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This study examines the hydrodynamics of the Roman harbor of Portus during
the Trajanic period (second century A.D.). We have evaluated the impact of the
north-eastern channel on water circulation and sediment resuspension within
the harbor in relation to the problem of sediment infilling. We used a 2D nu-
merical model to compute the distribution of the depth-averaged current ve-
locity, bed shear stress, and kinetic energy induced by each of the four prevail-
ing local winds. First, the results confirm the persistent conditions for sediment
infilling over the entire western harbor basin, even when the north-eastern
channel is operational; these conditions being present for 61.3% (40.3%) of
the summer period and up to 68% (44.2%) of the winter period in the south-
western harbor basin. Second, the results show that favorable conditions for
navigation occur in the central basin, leading to the landing installations, un-
der the S 180°, SE 135° and NE 22° winds when the north-eastern channel
is operational; these conditions being present for 21% of the summer period
and 51.3% of the winter period. Inversely, the access to the landing installa-
tions with both channels operating remains affected by sediment infilling, for
40.3% of the summer period and 16.7% of the winter period. © 2014 Wiley

Periodicals, Inc.

INTRODUCTION

The harbor complex of Portus is located in the Tiber
delta, 3 km north of the harbor basin of Ostia (Fea, 1824;
Heinzelmann & Martin, 2002; Goiran et al., 2012, 2014).
During the first and second centuries A.D., two main
phases of reorganization in Portus were carried out (Keay
et al.,, 2005; Keay & Paroli, 2011): the structures built
before Trajan’s reign, and the additions made during Tra-
jan’s reign (Figure 1). The pre-Trajanic structures consist
of the two long breakwaters built to enclose the large
western basin, constructed between 42 and 52 A.D. dur-
ing the reign of Claudius, then completed and inaugu-
rated under Nero (64-66 A.D.). This older configuration
includes a series of constructions in the south-eastern sec-
tor: the darsena (a small basin rectangular in shape), a
long south-north central pier that bisects the main basin,
and a small canal, the Canale Trasverso, that leads to
the Tiber and Rome via the Fiumicino canal (present

name of the ancient canal of Trajan; Figure 1). This
Claudian harbor became the greatest harbor of the an-
cient Mediterranean world, measuring 200 ha (Morelli,
Marinucci, & Arnoldus-Huyzendveld, 2011) and pro-
tected by the two long north-western and south-western
breakwaters. However, it may be that this older harbor
was inefficient, as we know from Tacitus that 200 ships
were destroyed in the Claudian harbor by a storm in 62
A.D. (Tacitus, Annales, XV, 18). It is still debatable why
Trajan decided to dig a new basin and transform the Clau-
dian harbor, only 40 years after it had been inaugurated.
One argument is that the Claudian harbor may have been
too exposed to storms and currents; another is that the
harbor may have been rapidly infilled by sediment depo-
sition (Le Gall, 1957; Zevi, 2001).

A second building phase during Trajan’s reign included
the construction of the well-protected hexagonal basin
(built between 100 and 112 A.D.) with quays 357 m long
and a total area of 33 ha, the reorganization of several
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Figure 1 Configuration of the harbor of Portus during the Trajanic period with locations of sediment cores.

Portus districts, and perhaps the opening of the secondary
north-eastern channel (Figure 1). The so-called harbor
of Portus consists of both the pre-Trajanic installations
(mainly the huge basin of Claudius’ reign) and the re-
organization carried out during Trajan’s reign. Because
of this new inner basin and the further improvements
during the second century A.D., the new Trajanic har-
bor configuration provided more capacity for the mooring
of ships and a better system for processing cargoes from
seagoing ships, for storage, and for transshipment onto
river craft for the journey to Rome.

The present paper presents a set of results from a mod-
eling exercise undertaken to provide new insights into
the wind-induced hydrodynamics and sediment resus-
pension within the Portus, related to the prevailing wind
conditions. The model was applied to the two different
configurations of the harbor: first, the western channel,
and second, both the western and north-eastern chan-
nels. In each configuration, the model computes the
wind-induced current velocities, the bed shear stresses,
and the kinetic energies of the water masses, which are

proxies for sediment resuspension and transport. Strong
(weak) values of bed shear stress associated with high
(low) levels of kinetic energy can be representative of a
resuspension (deposition) area for sediment particles. In
addition, medium levels of kinetic energy associated with
very weak values of bed shear stress can be representative
of an area in which sediment is transported by the water
masses.

This approach leads to a comparative study of the rel-
ative efficiency of the harbor according to these different
configurations, in the context of the prevention of sedi-
ment infilling of the inner landing structures. The inter-
pretations of the results especially focus on the impact
of the north-eastern channel on the circulation of water
masses and sediment dynamics within the harbor basins
and inner areas. Hypotheses may thus be proposed that
justify either the opening or the improvement of this sec-
ondary north-eastern channel in relation to the following
question: was it very important for the Roman engineers
to manage this north-eastern channel in relation to the
sediment infilling of the harbor?
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Figure 2 Stratigraphic cross-section of the north-eastern channel of Portus and details of the locations of cores.

METHODS
Cores from the North-Eastern Channel

Figure 2 presents the data from several sediment records
that were obtained by drilling in the north-eastern part
of the harbor, between the known eastern extremity of
the breakwater and the archaeological remains on Monte
Giulio, in order to assess the existence of a hypothetical
channel (Lugli & Filibeck, 1935; Testaguzza, 1970; Goiran
et al., 2011a). Boreholes 6, 7, 8, and 9 revealed the pres-
ence of a thick layer of marine deposits, characterized
by the abundant presence of sea-shells and posidonia.
The sediment texture was quite coarse and well-sorted
that indicates strong flows and currents; mean grain sizes
ranged between 250 and 500 um, and histograms of
granulometry presented unimodal profiles (Goiran et al.,
2011b). Combined with the broken sea-shells, this sug-
gests a strong hydrodynamic context compatible with an
operating channel. Thanks to the determination of the
Roman sea level by Goiran et al. (2009) from biologi-
cal investigations performed on the piers of the harbor
of Portus, it is possible to directly quantify the depths of
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the basins from sediment cores. The depth of the channel
reached 5.5 m below the ancient sea level in borehole 7,
which was more than enough to allow the navigation of
high-sea ships (Boetto, 2010). The channel was shallower
in its western part with a maximum of 1.6 m depth. All
types of vessels could access the inner basin by the 5.5 m
channel; one of the largest Roman wrecks excavated (70—
65 B.C.), discovered at Madrague de Giens near Hyeres
in southern France in 1967, may have been a ship that
used this channel. This ship, 40 m long and 9 m wide
with a 4.5 m wedge depth, had a capacity of 400 tons
deadweight with a displacement of about 500 tons, and
its draft at full load was estimated between 3.5 and 3.7 m
(Pomey & Tchernia, 1978; Pomey, 1982, 1997).

The zone of the north-eastern channel presented a very
high sediment deposition rate. At least at the beginning
of the third century A.D., the channel did not exceed
2.5 m in depth, and it is possible that navigation was
no longer possible, at least in the middle of the fourth
century A.D. when the channel became shallower than
0.5 m. It is likely that the north-eastern channel was pe-
riodically dredged, but it remains very difficult to confirm
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Figure 3 Wind rose of interannual wind measurements at the meteorological station of Fiumicino airport showing summer winds (April-September) and
winter winds (October—March), with corresponding frequencies of occurrence (%).

such events from sediment cores (Morhange & Marriner,
2009; Marriner, Morhange, & Goiran, 2010; Stanley &
Bernasconi, 2012; Ozdas & Kizildag, 2013). In addition,
the margin of error of the radiocarbon dating (before or
during the Trajanic period) does not allow us to establish
whether this north-eastern channel was built during the
pre-Trajanic or the Trajanic period.

A numerical model was applied to a bathymetric map
derived from the water depths observed in the boreholes
(Giraudi et al., 2006; Bellotti et al., 2007, 2011; Giraudi,
Tata, & Paroli, 2009; Goiran et al., 2010, 2011a,2011b;
Morelli, Marinucci, & Arnoldus-Huyzendveld, 2011). The
base of the deepest marine-like deposits, lying on the top
of older fluvial deposits brought by the Tiber, was used
as the harbor depth reference to interpolate the bathy-
metric map. Where available, radiocarbon dates were also
used to ascertain the depths at the period of the har-
bor construction. The data were supplemented by the
results published by other scientists that provided new
insights into the morphology of the pre-Trajanic har-

bor basin (Arnoldus-Huyzendveld, 2005; Sadori et al.,
2010; Di Bella et al., 2011; Mazzini et al., 2011; Morelli,
Marinucci, & Arnoldus-Huyzendveld, 2011; Pepe et al.,
2012). Radiocarbon dates obtained in this zone as part
of the MEFRA (Les Mélanges de I’Ecole Francaise de Rome—
Antiquité) Project, and the related information concerning
the methods of analysis used in processing the samples,
were presented in a previous paper (Goiran et al., 2011a).

Local Wind Regime

The local wind regime was obtained from the interan-
nual wind statistics available at the meteorological sta-
tion of Fiumicino airport; Figure 3 presents the corre-
sponding frequencies of occurrence of the seasonal wind
directions, separately considered for the winter (from
October to March) and the summer (from April to
September) periods. Assuming that the wind regime in
the Trajanic period was the same as today, we estimated
that the local wind regime could be characterized by four

360 Geoarchaeology: An International Journal 29 (2014) 357-370 Copyright © 2014 Wiley Periodicals, Inc.
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prevailing wind directions, centered on sectors NNE 22°,
SE 135°, S 180°, and WSW 247° (Figure 3). The domi-
nant winds considered to be representative for the sum-
mer period (April-September), the most favorable season
for navigation, are the SW 247° and S 180° winds, with
seasonal frequencies of occurrence of 40.3% and 21%,
respectively. The dominant winds considered to be rep-
resentative for the winter period (October—-March), the
weaker period for harbor activity (Pomey & Tchernia,
1978; Pomey, 1982, 1997), are the NE 22°, SE 135° winds
and again, the SW 247° wind, with seasonal frequencies
of occurrence of 27.5%, 23.8% and 16.7%, respectively.
The instability of the wind direction on either side of each
prevailing wind sector, over an angle of 45°, was taken
into account in computing each frequency of occurrence
mentioned above as the sum of three frequencies, cor-
responding to the frequency of the central sector men-
tioned above and those of both adjacent sectors. We used
in all computations a constant wind intensity of 8 m-s~!,
which was considered from observations to be a repre-
sentative value of the mean local wind regime.

Numerical model

We used a bidimensional-horizontal (2D-H) numerical
model to resolve the depth-integrated equations of the
fluid dynamics, previously used for the ancient harbors of
Lacydon (Millet, Blanc, & Morhange, 2000) and Alexan-
dria (Millet & Goiran, 2007). This application was in good
agreement with the shallow bathymetry of the Portus
harbor (9 m maximum depth), and the approximation of
a well-mixed coastal system with constant water density
p = 1027 kg-m~>. The equations are the followings:

sU/8t + USU/8x + V8U /8y
= fV =988 /8x + 1/ ph — Ty /ph
SV /8t 4+ USV /8x + VEV /8y
=—fU — g8 /3y + ty/ph — Tpy/ph
8¢ /8t + 8(hU)/8x + 8(hV) /8y =0

where ¢, x, and y, the time and space index accord-
ing to both horizontal directions; U and V, the horizon-
tal components of the vertical averaged current velocity
(cm-s™!); f, the Coriolis parameter and g, the gravity; ¢,
the surface elevation; 4, the water depth of each mesh
of the grid; 7, and 7y, the horizontal components of the
wind stress at the water surface (N-m~2):

Ty = pa-CsoW2-sin @ and vy, = p,-Cs-W?-cOs o

with W and «, the wind velocity and direction; p,, the air
density; and C;, the drag coefficient of the wind (C, =
3.5 x 1073).

HYDRODYNAMIC MODELING OF THE ROMAN HARBOR OF PORTUS

T4 and Ty, the horizontal components of the current-
induced bed shear stress (cN-m™2): 1, = p-g-U(U? +
V2)°5/C2 and 1, = p-g-V(U? + V2)%5/C2

with C, the Chézy coefficient (m®°-s=2) for bed shear
stress, computed according to the water depth: C =
404"¢. In addition, the kinetic energy E; (J-m~>) corre-
sponding to the flowing water masses was computed, fol-
lowing the equation: Ey = 0.5p(U? + V?).

The 2D-H model was applied to the Trajanic harbor by
using a 166 x 167 grid of regular 25 m square meshes
and a time-step of 1 second. The model operated by con-
sidering successively two sets of computations, applied
to the one-channel and the two-channel configurations,
respectively. The model computed at steady state both the
depth-averaged current velocities and the fields of bed
shear stress and kinetic energy, successively induced by
each wind direction of the local wind regime. In addi-
tion, the model took into account the water circulation
inside the downstream section of the Fossa Traiana and
the Canale Trasverso. The circulation inside these chan-
nels was induced in each computation by the slope of the
water surface, controlled by the water levels computed by
the model at each downstream channel extremity and a
constant water level heightening of 10 cm defined at the
upstream limit of the Canale Trasverso.

RESULTS

Dynamics within the One-Channel Harbor
Configuration

Figure 4 presents the superposition of the bathymetry
field of the one-channel harbor configuration and the
depth-averaged current vectors computed under the four
prevailing winds, with consideration of the additional
water circulation inside the Canale Trasverso and the
Fossa Traiana. The results show that the hydrodynamic
pattern within the western harbor basin is characterized
by one large anticlockwise eddy according to the SW
247°, S 180°, and SE 135° (NE 22°) winds, whereas hy-
drodynamic patterns within the eastern sector are char-
acterized by small adjacent eddies flowing in opposite
directions depending on the winds. Table I compares the
maximum values of current velocity reached at differ-
ent locations within the harbor (NW, SW, NE, and along
the central pier) depending on the wind direction. The
highest currents are located along the eastern breakwa-
ter and the central pier whatever the wind direction, up
to 21.7 cm-s™! being reached under the NE 22° wind,
and the lowest currents ranging below 8.1 cm-s™! occur
in the western harbor basin under the SW 247° wind.
In addition, the results show that the fluxes exchanged

Geoarchaeology: An International Journal 29 (2014) 357-370 Copyright © 2014 Wiley Periodicals, Inc. 361
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Figure 4 Modeling of the harbor of Portus: bathymetry field (m) of the one-channel configuration and depth-averaged current velocities (cm-s~')
computed under the prevailing local winds—(A) SW 247°, (B) S 180°, (C) SE 135°, and (D) NE 22°—and taking into consideration the water circulation in

the Canale Trasverso and the Fossa Traiana.

Table | Spatial distribution of the maximum current velocities (cm-s~')
computed in the harbor of Portus for the one-channel configuration, ac-
cording to the prevailing local winds.

Maximum Current Central

Velocity (cm-s~") South-West  North-West  North-East Pier
SW 247° 4.3 8.1 19 16.2
5180° 12.7 14.2 13.2 20.7
SE 135° 11.8 13.7 9.4 19.4
NE 22° 17.1 1.1 21.3 21.7

between the harbor basin and offshore areas are close
to zero under the most frequent SW 247° wind, and re-
main very weak for the three other winds, with inflow
(outflow) always occurring through the south-western
(north-western) channel.

Figure 5 presents the superposition of the kinetic en-
ergy field and the bed shear stress vectors computed
within the one-channel harbor configuration under the
four prevailing winds and in consideration of the wa-
ter circulation inside the Canale Trasverso and the Fossa
Traiana. Table II compares the maximum values of bed
shear stress and kinetic energy reached at different lo-
cations within the harbor, depending on the wind di-
rection. These computed hydrodynamic patterns that fit
closely with the sediment dynamics (resuspension, trans-
port, and deposition) of sand-sized particles throughout
the harbor are no longer characterized by eddies, but
here present contrasted areas of adjacent strong (longer
black arrows) or weak (shorter black arrows) values of
bed shear stress, and high (white patches) or low (dark
patches) values of kinetic energy. The results emphasize

362 Geoarchaeology: An International Journal 29 (2014) 357-370 Copyright © 2014 Wiley Periodicals, Inc.
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Figure 5 Modeling of the harbor of Portus: kinetic energy field (J-m~=3) and bed shear stress vectors (N-m~2) computed for the one-channel configuration
under the prevailing local winds—(A) SW 247°, (B) S 180°, (C) SE 135°, and (D) NE 22°—and taking into consideration the water circulation in the Canale

Trasverso and the Fossa Traiana.

Table Il Spatial distribution of maximum values of kinetic energy (J-m~3)
andbed shear stress (cN-m~2) computed for the one-channel configuration
in the harbor of Portus, according to the prevailing local winds.

Kinetic Energy/Bed Stress
(J-m=3)/(cN-m—2)

Central
South-West North-West North-East Pier

SW 247° 1.0/0.61 3.4/2.15 18.6/19.3 13.4/13.1
S 180° 8.3/5.0 10.4/6.6 8.916.3  22.1/21.4
SE 135° 7.214.39 9.816.35 5.1/4.95 19.4/18.9
NE 22° 15.019.6 5.8/3.54  23.3/22.6 27.5/26.6

that whatever the wind direction, the maximum values
of bed shear stress and kinetic energy are located along
the western side of the central pier and along the east-
ern breakwater. In addition, it is noteworthy that the
SW 247° and NE 22° (S 180° and SE 135°) winds in-
duce secondary peaks of kinetic energy along the north-

eastern (north-western) shore, and that only the NE
22° wind induces high energies along the south-western
breakwater.

Table II shows that the highest values of bed
shear stress (kinetic energy) ranged from 26.6 ¢N-m~—2
(27.5 J-m~?), along the central pier under the NE 22°
wind, to 0.61 ¢N-m~2 (1.0 J-m~>) in the western har-
bor under the SW 247° wind. Therefore, the results in
Figure 5 and Table IT show that the areas of prevail-
ing sediment erosion (strong bed shear stress associated
with high kinetic energy) are mostly located in the cen-
tral basin, in the vicinity of the central pier, and along
the eastern and north-eastern breakwaters. Inversely, ar-
eas of prevailing sediment deposition, featured by low
kinetic energy and dark patches in Figure 5, are essen-
tially located in the western basin whatever the wind, and
especially in the eddy centers where both currents and

Geoarchaeology: An International Journal 29 (2014) 357-370 Copyright © 2014 Wiley Periodicals, Inc. 363
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Figure 6 Modeling of the harbor of Portus: bathymetry field (m) of the two-channel configuration and depth-averaged current velocities (cm-s~")
computed under the prevailing local winds—(A) SW 247°, (B) S 180°, (C) SE 135°, and (D) NE 22°—and taking into consideration the water circulation in

the Canale Trasverso and the Fossa Traiana.

energies remain weak. Moreover, the sediment deposi-
tion is reinforced under the dominant SW 247° wind,
which induces larger patches of weaker energy than the
other winds, in the center of both the western and the
eastern harbor basins (Figure 4A). Thus, the results con-
firm that the whole western harbor basin, “artificially”
considered through the model with a one-channel con-
figuration, presents a risk of sediment infilling whatever
the wind direction, accounting for 61.3% of the sum-
mer period and 68% of the winter period. In addition,
the results emphasize that the access to the central chan-
nel leading to the inner landing installations close to the
hexagon is characterized by a context of sediment erosion
only under both S 180° and SE 135° winds, accounting
for 21% of the summer period and 23.8% of the win-
ter period. These situations of sediment erosion within
the central channel are associated with inflowing cur-

rents from the Canale Trasverso of 12.3 cm-s~! and 16.5
cm-s~!, related to the S 180° and SE 135° winds, respec-
tively. Inversely, the access to the inner basins presents
a high risk of sediment infilling under both the NE 22°
and SW 247° winds, accounting for 40.3% of the sum-
mer period and 44.2% of the winter period. These situa-
tions of sediment deposition are associated with outflow-
ing currents into the Canale Trasverso of 6.1 cm-s™! (NE
22° wind) and 3.9 cm-s~! (SW 247° wind).

Dynamics within the Two-Channel Harbor
Configuration

Figure 6 presents the superposition of the bathymetry
field of the two-channel harbor configuration and the
depth-averaged current vectors computed under the four
prevailing winds, and still with consideration of the

364 Geoarchaeology: An International Journal 29 (2014) 357-370 Copyright © 2014 Wiley Periodicals, Inc.
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Table Il Spatial distribution of the maximum current velocities (cm-s~')
computed for the two-channel configuration in the harbor of Portus, ac-
cording to the prevailing local winds.

Maximum

Current Velocity Central
(cm-s™") South-West ~ North-West  North-East Pier
SW 247° 4.2 3.6 22.7 13.7
5180° 9.6 19.6 40.0 20.5
SE 135° 9.8 19.9 33.7 17.9
NE 22° 17.8 3.4 42.2 36.8

additional water circulation inside the Canale Trasverso
and the Fossa Traiana channels. In this situation, the cir-
culation pattern still presents eddies as shown in Figure 5,
but is here essentially characterized, whatever the wind,

HYDRODYNAMIC MODELING OF THE ROMAN HARBOR OF PORTUS

by a strong circulation flowing across the entire harbor
between the two channels. This cross-circulation is ori-
ented with inflow (outflow) currents passing through the
western (north-eastern) channel under the SW 247°, S
180°, and SE 135° winds (Figure 5A, B, and C), and in-
versely under the NE 22° wind with inflow (outflow)
currents passing through the north-eastern (western)
channel (Figure 5D). Table III compares the maximum
values of current velocity reached at different locations
within the harbor, depending on the wind direction. The
strongest currents are located in the north-eastern har-
bor basin or in the vicinity of the north-eastern channel
whatever the wind direction, up to 42.2 cm-s~! reached
under the NE 22° wind, and the weakest currents, rang-
ing below 3.6 cm-s™!, occur in the western sector un-
der the SW 247° wind. In addition, the results show en-
hanced fluxes exchanged between the harbor basin and

Kinetic [ Shear stress
energy M direction
o ~

ﬂ strength ) & |
10 7

N

v

Figure 7 Modeling of the harbor of Portus: kinetic energy field (J-m~3) and bed shear stress vectors (N-m~2) computed for the two-channel configuration
under the prevailing local winds— (A) SW 247°, (B) 5 180°, (C) SE 135°, and (D) NE 22°—and taking into consideration the water circulation in the Canale

Trasverso and the Fossa Traiana.
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Table IV Spatial distribution of maximum values of kinetic energy (J-m~3)
andbed shearstress (cN-m~2) computed for the two-channel configuration
in the harbor of Portus, according to the prevailing local winds.

Kinetic Energy/Bed Stress Central
(J-m=3)/(cN-m~2)  South-West  North-West  North-East Pier
SW 247° 0.9/0.57 0.1/0.1 26.5/28.4 15.6/15.2
S 180° 4.8/3.16 18.0/11.0 82.3/88.0  21.5/20.1
SE 135° 4.9/3.25 17.0/10.2 58.4/62.5 16.6/17.9
NE 22° 5.6/3.69 0.9/0.51 91.3/93.6 69.6/67.8

offshore areas, especially through the north-eastern and
the south-western channels, with a seasonal variability
depending on the winds. The model computed maximum
inflow (outflow) currents of 14.1 cm-s~! (21.6 cm-s7!),
19.6 cm-s~! (32.8 cm-s7!), 21.5 acm-s~! (27.6 cm-s7!), and
46.6 cm-s~! (16.3 cm-s™!), according to the SW 247°, S
180°, SE 135°, and NE 22° winds, respectively. It is note-
worthy that the circulation inside the hexagon is charac-
terized, whatever the wind direction, by relatively strong
currents that reach under the SW 247° wind maximum
velocities of 8.9 cm-s~! and 13.9 cm-s~!, in the center and
along the south-eastern edge, respectively.

Figure 7 presents the superposition of the kinetic en-
ergy field and the bed shear stress vectors computed
within the two-channel harbor configuration under the
four prevailing winds, also taking into consideration the
water circulation inside the Canale Trasverso and the
Fossa Traiana. Table IV compares the maximum values
of bed shear stress and kinetic energy reached at differ-
ent locations within the harbor, depending on the wind
direction. The results show that in the new two-channel
configuration, the dominant SW 247° wind presents sim-
ilar values of kinetic energy compared to the previous
one-channel configuration, in the central and eastern
harbor basins, but induces decreasing values of energy
in the entire western harbor basin (Figure 7A). More-
over, the results show that both the S 180° and SE 135°
winds induce similar patterns characterized by maximum
kinetic energies still located in the central harbor basin
along the western side of the central pier, but also in
the vicinity of the north-eastern channel and across the
north-western harbor basin, a new pattern compared to
the previous one-channel configuration (Figure 7B and
C). In addition, the NE 22° wind here induces a large
area of high kinetic energies that spreads across the en-
tire harbor from the south-western channel to the north-
eastern channel, which did not exist in the previous one-
channel configuration (Figure 7D). Table IV shows that
the highest values of bed shear stress (kinetic energy)
always occur in the north-eastern harbor basin in the
vicinity of the north-eastern channel for each wind di-
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rection, ranging from 93.6 ctN-m~2 (91.3 J-m~>) under the
NE 22° wind to 28.4 ¢N-m~2 (26.5 J-m~>) under the SW
247° wind. Thus, the results presented in Figure 7 and
Table IV show that the operational north-eastern chan-
nel reinforces sediment erosion in the north-eastern sec-
tor of the harbor basin, with enlarged patches of higher
energies compared to the previous one-channel config-
uration (Figure 5 and Table II), whatever the wind di-
rection, which accounts for 61.3% of the summer pe-
riod and 68% of the winter period. Moreover, compar-
isons between Figures 5 and 7 (Tables IT and IV) demon-
strate that the operating north-eastern channel has a lim-
ited impact on sediment erosion in the central harbor
basin, and especially within the central channel, lead-
ing to the inner landing basins, under the SW 247°, S
180°, and SE 135° winds; but more specifically, the NE
22° wind induces the values of energy to increase 2.5-fold
in the central channel in the two-channel configuration
(69.6 J-m~2) compared to the one-channel configuration
(27.5J-m~?). Thus, the central channel presents, with the
operational north-eastern channel, a new context of high
energy that prevents access to the inner basins and affords
protection from the risk of sediment infilling, under the S
180°, SE 135°, and NE 22° winds, accounting for 21% of
the summer period and 51.3% of the winter period (Fig-
ure 6B, C, and D). These situations are associated with
increasing inflows from the Canale Trasverso up to 14.5
and 18.3 cm-s~! under the S 180° and SE 135° winds,
respectively, as well as an increasing outflow of up to
11.7 cm-s™! into the Canale Trasverso under the NE 22°
wind. However, access to the inner basins still presents
a high risk of sediment infilling under the dominant SW
247° wind (Figure 6A), accounting for 16.7% of the win-
ter period and 40.3% of the summer period, associated
with a outflowing current into the Canale Trasverso of
3.8 cm-s~!. Finally, Figure 7 and Table IV confirm that
the operating north-eastern channel induces within the
western harbor basin the lowest values of bed shear stress
(kinetic energy) under each wind direction, ranging in
the north-western harbor basin sector from 11.0 ¢N-m~2
(18.0 J'm~>) under the S 180° wind to 0.1 ¢cN-m~2 (0.1
J-m~?) under the SW 247° wind. More specifically, the re-
sults show a drastic drop of the values of bed shear stress
(kinetic energy) in the south-western harbor under each
wind direction, ranging from 3.69 ¢N-m~2 (5.6 J-m™)
under the NE 22° wind to 0.57 ¢N m™2 (0.9 J-m™>) un-
der the SW 247° wind. Thus, with the operating north-
eastern channel, sediment infilling is maintained in the
north-western harbor basin for 40.3% of the summer
period and 44.2% of the winter period, and is partic-
ularly reinforced in the south-western harbor basin for
61.3% of the summer period and 68% of the winter
period.
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DISCUSSION

This multidisciplinary study provides new insights into
the dynamics of water and sediment throughout the har-
bor of Portus. The numerical model enables theoretical
removal and recovery of the north-eastern channel, lead-
ing to new interpretations concerning the impact of this
channel on the prevention of sediment infilling of the in-
ner harbor installations.

First, the results confirm that the one-channel harbor
configuration, “artificially” observed through the model
and characterized by weak hydrodynamics, may have
functioned as a sediment trap, in relation to the south—
north Tiber-induced sediment transit along the coast.
The results demonstrate that the wind-induced circula-
tion patterns within the one-channel harbor configura-
tion present, under all the wind situations considered,
eddy currents associated with low kinetic energy values
that promote sediment deposition, especially in the west-
ern harbor basin (Figure 4 and Table I). Moreover, al-
though the model respects an overall equilibrium in term
of water masses flowing in and flowing out through the
channel, according to the steady state of the numerical
solution, the results demonstrate a highly contrasted spa-
tial distribution of the bed shear stress and kinetic energy
values that are high through the channel and much lower
within the harbor basin (Figure 5 and Table II). Thus,
these contrasted situations in term of sediment dynamics
between the channel and the inner harbor basin suggest
that the sediment budget is not equilibrated at the spatial
scale of the harbor basin. This could be characterized by
an efficient sediment loading through the channel, fol-
lowed by a rapid sediment deposition within the harbor
basin characterized by very low kinetic energy levels, es-
pecially near the center of each wind-induced eddy.

The results also showed that the opening of the north-
eastern channel dramatically reinforces water circulation
and sediment transit across the entire harbor between the
two channels, with an increase in current (Figure 6B, C,
and D and Table III) and kinetic energy values (Figure 7B,
C, and D and Table IV), especially throughout the central
and the north-eastern harbor basins under the S 180°, SE
135°, and NE 22° winds. It is interesting to note that the
NE 22° winter wind promotes a new east-west circula-
tion with higher kinetic energies across the western har-
bor basin, which does not exist in the one-channel con-
figuration (Figures 5D and 7D and Tables II, IV). These
results confirm that the north-eastern harbor basin and
the north-eastern pass remain a zone characterized by
high hydrodynamic levels with good conditions for sedi-
ment resuspension, rendering the north-eastern channel
practicable for navigation over the long-term. However,
the results confirm that weak hydrodynamic conditions,
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leading to sediment deposition, still prevail throughout
the entire western harbor basin, and even become lo-
cally weaker compared to the previous one-channel con-
figuration. It is noteworthy that the most frequent SW
247° wind, accounting for 40.3% of the summer period
and 16.7% of the winter period, induces a strong lack of
communication between the western harbor basin and
offshore areas, associated with weak currents and very
low levels of kinetic energy, even though the two chan-
nels are operating; this reinforces the persistent isolation
of the western harbor basin and its overall positive sed-
iment budget. It is interesting to note that weaker hy-
drodynamic conditions through the western passage of
the harbor basin, more favorable for navigation, are in-
duced by the SW 247° wind that prevails in summer, at
the peak period of harbor activity. Also, the energetic
hydrodynamic conditions (and resulting sediment ero-
sion) computed in the model for the area along the east-
ern shore and the northern breakwater are confirmed by
the coarse granulometry of the sediment particles mea-
sured in the several cores that have been taken in these
zones (Goiran et al.,, 2007, 2009). Laser microgranulo-
metric analysis shows that the sediments are very well-
sorted evidence for the presence of currents. Macrofauna
taxa indicate a high percentage of rheophilic species that
grow in the flow of currents (Goiran et al., 2011a).

In general, our results confirm persistent conditions
for sediment infilling within the western harbor basin,
even when the north-eastern channel is operating, ac-
counting for 61.3% of the summer period and 40.3%
and up to 68% and 44.2% of the winter period, in the
south-western and north-western harbor basins, respec-
tively. In addition, the results indicate contrasted hydro-
dynamic conditions in this western harbor basin charac-
terized by juxtaposed patches of low or high energy on
a small-scale. We suggest that the overall context of sedi-
ment deposition associated with heterogeneous hydrody-
namic conditions, unfavorable for navigation in the west-
ern harbor basin (the so-called Claudian offshore basin),
may have influenced progressive adaptation of harbor ac-
tivities to the advantage of the eastern harbor basin. It is
probable that the harbor of Portus did not operate for a
long period using only the western channel, thus indicat-
ing the importance of the north-eastern channel to en-
sure the maintenance of good conditions for navigation
over the long-term.

Second, comparisons between both configurations
considered in the model demonstrate the impact of the
north-eastern channel in strengthening energy in the
central harbor basin, thus preventing rapid sediment in-
filling of the central channel leading to the inner land-
ing installations located close to the hexagon (Figures 5
and 7). Higher levels of kinetic energy in the central
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harbor basin, beneficial to navigation in the central chan-
nel, only occur under the S 180° and SE 135° winds when
the north-eastern channel is closed (Figure 5B and C),
accounting for 21% of the summer period and 23.8% of
the winter period; however, it occurs under the S 180°,
SE 135°, and NE 22° winds when the north-eastern chan-
nel is operating (Figure 7B, C, and D), which accounts for
21% of the summer period and 51.3% of the winter pe-
riod. The results indicate that the risk of sediment deposi-
tion in the central channel remains high under the most
frequent SW 247° wind, whatever the configuration; this
leads to the conclusion that access to the inner landing in-
stallations, with both channels operating, presents a risk
of sediment infilling during 40.3% of the summer period
and 16.7% of the winter period. Thus, improvement of
access to the landing installations provided by the north-
eastern channel may have occurred mostly in the winter
period.

It is noteworthy that the results confirm weak hydro-
dynamic conditions and low energies within the channels
of the inner basins, close to the landing installations and
the hexagon (Figures 6 and 7). This result is consistent
with the very fine sediment particles (silt and clay) mea-
sured in the several cores taken from these zones (Goiran
et al.,, 2007, 2009, 2010, 2011).

Third, it is interesting that the model shows a two-way
circulation inside the Canale Trasverso and the Fossa Tra-
iana, which depending upon the wind. Both the S 180°
and SE 135° winds induce inflowing currents from off-
shore to the inner basins, with reinforced velocities up
to 18 cm-s~! in the Canale Trasverso when the north-
eastern channel is operating; inversely, both the SW 247°
and NE 22° winds induce outflowing currents from the
inner basins to offshore areas with reinforced velocities
up to 12 cm-s~! when the north-eastern channel is op-
erating. It is to be noted that this efficient and reversible
connection between the inner harbor and the open sea,
allowing seawater inputs to the inner basins, may have
contributed to the prevention of sediment infilling of the
inner landing installations, which are considered to have
been the most vulnerable area of the harbor of Portus.
It is also interesting that the marine influence due to the
frequent inflows of seawater suggested by the model is
confirmed by the presence of numerous posidonia and
marine shells in the sediment of the Canale Trasverso,
as seen in several cores from this zone (Salomon et al.,
2012).

CONCLUSIONS

The results of this modeling study have highlighted some
fine-scale processes involved in the hydrosedimentary
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functioning of the harbor of Portus, which has led to a
quantitative analysis of the impact of the north-eastern
channel and the Canale Trasverso on the prevention of
rapid sediment infilling of the inner landing installations.
The prevention of sediment deposition in harbor basins
was certainly a major challenge for engineers in Antig-
uity (Goiran & Morhange, 2003; Marriner & Morhange,
2006; Morhange & Marriner, 2009). This modeling of the
harbor of Portus, in relation to the impact of a secondary
channel on navigation within the basins, is similar to the
previous study that we conducted on the ancient harbors
of Alexandria, in relation to the major impact of the Hep-
tastadion in the protection of harbor installations from
sediment infilling (Millet & Goiran, 2007). These results
encourage the use of numerical models in future studies
of ancient harbors, for large basins as well as for small
inner structures.
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