Earth Surf. Dynam., 2, 9-19, 2014
www.earth-surf-dynam.net/2/9/2014/ Earth Surface
doi:10.5194/esurf-2-9-2014 :

© Author(s) 2014. CC Attribution 3.0 License. Dynamlcs

$S920y uadQ

Opportunities from low-resolution modelling of river
morphology in remote parts of the world

M. Nones', M. Guerrero?, and P. Roncd

!Research Center for Constructions — Fluid Dynamics Unit, University of Bologna, Italy
2Hydraulic Laboratory, University of Bologna, Italy
3University of Padova, Department of Civil, Environmental and Architectural Engineering ICEA, Padova, Italy;
currently at Ca Foscari Venice University, Department of Environmental Sciences, Informatics and Statistics,
Venice, Italy

Correspondence tdvl. Nones (michael.nones@unibo.it)

Received: 6 September 2013 — Published in Earth Surf. Dynam. Discuss.: 1 October 2013
Revised: 17 December 2013 — Accepted: 18 December 2013 — Published: 17 January 2014

Abstract. River morphodynamics are the result of a variety of processes, ranging from the typical smazll-scale
of fluid mechanics (e.g. flow turbulence dissipation) to the large-scale of landscape evolution (e.g. fan deposi-
tion). However, problems inherent in the long-term modelling of large rivers derive from limited computational
resources and the high level of process detalil (i.e. spatial and temporal resolution). These modelling results de-
pend on processes parameterization and calibrations based on detailed field data (e.g. initial morphology).
Thus, for these cases, simplified tools are attractive. In this paper, a simplified 1-D approach is presented that
is suited for modelling very large rivers. A synthetic description of the variations of cross-sections shiapes is
implemented on the basis of satellite images, typically also available for remote parts of the world. The model’s
flexibility is highlighted here by presenting two applications. In the first case, the model is used for analysing
the long-term evolution of the lower Zambezi River (Africa) as it relates to the construction of two reservoirs
for hydropower exploitation. In the second case, the same model is applied to study the evolution of the middle
and lower Parana River (Argentina), particularly in the context of climate variability. In both cases, having
only basic data for boundary and initial conditions, the 1-D model provides results that are in agreemznt with
past studies and therefore shows potential to be used to assist sediment management at the watershed scale or
at boundaries of more detailed models.

1 Introduction River Hydraulics (SRH) 1-D by the US Bureau of Reclama-
tion; the Telemac Mascaret 1-D by a European consortium
One-dimensional (1-D) models for river hydraulics simu- based in France, Germany and the UK; the Mikell by the
lations have been used since the 1970s by many agenciddanish Hydraulic Institute; and the SOBEK 1-D by Deltares
around the world dealing with water resources managemenNL) are well tested codes for river engineering that apply
and flood control. Aiming to describe the dynamics of free the 1-D longitudinal simplification. It is worth noting that,
water surface and riverbed (i.e. bed level changes), a vawhile open source codes have been optimized for specific
riety of open source and commercial 1-D codes has bee@pplications (e.g. the FEQ is particularly suited for simula-
realized. These models solve the equations of water flowions of unsteady flow in open channel networks with a va-
and, in several cases, also the sediment continuity equatiofiety of control structures), commercial software packages
in the longitudinal direction. Among others, the HEC-RAS have greatly improved to easily integrate detailed data from
(Hydrologic Engineering Centers River Analysis System) by geographic information systems (GIS) and boundary condi-
the US Army Corps of Engineers; the Full Equations (FEQ) tions from climate—hydrology models and for downscaling to
model by the US Geological Survey; the Sedimentation andnore detailed simulations (i.e. 2-D and 3-D models). Albeit
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in the last decades 1-D and 2-D codes have been providedetailed scale, while the sub-model describes the empirical
with modelling of bed level changes to be coupled with hy- relationship between river width and hydrological cycle.
draulic computations, the simulation of large rivers atthe wa-  This contribution aims to demonstrate the potential of non-
tershed scale remains dfitiult task because of the involved detailed models for analysing the long-term impact of anthro-
space and time lengths, which are withir? #hd 1§ kilo- pogenic and natural pressures, especially in the case of large
metres and years, respectively (Di Silvio and Nones, 2013).rivers in remote parts of the world where detailed field data
Sediment management of large rivers is particularly rele-are usually not available for the calibration of high-resolution
vant when evaluating damming or climate change impactsmodels.
for instance. This is most challenging in remote parts of the
world, where frequent and detailed topographic surveys of
river cross sections are uncommon and which may largely
limit the application of detailed numerical codes. While con-
ventional 1-D and 2-D morphodynamic models require de-The first application concerns a lower branch of the Zam-
tailed inputs describing initial morphology and boundary bezi River (Africa) that has been regulated by the construc-
conditions, the model proposed here is able to describe théon of various dams during the last century. These dams
longitudinal evolution of a river reach at non-detailed spa- strongly modify the natural pattern of flow variations in time
tial and temporal scales by using a basic database. To redu@nd quantity (Suschka and Napica, 1986; McCartney et al.,
the computational feort and simulation results dependence 2013). Several authors have studied the impact of the two
on field data (e.g. river channel bathymetry, detailed spatiamajor reservoirs (namely, Kariba and Cahora Bassa dams) on
distribution of alluvial deposition), a series of testable sim- the Zambezi River system. Most of them focused on the bio-
plifications are introduced in the hydraulic equations, suchlogical, ecological and economicdtects (biodiversity, fish-
as the kinematic propagation of the water flow and the localeries, wetlands, etc.) of these reservoirs (Bowmaker, 1960;
uniform flow (LUF) hypothesis (Fasolato et al., 2011). Un- Attwell, 1970; Hall et al., 1977; Du Toit, 1984; Dunham,
der these assumptions, it is possible to simulate riverbed dy1989; Beilfuss and Davies, 1999; Beilfuss et al., 2001; Sco-
namics by implementing a simplified description of the river danibbio and Mafiez, 2005; Tilmant et al., 2012; McCartney
morphology, which can be derived from maps and satelliteet al., 2013). Fewer works addressed morphological changes
images. The use of satellite images and digital terrain modelgorrelated to the dams’ impacts on sediment and water dis-
(DTMs) rather than detailed topographic surveys noticeablycharges (Guy 1981; Suschka and Napica, 1986; Beilfuss and
extends the 1-D model applicability to large rivers in unde- Davies, 1999; Davies et al., 2000; Basson, 2004; Ronco et
veloped countries by drastically reducing modellifipgs  al., 2010; Brown and King, 2012; Nones et al., 2013). These
and results that depend on detailed field data (Ronco et altwo major dams have noticeably changed the hydrological
2010; Nones, 2013). cycle of the lower Zambezi River. Data collected at the gaug-
Two applications of this simplified 1-D code are pre- ing station of Tete (Mozambique, about 135 km downstream
sented here. These case studies show the 1-D model’s peof Cahora Bassa) show a modified pattern of monthly fiino
formance in providing long-term predictions to support sed-characterized by the increase of minimum and decrease of
iment management in large rivers, which is related to natu-maximum values (Ronco, 2008; Ronco et al., 2010). As far as
ral and anthropogenic pressures (e.g. climate variation, hythe dfects on river morphology are concerned, some authors
dropower exploitation). Given the lack of detailed and exten-have evaluated changes of the lower part of the Zambezi after
sive data for remote parts of the world, the simplified modelthe dams’ construction (Suschka and Napica, 1986; Beilfuss
can substitute aridr support multi-parameter 2-D modelling and Davies, 1999; Davies et al., 2000; Ronco et al., 2010).
of river watersheds (Coulthard and Van de Wiel, 2013) or The removal of sediments from gorge sections, the stabiliza-
be coupled to detailed 2-D modelling of some river fea- tion of braids and bars in some sections and of an individual
tures (e.g. junctions and bifurcations), such as the typicathannel in others, the delta erosion and the concurrent in-
downscaling approach used in Guerrero et al. (2013b). 2-[xrease of salt-water intrusion have all been attributed to these
modelling requires detailed field data for accurate calibra-impoundments (Chenje, 2000). Unfortunately, no systematic,
tions and validations, which fix a model's parameters anddetailed surveys of observed morphological changes are re-
therefore influence the reliability of the results (Guerrero ported in the literature, which might have been applied to
and Lamberti, 2013; Guerrero et al., 2013a; Williams et al.,validate a detailed 2-D model. As an alternative, a simplified
2013). The model applied here avoids these limitations byl-D modelling was performed on the basis of the riverbed
coupling a 1-D hydro-morphodynamic model (physically- profile before damming, river stage records, a few sedimen-
based on water flow and riverbed profile equations) withtological samples and available satellite images.
a cross-sections sub-model. The 1-D model simulates the The second application addresses climate variability’s
riverbed aggradation—degradation rate and the corresponaiffectiveness in modifying the morphology of the mid-
ing sediment sorting along the watercourse, although at nondle and lower Parana River reaches in Argentina. Amsler
et al. (2005) and Castro et al. (2007) analysed how the
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streamflow variation hasfiected the Parana morphology at
its middle and lower reaches, respectively, during the 20th
century. These authors related the climate inter-decadal vari
ability to the discharge values mosffertively modifying
morphology (namely, thefiective discharge) and, as a con-
sequence, to river morphological changes observed. In pai
ticular, Amsler at al. (2005) observed that the dry midst of
the last century (1930-1970) was characterized by Ibece
tive discharge, which promoted a decrease in width, braidec
index, thalweg sinuosity, width-to-depth ratio and channel
volume in the middle Parana, with opposite patterns found
in the beginning and end of the same centuryfddently,
Castro et al. (2007) investigated the lower Parana morphol

ogy and pointed out that it was not as straightforwardly —r————
correlated to the hydrological variability as was the middle B /’/\,« Mozambique
Parana. In particular, a continuous and progressive oversim . n o
plification of the river channel planimetric morphology to- ;
ward a smaller width-to-depth ratio was observed regardles:zyy
of the oscillation in hydrology that had occurred. Reasons
for these dfferent responses to the same climate variabilities
were found in alluvial plains, which noticeably enlarged and
degraded when passing from the middle to the lower Paran:
These morphological constraints, together with the driving
increase of precipitations during the latter part of the 20th
century, would have produced sediment deposition at sec
ondary reaches and therefore the streamflow gathering in
single straight and deep reach. Although these channel dive , 100
gations can be simulated with a 2-D morphodynamic model, ~ iometers
the large-scale morphology (i.e. river slope and width, sed-
iment sorting) was modelled by means of a simplified 1-
D code. Thus, in this study, the combineffeets of cli- =0
mate variation and morphological constraints during the 20thg *° [
and 21st centuries were simulated for the middle and Iowe|§ 200
Parana. Future hydrology was computed by applying four cli-2 %

mate scenarios spanning the period 1991-2098, which werg fﬂ

A

] oam
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[ catchment Boundary
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provided from diferent combinations of global and regional ° o ® ® ® —
climate mO(_jeIs _(Saurral et al., 2013). A significa_nt i_n_crease o 00 30 300 40 @0 &0 700 &0 908
of the dfective discharge and flow—discharge variability can distance from Zumbo [km]

be observed passing from the 20th century time seriesto fore- L (A) Main Afi vers' basin. f the Zambezi
casts, which slightly increases the rate of change of riverbe 'S/Le”re(Bj L(OV)VGI’;I;mb(g;?gorll\/\:‘]esrtsreaismé ggl;]ir(;nBa:sa Ergmez'
Igvells. However, the beq profile ‘."‘ppears rather sta.ble', ConI:ong profile of the main channel and principle tributaries of the
firming that the present river-alluvial slopes will remain fixed |,.er reach (adapted from Ronco et al., 2010).

constraints to channel divagation.

2.1 The Zambezi River . .
The upper Zambezi flows through Angola and Zambia

The Zambezi River (Fig. 1) is the fourth-longest river in for about 1500 km. The Victoria Falls represent the bound-
Africa, with a basin of about 14 10° km?. This river, with  ary between the upper and middle reaches. About 240 km
a total length of about 2574 km, has its source in Zambiadownstream of the Victoria Falls, the river flows into the
and flows through Angola, along the borders of Namibia, Kariba Lake, created in 1959 by the Kariba Dam, which has
Botswana, Zambia and Zimbabwe, to Mozambique. Thea storage capacity of 180:610° m® (Reeve, 1960; Davies
Zambezi system can be subdivided into three reaches, eadt al., 2000). The middle Zambezi flows into the Cahora
differing in its geological template, biodiversity and land- Bassa Lake (Mozambique), which has a storage capacity
scape characteristics: the upper, middle and lower Zambez72.5x 10° m?, HCB, 2004) resulting from the construction
(Hughes and Hughes, 1992; Main, 1992; Timberlake, 1998)of the Cahora Bassa Dam in 1974. The lower Zambezi
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B PARAGUAY . water and sediments are present downstream of this conflu-

RIVER /" UPPER PARANA

v NS ence (Amsler and Drago, 2009).

‘;; kmi2os The middle and lower Parand play a significant role in the

/ LPB’s sediment transport and morphodynamics. Clay and

/ silt materials, coming from the Bermejo River (a tributary

7 that flows from northern Argentina), represent around 80 %

: i MIDDLE PARANA . .
ATl % = { cequina of the total solid discharge and are transported as wash load
( kmss3 to the Parana delta and large wetlands during flood periods.

P The remaining 20 % (around 20-23.0° tyr-1) is fine sand,

o Fe/,;"' Whic_h is transported as bed- and susper_lded-load, modifying
:/,’iirgg? the river morphology. The channel bed is composed mostly
| . of fine and medium sand, and its planform pattern is classi-
e maso fied as anabranching with meandering thalweg (Latrubesse,
S\maz0  LOWER PARANA 2008). In planform, a succession of wider and narrower nodal

sections is observed, with mean channel widths and depths

oo §§ DELTA ranging from 600-2500 m and from 5-16 m, respectively.

Villa N

(A) La Plata Basin(B) The middle and lower Parana
with the principal cities and corresponding kilometric labelling of
the water way.

The 1-D model applied here was firstly developed a few years

is about 650km long, reaching from the Cahora Bassz290 by Di Silvio and Peviani (1989) to analyse the longitu-

Lake to the Indian Ocean. This reach is characterized by éiina_lllevolution (i._e. variations of bed profilg, grain size com-
broad floodplain, with parallel channels and shifting sand-Position and sediment transport) of small rivers at watershed

banks, while the coastal portion includes extensive grassSc@le. Conventional 1-D morphological models require a de-

lands and freshwater swamps, dunes and mangroves (Tm{ailed description of river geometry. On the contrary, the ap-
berlake, 1998). plied code couples the 1-D equations of water flow with the

As reported in Ronco (2008), the construction of these twoS€diment continuity ones (namely, the De St. Venant Eq. and
dams has considerably changed the hydrological cycles ithe Exner and Hirano (1971), reported below) to describe the
the lower Zambezi: féective discharge downstream Cahora longitudinal evolution of a river reach at non-detailed scales.
Bassa has decreased from around 3588¥hduring the
1950s to around 1800%s* during the 1990s. Some authors 9Q = 9A

(Bolton, 1983; Walling, 1984; Walford et al., 2005) have es- gy * g = ° (1)

timated sediment yield of the Zambezi within the range of

10-20x 1P tyr~1, by means of observed delta modifications ,

and sedimentary records. 0 Q 1 90U
ClHize—=_|=-2.& 3 2
ax| T 29- A2 g ot @)
9GS _ o 0Z 3

The Parana River, with a watershed of about-216° km?, L4 ox DT ©)
i=

is the most important tributary of the La Plata Basin (LPB),
which has a basin of 3:210° km? within Argentina, Brazil,  In these equations) is the river dischargeA represents the
Paraguay, Uruguay and Bolivia, and outflows into the At- wetted area of the channel, having depttand widthB, Z
lantic Ocean near Buenos Aires (Fig. 2a). Figure 2b reportss the bottom elevatiorl) indicates the current velocity and
the studied river reaches from Corrientes to Villa Constitu- Gg; is the solid discharge of thi¢h grain size class.
cion, (i.e. the middle and lower Parand) with main cities and To reduce the computationaffert, a series of acceptable
their kilometric labels along the water way. simplifications are introduced in the hydraulic equations,
The middle and lower Parana reaches flow from north tosuch as the local uniform flow (LUF) hypothesis (Fasolato
south through Argentina for about 1000 km; the mean annuakt al., 2011) and the kinematic propagation of water flow.
discharge is around 12 000—15 00®sn* and the total sedi- Under the LUF hypothesis, the energy line, water and bed
ment transport is around 130-1830°tyr-! (Amsler et al.,  profiles have the same slope, and the variation of the longitu-
2005). The Paraguay River joins the Parana just upstream theinal bottom elevatiodZ/dx, computed by Eq. (2), depends
city of Corrientes. No other significant tributaries that supply only on the slope of the energy lirke(Eq. 5). This equation
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scale,G4(7), depends on energy slope (corresponding to wa-
ter and bed slopes under the LUF hypothesi¢}), active
width, B(r), sediment mean diameter;ji(and gfective dis-
charge Qe (1), at each morphological box (around 50—-80 km
for both studies, depending on the Froude number):

Qeff«)m'a(r)“}

B(r)P - ()" @

Gs(r)=a’- [
The active cross section is defined as the river channel width
that conveys the annual sediment transport, except for wash
load (Ronco et al., 2009; Nones, 2013). THeeetive dis-
charge defines the flow that cumulates most of channel sed-
iments (Biedenharn et al., 1999), i.e. following the Sténa
nak approach (Garde and Ranga Raju, 1977), the maximum
value of the product of interval frequencieswith solid dis-
chargesGs occurring in the interval as assessed for corre-
sponding hydrological conditions. The ¢beiente’ and the
exponenmwere calibrated by assuming the long-term equi-
librium between measuredtective discharge and sediment
transport rate, while other exponents used in Eq. (7) are func-
Figure 3. Example of satellite images of the lower Zambezi River tions of m. More details on these parameters and their com-
upstream Caia (Mozambique): variation of the active river width re- pytation can be found in Di Silvio (1983, 2004).
lated to the variation of the river discharge. Discharges vary between The initial river widths, B(r =0), were derived from
6500nts™ and 940 s, satellite images and the initial slope¥r = 0), from low-
resolution topography (i.e. watershed cartography, DTMs),
is applied to describe the bed profile evolution by modellingwhlle sediment distributions were available from some sam-

the water profile at appropriate lengthand duration scales PI€S taken along the river. Such a basic database is usually
7. The spatial and temporal scales, respectively called “mor-2/S0 available for remote parts of the world, which noticeably
phological box” and “evolution window”, are functions of extends the model applicability to large rivers with respect to

2009: FasoMore advanced 2-D codes.

the Froude number of the current (Ronco et al., q q ibe th | wideni d
lato et al., 2011). It is worth noting that the Local Uniform In orader to escribe t € seasonal widening and narrow-
ing of river sections, a basic calibration method was intro-

Flow Morphodynamic (LUFM) model was implemented for X - e X i
duced that combines satellite images with flow discharge

long-term analyses that on average fulfil the applied simpli- R
fications. In fact, modelled river features are averaged over ecpr(_js. The _1'D model was coupled tc_) a S|.mp||f|ed_ d_e-
scription of river cross sections (explained in detail in

relative long period (i.e. time window), which was fixed to

one year for both performed studies on the basis of resultind\lones’ 2013), which accounts for river width changing at

Froude numbers. The Egs. (1-3) respectively become a smaller timescale (i.e. seasonal oscillation) with respect
to the bed level evolution simulated. This synthetic cross-

dQ sections model (Eg. 8) computes the active river width as a

ax - 0, 4 function of the flow discharge. Indeed, the statistical distri-
bution of river width B(§) was expressed by means of the
statistical distribution of water discharg€Xs), where¢ is

dz the event occurrence frequency at the analysed section and

ax ~ —J, ®) during the calibration period (i.e. 2000-2010 for both appli-
cations). Thus, for discharges lower than the bankfull value
(the minimal discharge flowing over alluvial plains), an at-

N 4G 5 dz a-site hydraulic geometry relationship was assumed (Eq. 8)

Z —=-B-—. (6) for the synthetic description of active cross sections (Singh,

£4 dX dr ]

i=1 2003):

The sediment transport formula, Eq. (7), applied in the B(6) = a- Q(5)° (8)

model is derived from the Engelund-Hansen formula for

computing the bed- plus suspended-load (i.e. total-load), asvhere @ and 8 are the calibration parameters (see, e.qg.
described in Ronco (2008) and Nones (2013). In Eq. (7)Leopold and Maddock, 1953; Yalin, 1992; Parker et al.,
the rate of bed and suspended sediment transport at yearB007; Wilkerson and Parker, 2011; Nones, 2013). The river
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widths for the calibration period were obtained from Land- ity with a strict comparison between the computed results
sat 7 satellite images (USGS database), which have a res@and the available measured values. These validations have
lution of 15m. The corresponding discharges were derivedhighlighted a good correlation between model results and the
from the available river stage records. Images correspondingvailable rich data set from the literature, despite the basic
to flood events were discarded; in those cases, wetted areagscription that is required as input.
did not provide evidence of the active channel geometry but
the flooding (Fig. 3).
The LUFM model simulates the evolution of the riverbed
profile, which is driven by the fluvial sediment transport. The
investigated dynamics were uncoupled from the geological
processes (namely, from the LGM, Last Glacial Maximum,
to present day) and also from the floodplains transport. Thelhe present paper summarizes the major results of a LUFM
assumption of fixed floodplains is justified by their very slow model’s application to the unsurveyed lower Zambezi River
evolution. Indeed, finest sediment, transported as wash loadyasin published in Ronco et al. (2010) and Nones et
has been cumulated in the alluvial plain during flood eventsal. (2013). The application simulated the morphological be-
recurring over thousands of years, while the active channehaviour of the lower Zambezi starting from 1907, when first
morphology was noticeably modified within a few decades. systematic measurements were recorded at the gauging sta-
tion of Zumbo, Mozambique (Fig. 1b). These measurements
were analysed to assess tlfi@etive discharge of lower Zam-
bezi and its main tributaries, together with the corresponding
Albeit the validation of the proposed model is not within the sediment input, during the 20th century. The data were ap-
objectives of this study, a short summary of past works abouplied at model boundaries and for characterizing river width—
the application of the LUFM model to gauged watersheds isdischarge relationship along the simulated reach. The turbid-
reported for the convenience of readers. ity measurements performed by Hall et al. (1977) have been
A first version of the LUFM model was applied to the utilized for the calibration of the transport formula (Eq. 7),
gauged basins of small rivers located in Italy, such as theas reported in Ronco et al. (2010).
Adige River (Nones et al., 2009), the Mallero River (Di  The mentioned previous simulations performed with the
Silvio and Peviani, 1989) and the Piave River (Fasolato elLlUFM model on the lower Zambezi River did not consid-
al., 2006). This version, assuming that the river width re-ered river width—discharge relationship (Ronco, 2008; Ronco
mains constant with time, computed reliable evolutions ofet al., 2010). For that case, the model results show an endur-
the rivers, also by introducing anthropogenic forcing termsing process of sediment deposition, which slowly propagates
(e.g. dredging operations, dams, land use changes). downstream. The long-term evolution was apparently domi-
In the case of the Piave River, the LUFM model was usednant with respect to the recent evolution related to the dams’
to analyse the morphology of the river due to flushing oper-constructions.
ations. A comparison between the measured turbidity values The computations reported here also accounted for sea-
and the computed sediment transport highlighted the reliasonal oscillations, which simulated river widening and nar-
bility of the model to reproduce the periodic flushing peaks.rowing. These simulations confirmed the previous results:
The deposition of sediments downstream of the impound-the lower reach presents a widespread tendency to a progres-
ment and the reduction of the grain size are quite well re-sive deposition, especially in the flat zones downstream of
produced, notwithstanding the few available input data. the gorges, where some tributaries flow into the main chan-
In the case of the Adige River, the model was applied tonel (Fig. 1c). This trend wasfi@cted by the two reservoirs
analyse the major anthropogenic changes that have occurrdd some degree (Nones et al., 2013). Dams trap sediments,
during the past century, relating to the reduction of sedi-which slowly modify riverbed morphology and correspond-
ment transport due to soil-protection interventions, deriva-ing bed composition. In more detail, the undisturbed river
tions for industrial and agricultural uses, changes in the duraaggradation corresponded to a progressive fining of riverbed
tion curve of flow discharge, interception of solid material by sediments. In the cases of dams’ implementations, two oppo-
hydropower reservoirs, and extraction of fluvial sediments bysite dfects altered the natural process, yielding a more stable
means of quarries. The results of the LUFM model confirmedbed: (1) the water flow reduction rapidly propagates down-
(1) the decreasing of sediment transport observed after 192G&tream, with important implications for the local ecosystem;
chiefly due to the construction of various hydropower plantsand (2) the sediment sorting is delayed because of trapping
in the Adige’s basin, and (2) the bed erosion in the lower part(Ronco et al., 2010; Nones et al., 2013).
of the river caused by quarry activities. The simplified modelling of cross-sections changes at sea-
The studied rivers have been intensively studied and monsonal timescale bore out a typical evolution from braided to
itored since the beginning of the past century, which hasunicursal morphology (Leopold and Wolman, 1957; Nones,
provided a valuable matching to verify the model reliabil- 2013). The simulated flow decreasing because of water
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Figure 4. (A) Averaged values of the simulated sediment yield and the measured evolution of the Zambezi Delta from satellite images,
before and after the construction of the Cahora Bassa [BnSatellite image of the Zambezi Delta (USGS database, 2013).

impounded in the reservoirs corresponded to narrowing ofios at the La Plata Basin. These scenarios were prescribed
active cross sections. This simplified modification of cross-as boundary conditions for the performed modelling, cov-
sections shapes reflects the observed tendency to unicursated much of the 21st century and were provided by the re-
morphology and accretion of vegetated floodplains, whichsearch project “A Europe-South America Network for Cli-
limits channel divagations. In other words, lower flows were mate Change Assessment and Impact Studies in La Plata
simulated with sections narrowing, which agree with the ob-Basin” (CLARIS-LPB). Specifically, the four RCMs are (1)
servations of vegetation density increase and abandoned sePROMES (UCLM, Spain) covering the period 1991-2098,
ondary channels. This behaviour was also reported by Davie€2) RCA (SMHI, Sweden) for 1981-2098, (3) RegCM3
et al. (2000) and Nones et al. (2013). (USP, Brazil) having information for period 1981-2048, and
The performed simulations also gave multiple evidence(4) LMDZ (IPSL, France) with information for period 1991—
on the delta shoreline evolution (Fig. 4), which has been2048. In addition, the 20th century scenario was produced
recognized as a key indicator of sediment yield in variousfrom climatology—hydrology records. The details on these
large rivers of the world. This evolution was evaluated on thedata sets are reported in Saurral et al. (2013). Figure 5 shows
basis of seven satellite images (from the USGS’s databased comparison of the flierent applied scenarios in terms of
spanning the period 1970-2013, which confirmed the genfrequency distribution of monthly flow discharges at Corri-
eral negative trend of the delta surface extension (Roncoentes, which is the upstream boundary of the Parana reach
2008; Ronco et al, 2010; Nones et al., 2013). Figure 4a showsimulated by means of the LUFM model. It is possible to ob-
the negative trend after the construction of the Cahora Bassaerve a relatively large dispersion among thgedent RCMs
Dam. In total, erosions prevailed yielding a loss of the deltaand a general increase in the frequency of large discharges
area of around 50 kfrin the analysed period. The simulated for predictions with respect to the past century, which is par-
time series of sediment transport rate in the most downstrearticularly evident for the RegCM3 scenario.
morphological box confirmed the observed erosional trend As reported in the literature (Amsler et al., 2007), the al-
for the Zambezi’'s delta. In fact, this time series reflects theluvial plains morphology changes take place over a longer
historical sediment supply to the delta. The simulated ratetimescale (geological periods) and affeated by finest sed-
of sediment transport appeared correlated to the observeiinent (wash load) deposition only during floods recurring
variation of the delta area (Fig. 4b), notwithstanding that thein thousands of years time frames. The LUFM model com-
satellite images used may bffexted by occasional changes puted the sediment transport in the river channel, i.e. the ef-
in water level and that the shoreline morphology is also af-fective discharges that form the channel morphology over
fected by the Indian Ocean dynamics (Ronco et al., 2010)decades, while flooding discharges were disregarded. Actu-
More detailed analyses, also with a specific model able taally, the wash load was not computed by the model, but it
simulate the long-shore drift, are necessary for a thoroughmay also &ect the delta growth.
characterization of the delta’s dynamics. The literature data regarding the middle and lower Parana
River morphology at watershed scale mostly concern the
transported sediment volume per year and the corresponding
4.2 Evolution of the Paran& River during the 20th and the most dfective discharge in conveying this volume at some
21st centuries sections (Amsler et al., 2005; Castro et al., 2007). Thus, the
LUFM model results were used to assess sediment volumes

In this case, outputs from four regional climate models per year and correspondingfective discharges for future

(RCMs) were used to produce future hydrological scenar-
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Figure 6. Sediment volume per year from LUFM modelling for
corresponding flow discharge classes at Corrientes, characterizing
past and future scenarios.

Figure 5. Frequency distributions of monthly flow discharges of ap-
plied scenarios for LUFM modelling (20th century and future pre-
diction from listed RCMs) at Corrientes.

and past scenarios. The averaffedive discharges for each dow), while Amsler et al. (2005) applied monthly records
decade of the 20th century from the literature compared tahat present larger peaks (maximum monthly discharges in
LUFM corresponding results show a good correlation with the order of 50 000 As™2).
maximum deviations in the order of a few per cent, with few Regarding the resulting morphology, the cross-sections
exceptions for the largest discharges. As input data, the 1widths appeared with the largest sensitivity to flow regime at
D model uses river discharge with 1yr time step, while thethe lower Parand, which exacerbated the deviation between
literature data are referred to as monthly discharges. Yearlyarious scenarios in terms of resulting bed profiles and av-
values can be representative of the averaged morphologicarage wetted area. The model gave almost fixed slopes at
variations of the channel due to the inter-decadal variability,the lower and middle Parana for the intervals of around 2—
with a reduction of the computationafert. Flooding events, 3cmknt! and 3-5cmkmt, respectively, and mostly de-
which have a duration of 1-2 months, were considered unimpending on the sub-reach location (morphological box),
portant for the morphological evolution of the Parana Riverwhile the corresponding cross-sections changes were also
because of their temporal scale (months) with respect to theorrelated to the variability of forcing time series (scenarios).
morphological changes (years). The river widths at the lower and middle Parana varied within
According to the Sch#ernak approach, the sediment the range of 1600-3300 m and 1200—2400 m, respectively.
volume per year was divided into discharge classes of The resulting bed levels in terms of cumulate variation
2000 n?s width and was compared among the scenar-(i.e. final depositions and erosions at each morphological
ios (Fig. 6). For any analysed scenario, the average volbox) were assessed for the 20th century and the two continu-
ume per year was almost the same (changing within theous time series available from future projections (PROMES
range of 20-3& 10°tyr~1), but the distributions among the and RCA scenarios). Despite the noticeable increase in the
classes resulted ratherfldgirently. The distribution for the forcing and éective discharges (Figs. 5 and 6, respectively)
20th century did not present a very high, recognizable maxwhen passing from past to future scenarios, the bed level
imum. The highest sediments volume was conveyed by thehanges along the river maintained almost the same aggra-
flow discharge interval of 13000-17 00G 81! (i.e. the av-  dation or degradation tendencies as for the 20th century,
erage €ective discharge per year for the 20th century), with maximal values of a few centimetres within one cen-
which roughly agrees with the Amsler et al. (2005) in- tury (Fig. 7). The bed level result was rather stable along the
vestigation. Using records from last century’s water lev- river, especially at the lower Parana.
els and monthly flow discharges in Corrientes, Amsler et Some morphological data of the Parana River can be re-
al. (2005) assessed th#extive discharge to vary within the trieved from the literature: Amsler et al. (2005) and Cas-
15400-24 500 rhs! range, among five periods having dif- tro et al. (2007) observed that the same climate variability
ferent lengths of time during the years 1904 to 1990, whichdrove braided and bifurcated patterns of the channel mor-
yields the weighted average of 16 808sn*. When compar-  phology at the middle and lower Parana, respectively. This
ing these values to the LUFM results, the model resolutiondifference was ascribed to the alluvial plane morphology
must be considered. The interval of 13000-17 08@th change along the river, which noticeably enlarges and de-
was detected using discharge classes derived from the yearlyrades downstream. Although these observed channel mor-
time series simulated (one year is the LUFM’s time win- phologies may be simulated with detailed 2-D models, the
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fications driven by hydrological changes at seasonal scale
(Nones et al., 2013).
Therefore, the simplified model applied presents a poten-
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Figure 7. Simulated cumulate variation of the bed level for the for remote parts of the world, which noticeably enlarges the
continuous time series: past century and 21st century predictiongnodel applicability to large rivers with respect to more ad-

(PROMES and RCA scenarios). vanced 2-D codes.

Furthermore, it is worth noting that the simplified mod-

elling of river cross-sections variations refines the code res-

performed simulations corroborated the argument that riveip|ution to seasonal oscillation, although the larger evolution

slope and width are almost time-fixed constraints. window was used for updating the bed profile and sediment
sorting, which fulfils the LUF hypothesis. To this end, the
5 Discussion additional river width—discharge database is required, which

introduces the model’s calibration on statistic distributions

The changes inféective discharge, sediment transport rate, from a certain period. Indeed, satellite images, historical car-
riverbed level, bed sediment sorting and cross-section widthiography and river stage records are largely also available for
occurring during the 20th and the 21st centuries along thaingauged river basins and date back from decades (for satel-
Zambezi and Parana rivers were analysed with the LUFMIite images) to centuries in the cases of historical records and
model. This 1-D code introduces some important simplifi- maps.
cations in the mathematical description of river hydraulics
(among others, kinematic propagation of water flow and lo-
cal uniform flow hypothesis) and in the schematization of 6 Conclusions
the channel geometry (namely, cross-sections synthetic pro-
file). These simplifications gave some opportunities with re-Two large rivers were analysed with a simplified 1-D model,
spect to more detailed modelling (e.g. 2-D codes). In fact,which highlights the opportunity for using basic databases to
the LUFM model simulated the long-term morphodynamic simulate river morphology at low-resolution for remote parts
processes influenced by natural and anthropogenic pressures$ the world. The proposed 1-D code couples the longitudi-
at non-detailed spatial and temporal scales by implementingnal modelling of their riverbeds with a synthetic description
a very basic database. This is particularly relevant for remotenf cross-sections shapes and was applied for studying past
parts of the world, such as in the presented case studies. and future river evolution on the basis of topographic basic

The performed analyses confirmed that the LUFM modeldata, stage records and satellite images. In addition, future
is able to simulate average variations at large temporal angbrojections were produced from available climate—hydrology
spatial scales (as pointed out by Ronco et al.,, 2010). Asscenarios.
hoped, the schematizations used for the two applications The results indicate the potential of non-detailed models
were able to reduce the computationdilogt and the to- for analysing the long-term impact of anthropogenic and nat-
pographic resolution usually required to implement stan-ural pressures, especially in the case of rivers located in re-
dard 1-D models and, even more, for detailed 2-D mod-mote parts of the world, for which detailed field data are
elling. Notwithstanding the lack of geometrical resolution, usually not available. This potential is a particularly relevant
the LUFM model responses appeared rather reliable and lessption to 2-D modelling for which results depend on pro-
sensitive to inaccuracies induced by model parameters calieesses parameterization and calibrations based on detailed
bration on the basis of detailed field data. Indeed, the estifield data.
mation of induced biases is not trivial, especially for very In our application to the lower Zambezi River only a
detailed modelling, which includes a lot of processes pa-topographic and granulometric basic survey was applied
rameterization and for long-term simulations that extrapo-to describe the initial morphology, while satellite images
late to a timeline far from the initial conditions. The oper- and stage records provided river cross-sections shapes and
ated synthetic description of transversal cross sections, basdsbundary conditions. The impacts of hydropower reservoirs
on satellite images, presents some advantages with respeoh river morphology during the 20th century were sim-
to occasional surveys. The LUFM model accounted for sed-ulated. As highlighted by the cited literature concerning
iment transport variations due to the active channel modithe river's evolution, the results reported here agree with
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the riverbed aggradation and delta erosion observed durin@owmaker, A. P.: A Report on the Kariba Lake Area and Zam-
the last century. bezi River Prior to Inundation, and the InitiaffEcts of Inun-

In the second case study, in addition to basic data, climate— dation with Particular Reference to the Fisheries Training Centre
hydrology scenarios were used at model boundaries to study ©n Fishery Survey for the Countries of African Region (Report),
the impacts of future climate variability over the middle and _ A9 Iébrarz l;u_che ?'_\'M59d98§’ Rgme, Italy, 1960. | deli
lower Parana. The results reported here corroborate the hy2ro"/r: C- and King, J.- Modifying dam operating rules to deliver

. . . . . environmental flows: experiences from southern Africa, Int. J.
pothesis that climate driversftirently dfect the channel di- . .
ion b f riverbed s d width d . River Basin Manage., 10, 13-28, 2012.
yagauqn ecauseq rverbed slope ,an wiat ecreasmg anéastro, S.L., Cafaro, E. D., Gallego, M. G., Ravelli, A. M., Alarcén,
increasing, respectively, when passing from the middle tothe 3 3 rRamonell, C. G., and Amsler, M. L.: Evolucion morfolog-

lower Parana River. ica histérica del cauce del rio Parana en torno a Rosario (456—
406 km), Proceedings of the XXI Congreso Nacional del Agua,
CONAGUA 2007, Tucuman, Argentina, 2007 (in Spanish).
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