectrum; athough, the
mucilage data are within = 1 SD of the mean spectrum.
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Fig. 6. Plot of the ratio of the reflectances R(A, 0-) at 412 and
555 nm versus the ratio of the reflectances R(A, 0-) at 443 and 555
nm. Open symboals: circles (campaign 30), squares (campaign 31),
diamonds (campaign 32). Plus symbols: other COASTS stations.
The solid line represents the 1: 1 ratio.
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Apart from campaign 32 (open diamonds) for which reflec-
tances at 490 and 510 nm are slightly lower than the mean
—1 SD, no specific characteristics indicating the presence of
mucilage could be detected from the absolute surface signal.
Moreover, instead of presenting an increase of the surface
signal, as observed from satellite data for floating mucilage
(Tassan 1993), the measured surface signal is globally lower
with respect to the mean. The high attenuation due to the
presence of both mucilage and high surface values of [TSM]
or [Chl] (in particular during July 1997) may explain these
relatively low reflectances.

Figure 6 shows the R(412)/R(555) ratio versus the R(443)/
R(555) ratio for the mucilage stations (open symbols) as well
as for al the other COASTS stations (plus symbols). It can
be seen that for a given R(443)/R(555) ratio, the R(412)/
R(555) ratio is dlightly higher for the mucilage stations of
campaigns 31 and 32 (open squares and diamonds) whereas
stations from campaign 30 (open circles) do not show any
distinct behavior. The latter are the ones for which the highly
attenuating mucilage layers were observed at depths of afew
meters, without any apparent influence on the surface signal.
The ratios presented here ensured the best distinction be-
tween the two groups of stations. It has to be emphasized
that such a distinction is based on in situ reflectance mea-
surements performed at a sampling point. Since we lack in-
formation on their spatial distribution we cannot assess
whether these underwater ‘““‘ribbons’ or ‘‘agglomerates’
would have an optical contribution within satellite pixels of
about 1 X 1 km (e.g., SeaWiFsS resolution at nadir). How-
ever, mucilage structures (ribbons of 100-200-m width and
afew km length or agglomerates of 30—100 km?) when float-
ing at surface could be very well identified using Landsat-
Thematic Mapper imagery (30 X 30 m pixels) (Zambianchi
et a. 1992; Tassan 1993). They still had a significant con-
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tribution to the total signal within 1 X 1 km pixels of
AVHRR imagery (Zambianchi et al. 1992) or within boxes
of 33 X 33 pixels (i.e., 1.1 X 1.1 km) of Landsat-Thematic
Mapper (Tassan 1993).

When considering the surface signal (absolute reflectance
or reflectance ratios immediately below the surface), muci-
lage in (vertically narrow) subsurface layers, could not be
distinguished from nonmucilage waters. When mucilage
events could be discriminated from nonmucilage situations,
the mucilage was also present near the surface. Although the
difference between mucilage and nonmucilage waters was
small, the use of both R(412)/R(555), and R(443)/(555) ratios
was found to give the best segregation index. However, the
data set analyzed is small, and the detection capability is
based on a small difference, so the variance in nonmucilage
water properties may still mask the properties of the muci-
lage-contaminated water. Also, it can be that no real unique
optical characteristics has been found for mucilage because
they are complex (and not well known yet) assemblages with
varying proportions of living and nonliving material. In ad-
dition, the results indicate the identification of mucilage us-
ing remote sensing in the visible part of the spectrum may
be particularly difficult at stages other than the bright surface
or near-surface floating sheets.
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