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ABSTRACT

This paper presents an analysis of the sediment dynamics that takes place at different scales within the Middle and the Lower Parana River in the La Plata
Basin. The aim of this study is to provide a multi-disciplinary and multi-scale approach for the prediction of river future morphology in the context of
climate change, the intended use of which is the prognosis of river morphodynamics’ long-term impact on manmade structures and activities over or
near the river. The study is based on three levels of mathematical modelling, with the output of wider-scale models providing the input conditions for
more specific ones. Climate models give the input ensemble, i.e. future precipitation and temperature over La Plata Basin. The semi-distributed macro-
scale variable infiltration capacity hydrological model simulates the flow discharge time series that are applied to an own-developed 1D morphodynamic
model. The 1D model simulates future rate of sediment transport and corresponding bed-level changes at watershed scale and provides the boundary
conditions for a 2D model. Therefore, streamflow divagations at channel scale are simulated by means of the MIKE21C code developed by the Danish
Hydraulic Institute. The analysis indicates a rather low sensitivity of the Parana River bed profile, i.e. 1D morphology, to the increase predicted in flow
discharge, whereas the streamflow appreciably divagates. In particular, surpassing an upper bound in the most frequent discharge appears effective in

driving the actual bifurcated morphology into a meandering-multithread configuration.

Keywords: Parana River; climate change impact; sediment transport; morphodynamics; river morphology

1 Introduction

The Parana River represents an important resource for the
South America region of La Plata Basin, which gathers parts
of five countries (Argentina, Bolivia, Brazil, Paraguay and
Uruguay) and whose economy strongly depends on water
resources: hydropower production, goods trading throughout
the Parana—Paraguay waterway and flood safety policy. The
water-sediment dynamics at the Parana River has been
studied by different authors aiming to understand and charac-
terize the interrelationship between the climate-hydrology, the
fluvial hydraulics and the resulting morphology that in turn
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affects the water resources. These studies separately focus on
different aspects ranging from the macroscale of climate varia-
bility at La Plata Basin to the microscale of settling and swiped
particles within water fluxes.

The twentieth-century climate of La Plata Basin was subdi-
vided into three periods in previous studies, as in Garcia and
Vargas (1998) and Garcia ef al. (2002), with a dry period of 40
years in the middle and wet periods at the starting and closure
of the century. In particular, precipitation had the same behaviour
in the upper and lower basin, therefore giving rise to the same
streamflow tendency changes within the century. A near-30-
year-long period can be argued in the stream flow variability



Downloaded by [Universidad Nacional del Litoral] at 06:08 10 October 2013

2 Massimo Guerrero et al.

(i.e. interdecadal variability) that is correlated to climate indices
(Maciel et al. 2010). Other evidences suggest that part of the
increase in discharge starting from 1970 to 1971 was due to
land-use change in the Brazilian area of the basin, beginning in
1968 (Garcia et al. 2002). In addition, Doyle and Barros
(2011) showed that part of the increase in runoff was caused
by land-use change in the north, by climate variability in the
south and by both in the middle part of the basin.

Amsler et al. (2005) quantitatively analysed how the stream-
flow interdecadal variation affected the channel morphology of
the Parana River in its middle reach during the twentieth
century. Castro et al. (2007) carried out a similar study for a
50 km-long reach at the Lower Parana between Puerto San
Martin and Alvear (near Rosario City). Amsler et al. (2005)
related the climate interdecadal variability to the effective dis-
charge (i.e. the discharge value most effectively modifying the
morphology) variation and, as a consequence, to river morpho-
logical changes. In particular, the dry midst of the century
(1930—-1970) was characterized by low effective discharge that
promoted a decrease in width, braided index, thalweg sinuosity,
width to depth ratio and channel volume, with the opposite
pattern found in the beginning and end of the century. In other
words, for the Middle Parana, the dry period has accomplished
a reduction in sediment transport and river channel planimetric
dimensions, while wet periods, on the contrary, have increased
sediment transport and river channel width, giving rise to
islands formation within it. The Lower Parana morphodynamics
is not straightforward correlated to hydrological variability as
much as the Middle Parana. In particular, historical cartography
of the reach between San Martin and Rosario bears out a continu-
ous and progressive oversimplification of the river channel plani-
metric morphology towards a lower width to depth ratio. In the
last part of the century, since 1970, the river channel did not
recover the extremely braided morphology that characterized
the beginning of the century, on the contrary exacerbating the
midst century morphodynamic processes. This occurrence is
not easily justified by hydrological interdecadal variability;
therefore the authors found additional reasons in the alluvial
plane morphology that starting from San Martin up to the La
Plata River enlarges and decreases in slope. This morphology
constraint together with increased effective discharge during
the last part of the century would have produced sediment depo-
sition at secondary reaches and therefore the streamflow gather-
ing in a single straight and deep reach.

Amsler et al. (2007) studied in-depth the main channel and
floodplain interrelationship at the middle reach of the Parana
River. In that study it has been concluded that, on average,
130—135x 10° t/year of sediments are transported through the
middle reach, 80% of which is made up of wash load, i.e. silt
and clay, almost completely supplied from the upstream sub-
basins of the Bermejo, a tributary of the Paraguay River
flowing from the Bolivian Andes. The rest is fine-medium
sand forming the Parana River bed and suspended within the
water column: suspended load for the 18%, or rolling and

jumping near the bed, i.e. bed load, for the 2%. It is finally
argued that clay and silt coming from the Bermejo River consist-
ently affect the floodplain level through the wash load sedimen-
tation that occurs with a stage near the bankfull level, whereas the
river channel morphology is modified by the streamflow trans-
port of fine-medium sand.

In such a large and complex system as the Parana — Paraguay
River, the prediction of future morphology trends due to climate-
hydrology changes is challenging because of the many processes
equally concurring, and within a wide range of temporal and
spatial scales. Moreover, the management of sediment appears
as a key policy to preserve the water resources of the La Plata
Basin, which needs to be sustained and driven with reliable pre-
diction of future sediment rate and morphodynamics trends.
Different mathematical models were applied in this study to
simulate the main known mechanisms that concur with the for-
mation of the Parana River morphology as pointed out in the
mentioned literature. The specific objective of this study was
therefore to assemble mathematical models from neighbouring
subjects within climatology, hydrology and sedimentology disci-
plines and to develop a simplified tool for sediment management
for the Parana River. The intended use of this tool is the progno-
sis of river morphodynamics’ long-term impact on manmade
structures and activities over or nearby the river (e.g. the inner
navigation within the Parana— Paraguay waterway).

Outputs from four regional climate models (RCMs) were used
to assess present and future climate precipitation scenarios with
simulations covering much of the twenty-first century: PROMES
(UCLM, Spain) covering a continuous run from 1991 to 2098,
RCA (SMHI, Sweden) from 1981 to 2100, RegCM3 (USP,
Brazil) having information in periods 1981-2048 and 2071—
2090, and LMDZ (IPSL, France) with information in periods
1991-2048 and 2071-2100. All RCMs had spatial resolutions
0f 0.5°x0.5°. These climate model simulations were developed
under the research project ‘A Europe-South America Network
for Climate Change Assessment and Impact Studies in La
Plata Basin’ (CLARIS-LPB) and forced with daily data from
global climate models (GCMs). More information on this
dataset can be obtained in Saurral et al. (2013).

The La Plata Basin surface hydrology was modelled using the
variable infiltration capacity macroscale semi-distributed model
(VIC; Liang et al. 1994, 1996, Nijssen et al. 1997) to transform
precipitation into rivers runoff at monthly scale. The utility of
this model for hydrological studies is proved in many basins
worldwide, including La Plata basin itself (Su and Lettenmaier
2009, Saurral 2010, Montroull ef al. 2012).

The hydrological model gave the inflow conditions for the
following simulations at yearly time scale that illustrate the river
morphology sensitivity to future scenarios driven by the four
RCMs.

The middle-lower reach of the Parana River was represented
with a simplified cross-sections scheme for the simulation of
hydraulic characteristic, i.e. water depth and velocity changes
along the river’s longitudinal axis, i.e. 1D model. The simulated
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hydraulics was then applied to a 1D morphodynamics model to
assess bed sediment transport (suspended and bed loads) and
long-term morphology (100 years) in terms of cross-section
active width and bed slope changes spanning the period 1991—
2098 for two scenarios, and the periods 1991-2048 for the
other two, in all the cases simulating yearly average discharges.
The 1D hydro-morphodynamics model also gave the boundary
conditions for the following simulation at a more detailed
scale. In fact, the shallow water approximation was assumed to
simulate at yearly time scale the water and bed sediment fluxes
in the 25-km-long and 4-km-wide section of the Lower Parana
between San Martin and Rosario that presents two junctions
and two bifurcations. This Lower Parana section is a significant
case study for the characterization of future changes in the typical
sequence of nodal sections and islands that describe the Lower
Parana; furthermore, it is the most important stretch of the navi-
gation channel because the principal ports are located there.
Albeit with a simplified approach, aimed to speed up the compu-
tation, the river channel divagation and islands dynamics over
the depth averaged plane, i.e. the 2D dynamics, were therefore
simulated spanning the calibration period 1954—1976 and the
29 years (i.e. 2010—2038) of the four future scenarios. Given
the historical maps and morphological data reported in Castro
et al. (2007), several simulations of the calibration period were
applied to analyse the sensitivity of the resulting morphology
to model parameters, also accounting for the influence of the
inactive portion of the river in terms of different hydraulic
roughness.

This paper is organized as follows: Section 2 presents the La
Plata Basin and its main tributary, the Parana River, especially
focusing on the 1D simulated middle and lower reaches and on
the 25-km-long section of the 2D case study. Detailed descriptions
of the applied models can be found in Su et al. (2009) for VIC, in
Nones et al. (2012b) for the 1D hydro-morphodynamic model,
and in DHI (2002), Olesen (1987) and Talmon (1992) for the
2D model. Only the most relevant features to the simulations of
future scenarios are reported in Section 3 for each model, also
including the performed sensitivity analysis to calibrate the 2D
model. Section 4 gives the results of the performed simulations
of future scenarios. Both Sections 3 and 4 are divided into three
subsections reporting: (1) hydrology, (2) 1D morphodynamics
and (3) 2D morphodynamics. The applied climate scenarios are
briefly introduced in Subsection 4.1 and more details can be
found in Saurral ef al. (2013). Section 5 elucidates the effective-
ness of simulated processes in changing river morphology. A set
of conclusions, reported in Section 6, emphasize the usefulness
of the carried out study giving a simplified tool for predicting
the future morphology trends in the light of climate change.

2 The study site

The Parana River is the main tributary of the 3.2 x 10° km? large
Plata Basin that includes parts of Brazil, Bolivia, Paraguay,

Parana River morphodynamics 3

Uruguay and Argentina. Figure 1 shows the Plata Basin and
the entire Parana River (Figure 1(a)), the 1D-simulated reach
from Corrientes to Villa Constitucion, near the delta (Figure
1(b)) and the 2D-simulated 25-km-long and 4-km-wide section
that is located in the Lower Parana between the cities of San
Martin and Rosario, Argentina (Figure 1(c)).

The Parana River is one of the largest rivers in the world and
has a drainage basin of 2.3 x 10° km? conveying waters into the
south-west Atlantic Ocean bordering Buenos Aires, Argentina
(Figure 1(a)). From Corrientes to the river delta, the mean
annual discharge is approximately 12,000—15,000 m®/s, the
water surface slope is of the order of 107> and the average
total sediment transport (wash load included) is approximately
130-135x10° t/year (Amsler et al. 2007) at the Middle
Parana. The channel bed is composed largely of well-sorted
sand with a mean grain size of approximately 200—300 wm.
The mean channel widths and depths range are 600—2500 m
and 5—-16 m, respectively. A succession of nodal sections,
such as expansion bifurcations and confluence contractions,
characterize the river channel planform. The river represents
one of the most important inner navigation ways of the world,
with approximately 100 million tons of cargo transported per
year (Escalante 2008).

The 1D-simulated sections correspond to the Middle and
Lower Parana (two reaches of the Parana approximately
900 km long in total) that play a key role in the sediment trans-
port processes and associated morphodynamics. In fact, clay and
silt materials (80% of solid discharge) coming from the Bermejo
River (an east tributary of the Paraguay River) are mainly trans-
ported as wash load. During flood periods, they are transported
through the delta and the wetlands in up to 30-km-wide plains,
while the remaining 20% (i.e. 20—25 x 10° t/year) is fine sand
from the river bed that is transported as bed and suspended
load and modifies the channel morphology (i.e. bed slope,
channel sinuosity and nodal sections). As visible in Figure
1(b), during the analysis the river cross-sections were named
by using the distances of the navigation way from the city of
Buenos Aires.

The 2D-simulated section is a significant case study for the
characterization of future changes in the typical sequence of
nodal sections and islands at the Lower Parana; furthermore it
is the most important stretch of the navigation channel because
the inward sailing of the oceanic boats ends there.

3 Mathematical models

3.1  Hydrological model

The VIC model (Liang et al. 1994, 1996, Nijssen et al. 1997) is a
distributed grid-based land surface scheme capable of solving
both water and energy balances on a grid mesh. The main com-
ponents of the surface hydrological cycle are simulated using a
mosaic-like representation of land cover and a subgrid
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parameterization for infiltration. It requires information on soil
texture, topography and vegetation. Soil data were derived
from the 5-min Global Soil Data Task dataset from the Distribu-
ted Active Archive Center (2000) and vegetation information
was obtained from the University of Maryland’s 1-km Global
Land Cover product (Hansen et al. 2000). Topography infor-
mation to derive streamflow data from surface and sub-surface
runoff at every grid point was obtained from the Global Land
One-Kilometer Base Elevation (GLOBE) dataset developed by
Hastings et al. (1999). In this paper, meteorological data used
to force the model consisted of daily minimum and maximum
temperature and daily precipitation from past century records
and future scenarios. Spatial resolution for VIC was selected at
1/8 degree, so all meteorological data were re-gridded to that res-
olution before using it to force the hydrological model.

3.2 1D morphodynamic model

An own-developed model, able to describe the hydrological and
morphological variations at watershed scale (Di Silvio and
Peviani 1989), was applied to analyse the longitudinal evolution
of the Parana River. This model, i.e. the Local Uniform Flow
Morphodynamic (LUFM) model, is based on various simplifica-
tions, but the most important one is the Local Uniform Flow
(LUF) hypothesis, under which the uniform flow is assumed to
be fulfilled on average at the appropriate length (morphological

360km

= DELTA
N

(a) La Plata Basin; (b) the 1D-simulated section corresponding to the Middle and Lower Parana; (c) the 2D-simulated section at the Lower

box) and duration (evolution window) scales (Fasolato et al.
2011).

The Parana River was divided into 10 morphological boxes,
having a length of about 80 km for each one, on the basis of
assessed values for the Froude number of the river. The Engelund
and Hansen formula (1969) was applied for computing the trans-
port rate of sediment from the river bed (i.e. bed load plus sus-
pended load, wash load not included; hereinafter simply
referred as sediment transport) for each morphological box.

In the present work, the LUFM model is coupled to a simpli-
fied description of the river cross-section evolution, necessary for
computing the active cross-section width as a function of the
river discharge, rather than assuming a fixed width of the river
bed. The river cross-section evolution was simulated at yearly
time scale, which is shorter than the evolution window (having
the duration on the order of some years). In fact aiming to repro-
duce the interdecadal variability effectiveness in modifying the
river morphology, the cross-section width changes were corre-
lated to the relative short time scale of the forcing hydrology,
while the longitudinal evolution of the river profile was com-
puted with a longer time step, in order to describe its long-term
variation.

The active cross-section is defined as the river channel width
that conveys the annual sediment transport and it is therefore
applied to compute the sediment transport at each morphological
box.
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For many rivers, recent cross-sections (including the veg-
etation cover) of the entire water course are not available from
topographic surveys, and in such a case the applied synthetic
approach is particularly helpful. In fact, a given cross-section
is defined by the statistical distribution of its width as a function
of the corresponding statistical distribution of the river discharge
(Nones 2011). Wherever possible, as in more recent years, this
correlation can be obtained from satellite images of wetted and
vegetated areas, which indicate the changing morphology char-
acterizing the river. For this study, the Landsat 7 images
(USGS database) related to the period 2000—2010 were used
as an indicator of the Parana River’s geometry. A detailed
description of the calibration procedure at the Parana River of
the LUFM model is reported in Nones (2011).

3.3 2D morphodynamic model

A mathematical model of the water-sediment fluxes, bed mor-
phology and sediment size variation in curved alluvial rivers
was applied to the 25-km-long section at the Lower Parana
(Figure 2). The model was written by DHI in the MIKE21C
2D shallow water code. This model solves two-dimensional
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Figure 2 (a) 2D model computational grid over the initial (1954)
reconstructed bathymetry with the corresponding historical margins;
(b) the 1976 margins over the resulting morphology from the calibration
period (1954—1976).
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Navier—Stokes equations for the liquid phase and the continuity
equation for the sediment on a curvilinear grid using a finite
difference scheme; a detailed description of the model can be
found in DHI (2002), Olesen (1987) and Talmon (1992). Only
the model’s fundamental features that are relevant to the morpho-
dynamic calibration in this study are reported in the paper. In par-
ticular, the hydraulic and morphological modules run with
different time steps, each one fitted to the rate of the represented
process, the morphodynamics being several order slower than
the propagation of free surface perturbation. Given these differ-
ences, the hydraulics was maintained quasi-steady within an
individual morphological step (i.e. the hydraulic time step is
scaled to the morphological time step) that yields the same
marching time for the hydro- and morpho-dynamic compu-
tations. Hence, the modules run interactively to account for reci-
procal feedback between morphology and water-sediment
fluxes. These features make the model particularly fitted to the
representation of slow processes such as the long-term morpho-
dynamics of large rivers.

In the case study, the hydraulic and morphological time steps
were fixed to 5 s and 6 h, respectively; shorter values up to 2 s and
3 h, respectively, were also tested and did not lead to relevant
changes in the simulation results. The inflow and outflow con-
ditions at the boundaries were represented by means of yearly
averaged values (i.e. yearly time scale): this is consistent with
the quasi-steady approach and with the objective to simulate
long-term morphodynamics’ trend that is related to inter-
decadal variability of climate.

The curvilinear grid is intended for the detailed simulation of
river and channels where an accurate description of bank lines is
required. In the case study, channel margins were roughly rep-
resented from historical maps and the bank lines erosion and
islands formation were qualitatively simulated aiming to repro-
duce secondary channels divagation. In fact, the lateral erosion
rate is proportional to the bed erosion and sediment transport
rate near margins, but the failure mechanism of river margins
is not directly represented in the model. Therefore, although
the accurate representation of bank lines was not a main goal
of this study, the results’ sensitivity to different grid shape and
mesh size was preliminary tested (Guerrero and Lamberti
2013). Finally, the selected grid (Figure 2(a)) follows the low-
curvature orientation of the right margin that, in agreement
with observed margins (Figure 3), was considered as a morpho-
logical constraint for the long-term simulations performed. The
transversal and longitudinal mesh sizes were fixed to 200 and
60 meters on average over the computation domain, respectively,
and further halving these sizes gave rise to not appreciable
changes in the resulting morphology.

A wet and dry algorithm allows the water stage to change sig-
nificantly during simulations (except near the boundary con-
dition locations). Boundary conditions at the downstream
water level, and the upstream flow discharge and sediment trans-
port, were derived from the 1D model. The Engelund and Hansen
formula (1969) for estimating the sediment transport was also
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Figure 3 Parana River historical margins between San Martin and Rosario (courtesy of Instituto Nacional del Agua, Buenos Aires).

applied in the 2D model domain; this formula accounts for a sim-
plified single-fraction and isotropic sand distribution with a mean
particle size of 250 wm. The assessment of loads was subdivided
with 90% of sediment transported in suspension and the remain-
ing 10% of sediment transported as bed load in agreement with
Amsler et al. (2007). In this application, the wash load was not
simulated, because it mainly affects the floodplain, while the
river channel morphological changes are most related to the
transport of the channel bed material (simulated here). Boundary
conditions from the 1D model and the Engelund and Hansen
formula applicability to the case study were verified in Guerrero
and Lamberti (2013).

Bed roughness can be defined either by means of the total
Chézy, x in m”z/s, or the Gauckler — Strickler, £ in m'?3 /s, par-
ameter and as a constant value or by a power law of the water
depth, 4. The roughness dependence on water depth was
tested with the objective to map an increased resistance to
water flow over islands and alluvial plane (i.e. for low-depth
regions) which in turn affects the lateral erosion, or a fixed
Gauckler — Strickler value of 36 m"?/s was assumed in agree-
ment with the observed alluvial resistance (Guerrero and Lam-
berti 2013).

The model accounts for the secondary flow, which is the flow
component perpendicular to the primary longitudinal direction,
and the effect of the river bed slope on the sediment transport
direction, and simulates island and bank erosion-deposition.
These features make the model quasi-3D, but introduce par-
ameters in the equation of continuity for the sediment that
require an accurate calibration. In particular, the sediment trans-
port direction in the model mainly depends on two parameters as

discussed in Guerrero et al. (2013) and Guerrero and Lamberti
(2012): (1) « that represents the secondary flow diverting sedi-
ment loads from the mean flux direction, producing a lateral
deposition which increases the side-slope of the channel cross-
section and (2) G that simulates the counteracting effect of grav-
itational sliding which levels the channel cross-section. In
addition, bank-island erosion was assumed to be proportional
to the bed erosion by means of the model parameter ay. The
eroded material is assumed to be the same as the sediment of
the river bed and is therefore included in the continuity equation
for sediments.

The calibration of the 2D model is reported in Guerrero and
Lamberti (2013), where the Gauckler— Strickler parameter
values and the Engelund and Hansen formula were verified
against field data (Guerrero et al. 2011, 2012), and historical
and analytical results by means of steady-state simulations
over a fixed morphology.

The result of a further analysis of the morphodynamic module
performance is herein reported. The inflow and outflow conditions
at boundaries were supplied by the 1D model simulation of the
twentieth century; in addition the left channel was closed at the
downstream boundary in agreement with the observed margins
modification passing from 1954 to 1976 (Figure 2(a) and 2(b)).

As can be seen from historical margins in Figure 3, the for-
mation process of the Carlota Island took place at the simulated
downstream sub-section (cross-sections from 8 to 14) and later
yielded the thalweg diversion from the left-meandered path to
the raising straight and deep channel at the right bank, bordering
the Carlota Island (Figure 3). In this figure, the river cross-sec-
tions were labelled from 1 to 31.
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The morphological changes’ sensitivity to model parameters,
i.e. @, G and ag, and to the flow-resistance law was analysed by
simulating the period 1954—1976. This period is most significant
in terms of occurred morphodynamics at the Carlota Island
driven by the increase of the yearly average discharge that
most affects the morphology (i.e. the effective discharge). This
increase, computed by means of yearly averaged discharges
(Nones et al. 2012b), was from 13,000 to 17,000 m’/s passing
from the 1950s to the 1970s.

Table 1 summarizes the assumed values for the morphologi-
cal parameters, and the resulting mean water depth, H, and
wetted volume, V, on 1976. H is the average of the domain
water depths on simulation end (1976) and V is the water
volume integral of the corresponding wetted cells. The same
table reports H and ¥ values assumed for starting (1954) bathy-
metry. These values were compared to historical observations
as retrieved from Castro er al. (2007), with respect to 1950
and 1979. In this case the authors estimated H and V from
the reference level of Rosario’s gauge station (3.04 m swl)
that is around 8—10 m above the actual minimum bed level.
Figure 2(b) shows the 1976 resulting morphology for simu-
lation 9 and Figure 2(a) the initial bathymetry as reconstructed
from 1954 margins and corresponding historical data (Castro
et al. 2007) reported in Table 1. Given the objective of simulat-
ing the Island Carlota’s formation, notice that only the most
important past features were accounted for in the initial bathy-
metry, i.e. the 2009 bathymetry (Guerrero and Lamberti 2013)
from cross-sections 8 to 14 in Figure 3 was recasted to 1954
morphology, whereas the remaining part, including island and
alluvial plane level, was maintained similar to the 2009 mor-
phology. In fact, the margins of the upstream and downstream
parts did not change significantly passing from 1954 to the
present (Figure 3).
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Albeit the applied oversimplifications, the Carlota Island’s
formation was pretty satisfactorily simulated when assuming
Eq. 1 to map the flow resistance:

x=10-1", (1)

where water depth is expressed in meters to asses the Chézy par-
ameter in m"?/s. In those cases the resulting mean water depth,
H, and wetted volume, V, appeared better consistent with
observed value in 1979 (Castro et al. 2007). Figure 4 reports
the assumed flow resistance law for different simulations;
notice that the Gauckler — Strickler parameter value equal to
36 m'"/s corresponds to Eq. 2 as Chézy parameter:

x =361/ )

Equation 1 exacerbates the resistance to flow at low-water-
depth regions with respect to Eq. 2. In some way, this increased
resistance simulates the effectiveness of Parana’s floodplain and
islands in deviating the streamflow. In fact, the planimetric distri-
bution of roughness simulated by Eq. 1 reduces the lateral ero-
sions at island and shore margins finally affecting the resulting
morphology. On the other hand, Eq. 1 also exacerbates flow
resistance changes in the river channel because of discharge
modification which may be related to alluvial roughness.
Indeed, the main reasons to flow resistance in the Parana River
channels are grain- and form-roughness which in the calibration
performed by Guerrero and Lamberti (2013) fixed the
Gauckler — Strickler parameter value equal to 36 m'/s. There-
fore, the deviation from 36 m?/s (i.e. Eq. 1) is only intended to
surrogate the resistance to lateral erosion at low-depth area
nearby the margin lines.

Table 1 Observed data and 2D model parameters’ values and results in 1976.
Observed data H (m) \% (106 m> Year
Castro et al. (2007) 5.18 95.41 1950
6.21 91.65 1979
Starting bathymetry 5.93 89.76 1954
Simulation G a oE Flow-resistance law H (m) v (10° m’ ) Inversion year
sim. 1 2 0.5 30 k=36m"%/s 9.06 89.85 1960
sim. 2 1 0.5 30 k=36m"%s 9.15 92.48 1964
sim. 3 3 0.5 30 k=36m""s 8.52 80.09 1965
sim. 4 3 0.5 30 x =10 n67 7.83 75.67 1967
sim. 5 2 0.0 30 k=36m"%/s 8.52 78.16 1971
sim. 6 3 0.0 30 k=36m'"/s 8.39 75.80 1972
sim. 7 2 0.5 10 k=36m"%/s 8.89 84.89 1967
sim. 8 2 0.5 50 k=36m"%s 9.07 87.85 1965
sim. 9 3 0.0 10 x =10 1067 7.69 68.29 1968
sim. 10 3 0.0 10 x=75-h" 7.74 72.18 1966
sim. 11 3 0.0 10 X =20 h04 8.10 74.93 1970
sim. 12 3 0.0 50 x =10 1067 7.52 67.72 1972
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Figure 4 Chézy —water depth relations applied to map the flow resistance in the 2D model.

Table 1 also reports the resulting starting time of flow divaga-
tion from the left-meandering path to the raising straight channel
bordered by the river right margin at the downstream sub-
section. The historical margins sequence reported in Castro
et al. (2007) shows that the island formation in the period
19471968 anticipated the main channel switching to the right
side in the period 1992—2005. This delay was better represented
in runs 9 and 12, which, to some degree, simulate the observed
progressive deposition at the entrance of the left branch due to
the reduced slope driven by the increasing amplitude of this
meandering branch. In fact, in runs 9 and 12, the effects of sedi-
ment sliding and lateral erosion (i.e. larger G and o parameters)
combine to sediment deposition in the meandering branch, while
the helical flow effectiveness in deepening the meandering
channel is limited by lower «. Finally, in simulation 9, the
Carlota Island is better located with respect to observed
margins (Figure 2(b)); hence the corresponding parameters
were applied to the following scenarios simulations.

4 Scenarios results

4.1 Hydrological simulations

Although the CLARIS-LPB project developed a set of climate
simulations from seven RCMs, a subset of four of them was
selected for hydrological assessment after analysing the ability
of all the RCMs to simulate the main present climate features.
This includes an analysis of the skill to simulate the mean and
standard deviation fields of temperature and precipitation as
well as their seasonal cycles. Corrections were applied to the
four selected RCMs to remove systematic biases on temperature
and precipitation before using them to force the hydrological
model (see Saurral et al. 2013 for more details).

Monthly discharge time series were derived from the VIC
model forced by the RCMs data for selected closing points and
observed data in the case of the twentieth century. Figure 5(a)

shows the histograms of assessed monthly discharges (covering
the twentieth century and much of the twenty-first starting from
1981) at the Parana River in Corrientes, where a relatively large
dispersion can be seen among the different RCMs and a general
trend towards an increase in the frequency of large discharges
with respect to the twentieth-century results. In fact, the
RegCM3 predicts a marked shift in the mean value, with little
change in the variability/standard deviation, while the other scen-
arios are characterized by a decrease in the frequency of the most
frequent value and an increase in the variance (i.e. the distri-
butions are flatter and more spread out). Depending on the scen-
ario, future time series of monthly discharge are characterized
with a larger mean value and variability with respect to the
past century.

The yearly averaged discharges applied to the 1D morphody-
namic model are reported in Figure 5(b) for the past century
together with the corresponding moving average over a 10-
year basis that is also plotted for the data from different
RCMs. Yearly averaging yields a reduction of about
10,000 m*/s in maximum discharges on average with regards
to monthly values of the past century, but the interdecadal varia-
bility is not filtered out as can be seen from the moving average
variation. Moving averages of the RCMs data set clearly show
the general trend towards larger discharges with respect to the
twentieth-century values with the RegCM3 giving the larger
deviations in the matching period at the turn of two centuries.
In addition, the RCA and PROMES noticeably deviate in the
far future (the former yielding largest discharges), while
LMDZ is characterized with high-amplitude oscillations when
compared to RegCM3.

4.2 1D morphodynamic simulations

The simulations performed by the LUFM model provided the 1D
evolution of the river with a one-year step in terms of bed profile,
bottom shear stress, active river width, flow velocity and water
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Figure 5 Twentieth-century and future discharges at the Parana River downstream of Corrientes: (a) distributions of monthly discharge; (b) yearly
averaged values (dots, only for the twentieth century) and moving averages on a 10-year basis.

level spanning the period 1991-2098 for two scenarios, and the
period 1991-2048 for the other two. The model gave very
similar longitudinal evolutions of the river, although with hydro-
logical differences: the Lower Parana appears quite stable, with
slight aggradation in the order of 10~* m/year, i.e. some centi-
metres in one century; in addition, a deposition of 10> m/year
resulted in the upper part of the Middle Parana (between 1100
and 800 km of the navigation way) and a slight erosion in the
lower part of the Middle Parana (between 800 and 500 km).
The 1D morphology stability of the Parana River, regardless
of the applied scenarios, is reflected also in terms of resulting
values of water and bed slopes, river width and sediment trans-
port rate; in fact the latter two collapse on the same function of
flow discharge (Figure 6(a)). In the Lower Parana, the active
channel width varied between 1.7 and 2.7 km, while the sediment
transport had a range of 10—50x 10° t/year for changing dis-
charge within the interval of 10,000—30,000 m>/s. The water
level and slope varied between 7 and 14 m (Figure 6(b)) and in
the 2.2—3.5x 107" range, respectively, for the same reach and
discharges. These values agree pretty well with Castro ef al.’s
(2007) observations, though deviations reflect the 1D model
limitations in reproducing planimetric change of the active

channel morphology and the hydrology averaging inherited
from the yearly time scale applied.

Functions of active-channel width, sediment transport rate
and water level derived from the 1D model results in Figure
6(a) and 6(b) were used as upstream and downstream boundary
conditions, respectively, in the 2D model.

The effective discharge is the flow that cumulates most of the
channel bed sediments’ transport (Biedenharn ef al. 1999), i.e.
following the Schaffernak approach (Garde and Ranga Raju
1977), it is detected by the maximal product of the interval fre-
quencies and the solid discharges occurring in the intervals as
assessed for the corresponding hydrological conditions.
Although the simulations were forced with time series of
yearly averaged discharge, the 1D model results were also
applied to assess the effective discharge and its variability at
the Lower Parana within the simulated periods, i.e. the future
scenarios and the twentieth century. In this case frequencies
were assessed on the basis of 2000-m*/s-spaced classes spanning
the yearly averaged discharges within the simulation periods.

The resulting values were used for a synthetic description of
the scenarios with regards to the 1D and 2D simulated periods
as reported in Table 2. Figure 7 reports frequency-solid discharge
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Figure 6 2D model boundary conditions from the 1D model results at the Lower Parana: (a) discharge-sediment transport rate and discharge —active
width relations at the upstream boundary; (b) discharge —water level relation.

products, i.e. sediment volumes per year, derived from the 1D
model results of all the periods.

The cumulate volumes were almost the same whatever
the analysed series, changing within the range of 23—29 x 10°
ton, whereas the resulting effective discharge intervals (Qesr
in Table 2), corresponding to the classes with the two larger sedi-
ment volumes, were quite different. The distribution in Figure 7
for the twentieth century does not present a very high maximum,
and the corresponding Q. may be detected in the interval of

12,700—16,400 m>/s. When comparing these values to more
detailed data reported in Castro et al. (2007), the different time
scale and space resolution must be considered. In fact, the 1D
model simulates yearly average values for a synthetic description
of the river morphology whereas observations by Castro et al.
(2007) likely refers to monthly time series of the hydrology
and topographic survey of specific cross-sections. In that
regard, as instance, the yearly averaging applied to the twenti-
eth-century monthly values reduced the range of simulated

Table 2 Time averaged deposition —erosion rate from the 2D model and effective discharge interval, Q. and its variability, o Qg (from the 1D

model result analysis over different periods).

Scenario Deposition (106 t/year) Erosion ( 108 t/year) Oetr (m3/s) T Oegr (m3/s)
Twentieth century - - 12,700-16,400 2600
PROMES

1991-2098 - - 17,000-18,900 1500
2010-2038 6.5 17.4 17,200—-20,800 1700
RCA

1981-2100 - - 17,000-21,100 2500
2010-2038 6.6 6.1 14,800-20,700 2800
LMDZ

1991-2048; 2071-2100 - - 14,800-18,900 5500
2010-2038 6.0 8.6 13,600—17,500 3900
RegCM3

1981-2048; 2071-2090 - - 18,900-20,600 1200
2010-2038 8.8 10.2 17,700-21,400 1500

Note: The values corresponding to the maximum volume of sediments are given in bold.
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Figure 7 Transported sediment volume over corresponding discharge classes from 1D model results at the Lower Parana.

discharge from 5000-40,000 to 11,000—30,000 m>/s. This
explains the lower effective discharges with respect to Castro
et al. (2007) values that are within 17,500—20,500 m®/s in the
period from 1900 to 2005.

The variability of each distribution in Figure 7, also reported
in Table 2, was assessed as the standard deviation of the classes
that cumulate the larger volumes up to about 50% of the total.

The distributions of PROMES and RegCM3 present a single
peak, and the other classes are associated to lower volumes, with
a hump-shape; on the contrary, the RCA and the LMDZ histo-
grams have a double peak with a bimodal trend. These differ-
ences are reflected by assessed variabilities and intervals of the
effective discharge: the PROMES and RegCM3 scenarios pre-
sented relatively small standard deviations, i.e. less that the
10% of the corresponding effective discharge, while the RCA
and LMDZ data were characterized by a great variance, near
20% and 30% of Oy, respectively. Described differences are
related to the distributions of discharge predicted by the
applied RCMs (Figure 5(a) and 5(b)).

4.3 2D morphodynamic simulations

The four climate scenarios were simulated spanning the period
2010-2038. Each is a combination of different climate models
as described in Subsection 3.1 that gave rise to different
inflows to the applied 1D model, which in turn provided bound-
ary conditions for the 2D simulations. These conditions were the
water-sediment discharge and active channel width at the
upstream boundary (Figure 6(a)), and water level at the down-
stream end (Figure 6(b)). Given the 2D model limitation in repre-
senting changing morphology near the boundaries, the
computational domain was about extended 10 km upstream
and downstream.

Regarding the upstream boundary, the cross-section width
variation with discharge was simulated by gathering the inflow
discharge in three adjacent threads from the right bank to the

left side at floodplain. In more detail and in agreement with 1D
model results (Figure 6(a)), the upstream boundary was
defined as follows: discharge lower than 20,000 m®/s flowed
into a 2000 m-wide channel at the right bank; the excess in a
maximal measure of 5000 m>/s was conveyed into the adjacent
700 m-wide thread and the remaining part flowed into an
additional cross-section portion of 2000 meters. The inflow sedi-
ment concentration was maintained homogeneous along the
three adjacent threads.

Given the conspicuous increase of the effective discharge for
the scenarios in relation to the twentieth century (see Figure 7)
the outflow at the downstream boundary was conveyed by
means of two threads: the channel at the right bank and the left
channel at the floodplain side, which also correspond to the
observed margins in 1954.

The model parameters were fixed at simulation 9 values on the
basis of the analysis performed on the morphologic sensitivity
(Table 1). Consistent with the objective to simulate the observed
climate interdecadal variability, yearly averaged values from the
1D model were forced at boundaries; hence, the 2D morphody-
namics was simulated with a quasi-steady approach spanning the
29 years of the period 2010—-2038.

Figure 8 reports the bed-level total changes as simulated for
the four scenarios. Given the inherit inaccuracies from operated
oversimplifications, regarding the morphodynamics at bound-
aries, the lateral erosion and the flow-resistance representations,
the resulting bed-level changes are presented in three classes in
Figure 8: (1) stable morphology and (2—3) erosion — deposition,
for changes within and larger than two meters, respectively, in
absolute value and in 29 years. Maximum erosions — depositions
were around 10 meters at simulations’ end. Two main bar pos-
itions are also pointed out in Figure 8 that mostly correspond
to bars current positions. During the past 50 years, these bars
have progressively diverted water flowing from the meandering
sub-sections at the floodplain side to the straight main channel at
the river right bank.
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Figure 8 Bed-level total changes from 2010 to 2038 for the four simu-
lated scenarios, with predicted major morphological features.

The most recent margins in Figure 3 from cross-section 1 to
18 mostly correspond to the margins of the bathymetry surveyed
in 2009 (Guerrero and Lamberti 2013) which were used to recon-
struct the initial morphology. On the basis of 2009 margins and
bathymetry, and given the three classes of simulated bed-level
changes, channel main threads were superimposed in Figure 8.
These threads point out future tendencies of stable-developing
channels for the simulated scenarios.

The PROMES and RegCM3 scenarios, but the latter at a
lower degree, predicted the main channel widening and conse-
quent streamflow gathering to the right side, and, at the same
time, the flux diverting by main bars from meandering channels.
Thus, the morphology oversimplification observed during the
last 50 years (Castro et al. 2007) is kept by these scenarios.

More complex threads were pointed out by RCA and LMDZ
simulations: in these cases the meandered channels at the flood-
plains side appear quite stable whereas depositions follow in the
actual main channel at the river right side. In addition, the LMDZ
scenario presented jeopardized erosions at islands between actual
channels that may yield to a braided morphology.

5 Discussion

Aiming to simulate future tendency in the long-term morpho-
dynamics of the Parana River the applied models introduce
relevant simplifications. First, the four climate scenarios pre-
sented conspicuous variabilities and deviations among them,
probably due to the differences in the physical schemes used
to parameterize specific processes (e.g. cloud formation, con-
vection, turbulence) and in the variations arising from the
different GCMs used to force them (Saurral et al. 2013). In
addition, few data (e.g. channel margins) about the past

morphology were the only available for implementing-calibrat-
ing the morphodynamic models. In 2D models, accurate bath-
ymetries and digital terrain models (DTM) are usually
implemented with resolutions in the order of the computational
mesh size which can be achieved by means of sonar devices
(Guerrero et al. 2013) and the Lidar (Williams ef al. 2011),
respectively. Also, limitations in representing lateral erosion
and the morphodynamics at boundaries concurred in lowering
final result accuracy.

On the other hand, the operated simplifications by the 1D and
2D schemes, also regarding the Local Uniform Flow hypothesis
and the quasi-steady approach, respectively, appropriately fit
with available data and are needed to predict future long-term
tendencies in large river morphodynamics; in fact, given the
computational effort, full dynamic 3D codes are unfeasible in
such cases.

Given the climate scenarios, the results’ reliability mainly
depends on the applicability extent of the performed calibrations.
The width — discharge relation of the active channel and the flow-
resistance law for 1D and 2D models, respectively, appeared par-
ticularly relevant in producing the final morphologies. In the 1D
model, the statistical distribution of the river width correlated to
the corresponding statistical distribution of the flow discharge
was adjusted on the basis of various satellite images taken
during the period 2000—-2010 by means of a calibration pro-
cedure reported in Nones (2011). A power law was assumed to
map in the 2D model the flow-resistance variation with water-
depth accounting of the performed sensitivity analysis on the
resulting morphology and of the bedforms-flow velocity investi-
gation reported in Guerrero and Lamberti (2013). Both the
width —discharge relation and the flow-resistance law are
aimed to account for the lateral erosions at island margins and
river shore lines finally affecting the resulting morphology
(Cardini et al. 2009). In fact, the applied models do not directly
simulate the failure mechanism of river margins, but indirectly
account of lateral erosion rate which was calibrated by means
of the applied width—discharge relation and flow-resistance
law in the 1D and 2D models, respectively.

Notwithstanding the encountered limitations, the 1D and 2D
models are consistent in pointing out the morphodynamics sen-
sitivity to the simulated discharge distributions. Table 2 reports
the effective discharge interval, Q. and the corresponding
variability, o Oy, assessed from 1D model results (as described
in Subsection 4.2) for all the periods and for the 29-year period of
the 2D simulations. Figure 7 shows the corresponding distri-
butions for the longer periods. For the four scenarios, Table 2
also reports the difference between initial and 2D-simulated
bathymetry in terms of time-averaged deposition and erosion
rate for the entire computational domain, i.e. the integrals of
Figure 7 classes over the 29-year period.

Channel-predicted threads from the 2D model (Figure 8)
appear correlated to effective discharge values inferred from
the 1D model results (Figure 7). Especially when considering
maximum values in Table 2, all the four scenarios predicted
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pretty high effective discharges with respect to the simulated
values for the twentieth century. Different effects arose on the
resulting morphology depending on the corresponding discharge
distribution. Distributions characterized with lower variability (o
Oerp) yielded a well-developed straight channel at the river right
bank, while the meandering channels at the floodplain side was
progressively obstructed with bars (PROMES and RegCM3 in
Figure 8). This tendency was observed during the twentieth
century, which was well characterized by increasing yearly aver-
aged discharges up to maximum values of about 16,000 m’/s
(Table 2). The existing meandering channels appeared more
stable for the effective discharge with the largest maximum
(RCA result in Figure 8), and the largest discharge variability
(0 Qerp) of the LMDZ scenario gave rise to a multi-thread
morphology.

Deposition and erosion values in Table 2 reflect the obtained
morphologies for the simulated scenarios; in fact eroded volumes
were mostly located at the straight channel and were larger for
distributions characterized by lower variability, which means
the effective discharge was well detected around the maximum
sediment volume (i.e. PROMES and RegCM3 in Table 2). The
RCA and LMDZ scenarios presented larger variability corre-
sponding to noticeable oscillation of the effective discharge
within the simulated period that yielded a deposition at the
straight channel and therefore to smaller eroded volume in total.

In general, all the scenarios presented an overall balance
between sedimentation and erosion from both 1D and 2D
model simulations; as a matter of fact the net sedimentation,
i.e. deposition minus erosion in Table 2, is in the order of few per-
centages of the sediments transported in total.

The 2D model fixed the Lower Parana morphology sensi-
tivity to future scenarios in terms of the corresponding effective
discharge distribution assessed over yearly averaged values.
Albeit the overall equilibrium that was also reflected in the
stability of the river-bed profile (1D model), slight changes
of the erosion—deposition balance in Table 2 corresponded
to pretty different final morphologies, which appeared mostly
correlated to the effective discharge variability. In particular,
low variability of the effective discharge changing around
17,000—18,000 m?/s gave rise to oversimplification of the mor-
phology into a single straight and deep channel (Figure 2),
whereas the meandering channel and multi-thread morphology
corresponded to a larger variability of the effective discharge
changing within the 14,000—21,000 m?/s interval. This larger
variability reflects the discharge oscillation predicted by the
corresponding two climate scenarios which noticeably deviates
from the past century time series of yearly averaged flow
discharge.

6 Conclusions

The application of various models was useful to analyse the
Parana River evolution at different spatial and temporal scales:
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a 1D model was used to simulate the modification of sediment
transport rate and the corresponding bed profile dynamics in
the longitudinal direction, while the streamflow divagation and
the consequent active channel morphodynamics were studied
with higher resolution by means of a 2D model.

Despite all the four scenarios applied in this study agreeing on
the prediction of an increase in the discharge that most affect the
morphology (i.e. the effective discharge), the corresponding dis-
tributions are quite different. This variation significantly altered
the active-channel morphology (2D model), while the longitudi-
nal bed profile (1D model) was not particularly influenced.

The 1D simulations of past century hydrology and future
scenarios show that the bed profile is stable in the longitudinal
direction at the scale of the applied model (i.e. morphological
box of 80-km length). The Parana River transport capacity
result chiefly correlated to flow discharge variation; the longi-
tudinal slope of bed profile being almost the same during simu-
lations, of the order of 10™°.

The channel morphology sensitivity to future scenarios was
inferred from 2D simulations of the 2010—2038 period at the
25-km-long section of the Lower Parana. Discharge distributions
of different scenarios yielded important modifications to the pla-
nimetric morphology. Two scenarios characterized with smaller
variability of the effective discharge (assessed over yearly aver-
aged values) changing around 17,000—18,000 m*/s gave rise to
flow gathering into a deep and straight single channel, which is
similar to observed oversimplification during the twentieth
century. The increased variability of the other two scenarios,
reflecting the effective discharge oscillation within the
14,000—21,000 m*/s interval, appeared effective in forming a
multi-thread morphology. The low variability scenarios are
more similar to past century time series in terms of flow
discharge.

The analysis of the morphological sensitivity to 2D model
parameters pointed out the weight of the flow-resistance par-
ameter distribution at the active channel, the floodplains and
the islands. In fact, performed simulations of past century mor-
phodynamics gave rise to pretty different morphologies,
mainly depending on the assumed variation for roughness par-
ameter passing from the channels to the low-depth areas
around margins. A Chézy parameter variation within six times,
i.e. from 10 to 60 m'?/s, appeared better consistent with the
observed process of the Island Carlota formation near Rosario.
This variation affected the simulated lateral erosions at island
margins and river shore lines which finally affected the resulting
morphology. In fact, the 2D model applied does not directly
simulate the failure mechanism of river margins, but indirectly
accounts for lateral erosion rate, which was calibrated by
means of the applied flow-resistance law.

Given these major results, future studies may address in more
detail the reciprocal feedback between margin failure and river
channel morphodynamics at the Parana River in light of
climate variability. In fact, given the observed morphological
sensitivity to simulated lateral erosion, a direct simulation of
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margin failure appears to be relevant, which could be coupled to
river channel morphodynamics at the time scale of the interdeca-
dal variability.
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