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Abstract. The aim of this study was to determine the dis- shore. In such conditions sudden wind reversals due to lo-
persion of passive pollutants associated with the Tiber dis-cal weather perturbations, causing moderate local upwelling,
charge into the Tyrrhenian Sea using numerical marine disproved to be the only effective way to disperse the tracers off-
persion models and satellite data. Numerical results obtainedhore, moving the plume from the coast and detaching large
in the simulation of realistic discharge episodes were com-ools of freshwater.

pared with the corresponding evolution of the spatial dis-
tributions of MODIS diffuse light attenuation coefficient at
490 nm (K490), and the results were discussed with refer-

ence to the local climate and the seasonal sub-regional circu- .

lation regime. The numerical model used for the simulationl ~Introduction

of the sub-tidal circulation was a Mediterranean sub-regional

scale implementation of the Princeton Ocean Model (POM),Most pollution of the coastal marine environment is asso-
nested in the large-scale Mediterranean Forecasting Systerfilated with river runoff, which carries into the sea the ef-
The nesting method enabled the model to be applied to alfects of atmospheric pollution and human urban, agricultural
most every area in the Mediterranean Sea and also to be usédnd industrial wastes. The effects of the so-called nonpoint
in seasons for which imposing climatological boundary con-Sources of pollution are the presence in the water of high
ditions would have been questionable. Dynamical effects orfoncentration of pathogens, oxygen-depleting nutrients and
coastal circulation and on water density due to the Tiber dis/hany toxic substances such as heavy metals and PCBs. The
charge were additionally accounted for in the oceanographiénber’ the third longest lItalian river, crosses two lItalian re-
model by implementing the river estuary as a point sourcedions well known for their agricultural and farming activi-

of a buoyant jet. A Lagrangian particle dispersion model fegties, and then flows through Rome just before entering the
with the POM current fields was then run in order to repro- central Tyrrhenian Sea. Even though Tiber discharge rarely
duce the effect of the turbulent transport of passive tracer&xceeds 200 frs~! in summer, several occurrences of rapid
mixed in the plume with the coastal flow. Two significant floods have been reported to be associated with the death of
episodes of river discharge in both winter and summer coniMOost of the fish present in the final course of the river, due to
ditions were discussed in this paper. It was found that thdhe sudden depletion of oxygen in the water. Concentrations
winter regime was characterized by the presence of a stron@f bacteria and viruses at the river mouth are also a matter of
coastal jet flowing with the ambient current. In summer the Primary concern for public health, thus potentially affecting
prevailing wind regime induced coastal downwelling condi- tourism at the many coastal resorts in the central and upper

tions, which tended to confine the riverine waters close to thelY'Thenian Sea. Itis therefore important to assess the poten-
tial impact of pollutants carried in the river’s fresh waters, as
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774 R. Inghilesi et al.: Fate of river Tiber discharge

well as that of the sediments transported to the marine andalue of the Froude numbét = g/c — wherec = \/g’dp is
the coastal environment. the phase speed of the internal long gravity waves depend-
Even though practical considerations often lead the invesing on reduced gravity’ = 8p/p and surface layer thick-
tigators inclined to treat the dispersion of pollutants in coastalnessdp, and g is the horizontal speed — the far field flow
areas as a local diffusion problem, in reality, most of the timecan be supercritical or subcritical. An accurate description of
itis not. The interaction between riverine freshwater and am-the dynamics of supercritical flows can be found3arvine
bient saline water in estuaries has been studied by means ¢1987); Chao(1987; andOey(1996. In particular, the for-
shallow water and primitive equation models in idealized andmation of the discharge front at the river mouth and a coastal
more realistic conditions. It was found that the dynamical front bounding a coastal jet downstream, which eventually
scales of motion which are involved in the problem rangebecome unstable and start meandering, is clearly described
from a local scale, i.e. a few tens of meters to some kilome-n Garvine(1987 andOey and G.L.Mello1992. Follow-
ters (where the geometry of the estuary, the discharge and thiag the classification o€hao(1987) revisited byKourafalou
local wind are essential factors), to more than 100 km (whereet al. (19963, in a supercritical flow the dimension of the
persistent mesoscale features like gyres and jets embed thmilge at the estuary mouth greatly exceeds the width of the
riverine plume in a complex, large-scale structure extendingcoastal jet downstream, while in subcritical flows the two
in a typical meandering jet flowing along or detached from amplitudes are at least comparable. The jet can also divert
the coast). Dynamical processes at different scales interacfrom the coastline (after long time periods) forming an an-
as, for example, when a change in wind direction induces dicyclonic gyre. While in supercritical flows all disturbances
secondary coastal circulation leading to upwelling or down- (Kelvin waves and internal waves) propagate downstream, in
welling episodes. Dispersion would then depend on the locakubcritical flows long gravity wave perturbations can prop-
and the large-scale circulation, while the wind and the cur-agate upstream in the region wheFe< 1. A discrimina-
rents could be oriented parallel or antiparallel to the coastation between supercritical and subcritical flows was intro-
jet. duced byGarvine(1987 in terms of the transport parameter
Important aspects of the problem on a local scale are the = Tf/(2(g'dp)?) and the angle made by the estuary with
dynamics associated with the discharge of light freshwater irthe coastline. Herd is river discharge angd is the Coriolis
a denser ambient flow, the presence of currents and tides, thgarameter. In the case of the Tiber, the angle is close to 90
speed and direction of the wind, the concentration of pollu-and r ranges between 0.001 in typical summer conditions
tants in the river and the amount of volumetric discharge. The(dischargel’ = 140 n¥s~1) and 0.03 in the case of signifi-
first of the foregoing factors has been investigated by sevcant winter discharged'(> 1000 n? s~1), so the plume will
eral authors. Generally speaking, the forcing operated by théehave as supercritical f@t < 1000 n¥ s—1 but can be sub-
freshwater on the ambient flow can be interpreted in terms otritical during episodes of strong river discharge. An equiv-
a classical Rossby geostrophic adjustment probleisieh  alent discrimination was introduced and discussehyda
and Gill, 1983. As shown byGarvine(1987), rotation is a  Berdeal et al(2002 in terms ofA = Lg/Lc, whereLp is the
key factor in the dynamics of the plume. Even for small es-size of the far field bulge anblc is the width of the coastal jet
tuaries, the Coriolis acceleration greatly modifies the den{Kourafalou et al. 19963. Finally, several numerical stud-
sity fields and the currents at considerable distances fronies (Chaq 1988 Fong and Geyer2001 Garda Berdeal et
the river mouth. The characteristic scales of the problem aral., 2002 have pointed out how the characteristics of the
the width of the estuaryl.,, and the Rossby radius of de- plume are considerably modified by the action of the coastal
formation for the first baroclinic modeRgy. The ratio of the  ambient current and the wind. Situations favorable to down-
two lengths is known as the Kelvin numbet, = L,/ Ro. welling lead to the presence of a meandering of the coastal
The value ofK is an indication of the distance from the jet, while the presence of upwelling might detach the coastal
source at which the effect of the rotation becomes impor-jet from the coast.
tant. Closer to the source and up to distances of the order of The dispersion of the riverine waters was studied using a
K Rossby radiuses (in the “near field flow”, in stagnant uni- three-dimensional, primitive-equation, oceanographic model
form ambient), there are other length scales which define tha&escribed in Sect. 3, coupled with a particle Lagrangian
aspect of the buoyant jet. These are related to the relative imtransport model (Sects. 3.2 and 3.3) in order to simulate the
portance of the discharge momentum fluk= uo Qg (“jet- transport of a passive tracer associated with the river dis-
like” flow behavior close to the source whed¢ is prevail-  charge. The evolution of the river plume over time was also
ing) with respect to the discharge buoyancy flBx= g’ Q¢ tracked using remote sensing observations of diffuse light at-
(“plumelike” flow behavior whereB dominates, towards the tenuation coefficient at 490 nm (K490; Sect. 2). This quantity
far field). Qg is the river discharge rate in%s~1 andug is has proven to be a very effective tracer for detecting turbid
the average cross-section flow velocity. The distance at whicltoastal waters, even though quantitatively it is not reliable in
the flow becomes plumelike can be estimated by means ofuch waters (Case Il watefslorel and Prieur1977), as is

the non-dimensional |engthm = % Depending on the the case for most ocean color algorithms (eg Ch|0|’0phy”)
B The method was tested on several key studies in summer and
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winter conditions (Sect. 4). The comparisons of the results of
numerical simulations and remote sensing observations indi- 425N
cate the strengths and the weaknesses of both the analyses,
providing information on how to make the best use of them

in environmental monitoring (Sect. 5).

42°N

2 The implementation of the ICE-POM model

(0]
The numerical simulations of the Tyrrhenian Sea currents N
were made using the ISPRA Coastal and Estuarine Prince- gHoN
ton Ocean Model (ICE-POM) model. The PONWéllor,
2004 Blumberg and Mellor1987 is a three-dimensional
model which solves the primitive equations in hydrostatic SN

and Boussinesq approximation. The grid has sigma coordi-
nates on the vertical and is formulated on the Arakawa C-

grid, following latitude and longitude on the horizontal. De- 7,3/(/'%/( ° ~

S
y

spite the fact of having variable depths in the domain and 6N N I
vertical velocity defined on sigma-planes, sigma coordinates ’
are especially useful in situations of complex bottom topog- 10°€ ‘2°EL i ;4°E 16°E 18°€
raphy, as is the case with the Tyrrhenian Sea. The numerics (@) onaruce

of the model allows the separation of fast barotropic (exter- 4N Sanymety (m —

nal) modes, i.e. sea level and vertically averaged velocity, and it | J}

(internal) baroclinic modes for salinity, temperature and 3-D w0

velocity fields. The model has been one-way nested in the L \ e Pl
domain of the Ocean PArallelise-Mediterranean Ocean Fore- " AT .

casting System (OPA/MFSHP{nardi et al,2003 Oddo et al. R WEGWS
2009. The open boundaries were located in the Sicily Chan- b4

nel, the Sardinia Channel and the Corsica Strait, as shown
in Fig. 1la. The MFS daily analysis fields, at 1/%6L/16
degree horizontal resolution and 72 unevenly spaced vertical
levels, were kindly provided by the Italidstituto Nazionale |
di Geofisica e Vulcanologi@diINGV) in the framework of

the MyOcean project. The nesting allows the ICE-POM to ‘:
be implemented almost everywhere in the Mediterranean M Noog 11°E 12°F 12°E
Sea, in any season and meteorological condition. The model ; Longtude

grid used had 37% 300 nodes with 32 sigma vertical lev- m(‘)o oo 100 10 100 1000 1o00 2000
els. The horizontal dimension of the grid cells was close to (b) Depth (m)

2.0x 2.0km. The vertical size of the cells was linear in the Fig. 1. () Outer black box: domain of the numerical simulation
central 26 levels, logarithmically distributed in the top 4 and , ©° ™ :

inthe 2 b lIs. The ti for th | d (open boundaries are in red). Small internal box is expandéua)in
in the 2 bottom cells. The time step for the external mode Was(b) Map of the bathymetry north of the Tiber Estuary. The positions

setto 6.0s at the beginning of the spin-up period, and reduceg the meteorological onshore and offshore stations are marked with
to 1s during discharge episodes exceeding 608Th The 3 red box.

ratio between external and internal mode was set to 40.

S. Marinella

Latitude

Fiumicino

2°N
RON Buoy \ jRome
5
i

40 Tiber estuary

2.1 Boundary conditions Mediterranean region, sa&etrano et al(2004 andPinardi

and Masetti(2000, and specifically in the Tyrrhenian Sea.
Lateral boundary conditions (BC) were imposed at the openin fact, the sub-regional dynamics of the Tyrrhenian Sea are
boundaries shown in Fida, while, at the surface, heat flux strongly dependent on the inflow of Modified Atlantic Wa-
and wind stress forcings were considered. The usual conditer (MAW) from the Sardinia Channel and the inflow of
tions of no fluxes, no slip velocity were applied at the bottom. Levantine Intermediate Water (LIW) from the Sicily Chan-
Initial and lateral conditions at the open boundaries were exnel, at least in winter, while the system typically decouples
tracted from the daily analyses of the OPA/MFS model. Thefrom the rest of the Mediterranean Basin from summer to
open boundaries were selected in order to facilitate the onearly fall. At the open boundaries Flather-type BC were im-
set of the specific kind of circulation known in the Central plemented on the barotropic velocities followiRglma and
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Matano (200)). Inward flows of baroclinic (internal) fields time step of the ICE-POM used was reduced to 1.0s dur-
of temperature, salinity, 3-D velocities and turbulence wereing significant discharges. The numerical scheme used for
“clamped” to the MFS fields with a relaxation period of 24 h. the horizontal advection was the classical centered scheme
In the case of internal mode fields directed outward, radia-described inMellor (2004. By reducing the time step, it
tive BC were used. The coupling of the ICE-POM with the was possible to use the centered scheme for discharges up to
MFS fields was made every day at 12:00. At the surface, thel000 n? s~1, which was the order of magnitude of the max-
wind stress forecasted by the ISPRA Hydro-Marine and Me-imum discharge in the winter episode here described. In the
teorological SystemSperanza et gl2004 Bargagli et al. cases of discharges above this threshold, negative salinity oc-
2002 was used. The meteorological model used to simulatecurred close to the freshwater source and the central scheme
the wind was the BOLAM modeBRuzzi et al, 1994 nested  had to be replaced by the Smolarkiewicz iterative upstream
in the ECMWEF global domain in the Mediterranean Sea.scheme. This latter method was used to successfully simu-
The BOLAM nesting into ECMWF provided consistency be- late an episode of 180038~ which occurred in December
tween the BOLAM and the OPA/MFS forcings on the ICE- 2008 (not discussed here).

POM. 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@-3 Lagrangian particle dispersion

by the corresponding MSF field every day, except at the river

estuary. Sea surface temperature was forced by daily satellitf L@drangian particle dispersion model was applied to the

observations provided by MyOcean (MED CNR Sea SurfaceEulerian ICE-POM velocity fields in order to reproduce the

Temperature L3S), as describe®nongiorno-Nardelli et al. effects of the turbulent transport of passive tracers within the
(2012. As is well k’nown the POM is based on the Mellor— discharged riverine waters. The model used was developed
Yamada level 2.5 closure scheme, describetailor and by V. Artale and Gj M. Sannino, ségarda Lafuente_ et_ al.
Jamada(1974. Here a value of HORCON = 0.2 for the (2007. The model is based on the fundamental principle of
Smagorinsky horizontal diffusivity coefficient, TPRNI = 0.2 kinematics, i.e. on the equivalence between Lagrangian and

as the inverse horizontal turbulent Prandtl number (Ah / Am), Eulerian velocities:
and nmol = 2« 10~ for the background viscosity were used.
g Y Ue(x, Dx—g(an) = VL(A. D), (1)
2.2 River implementation — Eulerian dispersion whereUg(x, 1) is the velocity as defined following the Eu-
. . . . lerian point of view at fixed positions and times, and
The Tiber estuary is relatively small (widfhy, =200m) and v (4, 1), the Lagrangian velocity, is defined as the usual time
shallow at the river mouthGapelli et al, 2007. The dis-  derivative of the trajectory of the parcel which started at the

charge rates may vary from typical summer values of thejnitial time with label mark (or initial position)i:
order of Qo =100n? s to over 2000 As~! during some

rather exceptional winter episodes. Considering the strear, (A1) = 0E(A,1) @
of riverine freshwater within the stagnant coastal waters as e PR

a buoyant jet, a crude estimation #f = QoUp, B=g'Q ,
whereg’ =4ms2 is the assumed reduced gravity, shows
that in all the Tiber discharge conditioiis, never exceeds

a distance of the order of 10 m. As the horizontal dimension(l)
of the ICE-POM grid cells i9) (10%) of L,,, it can be safely '

assumed that the single grid cell containing the river mouth

may be seen as a “far field” of the buoyant jet from the nearby , | —, +un(xn)ﬁxn+1 —xp 4w 1(x ;)ﬁ +i, (3)
cells, i.e. a plume. The idea @ey (199 was that in such "2 2 mrrTee 2

conditions the dominant effect of the buoyancy due to theAs shown in Eq. ), during the first half temporal step (from
discharge of freshwater in the river source-cell could be nutimenAt to time(n+%)At) only the POM velocity fields,
merically simulated by introducing a negative (downward) at then-th time step were used in determining the displace-
vertical velocity pouring a volume of freshwater in the cell ments, while in the second half step (from titdeet %)At to

but not adding momentum to it. The barotropic mode of the (n + 1) At) a stochastic contributiof was also considered
model is then to be adjusted in order to ensure the conservdn order to parametrize the effect of turbulence as a simple
tion of mass ag,;+V-UD = ws(x, y, t), whereD is the total random-walk process. The random drift was estimated as
depthD = H +1n, the sum of the bathymet# (x, y) and the

time variable water level(x, y, ), andU is the barotropic ;;l = Vri /2AK;'1At. (4)
velocity. The baroclinic mode of ICE-POM was also modi-

fied accordingly, in order to account for the vertical flux of In Eq. @) tensorial notation was introduced for brevity;
freshwater in the horizontal advection of salinity. Due to the x/ (i = 1, 2, 3) is the component of the displacement respec-
steep salinity gradients generated by the density currents, thiévely in the x, y, z direction at then-th time step.y, are

The trajectoriesc(¢) = £(A, t) were numerically integrated
from the differential Eq. ) by means of a second-order
Runge—Kutta scheme after making use of the equivalence

Ocean Sci., 8, 7737436, 2012 Www.ocean-sci.net/8/773/2012/
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three real random numbers extracted at jikih time step  tween coastal and open sea waters, in particular for track-
from a standard normal distribution. TR ! factors in the  ing sediment-rich riverine plumes. Therefore, K490 was used
random walk process are the horizontal (foe 1, 2) and  here to evaluate the along-shelf and across-shelf penetration
vertical ¢ = 3) kinematic viscosity as estimated by POM, of the buoyancy-driven coastal current under different mete-
i.e. by means of the Smagorinsky formulation for the hori- orological and hydrological conditions. As regards the wind,
zontal diffusivity and the Mellor—Yamada scheme for the ver- several sources of meteorological data were available. The
tical diffusivity. In the present study all particles started from ISPRA tide gauge station at Civitavecchia (onshore, to the
the same cell in front of the river estuary. The particles re-NW of the estuary) is a coastal station equipped with stan-
leased were always non-buoyant and non-decaying, i.e. theglard meteorological sensors operative since August 1986.
represented a conservative tracer neutrally dispersed by thg8ince the amplitude of the recorded tidal cycle is typically
flow. Seeing that the aim of the simulation was to provide aless than 0.2m, only the sub-tidal circulation was consid-
description of the dispersion of passive pollutants associateéred in this study. The wind climate analysis over 20 yr of the
with the river discharge, a time-dependent number of parti-time series recorded at Civitavecchia indicated that there are
cles ought to have been released in proportion to the rivetwo largely prevailing wind regimes, i.e. northeasterly winds
discharge rate. However, this approach was found to be imand south-southeasterly winds. The former prevails during
practical from the numerical point of view, since the simula- winter, having the maximum of the frequency distribution in
tions were more than 30 days long, the discharge rate varie®ecember—January, the latter dominates in summer and au-
considerably in the period, and the hardware capability putumn, with maximum of the frequency distribution in sum-

a limit on the total number of trajectories which could be mer, but stronger winds<(7 ms™1) in autumn. The north-
tracked. As a consequence, the number of particles releaseshsterly regime has winds directed seaward in the area of
every time step would have been too small to give a clear spathe river mouth; the southerly regime favors downwelling.
tial representation of the dispersal when the river dischargél'he climatological analysis of the wind at Civitavecchia was
rate was too low. A different strategy was therefore devised.compared with the statistics based on the 1971-2000 records
the same number of particles was released at every time stepf the Fiumicino Airport weather station, which is a WMO
but the volume of the particles was made proportional to thereference station run by the Italian company for air navi-
value of the daily riverine discharge, so that the particles re-gation services (ENAV). The distributions were found to be
leased during episodes of significant discharge contributedery similar. Two years of wind data from the offshore buoy
more than particles released at other times to the calculationf Civitavecchia were also available from the ISPRA Waves

of the concentrations in terms ‘%?aTT whereVpartis the total ~ Network (RON). The offshore wind data were reduced to

volume of particles in a cell anfice; is the volume of the 10 m height followingKourafalou et al.(19961 and Hsu

cell. As the distribution of particles was mostly confined to (1986. According to the literatureMillot, 1999 2004 As-

the upper part of the domain (3—4 top cells), the maps of thdraldi and Gasparinil992 Artale et al, 1994 Pinardi and

concentration of pollutants were expressed in terms of mas#asetti 2000, the circulation in the central Tyrrhenian Sea

of pollutants per unit surface. The Lagrangian model was im-iS markedly anti-clockwise in winter when it is forced by the

plemented on the same grid and with the same resolution aiflows of surface MAW from the Western Mediterranean

the POM, the time step used was 300 's. The simulations werthrough the Sardinia Channel and by the subsurface Eastern

made during significant river discharge episodes in both win-Mediterranean LIW passing through the Sicily channel. In

ter and summer conditions. The amount of particles emittedsummer and early autumn the circulation is less definite, as

from the source in winter ranged from 33 kg'sfor an av-  the external forcing is extremely reduced. In this period local

erage river outflow of 300 As 1 up to 130kgs! in peak ~ wind is the main forcing of the regional and local circulation.

discharge conditions. 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

3 Satellite, circulation and in situ data of the Ripetta station. The main part of the flow, which en-
ters the Tyrrhenian Sea at Fiumara Grande, carries more than

The diffuse light attenuation coefficient at 490 nm (K490) 9/10 of the total flow. The other branch, a small artificial

fields at 1 km resolution were obtained by processing thechannel which has its mouth further north, at Fiumicino, has

original MODIS AQUA LO radiance data with the standard not been considered here. The bathymetry, the geographical

SeaDAS software using the SeaWiFS algorithm (Mueller,positions of the estuaries and the positions of the meteoro-

2000). K490 is a suitable tracer for riverine discharge andlogical stations are shown in Figb.

coastal water trackindgjgnami et al, 2007) as it is directly

related to the quantity of suspended matter in seawater. In-

deed, even though the accuracy of the estimates in Case Il

(turbid coastal) waters is low, the very high values of this

parameter allow for a very good distinction to be made be-

Www.ocean-sci.net/8/773/2012/ Ocean Sci., 8, 7786, 2012
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Fig. 2. Wind recorded at the RON buoy of Civitavecchia, 12—-29 January 2010. Upper panel: wind direction; lower panel: wind speed. Red
dots indicate wind speed greater than 2.5th.s

4 Key studies January 1 and ended on 1 February 2010. The results were
consistent with the known features of the Tyrrhenian Sea in
The simulations were made during significant river dischargethe winter season. The most recognizable structure in the
episodes in both winter and summer conditions. The Januargurface temperature field occuring on 10 January (B,
2010 Tiber peak discharge event and the July—August 201@as the deep and widespread cyclonic gyre situated east of

event are considered here. the Bonifacio Strait, between Sardinia and Corsica, extend-
_ _ ing almost to the opposite coast. Also distinctive were the
4.1 Winter episode MAW inflow from the western open boundary, apparent in

) o ) _ the surface salinity map (Figb), and the LIW inflow in the
The analysis of the wind time series extracted from the ava"‘l'yrrhenian Sea (shown in the300m temperature field in

able meteorological stgtions revealed that in the first dekaq;ig_ 43) following the relatively deep (600 m) trench across
of January 2010 the wind was southerly—-southeasterly, thege sicily channel. On a smaller scale, to the northwest of
a calm period followed, and from 12 January on it turned the Tiper river mouth, the local ambient current was affected
northeasterly, with short southeasterly episodes (Bjg. by the strong jet visible on the northern border of the cy-

recorded on 13, 15, 17, 21 and 25 January due to the transfionic vortex (Fig.4b). While the speed of the jet reached
of small-scale low-pressure systems. Given the orientation of) g i 51 ot far from the eastern coast, the current nearshore
the coast near the Tiber mouth, a southerly wind has a domiy55 around 0.1-0.3 nT4. According to the numerical simu-
nant shoreward component and a small component paralightions, the river plume, clearly visible in the surface salinity
to tr_]e coast, thus renderlng.|t slightly favorable to down- map, “hugged” the coast, except for that stretch where the
welling. The northeasterly vymd has an almost complgtelystrong jet met the plume. Two days later (12 January), as can
seaward component, and, finally, the southeasterly wind ig,e seen from the surface salinity map in Fg, the interac-
downwelling-favorable. Following a period of intense rain- (o of the ambient current with the coastal jet, triggered by
fall, on 8 January 2010 an episode of high discharge rate withne rotation of the wind, extended to the south and was able

. -1 .
a daily value of 1187 ths~* occurred. The discharge rate re- 1 detach part of the plume from the coast, stretching it to the
mained well above the monthly average of 40tamt for northwest.

more.than two Qays. Due to the cloudiness in the period, clear Tne results of the Lagrangian particle model for 12 Jan-
satellite K490 images were on hand only for 12, 16, 19 and 51y (Fig. 5b) indicate that most of the pollutants were
22 January. The ICE-POM numerical simulation started withynded close to the shore both north and south of the river

a spin-up of 10days on 22 December 2009; the key studynqyth, However, to the north of the Tiber mouth, some
began with the continuous release of Lagrangian particles on

Ocean Sci., 8, 7737436, 2012 Www.ocean-sci.net/8/773/2012/
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particles followed the westward low salinity plume seen in the offshore cyclonic gyre (Fidga), once more emphasizing

the ICE-POM salinity and in the K490 maps. Within the the role of this open sea feature on coastal dynamics. Even
plume, the inhomogeneity of the dispersion of particles wasthough most of the pollutants were concentrated within the
apparent, the stretching of the streaklines of particles off-freshwater plume, a significant dispersion on a larger scale
shore being clearly related to the strong current associated tm the form of large pools detaching from the main stream
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was noted from the analysis of the dispersion of the pollu-8—-10 January. In the short period of high discharge rate, the
tants. The K490 map for 12 January (F&g) indicated that  riverine plume might have been in slightly subcritical con-
the Tiber plume had a substantial bulge northwest of the riveditions, returning to supercritical after the episode when the
mouth and that the coastal, turbid flow was directed north-discharge was again close to the monthly average value. The
westward, in qualitative agreement with the model results. Inwind might also have played a role. In the first decade of Jan-
particular, the ICE-POM northwestward low-salinity plume, uary, the southeasterly wind not only might have directed the
evident in Fig.5a, was comparable with the high K490 pat- freshwater transport towards the shelf break, but could also
tern centered at about 422, 11.20 E, extending offshore  have induced a coastal Ekman current directed to the south,
towards the cloud edge (Fifa). Near the coast, to the north- against the ambient circulation. A similar event was simu-
west of the estuary, the width of the pattern of high K490 lated and described b§£hao (1988. Of course, the weak
was narrower than the size of the bulge at the mouth, thudbut almost continuous distribution of K490 along the coast
suggesting the presence of a supercritical regime @&y.  to the south of the river mouth could also have been re-
The presence of riverine waters to the south of the Tiberated to other possible coastal sources of freshwater in the
mouth (Figs.5a, b, and6a) might have been related to the area, like the coastal lakes and canals of Sabaudia (80 km
previous episode of strong discharge that occurred betweesouth of the Tiber mouth, not shown). The K490 map for
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16 January (Figeb) was similar to the 12 January map, only dispersion of riverine waters had an essentially local scale,
smoother. A much smaller width of the river jet-bulge systemvarying rapidly in response of the meteorological forcing.
was observed, probably due to a lowering of the dischargerlhe erratic river plume behavior during the summer episode
rate, which decreased from the maximum value recorded orould be followed using satellite and numerical hindcast as
the 8 January to 300%s ! only a week later. The results follows. In the period from 12 to 14 July, the southerly sur-
of the numerical simulations for 16 January differ from those face wind speed did not exceed 5mg(Fig. 7), i.e. was
seen on 12 January in that the plume became almost detachéalvorable to weak downwelling of the coastal waters. The
from the coast and stretched offshore due to the strong ambisalinity field (Fig.8a) and the Lagrangian particle distribu-
ent currents. A study of the wind time series revealed that theion maps (Fig8b) confirmed this, indicating freshwater only
speed of the simulated wind had been overpredicted in thén a radius of less than 40-50 km from the river mouth and
previous two days and biased northwesterly, while the off-bounded near the coast. The K490 map for the same day
shore buy records at Civitavecchia revealed a weak, steadfFig. 9a) suggested that the river plume was probably even
east-southeasterly wind in the period. closer to the shore.

The results of the Lagrangian particle model for 12 Jan- From 16 to 18 July, the wind turned northwesterly with
uary are shown in Figbb. It is apparent that most of the par- speed (offshore) around 5-6 mls creating the conditions
ticle concentration is bounded near the shore both to the nortfor a moderate upwelling. The detachment of the plume from
and to the south of the river mouth. The plume was detachedhe coast is apparent from Figh and also from the compar-
from the coastline downstream, forming an isolated filament.ison between the two surface salinity maps for 14 (Ba).

and 18 (Fig.10a) July. On 18 July the map of particle con-
4.2 Summer episode centrations generated by the Lagrangian model {Biy).

matched the general K490 features, shown in Big. in
On alocal scale, the wind was mostly downwelling-favorable the coastal area and south of the river mouth, but the K490
in the period 1 July—6 August 2010, changing to upwelling- map clearly indicated the position of the plume propagating
favorable at least twice. The recordings of the ISPRA RONsoutheastwards, while the simulations did not show a similar
(offshore) and RMN (onshore) meteorological stations ofneat directionality. From 19 to 24 July the southerly sum-
Civitavecchia clearly indicated the presence of the classiimer regime prevailed (Figd), with sea breeze and low winds
cal sea breeze superimposed upon the dominant summénducing feeble downwelling. In these conditions, the river
southerly wind regime, in agreement with the local climate plume was confined nearshore again. In the following days,
discussed in Sect. 3. The first episode of northwesterly (upfrom 24 to 27 July, the wind rotated, keeping between north-
welling) wind occurred between 16 and 18 July (Fig, westerly and northerly for 3 days with speed (offshore) ex-
briefly interrupting the sea breeze regime. During the follow- ceeding 6 mst. In this period the wind was often parallel to
ing week the prevailing breeze/southerlies regime resumedthe feeble coastal current and favorable to the upwelling of
then, from the 24th to the 26th, the wind was once againcoastal waters south of the river mouth. The K490 map for
directed northerly—northwesterly. It turned southerly on the27 July (Fig.11a) shows that the plume was largely detached
27th again, but rotated northerly from 31 July to 2 August. from the coast. The formation of upwelling conditions near
The wind speed never exceeded 8Th.sThe river discharge  the Tiber mouth induced by the northwesterly wind can be
in the period was feeble; the monthly average was aroundnferred also from the map of salinity (Fifj2a). The disper-
141 st and only a weak peak of 217%a ! occurred on  sion of pollutants shown in Fig.2b was similar to the K490
31 July. The ten day ICE-POM spin-up started on 22 Junemap near shore, with a large pool of particles emitted during
The numerical simulation ran for all of July and the first week the the preceding days being carried away southeastwards.
of August. The particles were released from 2 July until theA similar situation occurred at the beginning of August, as
end of the simulation on 8 August. In contrast to the winter can be seen in Fid.1b. The transition from downwelling to
circulation, the surface current field simulated in July 2010upwelling was examined in an idealized numerical experi-
indicated the sole presence of a moderate northward curremhent byGarda Berdeal et al(2002, and, in fact, the maps
on the western boundary of the domain (Sardinia—Corsicaf K490 in Figs.9b, 11a, b agreed closely with their findings.
border), but no organized current was manifest on the eastern
boundary, near the area of interest (see salinity and curret.3 Comparisons
map in Fig.8a). On the large scale some mesoscale activity
was still present in the basin, in particular the winter cyclonic The question which naturally arises when dealing with obser-
vortex near the Bonifacio Strait had developed into in a cou-vations and numerical simulations is how reliable the numer-
ple of smaller cyclonic vortices in summer, as described inical models are in delivering realistic solutions in complex
Artale et al.(1994. However, no dynamical structures had physical situations. In other words, “Are the simulations and
any influence on the eastern coastal circulation in the centrathe observations comparable?” In the present study there was
Tyrrhenian Sea, leaving the Tiber river plume free of large-no simple answer to the question. First of all, quantitative
scale, offshore forcings from the large-scale currents. Theeomparison should be made on the same physical quantities;
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in the present problem we dealt with three different proxiesis a very good indicator of the position of the river plume, but
of the river plume. The time evolution of the field of surface the optical properties of the coastal waters depend on many
salinity was the closest representation of the dynamics of théactors like the amount of sediment suspended or the phyto-
riverine waters in coastal areas. Unfortunately, we did notplankton blooms. Both of these are related to the presence
have information about the real salinity, we only had a few of riverine waters, but the river plume is not the only possi-
shapshots (satellite images) of the attenuation coefficient oble cause for their spatial distribution nor for their evolution
the solar radiation at 490 nm. As discussed in Sect. 3, K490n time. Even though quantitative analysis was out of our
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reach, some information could nevertheless be inferred by — high/low percentiles (indicating presence of plume with
a semi-qualitative analysis. This approach consisted of the  high values of K490 and low values of salinity) close to
“objective” evaluation in the similarity of the spatial distribu- the coast (1-5 km), offshore (5—30km) or far from the
tion of different fields of K490, surface salinity and pollutant river mouth & 30 km from the coast).

concentrations. The primary concern in the evaluation WaSrhe results of the numerical model matched the available
the determination of the spatial scale on which to examine

the maps. As was seen in the previous section. the scale 0ﬁlatellite maps on 5 days out of 6, the pattern of pollutant con-
PS-. P ' centration generally being in better agreement with the K490

dispersion of riverine waters during the winter episode Wasmaps than the salinity. It would perhaps only be fair to con-

much larger t_han the Io_cal sc_ale seen in the summer epiSOdEs‘ider that in the winter key study, the currents and the dy-
In the analysis of the winter simulation (1-30 January 2010)'namical features associated with it and the wind were rather

several spat|a_1l parameters were fo_und us eful In ordgr to evalbersistent, the river plume being in the configuration “bulge
uate the quality of the numerical simulations, in particular:

and coastal jet to the north”, slowly interacting with the

mesoscale dynamical structures. Even if the simulated wind

— the position of the extreme values of pollutant concen-was not always completely aligned with the evolution of the
tration/K490/surface salinity; and observed wind in following the passage of the meteorological
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low-pressure systems, the action of large-scale surface cuk490 was good in the period 2 July—26 July (13 “good” days
rents generally helped to stabilize the flow. The day showingout of 15), and relatively poor in the final part of the sim-
dissimilar spatial configuration in the considered fields wasulation (26 July—8 August). The concentration of pollutants
16 January, which was discussed in Sect. 4.1. ranked worse than the surface salinity, mostly due to the pres-
During the 2 July to 8 August 2010 key study period, there ence of secondary pools of particles detached from the main
were 23 good quality satellite images to analyze. The featureplume in the numerical simulations (see Figb). A possible
upon which the semi-qualitative analysis on a local scale wa®xplanation for this mismatch is that the Lagrangian parti-
based on were: cles used to simulate the dispersion were completely neutral,
— the form of the plume near the source and at a radiué"’h"e the s_ediments. carried by the river flow are generally
distance of 20 km: and not. This difference in the behavior of the particles became
manifest in the case of local dispersion, with low current
— the presence of secondary pools of freshwa-speed and low turbulence. In the final part of the key study,
ter/pollutants. the moderate northwesterly wind predicted by the meteoro-

It was found that the agreement between the numerical simlogical model was slightly overestimated (up to 50 %) from
ulations of surface salinity/Lagrangian particles and maps ofhe 28 July to the 5 of August. Even if the upwelling episode
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was substantially reproduced by the numerical model, theof the wind substantially altered the form of the plume and
overestimate of the wind speed caused the detached pluntbe dispersion of the pollutants. The high-resolution numer-
to be orientated more to the south with respect to its actualcal wind fields used in the present study to force the ICE-
position apparent from the satellite maps, and enhanced thEOM were barely adequate to give a satisfactory simulation
formation of large minor pools of low-salinity/pollutants off- of the riverine-plume dispersion process; it seems like that
shore. in order to achieve a better numerical representation of the
dynamics, a substantial improvement in both the wind reso-
lution and accuracy would be needed.
5 Conclusions On the basis of the results of the key studies and the anal-
ysis of the local and regional climatic regimes of wind and
The implementation of a three-dimensional, high-resolution,currents, an attempt to identify and generalize the principal
vertical sigma coordinate model on the Tyrrhenian Sea wagharacteristics of the dispersion of the Tiber freshwater, and
effective in reproducing the features of the circulation boththe pollutants associated with it, was made.
in winter and summer conditions. The realistic representa- In winter, due to the prevailing seaward wind regime
tion of the mesoscale dynamics in the domain was importanaind the strong ambient currents directed northwestward, the
for determining the scale of dispersion of the river plume andplume “hugs” the coast, forming a well-defined coastal jet
assessing the importance of the interactions of processes directed downstream. As the coastal jet interacts with other
regional and coastal scales. In particular, it was shown thatlynamical structures under the influence of the meteorolog-
the riverine water dispersion process can be considered a laeal forcings, the plume can be stretched along the coast or
cal coastal problem only in summer, while for the rest of be detached from it for distances of more than 100 km. The
the year it is part of processes occuring on a substantiallyiver plume—Tyrrhenian vortex interaction was found to be
broader scale of motion. The Tiber river discharge was sim-an interesting example of how the presence of mesoscale dy-
ulated as a point source of a buoyant plume. This simplifiednamical structures can influence coastal dynamics, making it
implementation gave satisfactory results in reproducing thepossible for coastal waters to disperse offshore. In summer,
main features of the river plume in different environmental the wind climate is dominated by sea breeze with frequent
conditions. A numerical experiment simulating the releasesoutherly breaks, the latter creating favorable conditions for
of particles carried by the riverine waters by means of a La-weak downwelling. In this season the currents in the eastern
grangian model gave promising results when compared tdoundary of the central Tyrrhenian Sea are very weak and
satellite maps. Overall, the results indicate that where numernot linked to large-scale patterns, so dispersion conditions
ical models are used as an environmental monitoring tool inare very sensitive to the action of the local wind. In the sec-
coastal waters, Lagrangian and Eulerian analyses are conond key study considered here, the conditions were favorable
plementary in order to have a complete view of many critical to downwelling, leading to a confinement of the freshwater of
situations, like the evolution at sea of pollutant patches ofthe plume near the river mouth. Only the subsequent turning
riverine origin, or the effects of spatial distributions of river- of the wind to northwesterly allowed moderate episodes of
ine nutrient enrichment in coastal and offshore waters. Semiupwelling, which favored the dispersion of riverine waters.
qualitative analyses were carried out on the spatial distribu-Since conditions for a significant accumulation of pollutants
tions of surface salinity, pollutant concentrations and satellitenear the shore occur frequently in summer, in particular after
maps of K490 in order to estimate the agreement of the nuoccasional runoffs, the dispersion of the riverine costal wa-
merical models with the satellite observations. In spite of theters critically depends on the action of northwesterly winds,
difficulty of comparing different physical quantities, some until, in the late season, a basin-scale system of currents is
points of agreement could be identified. Results were genset up again due to re-coupling with the Mediterranean ther-
erally good, in the sense that the spatial and temporal varimohaline circulation.
ability of the processes were correctly reproduced in both
the key studies. In the January 2010 study, a reason for the
agreement between maps of K490 and salinity was largelyAcknowledgementsThe authors are deeply indebted to Vin-
due to the good quality of the boundary conditions providedcen,ZO Artalg, Adriana Carillo gnd Glanmarlfi Sannino of ENEA for
by the OPA/MFS model, which paved the way for an ade- "€ many important suggestions concerning the use of POM and
. . - _for making their Lagrangian particle model available. This work
quate representation of the mesoscale dynamics. The wing

. f both in the wi dinth would not have been possible without their full support. Our thanks
was an Important factor both in the winter and in the SUMMeN, garpara Lastoria of ISPRA for providing and checking the Tiber

key studies. In winter, the presence of a large-scale currentygrological data. Many thanks to the INGV and especially to
system mitigated the effects of small differences in directionNagdia Pinardi for making the OPA — Mediterranean Forecasting
between observed and simulated wind, while in summer asystem analysis available.

difference of even a few meters per second in the wind speed

(which is, though, not insignificant in summer) affected the Edited by: A. Schiller

position of the plume markedly, and an error in the direction
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