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The towed undulating vehicle (TUV), named SARAGO, was used for two fine-scale surveys between
the Italian and the Sardinian coasts during the Astraea 2 cruise (6–7 and 26–27 September 1995),
studying the deep chlorophyll maximum distribution. SARAGO sections identify a sub-surface doming
with higher chlorophyll a and primary production concentrations in the upwelling area of a cyclonic
gyre region, detected by sea-surface temperature images. In the first section, the cyclone presents
a double doming, in density and salinity, with shallower and concentrated patches of chlorophyll
a for about 2 miles. Twenty days later, the second section shows that the gyre changes shape and
extension, showing a single doming with higher primary production and chlorophyll a concentrations,
distributed over a large area of about 40 nautical miles. SARAGO allows analysis of this high-variability
phenomenon (cyclonic gyre) and allows concentrated patches (2 nm) to be identified, thus proving the
importance of TUVs in the study of mesoscale processes.

Keywords: DCM; Primary production; SARAGO; Towed vehicle

1. Introduction

During 1994 and 1995, several oceanographic surveys were carried out in the central Tyrrhe-
nian Sea with the following aims: (1) to estimate the primary production in oligotrophyc
systems during summer, when it is mainly confined to the deep euphotic zone [1, 2]; and (2)
to analyse the relation between the deep chlorophyll maximum (DCM) and the main physical
parameters of the water column, utilizing new research technologies.

The knowledge of distribution and processes concerning the chlorophyll biomass is impor-
tant to validate marine ecosystems’ primary production models. Moreover the monitoring of
the marine environment, at the basin scale, needs instruments which allow, at the same time, a
high resolution and synoptic view, particularly in the study of phytoplankton populations [3].
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352 M. Marcelli et al.

The asynopticity of single-ship measurements, the traditional oceanography (CTD casts
with a SBE 911 plus probe), is one of the principal causes of several unresolved problems in
biological oceanography.

The physical and biological processes which cause plankton patchiness, a fundamental and
continuing oceanographic problem, are not yet understood [4]. Single-ship measurements
cannot address these problems because the spatial structures often evolve faster than the
sampling times [4]. They are highly dynamic: ‘In a turbulent environment, horizontal and
vertical diffusion, ensure that space and time are interrelated, so the discussion of spatial and
temporal scales cannot be separated’ [5].

Modern oceanography has three main technologies to overcome such problems: remote
sensing, autonomous underwater profilers [6, 7] and undulating towed vehicles. Remote sens-
ing permits the best synoptic spatial observation [8, 9], but the low spatial and temporal
resolution do not allow the observation of the third spatial dimension, depth [10]. Autonomous
underwater gliders represent a new technology that can be used to investigate entire sections
of ocean basins, but they are limited, because they move at a very slow speed (0.5 kn. vs. the
1–10 kn. tow speed of the TUV SARAGO) and consequently they are not as well suited for
fine-scale surveys.

Undulating towed vehicles, also called ‘tow-fish’, yield a better spatial and temporal
resolution and a good synopticity, shortening the time needed, compared with traditional
oceanography.

Our data have been collected by means of a towed undulating vehicle called the SARAGO
[11], fitted with a CTD and a fluorometer which followed sinusoidal trajectories through the
water column. This kind of technology has been successfully employed mainly in the Atlantic
Ocean [4, 10, 12–14], but this is the first time it has been used in the Tyrrhenian Sea. This kind
of technology was not frequently used in the Mediterranean Sea, where mesoscale phenomena
are dominant.

Data were collected in two wide longitudinal transects in the central Tyrrhenian Sea. The
Tyrrhenian Sea is mainly characterized by two gyres: a cyclonic gyre in the north and an
anti-cyclonic gyre in the south of Boniface Mouth [15–19]. The Boniface Mouth is located
between Sardinia and Corsica. These gyres, generated by the north-west Mistral wind, which
blows through Boniface with a strong curl, induce upwelling and downwelling, respectively,
and induce the mixing of Levantine intermediate water with Tyrrhenian surface waters, which
have a great influence on the hydrological features of the whole western Mediterranean Sea.
These gyres are also important in enhancing the flux of nutrients from depth into the euphotic
layer, increasing the primary production of the Tyrrhenian Sea [16, 20]. Moreover, there is
a lack of information concerning the relations between biological and physical–chemical
parameters in the Tyrrhenian Sea [20].

Two longitudinal tow-fish transects were realized with a delay of 20 d, in the same area. In
this work, we evaluate the evolution of the gyre in 20 days and the differences between the
physical and biological characteristics of this structure.

2. Materials and methods

The study area is located in the central Tyrrhenian Sea at about 41◦ N between the Italian and
Sardinian coasts (figure 1).

Between 6 and 27 September 1995, the Astraea2 Cruise was carried out onboard the Italian
Coastal Guard’s R/V Bannock (CP451). A large surface eddy, 100 nm, was detected in NOAA
sea-surface temperature (SST) images. The strategy of the cruise was to cross the eddy with
a gap of 20 days to analyse the possible variations of shape and dimension.
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Deep chlorophyll maximum distribution in the central Tyrrhenian Sea 353

Figure 1. Study area.

The area was investigated using an underwater undulating towed vehicle, the SARAGO
[21], along two longitudinal routes; satellite SST images; and hydrological and biological
stations (figure 1).

The SARAGO is an underwater undulating vehicle with an external fibreglass vessel
(figure 2), with a steel pressure hull inside containing the motor that controls the wings’

Figure 2. SARAGO towed undulating vehicle.
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354 M. Marcelli et al.

Figure 3. 6–7 September SARAGO measure points.

movement, trim control instruments, and the necessary electronic equipment for transmission
of data and management of the tow fish. The measurement sensors and wings are connected
to the pressure hull [11].

The SARAGO payload consists of a CTD (801 Idronaut) with temperature, pressure,
conductibility, pH, Eh, and dissolved oxygen sensors and a fluorometer (Sea-tech FL0500).

An electro-mechanical cable connected to the ship helps visualize measured variables and
trim control parameters. The data, together with the GPS ship position, are visualized and
recorded by means of a personal computer.

With the SARAGO, it is possible to attain a high spatial resolution; in fact, we obtained a
profile approximately every 350 m. In figures 3 and 4, we can see the trajectory carried out by
SARAGO and, in figure 5, a zoom of the descent/ascent frequency of the vehicle.

Data collected by SARAGO were interpolated by the Kriging interpolation method, based
on the linear variogram [22]. The interpolation of the values acquired along the two sinusoidal
paths allowed the construction of the two sections discussed in this paper.

Figure 4. 26–27 September SARAGO measure points.

Figure 5. Example of the descent/ascent frequency of SARAGO.
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During the survey, CTD casts and Primprod 1.08 profiles were performed, and water samples
were collected for the instrument calibration.

The PrimProd 1.08 probe is a double impulse fluorometer, equipped with a PAR and a tem-
perature sensor and a pressure transducer. This was developed at the Laboratory of Biophysics
of the University of Moscow and works according to the ‘pump and probe’ method [23, 24].
This probe gives a quantitative measure of photochemical conversion efficiency. It is strictly
related to the number of functional reaction centres of algae [25].

This measure is expressed from the ratio

�ϕmax = Fv/Fmax,

where �ϕmax is the photosynthetic efficiency and Fv = Fmax − F0. The fluorescence Fmax is
measured after an impulse of high and saturating energy (pump), when all the reaction centres
are closed.

The fluorescence F0 is measured after a low-energy impulse (probe), when almost all
the reaction centres are open, and the photochemical quenching is maximum. �ϕmax varies
between 0 and 1.

From the measurements of biomass, PAR (photosynthetic active radiation) and �ϕmax it
was possible to estimate the in situ primary production with the phyto VFP model [26, 27].

The model estimates the primary production for area units (mg C m−2 h−1), by integration
of the punctual values, from the surface to photic depth, the depth of the photic zone, calculated
at 1% of the surface layer.

This simulates the P–I curve, subdividing the water column in three regions on the grounds
of fixed PAR values, calculated experimentally. The first region represents the photo-limited
area, which corresponds to the linear increase in primary production with light:

P = φ · a∗ · I · Chl a · Fv

Fmax
.

The second region represents the photo-saturated area, where the production is constant:

P = φ · a∗ · Ek · Chl a · Fv

Fmax
.

The third region represents the photo-inhibited area, which corresponds to the decrease in
primary production in inverse proportion to light.

P = φ · a∗ · Ek · EI · Chl a · (Fv/Fmax)

I
.

P is the primary production; φ is the quantum yield of the photosynthetic process, 0,1 mol C
per 10 mol photon, [28]; a∗ is the specific absorption coefficient of the phytoplankton per mg
chlorophyll a m3, 0.016 m2 per mgChl a , [29]; I is the irradiance (PAR); Ek is the maximum
irradiance value, equivalent to the maximum photosynthetic efficiency; EI is the irradiance
value at the beginning of the photo-inhibition area.

The Ek and EI values, utilized in the model for this work, were obtained using mean values
by Kirk [28]. During this cruise, water samples were collected and analysed to calibrate our
data; in fact, the model results were compared with primary production measures obtained by
standard methods [30] (figure 6).

An SBE 911 plus CTD profiler was used in fixed stations to measure the hydrological
variables (temperature, salinity, pressure, and density).
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356 M. Marcelli et al.

Figure 6. Comparison between primary production values measured by the 14C method and values estimated by
the model based on Primrod 1.08 measurements.

Figure 7. Correlation between chlorophyll a values measured with SARAGO and the results of an analysis carried
out on samples collected at the same depth at which SARAGO carried out measurements.

At the same time, 40 samples of waters were collected in Niskin bottles to calibrate the
fluorometers (figures 7 and 8). For each sample, 3 L of water was filtered with Whatman GF/F
47 mm filters. At the end of the cruise, filters were analysed by a standard spectrofluorometric
technique to measure chlorophyll a [31].

Chlorophyll a measurements were used to calibrate SARAGO fluorimetric values (figure 7).
The same method has been used to transform the Primprod 1.08 Fmax measurements for
chlorophyll a values (figure 8).

3. Results

3.1 Satellite images

We selected two SST images of the Tyrrhenian Sea: one represents the 7 September situation,
the other the 27 September 1995 situation (figures 9 and 10). The black–blue colours indicate
cold water, while the red–yellow colours indicate warm water.
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Deep chlorophyll maximum distribution in the central Tyrrhenian Sea 357

Figure 8. Calibration between Primprod 1.08 Fmax and chlorophyll a measured by the spectroflurometer method.

The two tracks indicate the tow-fish paths: the east–west S1 (figure 9) and the west–east S2
(figure 10). The circles indicate the location of the Tir1, Tir2, Tir3, and Tir4 stations, along
the route S2 (figure 10).

In the two SST images, a cyclonic gyre is identified in the northern Tyrrhenian Sea by colder
water (figures 9 and 10). The shape and dimension of the cyclonic gyre changed significantly
in 20 days.

In the 7 September image, the cyclonic gyre is mainly oriented from west to east. Colder
water is detected upto the Sardinian coast. Presumably, the area was affected by a strong

Figure 9. SST image of 6 September 1995.
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Figure 10. SST image of 27 September 1995.

mistral wind funnelled in the mountain around Olbia. In the western Tyrrhenian Sea, this wind
blows perpendicularly to the coast and creates coastal upwelling and filaments [32].

In the 27 September image, the shape of the vortex is different, being larger and elongated
toward the north.

3.2 Hydrology

The first SARAGO route (S1) was carried out from east to west, for 113 nautical miles,
beginning on 6 September 1995 at 7.30 p.m. and finishing on 7 September 1995 at 2.30 p.m.
It was mainly located inside the gyre and cut its core.

The second (S2) was carried out from west to east, for 133 nautical miles between 26
September 1995 at 11.15 p.m. and 27 September 1995 at 8.00 p.m.

The tow-fish section S2 cut the vortex in a more limited area, located on the southern part
of the gyre.

The two hydrographical sections (figures 11 and 12) reflect the cyclonic gyre detected in
the SST images. The cyclonic gyre is detected on the western side of both S1 and S2. In the
two sections, between 25 and 120 m, the gyre is identified by doming of isopycnal (σt 28.8),
isothermal (13.8 ◦C), and isohaline (38.3 PSU).

However, after 20 days, the shape and dimensions of the doming are different. An isopycnal
of 28.8 and isohaline of 38.3 indicate a double doming in S1 and a single doming in S2.

The same isolines indicate that the doming is larger and shallower in S1 than in S2. At 80 m,
colder (14 ◦C) and fresher water (38.15 PSU) is identified in the first 70 nautical miles in S1,
and between the 20th and 60th nautical mile in S2.
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Deep chlorophyll maximum distribution in the central Tyrrhenian Sea 359

Figure 11. S1 transect. Depth–distance sections. Top to bottom: salinity (38.3 PSU); temperature (13.8 ◦C); density
(σt 28.8); chlorophyll a (µg L−1).

In the sections, the surface water of the area outside the gyre is identified by warmer
and fresher waters. In particular, the temperature progressively increases toward the Italian
peninsula.

During the survey, four hydrological and biological stations (Tir1, Tir2, Tir3, Tir4) were
established, by means of Primprod 1.08, along S2: Tir1 was located on the continental shelf
margin of the Sardinia coast; Tir2 was placed in the southern border of the cyclone; Tir3 was
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360 M. Marcelli et al.

Figure 12. S2 transect. Depth–distance sections. Top to bottom: salinity (38.3 PSU); temperature (13.8 ◦C); density
(σt 28.8); chlorophyll a (µg L−1).

located on the continental shelf margin of the Italian peninsula; and Tir4 was placed on the
Italian continental shelf (figure 10).

Colder water is only detected in the station Tir2. Warmer waters are present in the stations
Tir 1, Tir3, and Tir4, located outside the gyre.

The temperature profiles of the PrimProd 1.08 stations (figure 13) show a well-defined
mixed layer depth, which is shallower and colder in Tir2.

3.3 Deep chlorophyll maximum

The cyclonic gyre strongly influences the DCM distribution that, in the gyre core, is more
intense and shallower. Both sections show a deepening of the DCM from west to east
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Deep chlorophyll maximum distribution in the central Tyrrhenian Sea 361

Figure 13. Temperature profile of the four stations in the upper layer.

(figures 11 and 12). However, there is a noticeable difference in the chlorophyll a distribution
in the two sections.

In S1, inside the vortex, the chlorophyll a presents a patch distribution. There are three main
patches of nearly 2 nm with a maximum concentration of about 0.7 µg L−1 (figure 11). These
are located in the first 40 miles, probably into the core of the vortex where the temperature is
lower and the DCM is shallower (∼60 m). The integrated chlorophyll a between 40 and 110 m
reflects the DCM distribution (figure 14).

The region between the two domings (between 20 and 40 nm) shows a chlorophyll a-
depleted area where the integrated chlorophyll a shows the lowest values. On the eastern side
of S1, the DCM progressively sinks until 100 m toward the Italian peninsula, and it is less
intense and more uniformly distributed.

In the section S2, the cyclonic region is detected, between the 20th and 60th mile, by colder
(∼13.7 ◦C) and fresher water (38.25 PSU). Inside the vortex, chlorophyll a is distributed more
homogeneously than in S1, which is characterized by a patch distribution.

This area is characterized by a double DCM (figure 12). A first, shallower, and less
concentrated, is detected, inside the gyre, about 60 m depth (figure 15), the same DCM depth
of S1.

Figure 14. Chlorophyll a values integrated in the water column between 40 and 110 m depth.
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Figure 15. Depth DCM variation with distance.

A second, deeper, and more concentrated (Chlmax = 0.45 µ g L−1), is detected at about
90 m. This is presumably due to a lateral intrusion of water because S2 cuts the southern part
of the vortex, which should be a highly dynamic area. The gyre region, between the 20th and
60th mile, is characterized by a maximum of integrated chlorophyll a, which decreases toward
the Italian peninsula where the cyclone is not present (figure 16).

The general pattern of chlorophyll a contours is strictly related to the hydrological para-
meters, particularly to the isopycnals of 28.8 and 28.7 (figure 17). Higher chlorophyll a values
are observed where denser isopycnals are shoaling.

Figure 16. Chlorophyll a values integrated in the water column between 40 and 110 m depth.

Figure 17. Isopycnals superimposed on the distribution of chlorophyll a.
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3.4 Primary production

In order to compare the primary production, estimated at different times in the four Primprod
1.08 stations between 26 and 27 September, the PAR was standardized to a surface value of
1600 µE m−2 s−1. In the four stations, primary production was estimated by the model, pre-
viously described, utilizing Primprod 1.08 chlorophyll a, PAR, and photosynthetic efficiency
measures.

The depth, extension, and values of DCM are different in the four stations (figures 18 and 19):
Tir1 DCM is 92 m deep with mean values of 0.3 µg L−1; Tir2 shows a double DCM: the first
70 m deep (0.32 µg L−1) and the second extended between 95 m and 120 m (0.42 µg L−1);
Tir3 DCM has lower values, 0.27 µg L−1, at a depth of 90 m; Tir4 is located on the continental
shelf, and its DCM, under 60 m, shows the lowest values (0.20 µg L−1). The general pattern
that emerges is coherent with SARAGO data.

Figure 18. Chlorophyll a and photosynthetic efficiency profiles in the four stations.
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Figure 19. Chlorophyll a (µg L−1), and primary production (mg C m−2 h−1) profiles in the PrimProd stations.

The photosynthetic efficiency (Fv/Fmax) shows minimum values in the upper layer (in the
photoinhibition area), increases until the DCM depth, and below begins to decrease (figure 18).

The reduction may be due to the presence of chlorophyll degradation products and ‘soluble
fluorescence’ [25, 33, 34], and senescence of cells [25].

An increase in photosynthetic efficiency from surface to DCM was already observed in some
other cases, for example in the Sargasso Sea [34] and the north-east tropical Atlantic [25].

The photosynthetic efficiency highest values are in the upper portion of the DCM layer
according to the ecology of phytoplankton at DCM. In the upper portion of DCM, functional
cells are exposed to a higher light radiation, while senescent cells and chlorophyll degradation
products are mainly in the lower portion [33, 35].

Primary production estimates, calculated from PrimProd data and represented by the
primary production (red in online version of figure) profiles in figure 19 show maximum
values some metres above the DCM, a situation described for other pelagic environments in
the Mediterranean [2] and the oceans [36] (figure 19).

Table 1 lists the values of primary production in mg C m−2 h−1, the chlorophyll a integrated
into the water column between 40 and 110 m (for comparison with SARAGO data), and the
photic depth at 1% of surface irradiance.

The highest integrated PP values are detected at stations Tir1 and Tir2, located on the border
and inside the cyclonic gyre. The Tir3 and Tir4 stations, near the Italian peninsula, show the
lowest values.

Unexpectedly, the primary production values are higher in Tir1 than in Tir2. This is probably
due to a lower light penetration in Tir2 (80%) due to the upper DCM, which is responsible
for the light attenuation in the photic layer, reducing the light availability for the deeper and
more intense DCM.

Table 1. Primary production (mg cm−2 h−1), chlorophyll a (mg m−2) and photic depth (m)
values of the PrimProd stations.

Integrated values of
Chl a (mg m−2) Photic depth

PP (mg C m−2 h−1) between 40 and 110 m (1% surface irradiance)

Tir 1 33.457 14.429 102
Tir 2 29.5 20.624 80.7
Tir 3 13.729 12.494 66.07
Tir 4 15.926 10.211 65
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4. Discussion and conclusion

The chlorophyll a distribution detected in the two Tyrrhenian Sea sections seems to have
the same structures and intensity as those observed in different regions of Mediterranean
Sea [2, 37, 38]. During the summer, in the oligotrophyc pelagic ecosystem, chlorophyll a is
distributed in DCM [36, 39, 40] and has a very low concentration in the upper layer. The low
nutrient concentration in the surface water is due to nutrient depletion by phytoplankton. The
strong pycnocline, due to summer stratification, represents a barrier of vertical transport and
limits fluxes of nutrients from deeper layers into the mixing layer. Below the mixing layer,
chlorophyll a is distributed in DCM.

The cyclonic gyre influences the chlorophyll a distribution: the DCM is 10–20 m shallower,
and the chlorophyll mean concentration is 0.05–0.1 µg L−1 higher than in the rest of the
transect. Intense patches of chlorophyll a, with concentrations of about 0.7 µg L−1, are detected
in denser and colder water. The shallower and more intense DCM seems to confirm that primary
production is directly related to light and nutrients [2, 9, 41–43].

Beyond the cyclonic gyre, the chlorophyll is distributed in deep chlorophyll maximum at
a depth of 90–110 m and is quite low. The mean concentrations are about 0.15–0.2 µg L−1 in
both sections.

The main differences between the two transects are distance, about 4′ of latitude, and
evolution of dynamic phenomena during the time elapsed between the transects (20 d).

The SST images show a different shape and extension of the gyre. Therefore, we presume
that these differences between the two transects are due to the evolution of the gyre. An
oceanographic cruise has a period of about 20 d. These results indicate that the towed undu-
lating vehicle better reproduces the mesoscale phenomena, because in 20 d these phenomena
can significantly change.

With more detailed observation, an important difference emerges from the comparison
between the hydrological parameters and the chlorophyll a distribution of the sections: (1) the
intensity of the upwelling, detected by the doming of the isopycnals, σt = 28.8, is greater
in transect S1 than in S2; (2) the S2 water column is more stratified and presents a sharp
thermocline; (3) S1 presents a stronger patchiness distribution than S2, while in the external
part of the gyre, the depth of the DCM and the chlorophyll a concentration are comparable.

From the PrimProd data, it is not possible to have a similarly high-resolution description of
the area, but they do provide information about the ecology of the phytoplankton populations.

SARAGO data, Primprod data, and SST images, together with literature values on the
variability of the circulation in this area [18, 19], indicate that the upwelling, under episodic
strong wind events, modulates the distribution of the phytoplankton patchiness and enhances
the primary production.

As soon as the upwelling episode ceases, or its intensity is reduced, phytoplankton can
survive by recycling nutrients, and senescent cells and degradation products of chlorophyll
appear.

The clear correspondence between SARAGO sections, SST images, and PrimProd stations
profiles identifies the gyre area defined by colder water and lower stratification. The region
outside the gyre is otherwise defined by a warm and stratified water, with a sharp thermocline.
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