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Abstract

The aim of this study was to determine the dispersion of passive pollutants associated
with the Tiber discharge into the Tyrrhenian Sea using numerical marine dispersion
models and satellite data. Numerical results obtained in the simulation of realistic
discharge episodes were compared with the corresponding evolution of the spatial dis-5

tributions of MODIS diffuse light attenuation coefficient at 490 nm (K490), and the re-
sults were discussed with reference to the local climate and the seasonal sub-regional
circulation regime. The numerical model used for the simulation of the sub-tidal circu-
lation was a Mediterranean sub-regional scale implementation of the Princeton Ocean
Model (POM), nested in the large-scale Mediterranean Forecasting System. The nest-10

ing method enabled the model to be applied to almost every area in the Mediterranean
Sea and also to be used in seasons for which imposing climatological boundary con-
ditions would have been questionable. Dynamical effects on coastal circulation and
on water density due to the Tiber discharge were additionally accounted for in the
oceanographic model by implementing the river estuary as a point source of a buoyant15

jet. A Lagrangian particle dispersion model fed with the POM current fields was then
run, in order to reproduce the effect of the turbulent transport of passive tracers mixed
in the plume with the coastal flow. Two significant episodes of river discharge in both
Winter and Summer conditions were discussed in this paper. It was found that the Win-
ter regime was characterized by the presence of a strong coastal jet flowing with the20

ambient current. In Summer the prevailing wind regime induces coastal downwelling
conditions, which tend to confine the riverine waters close to the shore. In such con-
ditions sudden wind reversals due to local weather perturbations, causing strong local
upwelling, proved to be an effective way to disperse the tracers offshore, moving the
plume from the coast and detaching large pools of freshwater.25
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1 Introduction

Most pollution of the coastal marine environment is associated with river runoff, which
carries into the sea the effects of atmospheric pollution and human urban, agricultural
and industrial wastes. The effects of the so-called nonpoint sources of pollution are
the presence in the water of high concentration of pathogens, oxygen-depleting nu-5

trients and many toxic substances such as heavy metals and PCBs. The Tiber, the
third longest Italian river, crosses two Italian regions well known for their agricultural
and farming activities, and then flows through Rome just before entering the central
Tyrrhenian Sea. Even though Tiber discharges rarely exceed 200 m3 s−1 in Summer,
several occurrences of rapid floods have been reported to be associated with the death10

of most of the fish present in the final course of the river, due to the sudden depletion
of oxygen in the water. Concentrations of bacteria and viruses at the river mouth are
also a matter of primary concern for public health, thus potentially affecting tourism at
the many coastal resorts in the central and upper Tyrrhenian sea. It is therefore impor-
tant to assess the potential impact of pollutants carried in the river’s fresh waters, as15

well as that of the sediments transported to the marine and the coastal environment.
The interaction between riverine freshwater and ambient saline water in estuaries has
been studied by means of layer and primitive equation models in idealized and real-
istic conditions. Important aspects of the problem are the dynamics associated with
the discharge of light freshwater in a denser ambient flow, the presence of currents20

and tides, the speed and direction of the wind, the concentration of pollutants in the
river and the amount of the volumetric discharge. The first of the foregoing factors
has been investigated by several authors. Generally speaking, the forcing operated by
the freshwater on the ambient flow can be interpreted in terms of a classical Rossby
geostrophic adjustment problem (Hsieh and Gill, 1983). As shown by Garvine (1987),25

rotation is a key factor in the dynamics of the plume. Even for small estuaries, the Cori-
olis acceleration greatly modifies the density fields and the currents at considerable
distances from the river mouth. The characteristic scales of the problem are the width
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of the estuary w, and the Rossby radius of deformation for the first baroclinic mode, R0.
The ratio of the two lengths is known as Kelvin number, K =w/R0. Depending on the
value of the Froude number F =q/c, where c is the phase speed of the internal long
gravity waves (c=

√
g′d0) and q is the horizontal velocity, the flow can be supercritical

or subcritical. An accurate description of the dynamics of supercritical flows can be5

found in (Garvine, 1987; Chao, 1987; Oey, 1996). In particular, the formation of the
discharge front at the river mouth and a coastal front bounding a coastal jet down-
stream, which eventually become unstable and start meandering, is clearly described
in Garvine (1987). Following the classification of Chao (1987) revisited by Kourafalou
et al. (1996a), in a supercritical flow the dimension of the bulge at the estuary mouth10

greatly exceeds the width of the coastal jet downstream, while in subcritical flows the
two amplitudes are at least comparable. The jet can also divert from the coastline (after
long time periods) forming an anticyclonic gyre. While in supercritical flows all distur-
bances (Kelvin waves and internal waves) propagate downstream, in subcritical flows
long gravity wave perturbations can propagate upstream in the region where F < 1. A15

discrimination between supercritical and subcritical flows was introduced by Garvine
(1987) in terms of the transport parameter τ = T f /(2(g′d0)2) and the angle made by
the estuary with the coastline. In the case of the Tiber the angle is close to 90°and
τ ranges between 0.001 in typical summer conditions (discharge T = 140m3 s−1) and
0.03 in the case of significant winter discharges (T > 1000 m3 s−1), so the plume will20

behave as supercritical for T < 1000 m3 s−1 but can be subcritical during episodes of
strong river discharge. An equivalent discrimination was introduced and discussed by
Garcı́a Berdeal et al. (2002) in terms of λ=LB/LC, where LB is the size of the bulge
and LC is the size of the coastal jet (Kourafalou et al., 1996a). Many numerical studies
(Chao, 1988; Fong and Geyer, 2001; Garcı́a Berdeal et al., 2002) have pointed out how25

the characteristics of the plume are considerably modified by the action of the coastal
ambient current and the wind. Situations favorable to downwelling lead to the presence
of a meandering of the coastal jet, while the presence of upwelling might detach the
coastal jet from the coast.
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The wind rose of wind speed and direction at the meteorological station of Civi-
tavecchia over 20 years of recordings is shown in Fig. 1. It indicates that there are
two prevailing wind regimes, i.e. northeasterly winds and south-south-easterly winds.
The former prevails during Winter, having the maximum of the frequency distribution
in December–January, the latter dominates Summer and Autumn with maximum of5

the frequency distribution in Summer, but stronger winds (>7 m s−1) in Autumn. The
northeasterly regime has winds directed seaward in the area of the river mouth, the
South regime makes favorable conditions for downwelling. The circulation in the Cen-
tral Tyrrhenian Sea is markedly anti-clockwise in winter, when forced by the inflows
of MAW from the Western Mediterranean through the Sardinia Channel and by the10

Eastern Mediterranean LIW passing through the Sicily channel. In Summer and early
Autumn the circulation is less definite, as the external forcing extremely is extremely
reduced. In this period local wind is the main forcing of the circulation. The amplitude
of the tidal cycle near the river mouth is less than 0.2 m, so only the sub-tidal circulation
was considered in this study.15

The dispersion of the riverine waters was studied using a three-dimensional, prim-
itive equation, oceanographic model in the domain shown in Fig. 2, coupled with a
particle Lagrangian transport model in order to simulate the transport of a passive
tracer associated with the river discharge. The evolution in time of the river plume was
also tracked using remote sensing observations of K490. This quantity has proven to20

be very effective to detect the presence of suspended matter in the upper part of the
sea associated with the river plume, especially in coastal waters of type II where the
remote sensing of chl signal is not a reliable indicator of the presence of river waters
(Morel and Prieur, 1977). The method was tested on several key studies in Summer
and Winter conditions. The comparisons of the results of numerical simulations and25

remote sensing observations indicate the strengths and the weaknesses of both the
analyses, providing information on how to make the best use of them in the environ-
mental monitoring.
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2 Satellite and in situ data

The diffuse light attenuation coefficient at 490 nm (K490) fields at 1km resolution were
obtained by processing the original L0 radiance data regarding to the MODIS AQUA
platform with the standard SeaDAS software using the SeaWiFS algorithm (Mueller,
2000). K490 is a suitable tracer for riverine discharge and coastal water tracking (Big-5

nami et al., 2007), as it is directly related to the quantity of suspended matter in sea-
water. Indeed, even though the accuracy of the estimates in Case II (turbid coastal)
waters is low, the very high values of this parameter allow for a very good distinction to
be made between coastal and open sea waters, in particular for tracking sediment-rich
riverine plumes. Therefore, K490 is used here to evaluate the downshelf and across-10

shelf penetration of the buoyancy-driven coastal current under different meteorological
and hydrological conditions. As regards the wind, several sources of meteorological
data were available. The ISPRA tide gauge station at Civitavecchia, equipped with a
standard meteorological station is a coastal station fifty kilometers to the North-West
of the river mouth. The station has been recording standard meteorological data, and15

in particular wind at 10 m height since August 1986. The climatological analysis of the
wind in the last 25 years at Civitavecchia was compared with the statistics based on
the 1971–2000 records at the Fiumicino Airport weather station. The latter is a WMO
reference station run by the italian Company for Air Navigation Services (ENAV). The
distributions were found to be very similar. Two years of wind data from the offshore20

buoy of Civitavecchia are also available from the IPRA Waves Network (RON). The
offshore wind data was reduced at 10 m height following (Kourafalou et al., 1996b; Hsu
, 1986). Tiber river discharge data were available at the hydrological Ripetta station,
located in downtown Rome. In the final part of its course toward the Sea the Tiber
bifurcates, downstream of the Ripetta station. The main part of the flow, which enters25

the Tyrrhenian Sea at Fiumara Grande, carries more than 9/10 of the total flow. The
other branch, a small artificial channel which has its mouth further north, at Fiumicino,
has not been considered here. The geographical position of the estuaries and of the
meteorological stations are shown in Fig. 3.
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3 The implementation of the ICE-POM model

The numerical simulations of the Tyrrhenian Sea currents were made using the ISPRA
Coastal and Estuarine POM (ICE-POM) model. The Princeton Ocean Model (Mellor,
2004) is a three-dimensional model which solves the primitive equation in hydrostatic
and Boussinesq approximation. The grid has sigma coordinate on the vertical and is5

formulated on the Arakawa C-grid, following latitude and longitude on the horizontal.
Despite the fact of having variable depths in the domain and vertical velocity defined on
sigma-planes, sigma coordinates are especially useful in situations of complex orog-
raphy, as is the case of the Tyrrhenian Sea. The numerics of the model allows the
separation of fast barotropic (external) modes i.e. sea level and vertically averaged ve-10

locity, and (internal) baroclinic modes for salinity, temperature and 3-D velocity fields.
The model has been one-way nested in the domain of the Mediterranean Ocean Fore-
casting System, (Pinardi et al., 2003; Oddo et al., 2009). The open boundaries were
located in the Sicily Channel, the Sardinia Channel and the Corsica Strait, as shown in
Fig. 2. The MFS analyses were kindly provided by INGV in the framework of the My-15

Ocean project. The nesting allows the ICE-POM to be implemented almost everywhere
in the Mediterranean Sea, in any season and meteorological condition. The model grid
used had 375×300 nodes with 32 sigma vertical levels. The horizontal dimension of
the grid cells was close to 2.0×2.0 Km2. The vertical size of the cells was linear in
the central 26 levels, logarithmically distributed in the top 4, and in the 2 bottom cells.20

The time step for the external mode was set to 6.0 s at the beginning of the spin-up
period, and reduced to 1 s during discharge episodes exceeding 600 m3 s−1. The ratio
between external and internal mode was set to 40.

3.1 Boundary conditions

Lateral boundary conditions (BC) were imposed at the open boundaries shown in25

Fig. 2, while at the surface heat flux and wind stress forcing were considered. The
usual condition of no fluxes, no slip velocity were applied at the bottom. Initial and
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forcing conditions at the open boundaries were extracted from the daily analyses of the
MFS model. The open boundaries were selected in order to facilitate the onset of the
specific kind of circulation known for the Central Mediterranean region, see Vetrano et
al. (2004), Pinardi and Masetti (2000), and specifically for the Tyrrhenian Sea. In fact,
the sub-regional dynamics of the Tyrrhenian Sea is strongly dependent on the inflow5

of MAW from the Sardinia Channel and the inflow of LIW from the Sicily Channel at
least in Winter, while the system typically decouples from the rest of the Mediterranean
Basin in the late Summer-early Fall. At the open boundaries Flather-type BC were
implemented on the barotropic velocities following . Inward flows of baroclinic (inter-
nal) fields of temperature, salinity, 3-D velocities and turbulence were “clamped” to the10

MFS fields with a relaxation period of 24 h. In case of internal mode fields directed
outward, radiative BC were used. The coupling of the ICE-POM with the MFS fields
was made every day at 12:00. At the surface, the wind stress used was originated from
the ISPRA Hydro-Marine and Meteorological System (Speranza et all., 2004; Bargagli
et al., 2002). The Meteorological model used to simulate the wind was the BOLAM15

model (Buzzi et al., 1994) nested in the ECMWF global domain in the Mediterranean
Sea. The wind at 10 m had a resolution of 0.1/0.1 degrees and was available every 3 h.
Salinity at the surface was forced by the corresponding MSF field every day, except
at the river mouth. Sea surface Temperature was forced by daily satellite observa-
tions provided by MyOcean (MED CNR Sea Surface Temperature L3S) as described20

in Buongiorno-Nardelli et al. (2011). As known, the POM is based on the Mellor Ya-
mada level 2.5 closure scheme, described in Mellor and Jamada (1974), here a value
of horcon = 0.2 for the Smagorinsky horizontal diffusivity coefficient, tprni = 0.2 as
the inverse horizontal turbulent Prandtl number (Ah/Am), and nmol = 2×10−5 for the
background viscosity were used.25

3.2 River implementation - Eulerian dispersion

Since the Tiber estuary is relatively small (w = 200 m) and shallow in comparison with
the horizontal dimension of the POM grid cells (Capelli et al., 2007), local dynamical
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effects on the circulation and on the water density due to the river outflow were ac-
counted for by considering the sub-grid river discharge as a buoyant jet-like feature
in the POM (Oey, 1996). Due to the steep salinity gradients, the time step of the ICE-
POM used was reduced to 1.0 s during significative discharges. The numerical scheme
used for the horizontal advection was the classical centered scheme described in Mel-5

lor (2004). By reducing the time step it was possible to use the centered scheme
up to discharges of the order of 1000 m3 s−1, which is the order of magnitude of the
maximum discharge in the Winter episode here described. In the cases of discharges
above this threshold, negative salinity occurred close to the freshwater source and the
central scheme had to be replaced by the Smolarkiewicz iterative upstream scheme.10

The latter method was used to simulate an episode of 1800 m3 s−1 which occurred in
December 2008 (not discussed here).

3.3 Lagrangian particle dispersion

A Lagrangian particle dispersion model was applied to the Eulerian ICE-POM veloc-
ity fields in order to reproduce the effects of the turbulent transport of passive tracers15

within the discharged riverine waters. The model used was developed by V. Artale
and G. M. Sannino, see Garcı́a Lafuente et al. (2007). Particles were advected with
a 3-D second-order Runge-Kutta scheme, the stochastic contribution was a simple
Random-Walk process in which the turbulent diffusivity coefficients were provided by
POM by means of the Smagorinsky formulation for the horizontal diffusivity, and the20

Mellor-Yamada scheme for the vertical diffusivity. The same number of particles was
released at every time step, but their volume was linearly weighted with the value of the
daily riverine discharge, so that particles released during episodes of significant dis-
charge contributed more than others to the evaluation of the concentrations. The parti-
cles were always non-buoyant and non-decaying, i.e. they represented a conservative25

tracer neutrally dispersed by the flow. The Lagrangian model was implemented on the
same grid and with the same resolution as the POM, the time step used was 300 s.
The simulations were made during significant river discharge episodes in both Winter
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and Summer conditions. The amount of particles emitted from the source in Winter
ranged from 33 Kg s−1 for an average river outflow of 300 m3 s−1 up to 130 Kg s−1 in
peak discharge conditions.

4 Key studies

The simulations were made during significant river discharge episodes in both Winter5

and Summer conditions. The January 2010 Tiber peak discharge event and the July–
August 2010 event are here considered.

4.1 Winter episode

On January 2010 the Tiber average daily discharge was around 400 m3 s−1. Following
a period of intense rainfall, on the 8th of January an episode of significant discharge10

with a daily value of 1187 m3 s−1 occurred. The discharge was well above the average
value for a couple of days. Unfortunately, due to the cloudiness in the period, the only
available clear satellite maps are on 12, 16, 19 and 22 January. During the consid-
ered period the wind was southerly-southeasterly in the first decade, a calm period
followed, and, from 12 January, it turned between northeasterly and southeasterly for15

the remainder of the month (Fig. 10). In particular, the wind was south-easternly on
the 13, 15, 17, 21, 25. Given the orientation of the coast, a southerly wind has a dom-
inant shoreward component and a small component parallel to the coast, thus being
favorable to downwelling. The northeasterly wind has an almost completely seaward
component, and finally, the southeasterly wind is downwelling-favorable.20

As almost always happens in Winter, the current in the Tyrrhenian Sea had a strong
cyclonic nature, thus the ambient current in the estuarine area was directed parallel to
the coastal jet. The ICE-POM numerical simulation started with a spin-up of 10 days
on 22 December 2009, the real simulation began on 1st of January, ending the 1st of
February 2010. The Lagrangian particles were released continuously throughout the25
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month of January. The plume assumed a more or less stationary configuration after the
first week of simulation. The numerical simulations for the 10th January are in agree-
ment with the known features of the Tyrrhenian Sea in the Winter season. That is, in
Fig. 8 the surface temperature map indicates the presence of a strong and widespread
gyre near the Bonifacio Strait between Sardinia and Corsica. The MAW inflow from5

the western open boundary is visible in surface salinity (Fig. 6). The LIW inflow in
the Tyrrhenian Sea follows the relatively deep (600 m) trench in the Sicily channel, as
visible in Fig. 7 and Fig. 9. As shown in Fig. 5, the ambient current northwest off the
river mouth formed a strong jet which ran at the border of the cyclonic vortex, reaching
0.9 m s−1 not far from the eastern coast. Outside of the jet, the current nearshore was10

around 0.1–0.3 m s−1. The river plume, well visible in surface salinity (Fig. 6), ’hugged’
the coast, except where the strong jet met the plume. Two days later, the jet was able
to detach the plume from the coast, as shown in Fig. 11.
The 12 January situation can be described in the light of the wind conditions, satel-
lite data and model output. The starting conditions were characterized by prevailing15

southerly wind conditions. The K490 map for 12 January (Fig. 4) shows that the Tiber
plume had a substantial bulge northwest of the river mouth. Despite the presence of
clouds, a northwestward directed jet is clearly visible along the coast. The width of the
jet, which exhibited a significant meander as distance from its source increased, was
smaller than the size of the bulge at the mouth, indicative of a supercritical regime.20

South of the Tiber mouth the presence of a weaker coastal plume was also visible
(Fig. 4), probably issuing from the coastal lakes and canals of Sabaudia (80 Km south
of the Tiber mouth, not shown). Further offshore a westward propagation of coastal
waters was observed in the north, between S. Marinella and Argentario, though with
lower K490 values (0.40 m−1) than those of the coastal strip (0.50–0.60 m−1).25

The POM current field in the Tiber area was directed offshore near the coast and
formed a westward jet, in agreement with the K490 pattern (see also Fig. 11) em-
bedded in the strong current directed towards the Corsica Channel. The POM salin-
ity field indicates that the jet was composed of low salinity water issuing from the
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riverine-coastal patch. In addition, the low salinity of the jet was caused by Tiber water,
given the fact that only the Tiber was imposed as freshwater source in the model. The
results of the Lagrangian particle model for 12 January (Fig. 12) indicate that most of
the particle concentration was bounded near the shore both north and south of the
river mouth. However, to the north of the Tiber mouth, some particles followed the5

westward low salinity jet seen in the POM salinity and in the K490 map. Finally, the
differences in shape between the low salinity and particle distributions indicate that the
Lagrangian model was able to detect the presence of large pools of particles detaching
from the mean stream, but there is a definite indication that the plume of particles is
more concentrated than the plume of freshwater. This can be related to the small value10

of the horizontal diffusivity generated by ICE-POM.
The presence of riverine waters south of the Tiber mouth could be due to the pre-

ceding episode of strong discharge occurred on the 8 January. In such conditions the
plume might have been characterized by a subcritical regime. Both the tau and lambda
estimates suggest that the plume was supercritical on the 12th, when the discharge15

had returned to be close to the monthly average value. The effect of the seaward wind
in the first decade of January was to direct the freshwater transport towards the shelf
break, but also to induce a coastal Ekman current directed against the ambient cir-
culation, also possibly related to the presence of riverine waters south of the estuary
(Chao, 1988).20

On 16 January, the K490 map in Fig. 13 shows lower values in the coastal area
than on 12 January, as well as a reduced width of the river jet-bulge system. This is
due in part to the decrease of the discharge, passing from a maximum of 1187 m3 s−1

recorded on the 8th to 300 m3 s−1 a week later, but also to the rotation of the wind to
southerly (downwelling) in the period from the 13th to the 15th. A similar transition25

of the wind from seaward to landward occurred the 21th, affecting the width of the
bulge/plume system some days later, as can be seen comparing the K490 maps of the
19th, Fig. 14, and of the 22nd, Fig. 15.
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The results of the Lagrangian particle model for the 12 January are shown in Fig. 12.
It is apparent that most of the particle concentration is bounded near the shore both
to the north and to the south of the river mouth. The plume was detached from the
coastline downstream, forming an isolated filament.

4.2 Summer episode5

The period 1 July–6 August 2010 was characterized by changes in the the wind regime,
which, while downwelling-favorable for most of the time, changed to upwelling-favorable
on two separate occasions. The recordings of the ISPRA RON (offshore) and RMN
(onshore) meteorological stations of Civitavecchia clearly indicated how indicated how,
from the beginning to mid July, a classical sea breeze superimposed upon the dominant10

Summer wind regime, the latter being a prevailing southerly wind. The first episode of
northwesterly (upwelling) wind occurred between the 16 and 18 July (Fig. 16). During
the following week the prevailing southerlies resumed; then, from the 24th to the 26th
(Fig. 17) the wind once again was directed northerly or northwesterly.

It turned then southerly on the 27th, but rotated northerly from 31 July to 2 August15

(Fig. 18). Wind speed was almost always less than 8 m s−1. The discharge in the
period was feeble, the monthly average was around 141 m3 s−1 with only a weak peak
of 217 m3 s−1 on 31 July. The ICE-POM spin-up was started on 22 June and was
carried out for ten days. The particles were released from 2 July until the end of the
simulation on 8 August. The coastal current in the period was weak and dominated20

by the presence of a number of gyres, in particular in the southern part of the domain
(not shown). On the 14 July the circulation in the northern part of the Tyrrhenian Sea
was affected by the presence of the cyclonic vortex near the Bonifacio Strait as shown
in Fig. 20, reduced in size and vertically stretched with respect to the Winter key-
study. This situation has been also described in Artale et al. (1994). The gyre was25

surrounded by anti-cyclonic structures inducing a northward coastal current along the
coast of Sardinia and Corsica on the western boundary and a southeastward current
on the Eastern boundary.
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The Summer episode can be described using satellite and numerical hindcast as
follows.

In the period 12–14 of July the surface wind recorded onshore was about 5 m s−1

and southerly (Fig. 17). Such conditions were favorable to downwelling of the coastal
waters. As shown in Fig. 22, the river plume was close to the shore, both north and5

south of the river mouth. The Lagrangian particle model confirms that the riverine
water was confined close to the shore, the pattern of particle concentration, visible
in Fig. 21, showing high concentrations north of the river mouth and a filament of
previously emitted particles carried southeastwards. From 16 to 18 the wind turned
northwesterly with speed (offshore) around 5–6 m s−1, creating the conditions for a10

moderate upwelling. In Fig. 23 the effect of upwelling is evident. Comparison between
the two surface salinity maps for the 14th (Fig. 20) and 18th (Fig. 24), shows the effects
of upwelling occurring along the shore both north and south of the river mouth. On the
18th the map of particle concentrations generated by the Lagrangian model (Fig.25)
closely matches the K490 features, shown in Fig. 23, in the coastal area and south of15

the river mouth, but the northwestward particle (Tiber) filament is not seen in the K490
image, which instead shows a filament of coastal origin propagating southeastwards.

From 19th to 24th the southerly Summer regime prevailed (Fig. 17), with low winds
inducing downwelling conditions. As shown in Fig. 26 and Fig. 27, the river plume re-
cently generated was confined nearshore, while offshore, the remainder of the previous20

discharge was fading. In the following days, from 24 to 27 July, the wind rotated, keep-
ing between northwesterly and northerly for 3 days with speed (offshore) exceeding
6 m s−1 (see Fig. 19). In this period the wind was often parallel to the coastal current
and favorable to the upwelling of coastal waters south of the river mouth. The K490
image on 27 July (Fig. 28) shows that the plume had reached far offshore. The forma-25

tion of strong upwelling conditions near the Tiber mouth induced by the northwesterly
wind, can be inferred from the map of salinity (Fig. 29). Particle concentrations shown
in Fig. 30, are similar to the K490 distribution in Fig. 28 near shore, with a large pool
of particles emitted during the the preceding days being carried away southeastwards.
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A similar situation occurred at the beginning of August, as can be seen in Fig. 31. The
transition from downwelling to upwelling was examined in an idealized numerical ex-
periment by Garcı́a Berdeal et al. (2002), and, in fact, the maps of K490 in Fig. 23,
Figs. 28 and 31 agreed closely with their findings.

5 Conclusions5

The implementation of a three-dimensional, high resolution, vertical sigma coordinate
model on the Tyrrhenian Sea was effective in reproducing the features of the circu-
lation both in Winter and Summer conditions, as results from the comparison with
MODIS diffuse light attenuation coefficient (K490) images. The Tiber river discharge
was simulated as a point source of a buoyant plume. This simplified implementation10

gave satisfactory results in reproducing the main features of the river plume in different
environmental conditions. The use of numerical simulations and satellite maps of K490
led to the identification of different conditions of discharge, e.g. supercritical plumes for
discharges indicatively smaller than 1000 m3s−1, possibly subcritical for discharges ex-
ceeding this value. On the basis of information concerning the local climatic regimes15

of wind and currents, the main characteristics of the dispersion of the Tiber freshwater
and the tracers associated with it can be identified. In winter, due to the prevailing
seaward wind regime and the ambient currents directed northwestward, the plume
“hugs” the coast, forming a well-defined coastal jet directed downstream. Occasion-
ally, when the wind turns northerly or northwesterly, upwelling may occur, with the wind20

blowing against the direction of the local current, and possibly reducing the strength
of the coastal jet. In Summer the wind regime is Southerly most of the time, creating
favorable conditions for downwelling. The local current is dominated by the presence
of gyres and is not as regular and steady as in Winter. In the Summer episode con-
sidered the current was initially directed southward, against the direction of the wind.25

This condition led to a confinement of the freshwater of the plume near the river mouth.
The subsequent turning of the wind to northwesterly allowed upwelling on three distinct
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occasions, with wind blowing parallel to the ambient current. On these occasions the
plume detached from the coast and, some days later, created large pools of freshwater
which, eventually, became dispersed. Generally, in Winter, the coastal jet is effective
in dispersing pollutants downstream along the shoreline. A turning of wind conditions
towards those favorable to downwelling, or the occurrence of rough sea, could have5

been important factors in forcing the tracers toward the coasts. In Summer, due to
the prevailing southerly wind regime, the conditions for a significant containment of the
tracers near the shore occur frequently. As the Tiber discharges are weaker in this
season than in the rest of the year, high concentrations of pollutants are likely be found
close to its mouth after the occasional increased runoffs. The main problem in the use10

of satellite data is the small number of maps available during Winter. Nevertheless, the
analysis of numerical simulations of the river plume carried out here proved capable
of overcoming this limitation, by highlighting the temporal evolution of the flow. In this
framework the K490 maps were found to be extremely important for the understanding
of the main processes associated with the plume dynamics.15
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Fig. 1. Wind rose at Civitavecchia.

1619

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-print.pdf
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 1599–1649, 2012

Evaluation of Tiber
river pollutant

dispersion in the
Tyrrhenian Sea

R. Inghilesi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. Red box: domain of the numerical simulation. Open boundaries are in black.

1620

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-print.pdf
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 1599–1649, 2012

Evaluation of Tiber
river pollutant

dispersion in the
Tyrrhenian Sea

R. Inghilesi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 3. Map of the shoreline North of the Tiber Estuary. The positions of the meteorological
onshore and offshore stations are also indicated.
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Fig. 4. 12 January 2010, K490 coefficient.

1622

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-print.pdf
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 1599–1649, 2012

Evaluation of Tiber
river pollutant

dispersion in the
Tyrrhenian Sea

R. Inghilesi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 5. 10 January 2010, current velocity at 5 m.
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Fig. 6. 10 January 2010, salinity at 5 m.
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Fig. 7. 10 January 2010, salinity at 300 m.
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Fig. 8. 10 January 2010, temperature at 5 m.
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Fig. 9. 10 January 2010, temperature at 300 m (temperature scale is expanded with respect to
5 m salinity maps).
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Fig. 10. Wind recorded at the RON buoy of Civitavecchia 16–28 January. (a) wind direction (b)
wind speed red dots indicate wind speed greater than 2.5 m s−1.
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Fig. 11. 12 January 2010, salinity at –5 m .
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Fig. 12. 12 January 2010, particle dispersion.
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Fig. 13. 16 January 2010, K490 coefficient.
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Fig. 14. 19 January 2010, K490 coefficient.
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Fig. 15. 22 January 2010, K490 coefficient.
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Fig. 16. Offshore wind recorded at the RON buoy of Civitavecchia 14–24 July. (a) wind direction
(b) wind speed red dots indicate wind speed greater than 2.5 m s−1.
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Fig. 17. Onshore wind recorded at the RMN station of Civitavecchia 12–28 July. (a) wind
direction (b) wind speed red dots indicate wind speed greater than 2.5 m s−1.
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Fig. 18. Onshore wind recorded at the RMN station of Civitavecchia 29 July–10 August (a) wind
direction (b) wind speed red dots indicate wind speed greater than 2.5 m s−1.
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Fig. 19. 24 July 2010, BOLAM wind at the surface.
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Fig. 20. 14 July 2010, salinity at –5 m.

1638

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-print.pdf
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 1599–1649, 2012

Evaluation of Tiber
river pollutant

dispersion in the
Tyrrhenian Sea

R. Inghilesi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 21. 14 July 2010, particle dispersion.
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Fig. 22. 14 July 2010, K490 coefficient.
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Fig. 23. 18 July 2010, K490 m−1.
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Fig. 24. 18 July 2010, salinity at –5 m.
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Fig. 25. 18 July 2010, particle dispersion.
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Fig. 26. 21 July 2010, K490 m−1.
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Fig. 27. 23 July 2010, K490 m−1.
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Fig. 28. 27 July 2010, K490 coefficient.
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Fig. 29. 27 July 2010, salinity at –5 m.
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|Fig. 30. 27 July 2010, particle dispersion.

1648

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-print.pdf
http://www.ocean-sci-discuss.net/9/1599/2012/osd-9-1599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 1599–1649, 2012

Evaluation of Tiber
river pollutant

dispersion in the
Tyrrhenian Sea

R. Inghilesi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 31. 2 August 2010, K490 m−1.
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