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coming decades. Understanding how these changes affect water and sediment fluxes is key for constraisgadelarge

biogeochemical cycles, yet conventional hydrological networks lack the spatial and temporal resolution reagcredtey

guantify hydresedimentary budgets.

To address this limitation, we develop an integrated, physically constrained frameonalining longterm observations,

remote sensing, and hydrologidaydraulic modelling (SWAJAmazon) to quantify mukdecadal hydreedimentary

budgets and investigate how floodplain inundation controls sediment dynamics in large Amazonian riversy Baciingin

Ucayali River, a major foreland tributary of the Amazon, this study provides the first detailedeiongydresedimentary

budgets for the Upper Amazon, distinguishing fine sediment fluxes from sand loads.

Results reveal a previously undocumenfioodplaincontrolled sand sedimentation process: during higtters large

floodplain water storage (up to 19.1 [15.3, 22.9] km?, ~38% of discharge) reduceshaairel transport capacity, capturing

up to 14% [10%, 20%] of the sand flux at peak disgaawhile recycling during recession contributes 22% of the total

suspended load at the basin outlet. This dual control partially decouples sediment transport from water diseh@mgean

Ucavyali exports 455 [410, % (8006]sand), ofiwdich 36% iytrappéd withfn the floedplaégnn d ed s e di men

predominantly as sand (65% of total depositidrije riverdelivers 290235,345]x 1 0 t yr 7T to the Amazon River (26%
sand), making it the dominant sediment source anttogndean foreland ibutaries.Uncertainty analysis combining Sobol

indices and GLUE simulations shows that, desgitiestantiabquifinality among secondary floodplain parameters, sediment

fluxes and associated trapping and recycling fractions remain stable across all behavioural sinfilatg@isaccuracy is

therefore controlled by lonterm, multivariable, multisource obsestions rather than by parameter calibration or model

structure alone.

These findings demonstrate that floodplains control hg@dimentary fluxes in large river systems and act as dynamic

regulators of sediment transport, storage, and recycling, withr in@dications for biogeochemical cycles.

1.1 Global contribution of the Amazon Basin

The Amazon basin is massivehotspot for water and matter inputs to the Od&yvitski et al., 2005; Martinez et al., 2009;
Moquet et al., 2016; Jouanno et al., 2021; Louchard et al., 2021, 20@3)ays a keyole in global hydrebiogeochemical
cycles(Gaillardet et al., 1999; Bouchez et al., 2QX2pable to significantlimpactoceanic biogeochemistJouanno et al.,
2021; Louchard et al., 2021)ong-term monitoringby the CZO (Critical Zone Observatory) HyBAm (Hydrology of the
Amazon Basingshows that the Amazon River annually discharges 6,500 km? of freshwaté2%92mf the global total

Mis en forme : Portugais (Brésil)

(Calléde et al., 2010),100 16t of suspended sediments (~8ffeglobal riverine outpus) (Santini, 2020) and 27X t of
Code de champ modifié

dissolvedmatter(Moquet et al., 2016(~7% of the global flu}. It also influences atmospheric circulation, contributing up to Mis en forme - Portugals (Brésil)

Code de champ modifié

a carbon sink and a greenhouse gas source, contributing substantially tegttds{Richeyet al, 2002; Melack et al., 2004; . { Mis en forme : Portugais (Brésil)

15% of global continental evapotranspirat{@alati, 1979SoaresFilho et al., 201QSatyamurty et al2013 andt acts as both [
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Subramaniam et al., 2008Vard et al, 2016;Pangala et al., 201Touchard et al., 2021 Nutrientrich from the Andean
Cordillera, the Amazon hosts 25% of terrestrial species artel the fafydstsrainforeqie.g.Lesack, 1993; Malhet al., 2008;
Fan and MigueMacho, 2010)

1.2 Role of thefloodplain dynamics

Amazonian floodplains act as dynamic reactors, playing a key role in global water and sediment fluxes. Lateral exchanges
between the main channel and alluvial plains are of the same order of magnitude as the fluxes reaching(Meacleean

al., 1985; Mertes et al., 1996; Dunne et al., 1288) dominate the annual floodplain water balgfelorff et al., 2014a, b)

Around 30% of peak discharge transits through the floodfiRichey et al., 1989; Lininger and Latrubesse, 204 highly

variable pathways and residence times (from seconds to months). The flooded are8i d@#%rof the basilf5-6 10° kmz2)
(Fleischmann et al2022) Thus, food dynamicgegulatethe storage and exchange of sediments, nutrients, organic matter,

pollutants, and living organisn{@ufdenkampe et al., 2011ewin et al., 2017)Sediment residence time varies from brief

periods to tens of thousands of yeélvtertes et al., 1996; Allen, 2008)lependinge t he fl oodpl ai nés geomorphol ogy,
influencing chemical maturation processes essential to gl obal bi ogeochemi cal

weatheringdGuyot et al., 2007; Bouchez et al., 20gxural basins adjacent to the Eastern Cordillera trap@# of Andean
sediment exportgGuyot, 1993; Baby and Guyot, 2009; Armijos et al., 2013; Santini et al., 2014; Vauchel et al., 2017; Santini,
2020) Further downstream, sediment balances tend toward equilibrium between deposition and resuspensidooduring f

recessior{Santini et al., 2014; Espinoaéllar et al., 2017b)t hough i nfl uenced Althes ioiwstreanrasi né6s structur al

of the AmazorMadeira confluence, flatplains have remained only partially filled since the last glaastatic lowstand
(~125 m below present sea level) and act asdewiment sinks, where large, shallow lakes retain overbank floodwaters
(Tricart, 1977; Fleming et al., 199Bark and Latrubesse, 2017)

1.3 Theimpacts ofglobal and local changes

The Amazon Basin is undergoirgdramatictransition(Walling, 2006; Malhi et al., 2008; Davidson et al01220), facing \:COde de champ modifié

pressures from deforestation for agriculture and pasture, resextc&ction, andonstruction ohydroelectric projectéFiner

and Jenkins, 2012;atrubesse et al., 201Timpe and Kaplan, 2017; Chaudhari andkiftel, 2022. In recent decades, the
AmazonBasinhasalso been affected by global climate changes, experiencing more frequent extreméeftpodts 2009,

2012, 2014, 2015) and severe droughbtg.(in 2005, 2010, 2023, 2024vith anincreasan theamplitudeof the annual flood

wave (Davidson et al., 2012; Espinoza et al., 2012, 2013; Marengo and Espinoza, 2015, 2016; Nobre et al., 2016; Towner et
al., 2020) Maximum flooding extent along the centrah&zon has expanded by 2§Feischmann et al., 2023pechanically
impactingk ey processes such .Jhswam@inginduoed hy@délogicatycietsgeagtheninig grojected

to continuein the coming decadéBlirabayashi et al., 2013; Langerwisch et al., 2013; Sorribas et al., 2016; Alfieri et al., 2017)

andthe rainforest could reach a tipping polnt the second hafif the centurypotentiallyconverting to savanna, particularly
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in the eastern and southern regions, or persisting in a degradeiLst@jey and Nobre, 2019; McKay et al., 2QZ2ores et
al., 2024.

1.4 Monitoring challengesand integrated approach

The cascading effects of the ongoing transition in the Amazon remegrtain, as monitoring is limited, particularly regarding
sediment fluxesSparse measurements, due to high costs and logistical challenges, hinder the establishment of dense, long
term monitoring networks. Such networks are essential to constrainteohsipstreaiirownstream mass balances and to
spatialize them at relevant scales. This is particularly important for identifying key processes, especially thosddiekald to
exchange with the floodplain, which are still only roughly estimated ingance, the CZO HyBAm covers just one gauging
station per 160,000 km? on average. Additionally, sediment budgets in lowlardshsiais are challenging estimate

accuratelyastheir order of magnitude isomparable to the uncertajrin sediment load measementge.g. Xiaoging, 2003;

Horowitz et al., 2015; Vauchel et al., 20Gitto et al., 2017; Santini et al., 2019; Santini, 2@@&mais, 2021). A significant [cgde de champ modifié

portion of the suspended load (up to 70%) consists offirergands$antini et al., 2019; Martinelli, 2022)hich are difficult

to measure due to their sensitivity to hydrodynamic fluctuations and heterogeneous distribution within the cross section.
Furthermore, the buffering effects of such a large b@afalling, 2006)can mask the impacts on material transfer to the
oceans, requiring lorterm monitoring

The scarcity and heterogeneity of observed data directly reduce the robustness and accuracy of hydrological and sediment
transport mode|dimiting their ability to capture key processes and to reliably forecast responses to environmental changes.
In response, spatial hydrology has increasingly complemeintesitu observations in the Amazon, with satellite data,

particularly space altimetrand water color imaging, playing a key role in monitoring water levels and sediment concentrations

(Calmant et al., 200Martinez et al., 2002015 EspinozaVillar et al.,2042,2013, 2017; Park and Latrubesse, 20D4)the other [ Code de champ modifié

hand hydrological models have also addressed flooding and backwater €ffactszaki et al., 2011; Paiva et al., 2013;
Pontes et al., 201 Biqueira et al., 2018antini, 2020Guilhen et al., 2022Recently, the question of the sediment routing
into semidistributed modelfas been explore@agundes et al., 2021, 20Zantini 2020)

....... I ey olh aleasvelb astibe seffeetsoof-anvirdnmental

changes-on-ts-hydrology-and-sedimiiuntes. However, to date, no study has yet combined remote sensing with modelling to

investigate sediment dynamics in detail in the Amazon. Building ontiemy CZO HyBAm conventional observations, this

study introduces an integrated framework coupling fieldbecafion campaigns, satellite remote sensing, and hydraulic

hydrological modelling to derive procebased hydreedimentary budgets for a major foreland tributary of the Upper
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Amazon: the Ucayali River. Satellite altimetry and satetligeived fine sedim@ estimates are used tonstraimlibratea

hydrological hydraulic modelling scheme (SWAAmazon) simulating water and sand fluxes, with floodplains represented

using a simplified reservoir approach.

The objectives are to (i) guantify logrm hydresedmentary budgets at sdiasin scale, (ii) investigate the impact of

floodplain inundation on water and sediment fluxes, thereby identifying key processes controlling sediment transpqrt, storage

and recycling that remain poorly constrained by conventioval monitoring approaches, and (iii) distinguish the respective

contributions of fine sediment fluxes, associated with organic matter and pollutant transfer, and sand loads related to river

dynamics.
Unlike previous baskscale sediment studies in the Arna, which largely relied on sparse gauging networks or{scgke

modelling approaches, this framework provides probesed hydreéedimentary budgets through midburce data

integration. Given the key role of sediment dynamics in biogeochemicalsgyitlalso contributes to improving the

understanding of the Amazon's role in global material fluxes and of the potential impacts of environmental changes on its

hydrology and sediment transport.

15 Casestudy: the Ucayali Basin

Given the continental scale of the Amazon Basin, this study focuses on the Ucayali River, a major foreland tributary draining
350,000 km? (49% Andes, 51% plains). Only two HyBAm gauging stations monitor-egdimendry fluxesin this basin

with incomplete records for the study period (1288.9): one upstream of the lowlands, the other at the basin dirthéted

water levels, with some unreliable records, along with a few discharge measurements, are also available from other lowland
statons. These constraints make the Ucayali a relevant test sibeiildingthe proposed integrated approglséfore extending

it to other Amazonian subasins.



2 Integrative strategy

The tailored integrative strategy (Fig. 1) for improving water ancheeuti balances relies on a combination of three station
typesin the plain (i) dow-data (or poorly monitoredl conventional stationsharacterized by incomplete and/or inconsistent

155 datasets(ii) dvirtualdstationsestablished at locations where satelditimetry ground tracks intersect the river mainstem, in
order to enhance the spatial density of the monitoring network through the integration of remote sensing &nd;randel
(iii) Gsuped stations with longem, high-quality datasets, which serve as benchmarks for calibrating and validating the
integrated approach. This strategyfusther supported by dedicated calibratigalidation field campaignsAt all stations,
water and sediment fluxes are estimatedriggrating remote sensing products and hydrological modelling outater

160 discharges are simulated using a modifiedsion of theSoil and Water Assessment Tool (SWAT) mo(ftinold et al,
1998) to account for Amazon flood wave dynamics and attenuation during fladtisgssumed that the river transports two
particle groupgSantini et al., 2019)ine sedimergand sand (Fig. 1b). Fine sediments (mean diamefre 10- 20 pm)
primarily silts with small clay aggregates, behave similarly to passive scalars and their fluxes are not modelled with transp
capacity equations. Instead, fine sediment concentrations at the water surface are derived from satelliEspiages

165 Villar et al., 2012, 2013, 2017; Martinez &t, 2009, 2015)using an inversion model calibrated withsitu data Whereas
suspendedsands (mean diameteiQ e 80 i 120 pum) transported in graded suspension, are invisible to satellite

spectroradiometers due to Mie scatteifRget, 2017)These ranges of mean diameter should be understood as representative

values of the dominant PSD modes, rather than sfrah size distbution bounds. Intermediate particle sizes (e.g. coarse

silts in the 2063 um range) are included within the fine sediment fraction defined by then&Breshold used in the HyBAm

170 monitoring protocolsee Section 3.1Depending on their physical proges, coarse silts may either behave as wash load

(e.q. aggregates) or exhibit transport dynamics closer to those of very fine sands wheheasive. This supports a first

order bimodal representation of suspended sediment transport at the basin ss#éentonith PSD measurements and

vertical grainsize profiles presented in the Supplemenbdayerial (Fig. Sl).

Moreover,according to Santini et al. (2019) and Martinelli (2022), observed Rouse numbers (Rouse, 1937) are between 0.2
175 and 0.8 for thissand fractioninducingconcentrationsiear thesurface Therefore, sand loadse modelledusing sediment

transport equations in a new routing module developed in the SWAT model, referred to asABVEAdn(Fig. 1d).
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sediments that can be monitored by satellite but not modeHédgZands in graded suspension, invisible to satellites but whose transport
capacity can be modelledc) Integrated approach combining remote sesing, modelling, and calibratierelidation campaigns(d)
SWAT-Amazon, a tailored version of the SWAT model for simulating water and sand fliikés.modelling framework consists of a
,and anR notebook (RunSWAT-

Fortranbased executable (SWAAmazon.ex

185 Amazon.Rmdused for model runs, simulation analysis, interactive visualization, sensitivi

analysis and calibration with the SWATrunR
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packagdesigned-tenablesnodelrun—simulation-analysis—in
proceduresvith-the SWATrunR -packagSchirz et a) 2019).

3 Dataset
3.1 Conventional data

This studyrelies onlong-term hydresedimenary flux data from the CZO HyBAn{Guyot et al., 2007; Santini, 2020h the
Ucayali basin, IRD Ifistitut de Recherche pour le Développemamd SENAMHI Gervicio Nacional de Meteorologia e
Hidrologia) haves been operating two HyBAm gauging statiprisagarto (HyBAm code: 10073500 and —Requena
(10074800) since 2001(Fig. 2), carrying out82 field campaigns to establish rating curvédditional sediment monitoring
was carried out at Puerto Inca between 2012 and 2016, at a conventional SENAMHI station. Watdisdbeetje
relationshipsvere also established at Puerto 1it@073750 and Pucallpd10074000, where water levels are monitored by
port authoritiesField measurement protocols are described in Suppler@e®bServed sand fluxesmpiricallyderived from
gaugingand surface concentratiofsee-Supplemersupplementarysection- S1S3), carry +30% uncertainties, affecting
simulationsstatistics.

3.2 Altimetric data and definition of virtual stations

Two virtual stations, JA2083B310R22 (reach 22 on Fig. 2) and S3B3RE (reach 5), were defined based on the intersection

of satellite altimetry ground tracks (Jason, Envisat, Sentinel) with the mainstem of the Ucayali River. These statieds provid
satdlite-derived water level time series used to calibrate the hydrological model. In addition, satellite altimetry was employed
to correct water level records RequenaPucallpa and Contamari@0074500, the latter being a rarely visited SENAMHI
station wthout any flow measurements. Altimetry data processing was carried out using thacopss VALS (Virtual
ALtimetric Stations) softwareBy summing the virtual stations, thev-datastations (Contamana and Pucallpa), and the-long

term CZO HyBAm stationgLagarto and Requena), the Ucayali sedimentary basin was subdivided into five distinct
compartments to establish hyesedimenary budgets with the integrated approach.

3.3 Fine sediments monitoring with remote sensing data
3.3.1 Retrieving time series ofemote-sensed reflectance data

Given the required revisit fr equen d3}000an), choderateesolltionsatalite i Ri ver és
imagery from MODIS (MODerate Resolution Imaging Spectroradiometer, 250 x 250 nipt88ént, 12 days) and VIIRS

(Visible Infrared Imaging Radiometer Suite, 375 x 375 m, RPlesent, 0.5 days) was used to generate time series of surface

water reflectance (Fig. 1c). Reflectance values in the red andnfieaed (NIR) bands were extracted pixel by piftem

satellite images using the free software GetMODIS and MOD3R, developed by the CZO Hy@s#nwas tested and

validatels in various previous studieg.¢. EspinozaVillar et al, 2017;Vauchel et al., 2017Water masks were applied to
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theUcayaliRi er 6s mai n cour se ne af*rl00wpixelstpar mdsk, largeaiver s,emswere Govered, withu r e
masks redrawn everyi 3 years due to river mobility. Collected scenes comprise images spandaygpgriods, selecting
pixels with the lowestloud cover and smallest satelitéewing nadir angle.

3.3.2 Conversion of remotely sensed reflectance fime sediment concentration

Two radiometriecatibrationvalidationcampaigns were conducted in the Ucayali Basin: the firstin November 2011 ahReque
(EspinozaVillar et al., 2012)and the second in February 2017 at Lagarto, Puerto Inca, and Pucallpa, spanning three weeks
(Santini, 2020). A total of 42 surface water samples were collected to determine total, fine, and sand concentrations.
Simultaneously, hyperspectral field radiometers (TriOS) were deployed following the experimental setup of Mobley (1999),
as adapted by Martinez et al. (2015) for the Amazon Basin.-tiégjuency (1 Hz) hyperspectral measurements of surface
water reflectane were obtained at sampling locations. Relying on this dataset, a unique model for all the Ucayali Basin was
fitted between finesedimentconcentratiorat the water surfacand the ratiof radiometer reflectance in the NIR (88776

nm, according to the tgllite sensor bands) and red bands (&® nm)(see Section 5.4).This single relationship is

considered applicable along the mainstem of the Ucayali River in the lowland plain because surface reflectance is largely

controlled by fine silts of Andean igin, whose grairsize characteristics and optical properties are relatively homogeneous

along the river continuum (Martinez et al., 2015; Santini, 2020). In addition, the use of spectral band ratios (NIR/RED),

commonly applied to reduce the influenceta#ge potential variations in optical conditions (Brax et al., 2002; Martinez et
al., 2015; Pinet, 2017), supports the applicability of this relationship at the basin scale considered in thisisstidgle

eflectance

3.3.3 From surface to mean concentratioof fine sediments

Due to the considerable depth of Amazonian rivers and the vertical sediment concentration gradient near the surface, the rati

| , relating the channel mean concentration to the surface index concentration retrieved by satellite, ranges from 1 to 1.8
according to the CZO HyBAm databagel to 12 in the Ucayali) Fo-estimaté——the Santinietal{2019)-medels—were

3 nbiedih8iaF These\valesaredenvediiomisdmeasuremenisdivertical suspendedsedimentconcentrationprofies colecedatseveral
stations of the HyBAm observatory acrobe Amazon Basin, including the Ucayali River (e.g. Santini et al., 2019; Santini,

2020).To estimaté _along the river network, the models proposed by Santini et al. (2019) were applied. These models use

Rousetype formulations constrained by observemheentration profiles to describe the vertical distribution of suspended

50



sediments as a function of hydraulic conditions. They were parameterized using hydraulic variables simulated by SWAT
Amazon.

3.4 Input data for modelling

The study utilizes the Perain | nt er pol ated Data of SENAMHI (Aybar€&hli2020f ol ogi cal Observations (PI ¢
250 Llauca et al., 2021)o support the development of an operational model in collaboration with the SENAMHI. Potential

Evapotranspiration (PET) was estimated using the Hargreaves (1985) method, to

Land use data was obtained from ther®ian Ministry of Environmentwww.geoservidor.minam.gob.pewhile soil

information was sourced from the Harmonized World Soil Datah&gev(fao.org/sois-portal). The topography layer was

derived from the MultError-Removed Improvederrain Digital Elevation Model (MERIT DEM(Yamazaki et al., 2017)

255 resampled from 90 m to 300 m for contgtipnal efficiency.
In SWAT-Amazon, water and sand fluxes can be forced at anypasil via input files. However, no external forcing was
applied in this study. For sand fluxes, we assumed that Andean inflows (basins 3, 8, 9 in Fig. 2) were govéried sole
transport capacity within the sand routing module. This assumption is supported by the observed relationship between sand
flux and water discharge at Lagarto and Puerto Inca, which indicates, to a first approximation, sediment availabilibpthrough

260 the hydrological cycle in the Andean shasins. Lateral contributions from plain tributaries (basins 1, 2, 4, 7) were considered
negligible and were likewise represented as transyagacity limited in the simulations.

Eleaton o \eands,
i::“’ Hess et al. 2015)

S damdar Db
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265

Figure 2: Uc ay al i BcayalisBasi subbaginag and station locationsSuperstations(CZO HyBAm) (bluefilled circles, white
outline), virtual stations (greetfilled circles, blue outline), antbw-dataStations with sparse/inconsistent data (Hlilied circles, green
outline).The text box details observation periods for water Ieletj(scharge n=), and sependededimentoncentration f). Main Andean
tributaries on the left bank: Cushabatay (3); Pisqui (9); Aguaytia (8); Pachitea (10, @),&omorphological domains and outcrop
distribution. Box 1: Narrow sedimentary basin controlled by Shira Mountains and Fitzcarrald Arch uplift; Box 2: Piggyback Basin backward
the Moa Divisor Thrust Fault; Box 3: Marafion Fored¢epMean annual precipitation map (PISCO dataset, 1983019).
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4 Tailoring SWAT for water and sedimentflux simulation

SWAT, a semdistributed model with physical and conceptual equations, was chosen for its proven robustness in simulating
hydrological processes in large basins at daily time step. Itssapene Fortran code and extensive user community provide
numerouscomplementary modules and tadiowever, SWAT has limitations in modielg water and sediment routing in

large rivers with diffusive flood waves and extensive floodplains. It lacks realistic hydraulic connectivity betweenifisodpla
and the main channgbreventing accurate simulation thfe relationships betweemater levels, velocities, and discharges
which arekeys for sediment transport. To address this, a major code modification is introduced below.

4.1 Newwater routing modules

4.1.1 Water levelcalculation and state variables

The meanwater levelQ(m) is derived from the water volumia(m®) storedin the reacticat time stepo (beginningof the

simulation day. As long asQ "Q, where"Q (m) is the floodplain activation threshol@s computed as:
Q ;. @

whered (m) is the main channel widdmdYc(m) is the reach lengtiWhen'Q "Q, the floodplain is activatediistributing
 between the main channel and floodplain. If the floodplain esestion is rectangular:

y i

Q g @

wherec "Q 6 (m) is the fbodplain width andQ (i) a coefficientto be calibratel (the SWAT-Amazonparametersre
given inTablel). For a triangular floodplain crossection,Qdepend®n— (rad), the riverward slope angeeSupplement
supplementargectionS42). Finally, state variables such as wetted @reém?), wetted perimete (m), and hydraulic radius
'Y (m)are all derived froniQ

4.1.2 Dynamic and processequations

In large Amazonian rivers, flow variations over time and space are minimal, leadisgleritical hydraulic regiméhat can
be modéed using the d Barré de SaintVenant equationgMoussa and Bocquillon, 2009%iven the (very) gradual flow
variations(Trigg et al., 2009)the convective and local acceleration terms are negligible, making the diffusive flood wave

approximation suitable. When watsurface slope effects are also negligible, the pressure gradient is eliminatedhgpttmavi

12
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use of the kinematic wave equati@WAT-Amazonenables reachpecific selection betweekinematic wave("yY  Y),
suitable for steep Andean reaches, difflisive wave approximatiof’Y "Y  "Y), preferred for lowslope floodplain

reachesvhere backwater effects may occur (e.g. Yamazaki et al., A0ith}Y (m ni?) the energy gradiergor friction slope)

Y (m mt) the bed slopand”Y (m m?) thewatersurface slopeWhen the diffusive wave model is uséd, is assesseds
follows:

A7 T — )

-y vy

The reackaveraged velocity (m s*) and dischargé (m® s?) are then calculated using the GauckWanningStrickler
(GMS) friction equatior{Hager, 2005)

= P . o T
v 00 Oﬁ_ﬁ Y i . 4)

In_the present study, the diffusive wave formulation was applied throughout the river network in order to account for
backwater effects in the lowslope reaches of the Ucayali River.

4.1.3 Continuity equation and water storage in thereach

At the end of thealculationtime step® ¥¢), win reachCs updated as:

Yoo b 0 Y o o, (5)

®
wherew (m®) is the volume lost to evaporatiah, (m°) is the volume infiltrated into thensaturated water table atd (m®)
is the runoff (surface, subsurface, and baseflow) reaching the Tiveromputationof @, ® andw follows the standard
SWAT model. The updated volunde ¥ is then used to determii@ ¥ for thenext simulation step.

Although SWAT simulations are reported at a daily time step, river routing is internally solved adailguiime step

dynamically determined by the CouraRtiedrich§ Lewy (CFL) stability condition. The routing module automaticaltjusts
the internal time step to sdiisthe CFL criterion and ensure numerical stability (Bates et al.,:204®azaki-etal—2013;
Pontes-etal—2017:-Santini—202Daily outputs therefore correspond to the model state at the end of each sinaalgtion

4.2 New module for sand sedimentrouting.
4.2.1 Sandload andconcentration in thereach

At the beginning of the simulation dapetsuspendegand concentratiot (t m®) in thereachGs:

8 ——, ®
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where (t) is the sand volume stored in the regntthe main channel onlyrhedaily suspendedand load) (t d*), taking
Yo= 86,400 sis then

0 3 06 3 y(), (@]

325 4.2.2 Transport capacity evaluation

Selecting appropriate transport capacity equations for deeggriadient rivers is crucial, as most were derived from laboratory
studies under opposite conditions (steep slopes, shallow water, uniform flow). The physicallCaasatn and Larson
(2005, 2008)models for norcohesive sands were chosen for their calibration with extensive global datasets and proven
applicalility in large tropical river§Camenen et al., 2014 thesemodels, he transport capacity” (t d*) for suspended

330 sandss evaluatedas a function ofhe Rouse number (i ), which defines the concentration profile exponential shape a
nearbed reference concentratiéh (m® m®), which determines its magnitude
0* 8 — p A@DoD 0 i Yo, ®)
wherei is the relativesanddensity The Rouse numbesummarizes the equilibrium between grain settling velacitym s)
and turbulencénduced lift, related to the shear veloaity(m sY), weighted by the sedimett-eddy diffusivity ratid  (i):

335 0 I ©)

Fooz

wherell is the Von Karman constarithe Soulsby (1997) law is used for estimatimg sand grain settling velocjtyvolving

the grain siz& (m) of thesuspended sandBhe shear velocitis calculatedusingthe deptkslope product:
0. oYY Yy (10
where"Q(m s?) isthe gravitational acceleratiofihe diffusivity ratiois either assigned a fixed value for each reach or computed

340 dynamically using th&antini et al(2019) model:
8

T Ofﬁ)A@Dﬂfﬁ)wDﬂ;ﬁ*ﬁ ™ @ (1

Thebottomreferenceconcentratiord” is given byCamenerand Larson (2005):

09— 12)

where —is thedimensionless grairelated bed shear streasd— (i) the critical Shields parametéosr the inceptionof
345 transport(Camenenet al., 2014) which can beestimated from the Yali#$hields curveas a function of the riverbed

dimensionless mean diameter.:
—n 2 muyp ACDMICQ. . (13)

zh

The parameteris calculatedas following:
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I — (14)

)

where™Q (i) is theDarcy-Weisbach skin roughness factderived from the logarithmieelocity law:

T ¢ — (15)

R
with Il is the VonKarmanconstant anthe heighfQ (m) is the hydrauliskin roughnessf Nikuradsewhich can be expressed
as a function ofQ and a coefficient  ¢& (Engelund and Hansen, 19&artholdy et al., 2010)

. Q. (16)

4.2.3 Sandload adjustment based ontransport capacity

The difference/0° (t d*) between the transport capadity (t d*) and thesand load) (t d*) is then calculated at tinie
yor  0° 0 . a7
If Y0° T, there is excess transport capacity, allowing for riverbed erosion. The erode®magsi?) is defined as:
(¢} 0 Yo© , (18)
igherev (i) is a

coefficient ft 0 p) representing the susceptibility of the channel tuedrosion when the simulated sand transport

capacity exceeds the available sand load. This parameter governs the potential entrainment of bed material into suspension an

thus the possible contribution of riverbed erosion to the simulated suspenddidisand

The sand flux is then updated:

4 ~

0 0 o . (19
Conversely, it¥0°  m, the sand load exceeds transport capacity, and the sand load is set to the transport capacity:
o 0. (20)
4.2.4 Sand budgetat reachscale

Drawing onthe mass balance proposediynne et al. (1998)n erosion termQ  (t d?), is introduced to account for both

floodplain channel inputs and bank erosion. These processes primarily occur at point bars on the inner bends of meanders,

where floodplain inflows, with | ower sed.iemm®amce erosionnacce nt r ati ons

resuspension. Riverbed erosi@, (Eqg. 18) andtwo deposition termgO ,0 ), al | expressed i

consideredRiverbed erosion is therefore explicitly represented in the model formulation so thateitsial contribution to

the suspended sand flux can be evaluated during calibr88nd.deposition on bars in levelocity zones of the main channel

is already accounted for in the sand load adjustrttemt ). Depositionin floodplain channels and levee depressions when

active (i.e.when'Q Q) is neglected for sand particless the high flow resistance caused by vegetation in these areas is
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400

expected to result in complete sedimentation at their inféts. process ishierefore implicitly included in the overbank
deposition termD

The termO is activated only when the daily water volu¥® (m® d?) exchanged between the main channel and the
floodplain is negative, meaning floodplain waters contgbotthe main channeThus,O wasdefinedasfunction ofYc
andd (t m®), the concentrationf these banks arizhrs inputsconsidered as a constantbe calibrated

0 Yo 6 . (21)
Thus,O is neglected wheb® Ttbecaus¢he volume of water thaouldflow back from the floodplain during the rising
stages is low compared to the water discharge in the main cheomteéry to the flood recession phaseaddition, the term
‘O cancompensate for this if necessary, when the transport capacity is in.excess

Thedaily sand mas® is defined as a function & :

0 Yo 56 & , (22)
whereé & (t m®) is the sand concentration in the upflew layer, estimatedat & e 0 Qjgm).é & is

derived from the mean concentratidnin the reach:
6 a —. (23)
Theratio| 6 a jO6 isestimated with the Santini et £019) model

[ —HAQJDG —— p A@bPe0d (24)

4.2.5 Continuity eguation
At the end of the calculation time step, the sand volunséoredin the main channel of the rea€hs updated as:

wp” oy 0f 0f Y% O ; O, (25)

As for water routing, sand routing is internally solved at adaily time step to satisfy the CHEtability condition.The routed

sediment inflow provided by the SWAAmMazon reach network represents the sediment supply entering each reach and is

incorporated into the reaedtale sand mass balance described in Eg. (25).

4.3 Additional flow resistance
4.3.1 Impact of floodplain activation on flow velocity andtransport capacity

When the floodplain becomes active, differences in depth and roughness between the main channel andd®aepfzn

shear interfacbetween the two flow zongeassociated with Kelvitielmholtz instabilities, transferring horizontal momentum

from the main channel to the floodplgirg. Sellin, 1964; Nicolledncet Uan, 1972; Ervirancet Baird, 1982; Knight, 1989 [cade de champ modifié

Knight and Shiong,1996 Smart, 1992; Loveless et al., 2000; Yen, 2002; Uijttewaal, 2014; Atabay and KnightP20d8t
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and Nikora, 202 Sedimendaden wateflowing through floodplain channe{tewin et al., 20173lso transfer large amounts

of momentum to the plain ardduces the kinetic energy of the main flow, as does the attenuation of the water surface slope
during flooding which tends toward thealley slope. Moreover, the waters that travel fgharttime through thdloodplain

before returning to the main channel also contribute to reduce the flow velduitse combined effects significantly reduce

flow velocity and more drasticallytrangort capacity in the main chann&heychangethe spatial distribution of velocities

and shear stress in the main channel esestion, especially near the bamksl barswhere sediment stocks can be available

To account for this, a flow resistance correction factavas defined as:

- - - (26)

where the subscripfe®d  a @ @derfote irbank flow configuration (without floodplain) arftbw with an active floodplain,
respectivelyat the same water levi€ "Q. To evaluate- , theNicollet et Uan (1972)pr Smart (1992gquations can be used.
However, both formulations only consider the shear layer interface between the main charfioeldafain. Furthermore,

the Smart equation is not suitable for large rivers, and the Nicollet et Uan equation requires an estimate of thedloodplain’
Manning coefficient. Although the latter was implemented in the new water routing module, a simpachpyas preferred.
Therefore, a relationship betweenand the relative heigli® "Q "Q FQ(i m), from which the water exchanges between

the main channel and the floodplain begin to affect the flow velocity, was defined:

_ — @7)

R
withd (i) a coefficient to be calibrated, superior to zirie flood impacts the flow resistancghus, to account for the

floodplain drag wherQ? "Q, the Manning coefficient is reevaluated as foliawy:
& —. (28)

In the calibrated modei values along the mainstem range between 0.3 and 1. Under typical flood conditianies

between 0 and about 0.3, resulting in an increase of the effective Manning coefficient of approXinb&tgkeeSupplement

S5H). Larger corrections, up to about 20%, may occur only during extreme simulated floods)eyy@maches 0.5uch

variations are consistent with resistance changes reported in studies of compound channel hydraulics and doaipéhin
momentum exchange.qg., Nicollet and Uan, 1972; Smart, 1992; Shiono and Knight, 1996; Bousmar and ZeghTh899
coefficienté  was calibrated during the model calibration phase to reproduce observédiistetugrge relationships at the

mainstem gauging stations.

Following the same reasoning as for velocities the ratio of the dimensionlessegaged bed shear stressesand— should

also be a function of . Indeed, according to Eq. 14:

- _ (29

17



Here,”Q  "Qis assumed, @8 is a grainrelated friction factor, not a flow resistance factor (Yen, 2002): the floodplain drag
435 is already accounted for n , throughé . The shear velocity term used for caldinlg the Rouse number (Eg. 10) should
be also affected by the floodplain drag:
0. -0, . (30
However, vhen shifting from a 1d to a 2d framework, the transverse profiles and consequently @ and0® , are likely
to be more strongly affected than the lateral profile of the dayghaged velocityseeSupplemensupplementarsection
440 S63), in particular near the bankBo account fothe complex 2d effects on sediment transport capacity, effeatensidered
in the initial computation ofhe transport capaciy” which was initially calculated using the corrections-feando.
corrections in Egs. 29 and 38g following formulation is appliedthen the floodplain is actig.e.when'Q "Q):

0 - 0 31

with — an exponent to calibratehich accounts for theecomplex2d effects.

445 4.3.2 Bedroughnessnfluence for low waters

In the large Amazonian rivers, a decrease in bed roughness influenceingittasing water levels has been obseifses
example irBupplemersipplementargectiorS74). To model this in the SWARmMazonversion, the Manning coefficientis modified using the factor

— , defined as:

450

4.4 Calibration and sensitivity analysis

455 The modelcalibrationwas performedusing theSWATrunR packagg(Schiirz, 2019)which enablesparallel processinglo
run the SWAT-Amazonexecutable and calibrate parametérsiuding the newly introduced oné8able 1), an RNotebook
waswritten (Fig. 1d) It allows users to export interactive figueesd perform sensitivity analysé®oth SWAT-Amazonand
its R-Notebook for calibration aravailable for download dtttps://github.com/williarrsantini/fSWATFAmazon

460
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https://github.com/william-santini/SWAT-Amazon/

Table 1: Main parameters in the new routing modulesSd¥/AT-Amazon

nam@arametsunit mﬁ Definition Input file
Q (m) Water height that triggers the floodplain activation rte
6 (m) Width of the rectangular main channel rte
Y (i) Channel bed slope, calculated from the MERIT DEM with QWAT rte
Ko) (i) Water Coefficient to determine the floodplain widt: "Q 6 (case of floodplain with rectangular cressction) .rte
— (rad) Angle of the floodplain riverward slope (case of floodplain with triangular eseston) rte
£ (s m*B) Manningcoefficient rte
o] (i) Coefficient for increasing the flow resistance in the main channel when the floodplain is active rte
Q (m) Water height that ends the additional bed roughness influence rte
6 (i) Coefficient for increasing the flow resistance in the main chatméhgarhenlow waters .rte
Q (m) Arithmetic mean diameter of suspended sands e
Q (m) Arithmetic mean diameter of riverbed sands e
i (i) Relative sand density.= 2.65 was taken in this study rte
f (i) Sand Ratio of suspended sand to eddy diffusivity, imposed or calculated wiSatiteiet al.(2019)model (Eq. 2) .rte
’ (m2 st) Kinematic water viscosity. The value corresponding to a temperature ofi28 €onsidered here rte
N (i) Coefficient to determin®: Q. , Q Ite
0 (i) Main channel susceptibility to erosion (riverbed only), between 0 and 1 rte
o] (tm?) Concentration of bank and bar inputs (constant) e
- () Correction exponent for transport capacity when the floodplain is active (cf1jq. 3 e
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5 Results

465 51 Water-dischargesimulations

For water discharge, model calibration was performed over thei 2018 period basedn multiple hydraulic diagnostics

(water levels, velocities, and stagéscharge relationships). Model performance was further evaluated using independent hold

out periods and direct comparisons with gauging measurements that bypass rating curvetecdtndbBupplemenso.

These complementary evaluations show consistent performance across periods and support the temporal robustness of the
470 model.

At a daily time step, SWA'Rmazonsimulations at the watershed outlet show excellent perform@&ige3d): NSE (Nash

Sutcliffe Efficiency) = 0.92, KGE (KlingGupta efficiency) = 0.95, PBIAS (Percent Bias}1=8%, LogNSE (NSE on the

logarithms of the series) = 0@2the 2000201 6calibratiorperacbver the 20002016 observation period used herieterstation evaluatiofsedvioriasi et

al. (2007)for details on these metrics). SWANmMazonsignificantly imgoves over the standard SWAT model (NSE = 0.86),

475 using Muskingum routing with maximum flood attenuation. Moreover, the standard SWAT simulation predicts flood peaks
1i 2 months earlier than observed, whereas SWMTazon correctly synchronizes them. The mbdecurately captures
hydrological dynamics and interannual variabilig highlighted by Yamazaki et al. (201 1)e difference between kinematic
and diffusive wave simulations was minimal (not shown), confirming that Ucayali flood attenuation mairity fiesn
floodplain buffering.

480 At Pucallpa(Fig. 3c) SWAT-Amazonshows only slight improvements over standard SWAT due to the less developed
floodplain. At the Andean outlef{Lagarto and Puerto Incayhere floodplain influence is minimal, both modelsrform
similarly, though SWATAmazonslightly outperforms the default version. Despite a good daily NSE (0.72) at Puerto Inca,
the model struggles to reproduce rapid flood oscillations typical of piedmont hydrographs. This issue, independent of the
routing model, stems from uncertainties in rainfall estimatBefore final calibration, systematic biase®006 to +20%) were

485 observed, with underestimation in piedmont stations and overestimation in plains, primarily due to the precipitation dataset.
These biases were corrected using interannual adjustment fac®/¢AT .sub files. Additional errors in the PISCO dataset
were identified and corrected by standardizing precipitation time series across station subgroups. However, PISCO still
underestimated precipitation between Contamana and Requena for 2016, 202@1@&nkkading to their exclusion from
efficiency calculations.

490 Despite these limitations, the biesrrected PISCO dataset demonstrated a high degree of homogeneity and robustness,
allowing extension of observations across all stations (virtual and cioval) for simulations covering 1983019 (Fig. 4e),
adding 13 years at Requena and 26 years at Lagarto. This extension is particularly valuable for future studies in this poorly
monitored region, especially given the high accuracy of the weighted sellsshé@utcliffe Efficiency for low (WsNSE_LF)
and high (wsNSE_HF) flows (see ZambreBigiarini and Bellin 2012, for details).
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Figure 3: Water discharge smulations for the stations with gauging data(a) i (d) Observeddischarge harineblue) vs. simulated
discharge using the default SWAT model (orange) and S\WARzon(greereyar) at a daily time step, withunctualADCP gauging values
(blue circles)(e) Full 37-year simulation (198 2019) with SWAFAmazonfor the sametation group.
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5.2 Water levels,velocities and rating curves simulations

The hydraulic radiu¥’ was usedo compare simulations with observations (Figs. 4 &rijeed, ér large crossectionsthe

mean deptfiQ (m) approximatedy , and for themodelledrectangular crossections)Y ~ "Q Q. Moreover,observed

water levels were not directly comparable due to offset differences in staff gaugalzE®relative to assumed river bottom
elevationIn standard SWAT, once the bankfull height is@aded, flow instantly spreads into the floodplain, forming a single
crosssection instead dfhe usual approacin hydraulicsof separahg channel and floodplain flowse(g. Einstein, 1950;
Einstein andBarbarossa, 1952yen, 2002) Thissudderchange in crossection geometrthus causes a discontinuity in flow
velocity and hydraulic radius (Fig. 43ince0 increases sharply whi grows more moderatelfY 6 j 0 ). Below

bankfull height,standad Muskingum simulations overestimatgdraulic radiusand underestimate velocities (F#), and it

is not possible to calibrate "Q rating curvesTherefore, the standard SWAT model is not able to simulate redlistiaulic

radius (water levelgnd velocities and even less sand loads with transport capacity laws, for which these variables are required
Conversely, SWATAmazon generates robust dgilwater leveland velocity time series, closely matching observations

(Fig. 4), with NSE values between 0.77 and 0.93 for water levels and 0.79 to 0.92 for velocities, the lowest at Puerto Inca,
while all others exceed 0.89. It produassnsistend 'Y ard 6 'Y rating curves (Fig. 5)accurately capturing slope
controlled hysteresis an@iuckbilld dampingwhenQ is exceeded as Manni ngds coefficient i

height due to floodplain effects.
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Figure 4: Example of (a) water levels and(b) velocitiessimulation at Pucallpa. Marineblue line: observations, orange line: best default
SWAT simulation with Muskingungreereyanline: SWAT-Amazonsimulation, blue filled circle: ADCP gauging values. Error bars, which
were less than 3% for ADCP measurements, are not shown for clarity.

520

23



Figure 5: Rating curves betweenhydraulic radius H p and discharge (left)or velocity (right). SyarGreencircles: SWAFAmazon
simulation, blue filled circles: ADCP measurements.
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