


 

 

 

 

 



 



 

  



Table RC1.1. Discharge model performance over calibration and independent validation periods. Calibration was 

performed over 2010–2015 (except for Puerto Inca, for which the period was 2012–2014), while independent validation periods 

correspond to time windows outside the calibration interval, selected based on data availability at each station. Metrics are 

computed using observed daily discharge records. 

Station Period type Period N (days) NSE KGE PBIAS (%) 

Lagarto Independent validation  01/2009–12/2009 287 0.9 0.94 -1.3 

Lagarto Calibration 01/2010–12/2015 2191 0.89 0.94 -1.7 

Lagarto Independent validation  01/2016–12/2019 1162 0.84 0.90 -1.7 

Puerto Inca Calibration 09/2012–08/2014 730 0.73 0.86 -1.1 

Puerto Inca Independent validation 09/2015–08/2016 731 0.69 0.83 -7.1* 

Pucallpa Independent validation 01/2000–09/2009 3653 0.94 0.94 -4.8 

Pucallpa Calibration 01/2010–12/2015 2161 0.92 0.89 1.1 

Pucallpa Independent validation 01/2016–09/2019 1389 0.91 0.94 -1.2 

Requena Independent validation 01/2000–09/2009 3653 0.92 0.93 -3.8 

Requena Calibration 01/2010–12/2015 2191 0.9 0.95 0.1 

Requena Independent validation 01/2016–12/2019 1461 0.85* 0.83* -9.5* 

Table RC1.2. Sand routing model performance over calibration and independent validation periods. Calibration was 

performed over 2009–2015, while independent validation periods correspond to time windows outside the calibration interval, 

selected based on data availability at each station. Metrics are computed using observed sand flux at surface concentration 

sampling time step. 

Station Period type Period  N (days) NSE KGE PBIAS (%) 

Lagarto Calibration 09/2009–08/2015 323 0.80 0.87 7.9 

Lagarto Independent validation  09/2015–08/2018 181 0.45 0.60 27.7 

Requena Calibration 09/2009–08/2015 404 0.86 0.92 -2.3 

Requena Independent validation  09/2015–08/2018 77 0.80 0.70 -24.0 



Figure RC1.1: Comparison of simulated and measured river discharge (a) and suspended sediment flux (b) at gauging 

stations in the Ucayali basin. Simulated values (𝑸𝒔𝒊𝒎, 𝑸𝒔,𝒔𝒊𝒎) correspond to daily outputs from the SWAT-Amazon model 

extracted at the dates of field measurements. Observed values (𝑸𝒈𝒂𝒖𝒈𝒊𝒏𝒈, 𝑸𝒔,𝒈𝒂𝒖𝒈𝒊𝒏𝒈) are direct field measurements, 

independent of rating curve derivation. The dashed line indicates the 1:1 relationship, and the shaded band represents the ±15% 

envelope. The Puerto Inca station was excluded, as its sub-daily flood pulse dynamics are not adequately captured at the model’s 

daily time step. Axis ranges reflect the observed variability of 𝑸 and 𝑸𝒔  across all stations. Statistical indicators are computed 

over all stations pooled: n = number of paired observations; R² = coefficient of determination; bR² = bias-corrected coefficient 

of determination; NSE = Nash–Sutcliffe efficiency; KGE = Kling–Gupta efficiency; PBIAS = percent bias. 
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Figure RC1.3: Example of dotty plots for sub-basins 5, showing normalised GLUE likelihood versus parameter value 

for the Sobol-influential parameters. Green shading indicates higher likelihood. The blue curve is a loess smoother. Dashed 

blue vertical lines mark the calibrated values. Note the bimodal response of 𝒅𝒃, with a physical optimum near 240 µm and a 

spurious one around 400 µm.  
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Table RC1.3. Prior distributions used for uncertainty propagation of SWAT-Amazon routing parameters.  

Parameter Unit Distribution Sampling 

method 

Proposed prior / range Basis for the proposed range 
 

ℎ𝑓 (m) Uniform LHS [ℎ𝑓,𝑐𝑎𝑙- 0.5; ℎ𝑓,𝑐𝑎𝑙 +0.5] 
An uncertainty of approximately ±0.50 m was inferred 

from rating curve analysis. 
 

𝐵 (m) Uniform LHS [0.95 𝐵𝑐𝑎𝑙; 1.05 𝐵𝑐𝑎𝑙] 
𝐵 is well constrained by the velocities and water levels 

(time series and direct measurements) 
 

𝑘𝑓𝑝 (–) Uniform LHS [0.9 𝑘𝑓𝑝,𝑐𝑎𝑙 ; 1.1 𝑘𝑓𝑝,𝑐𝑎𝑙] 
𝑘𝑓𝑝 is well constrained by the discharges, velocities 

and water levels. 
 

𝑛 (s m-1/3) 
Truncated 

normal 
LHS 

μ=𝑛𝑐𝑎𝑙 ,  

𝜎 =0.0005 s m−1/3 

 Truncated to [1/50;1/40] 

In the lowland plain, calibrated values were 

consistently close to 1/45 s·m⁻1/3. With σ = 0.0005 

s·m⁻1/3, 95% of sampled values fall within ±0.001 of 

the mean, consistent with the narrow range of 

calibrated values across reaches. 

 

𝐶𝑛𝑓𝑝 (–) Uniform LHS [𝐶𝑛𝑓𝑝,𝑐𝑎𝑙 - 0.1; 𝐶𝑛𝑓𝑝,𝑐𝑎𝑙 + 0.1] 

𝐶𝑛𝑓𝑝 is strongly constrained by calibration against 

water levels and velocities, and identified as highly 

influential in the Sobol analysis.  

 

𝑑𝑠 (µm) 
Truncated 

normal 
LHS 

μ=𝑑𝑠,𝑐𝑎𝑙 

𝜎 = 3 

 Truncated to [0.85μ, 1.15μ] 

𝑑𝑠 is measurement-informed. The manuscript reports 

typical suspended-sand diameters around 80–120 

µm, with calibrated values near 80 µm and about 98 

µm at Lagarto. 

 

𝑑𝑏 (µm) 
Truncated 

normal 
LHS 

μ=𝑑𝑏,𝑐𝑎𝑙 

𝜎 = 3 

Truncated to [0.85μ, 1.15μ] 

𝑑𝑏 is also measurement-informed. Calibrated values 

(220–252 µm) match observations, which supports a 

Gaussian prior. 𝑑𝑏 is strongly constrained by 

calibration (most sensitive parameter for Qs). 

 

𝛽𝑠 (–) Uniform LHS [0.85 𝛽𝑠,𝑐𝑎𝑙; 1.15 𝛽𝑠,𝑐𝑎𝑙]  

𝛽𝑠 is weakly constrained by calibration against sand 

flux and was identified as having limited influence in 

the Sobol analysis. A wider ±15% range was therefore 

adopted to reflect its lower identifiability. 

 

𝐾𝑏𝑒𝑑  (–) Uniform LHS [𝐾𝑏𝑒𝑑,𝑐𝑎𝑙 – 0.2; 𝐾𝑏𝑒𝑑,𝑐𝑎𝑙 + 0.2] 

𝐾𝑏𝑒𝑑  is weakly constrained by calibration against sand 

flux and was identified as having limited influence in 

the Sobol analysis. A wider range was therefore 

adopted to reflect its lower identifiability. 

 

𝐶𝑏𝑘 (t m-3) Uniform LHS  [0.8 𝐶𝑏𝑘,𝑐𝑎𝑙; 1.2 𝐶𝑏𝑘,𝑐𝑎𝑙] 

 𝐶𝑏𝑘 is poorly constrained and represents an effective 

source term rather than a directly measurable 

quantity. A uniform prior was therefore adopted. 

 

𝜂 (–) Uniform LHS [0.85 𝜂𝑐𝑎𝑙; 1.15 𝜂𝑐𝑎𝑙]  
𝜂 is moderately constrained by gauging 

measurements during flood conditions. 
 

 



Table RC1.4. Relative weights assigned to each variable in the GLUE-based uncertainty analysis. Data types distinguish 

between continuous time series (derived, measured, or satellite-based) and direct gauging measurements. Data quality is 

indicated qualitatively (+++ high, ++ moderate, + lower). Raw weights represent relative contributions and are normalized 

within the likelihood function. 

Subbasin Variable Data type Available? Quality Weight Justification 

21 𝑄 Time Series (derived) Yes +++ 0.20 
Long continuous record, robust rating curve; 

primary hydraulic constraint 

21 ℎ Time Series (measured) Yes +++ 0.10 Directly measured but largely redundant with 𝑄  

21 𝑢 Time Series (derived) Yes +++ 0.10 Secondary hydraulic constraint; correlated with 𝑄 

21 𝑄𝑠 Time Series (derived) Yes + 0.15 
Derived from surface concentration monitoring 

and gauging curve extrapolation; high uncertainty 

21 𝑄 Gauging Yes +++ 0.20 
Direct ADCP measurement; highest individual 

weight as primary discharge constraint 

21 ℎ Gauging Yes +++ 0.10 

Directly measured at same campaign; weighted to 

jointly constrain hydraulic conditions determining 

sand transport capacity 

21 𝑢 Gauging Yes +++ 0.10 

Directly measured at same campaign; weighted to 

jointly constrain hydraulic conditions determining 

sand transport capacity 

21 𝑄𝑠 Gauging Yes ++ 0.15 

Direct sediment measurement; key budget 

constraint, moderate weight reflecting inherent 

sampling uncertainty 



Figure RC1.3: Interannual cycles of water discharge and sand flux at the Ucayali outlet (subbasin 21, Requena station), 

comparing GLUE and threshold-based uncertainty propagation methods. (a, b) Water discharge Q (m³ s⁻¹) and (c, d) 

suspended sand flux Qs (10⁶ t d⁻¹), computed over the September–August hydrological year for the calibration period. Left 

panels (a, c) show results from the GLUE method with likelihood-weighted quantiles; right panels (b, d) show results from the 

threshold selection with uniform weights. In each panel, the green line represents the weighted median simulation, the green 

shaded area indicates the 5–95 % confidence interval, grey lines show individual behavioural runs, and dark blue circles with 

connecting line represent observed values derived from conventional monitoring. 



Figure RC1.4: Interannual Figure 11: Interannual water (1983¬2019) and sediment (2000¬2019) balances along the 

Ucayali River.  Lines show interannual monthly means and shaded bands represent the 5th–95th percentile envelope of the 

behavioural GLUE ensemble (2500 runs). (a) Water Discharge (b) Floodplain water storage (𝑽𝒇𝒑) in km3. (c) Normalization 

of 𝑽𝒇𝒑 by the reach’s length (∆𝒙) for cross-sub-basin comparison. (d) Fines suspended sediments. (e) Suspended sand fraction. 

(f) Total suspended sediment load. See Supplementary Material (Section S12) for full uncertainty propagation details. 
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Table RC1.4. Summary of hydro-sedimentary budget indicators with GLUE-based uncertainty bounds.  

Compartment / Reach Indicator Central IC  Unit Rel. IC 

Basin inlet 𝑄𝑡 Andean input 455 [410, 500] 10⁶ t yr⁻¹ ±10% 

21 (Requena) 𝑄𝑡 basin export 290 [235, 345] 10⁶ t yr⁻¹ ±19% 

Lagarto – Pucallpa ∆𝑄𝑠  −76 [−89, −63] 10⁶ t yr⁻¹ ±17% 

Lagarto – Pucallpa ∆𝑄𝑓  −51 [−67, −35] 10⁶ t yr⁻¹ ±31% 

Lagarto – Pucallpa ∆𝑄𝑡  −127 [−130, −124] 10⁶ t yr⁻¹ — 

Pucallpa – Contaya Arch ∆𝑄𝑠  +4 [+1, +7] 10⁶ t yr⁻¹ — 

Pucallpa – Contaya Arch ∆𝑄𝑓  +10 [+2, +17] 10⁶ t yr⁻¹ — 

Pucallpa – Contaya Arch ∆𝑄𝑡  +14 [+3, +24] 10⁶ t yr⁻¹ — 

Contaya Arch – Requena ∆𝑄𝑠  −11 [−13, −9] 10⁶ t yr⁻¹ ±17% 

Contaya Arch – Requena ∆𝑄𝑓  −16 [−23, −10] 10⁶ t yr⁻¹ — 

Contaya Arch – Requena ∆𝑄𝑡  −27 [−36, −19] 10⁶ t yr⁻¹ ±31% 

Contaya Arch – Requena Sand capture (peak) 14% [10%, 20%] % — 

Basin 𝑉𝑓𝑝 peak (Mar) 19.1 [15.3, 22.9] km³ ±20% 

Lagarto – Pucallpa  𝑉𝑓𝑝 peak (Mar) 1.5 [1.1, 1.9] km³ — 

Pucallpa – Contaya Arch 𝑉𝑓𝑝 peak (Mar) 10.4 [8.3, 12.5] km³ — 

Contaya Arch – Requena 𝑉𝑓𝑝 peak (Apr) 9.4 [7.7, 11.1] km³ — 

 



 

Figure RC1.5: Figure 4, modified with the new color palette. 
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Figure RC2.1: Typical PSD of large white-water rivers in the Amazon Basin (adapted from Santini et al., 2019). (a) 

Particle-size distributions (PSD) measured in suspension at different relative depths and in the riverbed (Requena station, 

Ucayali River, 16 March 2015). The grey line shows the measured distribution, while the dashed line represents a reconstructed 

PSD obtained from a mixture of log-normal components corresponding to clay, silt, and sand fractions. (b) Vertical profiles of 

representative grain diameters for the fine and sand fractions. Symbols correspond to measurements at different stations. The 

dashed vertical line indicates the conventional 63 µm boundary between silt and sand. 
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Figure RC2.2: Effect of the coefficient 𝑪𝒏𝒇𝒑 on the Manning coefficient when the floodplain is active. 
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Table RC1.1. Discharge model performance over calibration and independent validation periods. Calibration was 

performed over 2010–2015 (except for Puerto Inca, for which the period was 2012–2014), while independent validation periods 

correspond to time windows outside the calibration interval, selected based on data availability at each station. Metrics are 

computed using observed daily discharge records. 

Station Period type Period N (days) NSE KGE PBIAS (%) 

Lagarto Independent validation  01/2009–12/2009 287 0.9 0.94 -1.3 

Lagarto Calibration 01/2010–12/2015 2191 0.89 0.94 -1.7 

Lagarto Independent validation  01/2016–12/2019 1162 0.84 0.90 -1.7 

Puerto Inca Calibration 09/2012–08/2014 730 0.73 0.86 -1.1 

Puerto Inca Independent validation 09/2015–08/2016 731 0.69 0.83 -7.1* 

Pucallpa Independent validation 01/2000–09/2009 3653 0.94 0.94 -4.8 

Pucallpa Calibration 01/2010–12/2015 2161 0.92 0.89 1.1 

Pucallpa Independent validation 01/2016–09/2019 1389 0.91 0.94 -1.2 

Requena Independent validation 01/2000–09/2009 3653 0.92 0.93 -3.8 

Requena Calibration 01/2010–12/2015 2191 0.9 0.95 0.1 

Requena Independent validation 01/2016–12/2019 1461 0.85* 0.83* -9.5* 



Table RC2.1. Sand routing model performance over calibration and independent validation periods. Calibration was 

performed over 2009–2015, while independent validation periods correspond to time windows outside the calibration interval, 

selected based on data availability at each station. Metrics are computed using observed sand flux at surface concentration 

sampling time step. 

Station Period type Period  N (days) NSE KGE PBIAS (%) 

Lagarto Calibration 09/2009–08/2015 323 0.80 0.87 7.9 

Lagarto Independent validation  09/2015–08/2018 181 0.45 0.60 27.7 

Requena Calibration 09/2009–08/2015 404 0.86 0.92 -2.3 

Requena Independent validation  09/2015–08/2018 77 0.80 0.70 -24.0 



Figure RC2.3: Comparison of simulated and measured river discharge (a) and suspended sediment flux (b) at gauging 

stations in the Ucayali basin. Simulated values (𝑸𝒔𝒊𝒎, 𝑸𝒔,𝒔𝒊𝒎) correspond to daily outputs from the SWAT-Amazon model 

extracted at the dates of field measurements. Observed values (𝑸𝒈𝒂𝒖𝒈𝒊𝒏𝒈, 𝑸𝒔,𝒈𝒂𝒖𝒈𝒊𝒏𝒈) are direct field measurements, 

independent of rating curve derivation. The dashed line indicates the 1:1 relationship, and the shaded band represents the ±15% 

envelope. The Puerto Inca station was excluded, as its sub-daily flood pulse dynamics are not adequately captured at the model’s 

daily time step. Axis ranges reflect the observed variability of 𝑸 and 𝑸𝒔  across all stations. Statistical indicators are computed 

over all stations pooled: n = number of paired observations; R² = coefficient of determination; bR² = bias-corrected coefficient 

of determination; NSE = Nash–Sutcliffe efficiency; KGE = Kling–Gupta efficiency; PBIAS = percent bias. 
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Figure 1: General schematic overview of the proposed methodology. Panels (a–c) illustrate the integrative approach. (a) 

Types of stations. (b) Typical bimodal particle size distribution (PSD) in the large Amazonian rivers, identifying two main size 

groups: 1- fine sediments that can be monitored by satellite but not modelled; 2- fine sands in graded suspension, invisible to 

satellites but whose transport capacity can be modelled. (c) Integrated approach combining remote sensing, modelling, and 

calibration campaigns. (d) SWAT-Amazon, a tailored version of the SWAT model for simulating water and sand fluxes. This 

modelling framework consists of a Fortran-based executable (SWAT-Amazon.exe) and an R notebook (Run-SWAT-

Amazon.Rmd) used for model runs, simulation analysis, interactive visualization, sensitivity analysis and calibration with the 

SWATrunR package (Schürz et al., 2019).  
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Figure CC1.1: Typical PSD of large white-water rivers in the Amazon Basin (adapted from Santini et al., 2019). (a) 

Particle-size distributions (PSD) measured in suspension at different relative depths and in the riverbed (Requena station, 

Ucayali River, 16 March 2015). The grey line shows the measured distribution, while the dashed line represents a reconstructed 

PSD obtained from a mixture of log-normal components corresponding to clay, silt, and sand fractions. (b) Vertical profiles of 

representative grain diameters for the fine and sand fractions. Symbols correspond to measurements at different stations. The 

dashed vertical line indicates the conventional 63 µm boundary between silt and sand. This figure illustrates the predominance 

of two main modes in the PSD, supporting the two-fraction representation adopted in this study.  
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Figure CC1-2: Revised Figure 2. 
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Table CC1-1. Discharge model performance over calibration and independent validation periods. Calibration was 

performed over 2010–2015 (except for Puerto Inca, for which the period was 2012–2014), while independent validation periods 

correspond to time windows outside the calibration interval, selected based on data availability at each station. Metrics are 

computed using observed daily discharge records. 

Station Period type Period N (days) NSE KGE PBIAS (%) 

Lagarto Independent validation  01/2009–12/2009 287 0.9 0.94 -1.3 

Lagarto Calibration 01/2010–12/2015 2191 0.89 0.94 -1.7 

Lagarto Independent validation  01/2016–12/2019 1162 0.84 0.90 -1.7 

Puerto Inca Calibration 09/2012–08/2014 730 0.73 0.86 -1.1 

Puerto Inca Independent validation 09/2015–08/2016 731 0.69 0.83 -7.1* 

Pucallpa Independent validation 01/2000–09/2009 3653 0.94 0.94 -4.8 

Pucallpa Calibration 01/2010–12/2015 2161 0.92 0.89 1.1 

Pucallpa Independent validation 01/2016–09/2019 1389 0.91 0.94 -1.2 

Requena Independent validation 01/2000–09/2009 3653 0.92 0.93 -3.8 

Requena Calibration 01/2010–12/2015 2191 0.9 0.95 0.1 

Requena Independent validation 01/2016–12/2019 1461 0.85* 0.83* -9.5* 

* Lower performance during these periods is associated with reduced quality of observed discharge data and/or precipitation inputs. 

Table CC1-2. Sand routing model performance over calibration and independent validation periods. Calibration was 

performed over 2009–2015, while independent validation periods correspond to time windows outside the calibration interval, 

selected based on data availability at each station. Metrics are computed using observed sand flux at surface concentration 

sampling time step. 

Station Period type Period  N (days) NSE KGE PBIAS (%) 

Lagarto Calibration 09/2009–08/2015 323 0.80 0.87 7.9 

Lagarto Independent validation  09/2015–08/2018 181 0.45 0.60 27.7 

Requena Calibration 09/2009–08/2015 404 0.86 0.92 -2.3 

Requena Independent validation  09/2015–08/2018 77 0.80 0.70 -24.0* 



Figure CC1-3: Comparison of simulated and measured river discharge (a) and suspended sediment flux (b) at gauging 

stations in the Ucayali basin. Simulated values (𝑄𝑠𝑖𝑚, 𝑄𝑠,𝑠𝑖𝑚) correspond to daily outputs from the SWAT-Amazon model 

extracted at the dates of field measurements. Observed values (𝑄𝑔𝑎𝑢𝑔𝑖𝑛𝑔, 𝑄𝑠,𝑔𝑎𝑢𝑔𝑖𝑛𝑔) are direct field measurements, 

independent of rating curve derivation. The dashed line indicates the 1:1 relationship, and the shaded band represents the ±15% 

envelope. The Puerto Inca station was excluded, as its sub-daily flood pulse dynamics are not adequately captured at the model’s 

daily time step. Axis ranges reflect the observed variability of 𝑄 and 𝑄𝑠  across all stations. Statistical indicators are computed 

over all stations pooled: n = number of paired observations; R² = coefficient of determination; bR² = bias-corrected coefficient 

of determination; NSE = Nash–Sutcliffe efficiency; KGE = Kling–Gupta efficiency; PBIAS = percent bias. 
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