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The Po River, in the last century, has undergone significant altimetrical and planimetrical changes, mostly
induced by a progressively increasing human pressure. The extensive protection and regulations works
carried out to reduce the risk of flooding, the narrowing of the river for improving the navigation, the
local interruption of sediment transport caused by a large mobile barrage built for hydropower purposes
and the intense sand mining caused huge alterations of the river morphology. These changes were ini-
tially very fast and determined a significant and generalized deepening of the middle water course. In
the last few decades, however, the pressure induced by human activities on the river decreased signifi-
cantly and, consequently, a dynamic equilibrium condition tended to be re-established along most of the
reaches, as suggested by topographic surveys spanning a period of about twenty years. The present con-
tribution investigates this equilibrium condition by means of a one-dimensional movable bed model,
with reference to a 98 km long reach located between the confluence with the Oglio stream and the gaug-
ing section of Pontelagoscuro, for which an up to date stage-discharge relationship is available. Consid-
ering steady forcing conditions, we estimate the formative discharge producing the observed river
topography and the corresponding sediment transport capacity. The field surveys of cross section geom-
etry used to investigate the possible existence of an equilibrium morphology span a period (1982–2005)
of about twenty years. In the presence of fixed banks, the rived bed morphology appears to be controlled
by relatively moderate discharges, quite close to the mean yearly discharge and significantly smaller than
both the ordinary flood discharge and the maximum annual discharge. Even though significant deviations
from equilibrium are produced by the sediment waves triggered by larger floods, deposition occurring
during lower stages and the continuous reworking of the bed due to less intense but more frequent dis-
charges implies a tendency of the river to recover its equilibrium profile.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The Po River, with a length of about 652 km, is the longest river
of Italy. It originates in the Cottian Alps (north west of Italy),
crosses an extensive alluvial, low-gradient floodplain (the Pianura
Padana) and finally flows into the Adriatic sea through a five
branched delta (Po di Maistra, Po della Pila, Po delle Tolle, Po di
Gnocca and Po di Goro). It drains a basin of 74,000 km2, corre-
sponding to about one fourth of the total extension of Italy, with
a population of 16 million people (Fig. 1).
In the highlands the Po River alternates between bedrock and
gravel-bed morphologies. This latter configuration dominates as
the river flows onto the lower slopes of the Pianura Padana. The
transition from gravel-bed to sand-bed morphology occurs further
downstream, between the confluences with the Ticino and Trebbia
Rivers, and is characterized by the presence of a natural weir in the
correspondence of a stony pre-Quaternary substrate [3].

Depending on floodplain slope, sediment bed composition,
water discharge, solid inputs ensured by the tributaries, protection
and regulation works, the Po River exhibits multi-channel braided
reaches and single thread meandering/sinuous reaches [11]. These
planform configurations, in turn, affect the topography of the river
[26,28], controlling the formation and dynamics of large scale
morphological features (e.g., multiple, alternate, and point bars),
as well as the processes leading to bank erosion and, hence, to
the planform migration of the river [14,18].
Water
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The annual hydrologic regime is characterized by two low-
water periods (in winter and in summer) and two flood periods
(in late autumn and in spring) associated with intense fall precip-
itations and snow melting, respectively. The mean yearly mini-
mum, mean and maximum discharges measured at the gauging
section of Pontelagoscuro (about 90 km far from the Adriatic sea)
are 600, 1500 and 5000 m3/s, respectively, with flood peaks around
10000 m3/s and drought discharge up to 250 m3/s [32]. The solid
discharge delivered yearly to the sea, estimated on the basis of
the sediment load observations reported by Visentini [30],
Canali [7,8] and Nelson [23], is about 11.5 Mt/yr with a range of
2.9 Mt/yr (in 1983) to 22.4 Mt/yr (in 1937) [27]. On the other hand,
estimates made by Cati [10], based on the past rate of delta exten-
sion and land subsidence data, suggest that the transport of bed
sediment have decreased in the last century from about 16 to
8 Mt/year.

The protection and regulation works carried out on the tributar-
ies and the main river in the past century determined a substantial
reduction of flood expansion areas and, consequently, an overall
increase of the storage capacity of the active channel in the upper
and middle Po (i.e., up to the junction with the Mincio stream). In
turn, flood peak discharges underwent a progressive growth in the
lower Po and in the delta, increasing their vulnerability to hydro-
logical hazards [22].

The river morphology has undergone significant altimetrical
and planimetrical changes as well. The levee system, initiated in
the late ’800 and completed in the 1960s, has freezed the planform
configuration of the river. The extensive longitudinal bank protec-
tion works, carried out after the 1951 catastrophic flood that
caused the inundation of the Polesine upstream of Pontelagoscuro,
have altered the lateral exchange of sediment, with the consequent
reduction and closure of many secondary flow branches [1]. The
mobile barrage of Isola Serafini (about 300 km far from the Adriatic
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Fig. 1. The drainage basin of the Po River. The 98 km long reach investigated in the prese
station of Pontelagoscuro (located north of the city of Ferrara).
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sea), built in the period 1960–1964 for hydropower purposes,
caused a discontinuity in the sediment transport with consequent
upstream aggradation, due to backwater effects, and erosion
downstream. The incision of the active bed has been further
enhanced by the closure of secondary branches and the construc-
tion of groynes, carried out in the second half of 1900 for naviga-
tional purposes. A large sediment excavation activity also took
place in the decade 1960–1970. The morphological consequences
of all these human interventions were initially quite fast and led
to a significant and generalized deepening (of the order of
2–4 m) of the middle river in the period 1954–1980 [9,15,21].

Nowadays, the Po River reach comprised between Isola Serafini
and the confluence with the Mincio stream (about 160 km far from
the Adriatic sea) can transport flood discharges of about 4000–
6000 m3/s flowing through a section having an average width of
250–300 m, almost half of the original one. The groynes, designed
for being submerged by low water conditions (1000–1500 m3/s),
are now over flooded only by discharges of 3000–4000 m3/s. In
the last three decades, however, the pressure exerted on the river
by human activities has significantly decreased. As a consequence,
a dynamic equilibrium condition tends to be attained along most of
the reaches. The volumetric balance between erosion and deposi-
tion carried out by comparing the river bed topography surveyed
in the period 1979–2005 suggests a relatively small morphological
response to ordinary floods [11]. In the following we then concen-
trate our attention on the post ’80 period, characterized by a ten-
dency towards a dynamic equilibrium of most of the river reaches.

The goal of the present contribution is to investigate this quasi-
equilibrium condition with reference to an intermediate reach,
located between the junction with the Oglio stream (about
190 km far from the Adriatic sea) and the gauging section of Pon-
telagoscuro. In particular, we address the problem of estimating
the discharge that determines the observed longitudinal river
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bed profile. The idea of representing a river regime with one single
dominant discharge has attracted both geomorphologists and engi-
neers since the mid of the previous century (e.g., [5,25,31]). In the
present context we follow [6] who recently showed that equilib-
rium is maintained through the morphodynamic response of the
river bed to flood events that periodically tend to disrupt the estab-
lished equilibrium. The altimetric equilibrium configuration of the
reach is thus studied by employing a 1-D model. We discuss
the ability of this model to provide a computationally fast and
reliable estimate of the active rived bed morphology in response
to a given, statistically steady hydrological regime and in the
absence of significant human interventions. We next consider
the implications for a correct estimate of the formative discharge,
as well as for assessing the morphological tendencies of the river
consequent to possible human interventions.

The rest of the paper is organized as follows. Section 2 describes
the study site. The main features of the mathematical model are
briefly summarized in Section 3. The results of the numerical
S5
9

S6
1A

S5
9A

S5
7

S5
8

S57
A

S61

S5
9B

S61B

S60

S59D

S57
B

S5
9C

S5
8A

S60A

S40

S39F
S40A

S40C S4
2D

S42E

S4
1B

S4
1

S4
2BS4
2A

S42C

S40B

SMN29

SMN31
SMN30

S40D S4
0E

S4
1A

S42

S49

S4
8

S49A
S49B

S4
8C

S48DS4
8A

S50

S4
8B

S4
7C

S4
7BS4

7A
S4

7

S5
3

S53

S5
1

SM
N

35

S52

S5

0 2.5 5 7.5 101.25
km

Panaro River

Secchia River

Oglio River

Borgoforte

Fig. 2. Planform configuration of the investigated Po River reach, including the confl
downloaded from Google maps; the latitude and longitude of the first bend apex are 45
surveyed by Agenzia Interregionale per il Fiume Po [3]. The flow is from left to right. Th
Secchia Streams. The downstream sub-reach I starts after the Secchia confluence and en
Borgoforte.

Please cite this article in press as: Lanzoni S et al. Modeling the morphodynam
Resour (2014), http://dx.doi.org/10.1016/j.advwatres.2014.11.004
simulations and their implications are discussed in Section 4.
Finally, Section 5 reports the conclusions.

2. Study site

The investigated reach is about 98 km long and has an average
slope of about 0.01%. The upstream section is located immediately
downstream from the confluence with the Oglio stream, while the
downstream section is located at Pontelagoscuro, hosting a gauge
station ensuring a long record of daily stage data. It is a typical
example of an alluvial river with a single thread section (the active
channel) flanked by wider expansion zones contained within the
main river levees. The planform configuration is straight-sinuous,
with some well developed meanders (Fig. 2) and a few anabran-
ching zones with vegetated islands. The river bed in the main chan-
nel is composed by medium-fine sand, while the banks delimiting
the single thread section are incised in fine-very fine sand and silty
deposits. The ordinary flood, i.e. the discharge that is exceeded at
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least 10 days a year, has been estimated in 4000 m3/s [2]. The dis-
charge characterized by a stage corresponding to the elevation of
the main levees takes values around 10,000 m3/s at the end section
of Pontelagoscuro [32]. The investigated reach can be divided in
two sub-reaches having slightly different features. The first (reach
H), enclosed between the junctions with the Oglio and Secchia
streams, has a slope (0:10� 10�3) much smaller than that of the
surrounding alluvial flood plain (0:29� 10�3). It is characterized
by the extensive presence of groynes built for improving naviga-
tion, that determined a relevant incision of the active bed. The
adjacent floodplains are quite large, slightly pensile and are
flooded for discharges of about 4000–6000 m3/s. The bedforms
within the active channel consist mainly of unvegetated sandy
point bars that are submerged for discharges above about 1500–
2000 m3/s, and vegetated, highly stable central and point bars
flooded for discharges of the order 3000–4500 m3/s. The second
reach is located downstream of the junction with the Secchia
(reach I). Despite the presence of a few longitudinal bank protec-
tions, the morphological configuration of the river bed in this sec-
ond reach becomes more natural and the slope (0:11� 10�3) tends
towards that of the alluvial floodplain (0:15� 10�3). The quite
large width of the active channel and the absence of groynes favor
the formation of unvegetated longitudinal bars that are submerged
for discharges above about 1500 m3/s. The adjacent floodplains are
narrow and pensile.

The mean cross-section width generally depends on whether
the expansion areas adjacent to the active channel are inundated
(see the solid line of Fig. 3(a)) or not. In this latter case (e.g.,
Q = 800 m3/s), the overall mean width is of the order of 347 m,
and tends to increase downstream of the Mincio junction, owing
to the absence of widespread regulation structures. The reach I,
in fact, has a mean width of 381 m (with a standard deviation of
 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000(a)

 (b)

 460  480  500  520  540  560  580

W
id

th
 [m

]

Longitudinal coordinate [km]

O
gl

io

M
in

ci
o

S
ec

ch
ia

P
an

ar
o

P
on

te
la

go
sc

ur
o

Reach H Reach I

Banks
800 m3/s

-15

-10

-5

 0

 5

 10

 15

 460  480  500  520  540  560  580

B
ed

 e
le

va
tio

n 
m

.s
.l.

 [m
]

Longitudinal coordinate [km]

O
gl

io

M
in

ci
o

S
ec

ch
ia

P
an

ar
o

P
on

te
la

go
sc

ur
o

Reach H Reach I

2000
2005

Fig. 3. (a) Longitudinal distribution of the active channel width of the investigated
reach of the Po River for a relatively low flow discharge (800 m3/s) encompassing
the active river. The dotted line denotes the width calculated with respect to the
main river levees, that are interested by the water only for larger discharges,
because of the flooding of expansion areas adjacent to the active river bed. (b) Bed
profiles (thalweg) of the investigated reach according to two topographical surveys
performed in 2000 and 2005 [4].

Please cite this article in press as: Lanzoni S et al. Modeling the morphodynam
Resour (2014), http://dx.doi.org/10.1016/j.advwatres.2014.11.004
86 m) as compared to a mean width of 313 m (standard deviation
72 m) characterizing the reach H.

In general, the bedforms forming in the active channel appear to
be remarkably stable: only some minor changes have been observed
in the period 1982–2005, despite the occurrence of three major
flood events (November, 1994; October, 2000; November 2002).
The balance between the volumes of sediment eroded and deposited
in this period suggests a substantial equilibrium of the overall reach
[1,11]. Fig. 3(b) shows the longitudinal thalweg profile derived from
the cross-section surveys carried out by AIPO [4] in 2000 and 2005.
The high variability of the bed profile with abrupt lower-positive
values with more than 10 m difference is related to topographic
noise produced by vegetated islands and deeps scour associated
with sharp bends. In any case, the differences in the two profiles
are relatively small, despite the large flood occurred in 2002 (esti-
mated in 8370 m3/s at Pontelagoscuro) and two lower floods
observed in 2003 and 2004 (around 5450 and 5890 m3/s, respec-
tively). The observed morphologic changes can be ascribed to the
natural oscillations of the river configuration around a quasi-equi-
librium configuration, due to bedform dynamics. The tendency to
attain a dynamic equilibrium is confirmed by the images shown in
Fig. 4, comparing the planforms of some sub-zones observed in
the period 1988–2012. Despite the slightly different water stages
that characterize the various images, it can be concluded that an
overall stability characterizes both the river planform and the land-
forms (vegetated islands and sand bars) formed inside the river.

3. The mathematical model

The model employed here consists of the classical one-dimen-
sional mass and momentum equations:

@A
@t
þ @Q
@x
¼ 0; ð1Þ

@Q
@t
þ @

@x
aQ 2

A

 !
þ gA

@H
@x
þ Q 2

AC2Rh

¼ 0 ð2Þ

and the one-dimensional Exner sediment balance equation

ð1� pÞBb
@g
@t
þ @

@x
ðBbqsÞ ¼ 0; ð3Þ

where x is the longitudinal coordinate, t denotes time, g is gravity,
Aðx; tÞ is the cross-sectional area, Rhðx; tÞ is the corresponding
hydraulic radius, Qðx; tÞ is the water discharge flowing through
A; Hðx; tÞ is the water surface elevation, Cðx; tÞ is the flow conduc-
tance (i.e., the dimensionless Chezy resistance coefficient), gðx; tÞ
is the cross sectionally averaged bed elevation, Bb is the active
bed width, and qsðx; tÞ is the sediment discharge per unit channel
width. Moreover, a is the coefficient accounting for the deviation
of local values of fluid momentum from its cross-sectional average
and p is the sediment porosity.

The sediment discharge Q s (¼ Bbqs) is, in general, a function of

the cross-sectionally averaged bed shear stress sb ¼ qQ2=ðC2A2Þ
and of the sediment grain size ds, i.e. of their dimensionless
counterparts, the Shields stress, s� ¼ sb=ðDqgdsÞ, and the particle

Reynolds number Rp ¼
ffiffiffiffiffiffiffiffiffiffiffi
Dgd3

s

q
=m (where D ¼ qs=q� 1; qs and q

are sediment and water density, respectively, and m is the kine-
matic viscosity of water). In the present work, owing to the sandy
character of the river bed, we have estimated qs by means of the
total load predictor proposed by Engelund and Hansen [12].

Since we are looking for the equilibrium bed topography of the
investigated reach, we require that the bed does not aggrade or
degrade, @g=@t ¼ 0. Recalling that the river banks are fixed, this
equilibrium condition implies that the cross-section A does not
ic equilibrium of an intermediate reach of the Po River (Italy). Adv Water
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depend on time. In the case of negligible lateral inputs to the river
reach, Eqs. (1) and (3) simply require that water and sediment dis-
charges Q and Qs keep constant along the longitudinal coordinate,
while Eq. (2) under steady flow conditions reduces to (see [16])

Q 2

A
d

dx
a
A

� �
þ g

dH
dx
þ Q 2

C2A2 Rh

¼ 0: ð4Þ

Independently from the character (subcritical or supercritical) of
the flow conditions, this equation is solved by imposing as bound-
ary condition the water stage at the downstream section. This level
has been determined by considering the water-stage relationship
provided by the hydro-meteorological service of the Environmental
Protection Agency of the Emilia Romagna region [http://www.
arpa.emr.it/sim/?idrologia/annali_idrologici] for the section of
Pontelagoscuro and assuming a negligible contribution of the
Mincio and Secchia tributaries to the flow discharge.

The cross-section geometry used in the calculation is that result-
ing from the sections recently surveyed by AIPO [4]. Each section has
been divided into an active central region, conveying the ordinary
flow discharge, and into two floodplains, flooded by larger dis-
charges. The model was then run under fixed bed conditions and cal-
ibrated by choosing the values of the Gauckler–Strickler friction
coefficient, Ks, that minimized the mean square root error between
computed and observed stage-discharge relationship at the section
S42 near Borgoforte (see Fig. 2). The values of Ks selected for the
active channel and the lateral expansion areas have been set equal
to 25 and 15 m1/3/s, respectively. Note that C = KsRh

1/6/g1/2.
Finally, for a given upstream water discharge, the upcoming

sediment flux has been assumed to be in equilibrium with the local
hydrodynamics. The value of Q s has been estimated by considering
a relatively straight river reach comprised between Sections 57A
and 59B (near the town of Calto) and computing the sediment
transport rate by means of the Engelund and Hansen relationship
[12]. Fig. 5 shows the sediment transport capacity computed with
a grain size equal to 0.35 mm, as indicated by the granulometric
analyses carried out by ADBPO [2], and considering the bed topog-
raphy surveyed in 2005 (Fig. 3).
 0
 500  1000  1500  2000  2500  3000  3500  4000  4500  5000

Flow discharge Q [m3/s]

Fig. 5. The sediment transport capacity according to the Engelund and Hansen
relationship [12] computed along the reach of the Po River included between cross
Sections 57A and 59B. The cross-section geometry considered in the computations
is that surveyed in 2005.
4. Results and discussions

We carried out several numerical runs by varying the upstream
water discharge in the range 500–6000 m3/s. The equilibrium bed
configuration for each discharge and the associated sediment flux
Please cite this article in press as: Lanzoni S et al. Modeling the morphodynam
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has been determined by solving Eq. (4). Specifically, we first calcu-
lated the longitudinal distribution of the water surface elevation
and of the cross-sectionally averaged velocity for each discharge
Q. The knowledge of the flow characteristics at any cross section
then allowed us to evaluate the corresponding longitudinal distri-
bution of sediment transport capacity Qs. The average value of Qs

in a relatively straight portion of the river, included between Sec-
tions 57A and 59B, was then used as the sediment input to the
study reach.

Fig. 6 shows the equilibrium bed topographies computed for the
various water discharges, as compared to the bed topography sur-
veyed in 2005. Note that, differently from Fig. 3, showing the thal-
weg, Fig. 6 reports the longitudinal distribution of the mean bed
elevation of the active channel in each cross-section. The particu-
larly high peaks in mean elevation observed at x � 485 km and
�512 km correspond to peculiar Sections 44C and 53B (Fig. 2),
characterized by the presence of two lateral river branches, sepa-
rated by a wide vegetated central bar located at a relatively high
elevation.

In general, it appears that if the considered discharge is too low
(e.g., 500 m3/s) with respect to formative conditions, the river bed
experiences an overall aggradation in comparison with the
ic equilibrium of an intermediate reach of the Po River (Italy). Adv Water
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with the observed profile (solid red line), based on the detailed survey performed in
2005. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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observed topography. Conversely, too high discharges (e.g.,
6000 m3/s) determine a degradation of the bed with respect to
the observed mean bed profile. This behaviour is emphasized in
Fig. 7, showing the root mean square error (RMSE) of predicted
equilibrium profiles with respect to the surveyed topography for
various values of the flow discharge. The minimum error is
attained for a water discharge of about 2300 m3/s, associated with
a transport capacity Qs = 0.149 m3/s. The equilibrium profile corre-
sponding to this discharge is shown in Fig. 8, together with the
observed bed profile. The similarities between computed and
observed bed configurations are remarkable, despite the complex
morphology of the investigated river reach, characterized by the
presence of alternating bends, point and central bars, regulation
structures (see Section 2) and, hence, non-negligible secondary cir-
culations driven by streamline curvature, topographic steering and
local bed topography.

The best fit discharge (2300 m3/s) appears significantly smaller
than both the ordinary flood discharge (�4000 m3/s) and the max-
imum annual discharge (�5000 m3/s) characterizing the studied
reach. This result suggests that, in the presence of fixed banks,
the river topography is likely determined by discharges of moder-
ate intensity, rather than by the bankfull discharge, commonly
used as an approximation of the formative discharge [17,20]. In
other words, the discharge determining the quasi-equilibrium
morphology of an alluvial river is quite close to the mean yearly
discharge (�1500 m3/s at Pontelagoscuro). This quantity, on the
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other hand, is similar to the discharge for which the unvegetated
(and hence highly mobile) point bars forming in the active river
section begin to be submerged.

It is worthwhile to note that also in the case of large rivers it
was identified that the effective discharge ranges in between the
mean annual discharge and less than bankfull discharges and that
it is related to bed load transport efficiency [19].

The above results agree with the findings of [6], who applied the
one-dimensional model described in Section 3 to the Magra River
(Italy), and of [13], who used a two-dimensional analytical linear-
ized model to study a 21 km long reach of the Po River, located
between the confluences of the Parma and Enza tributaries, i.e.,
about 25 km upstream of the river reach here investigated. Both
models suggest that, in the presence of fixed banks, the rived bed
morphology is controlled by moderate discharges. Large floods
surely imply a strong reworking of the equilibrium bed, though
the formation of large sediment waves that migrate along the river.
The significant deviations from equilibrium produced by these
waves, however, keeps limited in time. Deposition occurring dur-
ing lower stages, in fact, tends to recover the equilibrium configu-
ration associated with the formative discharge. Even though
nonlinearity of sediment transport implies that the configuration
obtained at the end of a flood event still exhibits some departure
from equilibrium, the continuous reworking of the bed due to less
intense but more frequent discharges eventually leads to the sup-
pression of these deviations.

Essentially, an alluvial river with fixed banks can be considered
as a dynamical system which oscillates around an equilibrium
state as a consequence of fluctuations in the hydrologic forcing.
As suggested by the conceptual model of [24], the geometry of a
channel at any given time is the result of the convolution of all for-
mer flows, with decreasing weight given to increasingly time dis-
tant flows. The system progressively loses memory of former
floods events, even though of high intensity. Deviations from the
equilibrium profile driven by the propagation of these floods are
suppressed by the sediment transport associated with relatively
moderate floods, whose action, from a statistical point of view,
can be accounted for through a steady formative discharge. The
present one-dimensional model, as well as the two-dimensional
model developed by Frascati and Lanzoni [13], provide a quick esti-
mate of this formative discharge through a simple fitting of the
predicted profile to the surveyed bed configuration that has been
observed to be stable for a sufficient long period of relatively weak
floods.

Another important information provided by the present model
concerns the sediment transport capacity that produces the bed
ic equilibrium of an intermediate reach of the Po River (Italy). Adv Water
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profile which best fits the observed geometries. Neglecting possi-
ble external inputs, we have estimated this transport capacity by
considering a relatively uniform river reach and relating the sedi-
ment transport rate to the flowing discharge through the total load
predictor of [12]. The mean annual total load discharge associated
with the best fit discharge (2300 m3/s) is � 4.7 Mm3/yr (�12.5 Mt/
yr). Using the methodology proposed by van Rijn [29] to estimate
the ratio of suspended load to total load, it results that the mean
annual bedload discharge is 1.45 Mm3/yr (�3.8 Mt/yr i.e., about
31% of the total load). Fig. 9 compares this value with the mean
annual bedload discharge estimated by ADBPO [2] in the period
1982–2005 by considering a balance between the erosion/deposi-
tion occurring in the active bed, on bars and on the floodplains
according to the topographic surveys carried out in the various
years, the sedimentation associated with finer suspended load
fractions, the external volume of sediment provided by tributaries
and the deficit caused by sediment mining. The annual bedload
discharge predicted by our model is very close to that experienced
by the river in the upstream portion (H) of the investigated reach
(Fig. 9). This result is reasonable, given the localized deliver of sed-
iment ensured by the Mincio (0.026 Mm3/yr), Secchia (0.17 Mm3/
yr) and Panaro (0.10 Mm3/yr) tributaries. These injections of sedi-
ment are driven by the floods taking place in these three streams
and determine sediment pulses in the Po River likely analogues
to that associated with sediment waves triggered in it by larger
floods. As a consequence, tributary floods induce a temporary
departure of the Po bed from its equilibrium configuration which,
however, is progressively smoothed by the continuous reworking
ensured by dominant flows.

Knowledge of the equilibrium configuration of a river reach is of
great importance not only for interpreting field observations but
also for design and management purposes. The present modeling
approach can be used to easily assess the morphological scenarios
resulting from changes in hydrological conditions (e.g., due to cli-
mate change) or regulation works, such as narrowing or widening
of the river width, constructions of mobile barrages for hydro-
power or navigation reasons, dredging activities, etc. For example,
in the presence of a reduced sediment supply coming from
upstream (e.g., due to the interruption of sediment transport
induced by the construction of a barrage) the present model can
provide a quick estimate of the new long term equilibrium config-
uration that is going to be attained and, hence, of the overall ero-
sion that is expected in the river bed.

Clearly, the proposed modeling framework has some limita-
tions. The procedure for determining the formative discharge, in
fact, requires that the river reach has been monitored for a long
enough period, such that the departures of the river bed from its
equilibrium configuration can be smoothed out by the passage of
a statistically significant number of relatively weak floods. In the
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absence of suitable surveys of the river topography, the full set of
unsteady, nonlinear Eqs. (1)–(3) should be in principle solved to
determine the temporal evolution of the bed. On the long term,
for the prescribed boundary conditions (such as flow discharge
and total load transport capacity upstream, water level down-
stream), the river bed will reach some average condition whereby
the total sediment discharge keeps statistically constant along the
considered reach. This dynamic equilibrium condition, however,
will depend not only on the temporal sequence of floods (and,
hence, on their probability distribution), but also on the overall
reach slope (see, e.g. [16]). Under transport limited conditions, this
latter quantity must be prescribed a priori to estimate the total
sediment load at the upstream boundary on the basis of some rea-
sonable approximation (for example, that the reach slope does not
vary significantly as a consequence of the passage of different
floods). On the other hand, if the sediment coming from upstream
is supplied limited (such as it occurs in the presence of a barrage),
the sediment transport rate must be treated as an external forcing.
In this case, the overall reach slope turns out invariably to be a
result of the movable bed computations, whether or not a steady
or unsteady model is adopted.

Finally, it is worthwhile to point out that the value of the best fit
discharge obtained with the present model (2300 m3/s) is signifi-
cantly lower than the maximum annual discharge (5000 m3/s),
which is commonly used as an approximation of the bankfull
and channel forming discharges [17,20]. Such result is consistent
with that obtained by Bolla Pittaluga et al. [6] in the case of the ter-
minal reach of the Magra River, where again the formative dis-
charge was found to be significantly lower than the maximum
annual discharge. In that case, however, the accuracy of the calcu-
lated maximum annual discharge was quite poor due to the rather
short time period (8 years) on which the averaging was based. Also,
during that period three very intense flood events occurred, poten-
tially causing the mean value to be overestimated. Such results
then suggest that, both in the case of the Po River treated here,
where the bed composition is dominated by the presence of sand
(medium-fine), and in the case of the terminal reach of the Magra
River, where the bed ranges between very coarse sand and very
fine gravel, the formative discharge is rather frequent, being much
smaller than the discharge that is exceeded at least 10 days a year
(the ordinary flood) and slightly larger than the yearly averaged
daily discharge. This is not surprising, since in sand-bed rivers
rather weak discharges are able to transport sediment and rework
the deposits generated by larger floods, progressively reducing the
deviations in bed elevation with respect to the equilibrium config-
uration. Even though we have not yet applied the present modeling
approach to a gravel-bed river, we argue that, owing to the lower
mobility of gravel sediment, larger shear stresses and, hence, larger
discharges with respect to a sandy bed are required to ensure a sig-
nificant sediment transport on the top of the sediment waves
formed on the active river bed. Hence, in the case of gravel-bedded
rivers it is likely that the formative discharge for which an equilib-
rium profile tends to establish is larger (closer to the maximum
annual discharge) as compared to sand-bed rivers.

5. Conclusions

The Po River, like many other alluvial rivers flowing in highly
populated regions, has been subject to a strong anthropogenic
pressure which, in turn, caused significant modifications of its
morphology. We have shown that when the external forcing fac-
tors, either natural (e.g, the hydrological regime, the sediment
availability) or human (e.g., regulation works activities) are statis-
tically steady, the river tends to attain a dynamic equilibrium
condition. In the case of the Po River, after the rapid and intense
morphological evolution characterizing the period 1954–1980,
ic equilibrium of an intermediate reach of the Po River (Italy). Adv Water
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ensuing mainly from human activities (land cover transformations,
protection works to reduce the risk of flooding and support naviga-
tion, construction of mobile barrages for hydro-power purposes,
sediment mining), the planimetric and topographic configuration
of the river has become fairly well established.

The river, under an average constant hydrologic regime and
owing to the significant reduction of human pressure, has attained
a dynamic equilibrium state, as documented by the remarkable
similarities among the bed geometries surveyed throughout the
years. This equilibrium state is subject to fluctuations driven by
the oscillations in the hydrological forcing. Large floods produce
intermittent perturbations of the equilibrium bed which are how-
ever smoothed out in a relatively short time, owing to the deposi-
tion processes acting during the falling stage of the flood and the
reworking of the bed due to sediment transport that takes place
during smaller, but more frequent, flood events.

We have shown that a simple one-dimensional, movable bed
model can be used, together with topographic surveys, to reliably
estimate the effective formative discharge and the corresponding
sediment transport capacity of a river reach. In the case of the Po
River reach considered here, this formative discharge (2300 m3/s)
turns out to be somewhat larger than the annual-average daily dis-
charge (1500 m3/s) and much smaller than both the ordinary flood
discharge (4000 m3/s) and the maximum annual discharge
(5000 m3/s). It roughly corresponds to the stage for which the un-
vegetated sandy bars forming on the active portion of the river
bed start to the flooded. The sediment discharge dictated by the
transport capacity of the river (0.149 m3/s) provides an estimate of
the mean annual total load discharge that is in good accordance with
that resulting from the overall sediment balance within the consid-
ered reach. The proposed modeling framework, hence, appears to be
quite robust and, starting from the equilibrium state, can be used to
analyze possible morphological scenarios arising in response to
changes in hydrological forcing or human interventions.

Finally, we recall that the morphological equilibrium condition
here considered refers to limited spatial and temporal scales. The
portion of river to be investigated, in fact, has to be short enough
for ensuring negligible variations in water and sediment discharge
consequent to tributary inputs, as well as an almost spatially uni-
form distribution of sediment grain size. In addition, the equilib-
rium is expected to establish on time scales (order of decades)
much smaller than those at which geological processes act (order
of centuries), generally leading to an overall aggradation or degra-
dation of the river profile.
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