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IMPORTANCIA DEL RASTREO DE LA ESCORRENTÍA EN MODELOS 

HIDROLÓGICOS: APLICACIÓN EN LA CUENCA DEL RÍO CAUTÍN, CHILE. 

 

Los modelos hidrológicos a macro-escala son típicamente implementados en forma 

espacialmente distribuida, por lo que se componen de diferentes unidades de modelación que, 

en conjunto, intentan describir la heterogeneidad espacial de los procesos hidrológicos de un 

sistema. Comúnmente, dichas unidades poseen estructuras verticales complejas para 

cuantificar flujos y variables de estado, pero carecen de una relación horizontal que permita la 

interacción de cada unidad con sus vecinas. El rastreo es el procedimiento que permite 

solventar en parte esta brecha, posibilitando la transformación de la escorrentía generada en 

estimaciones de caudal para algún instante y punto de una red hidrográfica. Si bien las 

decisiones de implementación y configuración del rastreo quedan típicamente a criterio del 

modelador, pocos estudios hasta la fecha han examinado en detalle sus implicancias 

hidrológicas. Este trabajo de tesis busca documentar tales efectos, para lo cual se implementa 

el modelo hidrológico distribuido de macro-escala Variable Infiltration Capacity Model (VIC) 

acoplado con el modelo de rastreo mizuRoute en la cuenca del río Cautín, Chile. Se utiliza el 

método de muestreo de hipercubo latino (LHS, por sus siglas en inglés) para generar 3500 sets 

de parámetros hidrológicos diferentes, para los que se analiza la calidad de las simulaciones de 

caudal obtenidas mediante cuatro esquemas de rastreo (hidrograma unitario, onda cinemática, 

Muskingum-Cunge y onda difusiva), aplicadas considerando cinco pasos de tiempo diferentes 

(1, 3, 6, 12 y 24 horas). 

 

Los resultados señalan que la incorporación de esquemas de rastreo mejora los indicadores de 

rendimiento en la cuenca de estudio. El máximo KGE alcanzado, evaluado diariamente, 

aumenta de 0.73 (sin rastreo) a 0.82 (para el mejor esquema), en el caso del NSE de 0.49 a 0.75 

y para el NSE-log de 0.46 a 0.68; además, dichas mejoras no dependen del paso de tiempo 

adoptado en el rastreo. Por otra parte, para resoluciones temporales sub-diarias, medias diarias 

e incluso mensuales, existen diferencias notorias entre el caudal sin rastrear de VIC y los 

caudales rastreados por mizuRoute. Del mismo modo, el set de parámetros óptimo de VIC 

cambia según en el enfoque de modelación adoptado, lo que genera cambios en flujos 

hidrológicos, siendo mayor la contribución de flujo base a la escorrentía total (𝑏𝑓/𝑄) en 

configuraciones sin rastreo. Finalmente, se obtiene que las diferencias entre curvas de 

frecuencia o curvas de duración provenientes de distintos esquemas de rastreo aumentan con 

el paso de tiempo utilizado en el modelo de rastreo.  
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I. INTRODUCCIÓN 

Durante décadas, los modelos hidrológicos distribuidos han ayudado a mejorar la comprensión 

de los sistemas hídricos (Kite, 1993; Ravazzani et al., 2015; Cuceloglu et al., 2017). Su 

capacidad de representar la heterogeneidad espacial de los procesos hidrológicos los convierte 

en una herramienta valiosa para la gestión del agua, sobre todo considerando escenarios de 

cambio climático (Vano et al., 2012; Mendoza et al., 2016; L. A. Melsen et al., 2018; 

Chegwidden et al., 2019). En muchos casos, las distintas unidades de modelación son 

independientes entre sí, por lo que se requiere conectarlas espacialmente a través de modelos 

de rastreo (Wang et al., 2011; Bao et al., 2017; Paul et al., 2018).  

 

El rastreo es el procedimiento que transforma la escorrentía simulada en una unidad de 

respuesta hidrológica en estimaciones de caudal para cualquier instante y sección transversal 

de algún cauce en una red hidrográfica. La obtención de caudales mediante modelos de rastreo 

acoplados a modelos hidrológicos permite la investigación de distintas problemáticas, 

incluyendo el transporte de sedimentos y nutrientes (Viney et al., 2000; Cheng, 2015), oferta y 

demanda de recursos hídricos (G. Zhao et al., 2016; Nitcheva et al., 2021), sequías e 

inundaciones (Trambauer et al., 2013; Kauffeldt et al., 2016); entre otros. 

 

Muchos estudios se han enfocado en representar los distintos procesos que ocurren en un 

sistema hidrológico, incorporando diferentes enfoques de modelación. Por ejemplo, Beck et al. 

(2020) utilizó el modelo HBV (Bergstrom, 1992) con una configuración espacialmente 

distribuida y sin rastreo para calibrar cuencas alrededor del mundo para, posteriormente, testear 

una estrategia de regionalización de parámetros. En dicho estudio, se descartó el uso de cuencas 

mayores a 5000 km2 con el fin de minimizar los efectos de no incluir el proceso de rastreo. 

Newman et al. (2021) exploró el rol de la incertidumbre estructural de modelos en el análisis 

de frecuencia de crecidas (utilizando la misma metodología de rastreo en cada uno), 

encontrando implicancias importantes en algunos casos, dependiendo de la métrica de interés 

o las características de la cuenca. 

 

Existen varias metodologías para acoplar esquemas de rastreo con la modelación hidrológica 

(Shaad, 2018), las cuales pueden caracterizar la red hidrográfica de forma vectorizada o 

mediante grilla (D. Lohmann et al., 1998; Lin et al., 2018), incorporar reservorios de agua 

(lagos, embalses, entre otros; Gharari et al., 2022; Vanderkelen et al., 2022) e intervención 

humana (Oki et al., 2015; Avesani et al., 2021), además de diferentes ecuaciones para 

representar los procesos físicos propios del rastreo (onda dinámica, Muskingum-Cunge, entre 

otras). Uno de los enfoques más utilizados fue desarrollado por Lohmann et al. (1996), el cual 

rastrea la escorrentía combinando Hidrograma Unitario (HU) y la función de Green con una 

discretización celda a celda. Por otro lado, existen esquemas que incorporan parámetros 

hidráulicos utilizando simplificaciones de las ecuaciones de Saint-Venant y la ecuación de 

Manning (V. K. Arora & Boer, 1999; Ngo-Duc et al., 2007).  



2 

 

En los últimos años se han desarrollado modelos de rastreo capaces de acoplarse con cualquier 

modelo hidrológico distribuido a macro-escala (Shaad, 2018). Éstos incorporan diferentes 

metodologías de rastreo, cuyo uso queda a criterio del modelador. En particular, dos modelos 

recientes, mizuRoute (Mizukami et al., 2016) e HYPERstream (Piccolroaz et al., 2016), 

proporcionan plataformas que facilitan un uso flexible de resolución espacial y temporal. Los 

resultados de caudal rastreado pueden obtenerse mediante segmentos de la red fluvial 

(mizuRoute) o en puntos definidos por el usuario (HYPERstream). Ambos rastrean la 

escorrentía desde la ladera hasta el cauce sobre unidades (subcuencas o cuadrículas) derivadas 

de los datos de terreno disponibles. HYPERstream utiliza una metodología basada en la función 

de ancho de hidrograma unitario instantáneo (WFIUH, por sus siglas en inglés), suponiendo 

una velocidad constante para agregar escorrentía a lo largo de la red fluvial. Por su parte, 

mizuRoute permite la elección entre dos esquemas de rastreo: (i) uno basado en HU 

proveniente de una aproximación de la ecuación de onda difusiva unidimensional y (ii) el otro 

de la ecuación de onda cinemática (KWT, por sus siglas en inglés). 

 

Hasta la fecha, pocos estudios han examinado las implicancias hidrológicas de la configuración 

del rastreo. Zhao et al. (2017) utilizó el modelo CaMa-Flood (Yamazaki et al., 2011), 

alimentado con escorrentía de nueve Modelos Hidrológicos Globales, para obtener 

simulaciones de caudales medios diarios y mensuales, las cuales comparó con los resultados 

obtenidos por los mismos modelos hidrológicos y sus rutinas de rastreo nativas (de menor 

complejidad). Las simulaciones de CaMa-Flood mejoraron la representación de la velocidad 

del flujo y el almacenamiento en áreas de inundación.  Los autores concluyeron que la elección 

del esquema de rastreo tiene una influencia considerable sobre los caudales simulados y sus 

valores peak. 

  

Recientemente, Qiu et al. (2021) caracterizó los efectos del paso de tiempo del rastreo en 

variables hidrológicas simuladas por el modelo Soil Water Assessment Tool (SWAT), 

cuantificando impactos sobre el coeficiente de eficiencia de Nash-Sutcliffe (NSE; Nash & 

Sutcliffe, 1970). Los autores utilizaron la ecuación de continuidad y de Manning para rastrear 

e implementan seis pasos de tiempo, desde 1 minuto hasta 1 día. Los resultados muestran 

estabilidad en los caudales simulados pero grandes variaciones en el almacenamiento y altura 

de agua en los cauces.  

 

Debido al amplio espectro de metodologías de rastreo disponible, es importante entender los 

beneficios y limitaciones de cada método bajo diferentes configuraciones (Shaad, 2018). 

Estudios previos han explorado los efectos de diferentes decisiones de modelación en el rastreo, 

configurando modelos hidrológicos y de rastreo de manera independiente. Es común que los 

modeladores se enfoquen más en la calibración de parámetros hidrológicos que de las posibles 

implicancias del rastreo sobre los resultados, especialmente las elecciones del esquema y del 

paso de tiempo. 

 

Este trabajo de tesis busca abordar esta brecha de conocimiento, contribuyendo a una mejor 

comprensión de las implicancias de la configuración de los esquemas de rastreo al calibrar un 

modelo hidrológico distribuido a macro escala. Para ello, se realizan experimentos numéricos 
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en la cuenca del río Cautín en Cajón (región de la Araucanía, Chile) utilizando el modelo 

hidrológico distribuido Variable Infiltration Capacity (VIC; Liang et al., 1994) y el modelo de 

rastreo mizuRoute (Mizukami et al., 2016). Específicamente, se busca entender cómo la 

elección del esquema y el paso de tiempo del rastreo afecta: (i) el caudal simulado en diferentes 

resoluciones temporales, (ii) las métricas de rendimiento en el espacio de parámetros de VIC, 

(iii) la selección de parámetros del modelo hidrológico dado una métrica objetivo en la 

calibración, (iv) balance de agua simulado y partición de la escorrentía entre flujo base y 

escorrentía directa, y (v) métricas hidrológicas utilizadas para la toma de decisiones, incluidas 

las curvas de frecuencia de crecidas y las curvas de duración de caudal.  

1. Objetivos 

Los objetivos de este trabajo de tesis se presentan a continuación. 

Objetivo General 

Caracterizar las implicancias de distintas decisiones metodológicas en el rastreo de la 

escorrentía generada por un modelo hidrológico distribuido a macro-escala. 

Objetivos Específicos 

• Determinar cómo el rendimiento de las simulaciones de caudal se relaciona con 

diferentes esquemas de rastreo en el espacio de parámetros hidrológicos. 

 

• Evaluar las implicancias que distintas configuraciones de rastreo tienen sobre el set 

óptimo de parámetros y los flujos simulados por el modelo hidrológico.  
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II. ARTÍCULO PARA PUBLICACIÓN 

 

A continuación, se presenta el artículo titulado “To what extent does river routing matter in 

hydrological modeling?”, actualmente en preparación para ser enviado a la revista Hydrology 

and Earth System Sciences: 

 

To what extent does river routing matter in hydrological modeling? 

 

Nicolás Cortés-Salazar1, Nicolás Vásquez1, Naoki Mizukami2, Pablo A. Mendoza1,3, and Ximena Vargas1 
1Department of Civil Engineering, Universidad de Chile, Santiago, Chile. 

2National Center for Atmospheric Research (NCAR), Boulder, Colorado, USA.  
3Advanced Mining Technology Center (AMTC), Universidad de Chile, Santiago, Chile. 

 

Abstract 

 

Spatially-distributed hydrology and land surface models are typically applied in combination 

with river routing schemes that convert instantaneous runoff into streamflow. Nevertheless, the 

development of such schemes has been somehow disconnected from hydrologic model 

calibration research, although both seek to achieve more realistic streamflow simulations. In 

this paper, we seek to bridge this gap to understand the extent to which the configuration of 

routing schemes affects hydrologic model calibration results in water resources applications. 

To this end, we configure the Variable Infiltration Capacity (VIC) model, coupled with the 

mizuRoute routing model in the Cautín River basin (2770 km2), Chile. We use the Latin 

Hypercube Sampling (LHS) method to generate 3500 different VIC model parameters sets, for 

which basin-averaged runoff estimates are obtained directly (no routing case), and 

subsequently compared against outputs from four routing schemes (Unit Hydrograph, 

Lagrangian Kinematic Wave, Muskingum-Cunge and Diffusive Wave) applied with five 

different routing time steps (1, 3, 6, 12 and 24 hours). The results show that incorporating 

routing schemes may alter streamflow simulations at sub-daily, daily and even monthly time 

scales. The maximum Kling-Gupta Efficiency (KGE) obtained for daily streamflow increases 

from 0.73 (no routing) to 0.82 (for the best scheme), and such improvements do not depend on 

the routing time step. Moreover, the optimal parameter sets may differ depending on the routing 

scheme configuration, affecting the baseflow contribution to total runoff. Including routing 

models decreases streamflow values in frequency curves and lowers the segment with high 

discharge values in the flow duration curve (compared to the case without routing). More 

generally, the results presented here highlight the potential impacts of river routing 

implementations on water resources applications that involve hydrologic models and, in 

particular, parameter calibration. 

  



5 

 

1. Introduction 

Hydrology and land surface models are powerful tools to characterize the terrestrial water 

cycle, and provide valuable information for water resources planning under future climate 

scenarios (Vano et al., 2012; Mendoza et al., 2016; L. A. Melsen et al., 2018; Chegwidden et 

al., 2019). In applications at the catchment scale or beyond, these models are typically used in 

combination with river routing models that convert instantaneous runoff into realistic 

streamflow estimates at any locations in river networks (Taikan Oki & Sud, 1998; Olivera et 

al., 2000; Lucas-Picher et al., 2003). Hence, streamflow estimated by the river routing model 

is used for several water resources applications including flood risk assessments (Wobus et al., 

2017), ecosystem health evaluations (Qiu et al., 2021), short-term streamflow forecasting (e.g., 

Tang et al., 2007; Emerton et al., 2016), and reservoir operations (Salas et al., 2018; Shaad, 

2018). 

 

Over the past three decades, many river routing models have been developed and coupled with 

hydrology and land surface models (Shaad, 2018). The river routing models vary in terms of 

modeling reservoir, irrigation and other human interventions on river water (e.g., Hanasaki et 

al., 2006), the spatial resolution and type of discretization of the river network – grid-based vs. 

vector-based (Lehner & Grill, 2013; Mizukami et al., 2016, 2021) – and, finally, the 

representation of flow physical processes in equations (hereafter, called routing scheme). The 

last category spans from a simple unit hydrograph coupled with Green function method (Dag 

Lohmann et al., 1996; D. Lohmann et al., 1998) to storage-based routing schemes such as 

Muskingum (David et al., 2011), simplifications of the Saint-Venant equations like kinematic 

wave  (V. K. Arora & Boer, 1999; Decharme et al., 2010; Ye et al., 2013; Thober et al., 2019) 

or diffusive wave (Gong et al., 2009; Yamazaki et al., 2011), local inertia equations (Bates et 

al., 2010; Yamazaki et al., 2013) and full dynamic wave approaches (Paiva et al., 2011).  

 

Given the wide range of routing methods available, it is crucial to understand benefits and 

limitations of each method for the specific model application (Shaad, 2018). Many studies have 

conducted intercomparison experiments with focus on routing schemes to evaluate their 

impacts on streamflow simulations. For example, Arora et al. (2001) compared a time-evolving 

(or variable velocity) algorithm that uses Manning’s equation, against a simple storage-based 

routing scheme (without using momentum equation), operating at a very different horizontal 

resolution. Specifically, they concluded that the variable velocity scheme can produce higher 

values of peak discharge. Gong et al. (2009) demonstrated the benefits of diffusive wave 

routing over a linear reservoir routing method to get more realistic time delays in hydrograph 

waves in a basin located in southern China. David et al. (2011) introduced the Routing 

Application for Parallel Computation of Discharge (RAPID), based on the traditional 

Muskingum method (McCarthy, 1938), obtaining improvements in terms of Root Mean 

Squared Error (RMSE) and the Nash-Sutcliffe Efficiency (Nash & Sutcliffe, 1970) when 

compared to a lumped runoff scheme, which accumulate upstream instantaneous runoff 

without any delay. Ye et al. (2013) implemented a kinematic wave routing scheme in the 

Community Land Model (CLM) version 3.5, and obtained better results compared to the 
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original grid-based River Transport Model (RTM), which uses the storage-based routing, in 

two basins in China. 

 

More recently, Zhao et al. (2017) compared daily and monthly streamflow simulations 

produced with the CaMa-Flood (Yamazaki et al., 2011) model – fed with daily runoff from 

nine Global Hydrological Models (GHMs) – against those obtained with the same hydrological 

models and their native routing schemes (which have simpler physics). They concluded that 

the choice of routing scheme may have large effects on simulated streamflow and peak values. 

ElSaadani et al. (2018) compared streamflow simulations obtained from VIC runoff outputs 

using RAPID and the Hillslope Link Model (HLM; Mantilla, 2007), which is based on power 

laws that relate flow velocity, channel discharge and upstream area, at many stream gauges 

located in the Cedar River basin, Iowa. They noted that the choice of routing scheme has large 

effects on simulated hydrographs, obtaining more realistic peak times and magnitudes with the 

HLM model and decreasing differences in performance for larger catchments. Siqueira et al. 

(2018) compared a local inertia scheme against a non-hydrodynamic scheme or storage-based 

routing, showing that the former provided slight improvements in NSE and the Kling-Gupta 

efficiency (KGE; Gupta et al., 2009) over the Amazon and La Plata river basins, especially in 

flow timing. They highlighted that the calibration of hydrological parameters and including 

hydrodynamic routing are critical elements to achieve realistic streamflow simulations in South 

America. 

 

Besides the complexity of the routing scheme used, the choice of routing time step may also 

impact streamflow calculations (Shaad, 2018). Qiu et al. (2021) characterized the effects of 

such decision on hydrological variables simulated with the SWAT model, which uses the 

variable storage coefficient routing scheme, computing flow velocity with the Manning 

equation. The authors used six time steps ranging from 1 minute to 1 day, and assessed their 

impacts on performance skills including NSE and bias, finding variations in streamflow 

simulations that were small compared to water storages and depth.  

 

Although many past studies have shown that the choice of routing scheme affects streamflow 

simulations, efforts for improving their accuracy have been made by configuring hydrologic 

model and routing model independently: hydrologists still focus on parameter calibration to 

improve discharge simulations, neglecting the potential impacts of river routing configuration, 

especially routing scheme and time step (Beck et al., 2020; Newman et al., 2021), whereas 

routing model evaluation uses hydrologic model output, which contains varying degree of 

errors, making it difficult to evaluate routing models especially for basin or greater spatial 

domain (e.g., Mizukami et al., 2016; F. Zhao et al., 2017), and often use synthetic river 

discharge (Price, 2009; David et al., 2011). 

 

In this paper, we seek to better understand the implications that the configuration of routing 

schemes may have when conducting hydrologic model calibration for water resources 

applications. To this end, we perform numerical experiments in the Cautín at Cajón River basin 

(Araucanía Region, Chile) using the Variable Infiltration Capacity (VIC) model (Liang et al., 

1994) and the vector-based routing model mizuRoute (Mizukami et al., 2016). Specifically, we 
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disentangle the impacts of hydrologic model parameters and different routing schemes (all 

implemented for five time steps) by combining a large sample of VIC simulations obtained 

from 3500 parameter sets, and routing simulations with four different routing methods 

implemented in mizuRoute. Our end goal is to unravel how the choice of routing method and 

routing time step affect (i) streamflow simulated at different temporal resolutions, (ii) 

performance metrics across the VIC parameter space, (iii) the selection of hydrologic model 

parameters given a target calibration metric, (iv) simulated water balance and runoff 

partitioning (i.e., baseflow ratio), and (v) hydrological signatures used for decision-making, 

including flood frequency curves and flow duration curves (FDCs). The results and conclusions 

drawn here reflect the impact that apparently innocuous modeling decisions may have for water 

resources management. 
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2. Study area and datasets 

2.1 The Cautín River Basin 

The study domain is the Cautín River basin (Figure 1), a sub-catchment of the Imperial River 

basin, located in the Araucanía Region, Chile. The basin elevation ranges between 125 and 

3104 m a.s.l., the catchment area is 2770 km2, and the dominant land cover types are crop-

pasture rotation (44%) and native forest (40%). Additionally, the basin is prone to rainfall-

driven flood events during winter and, therefore, has been subject of studies aimed to enhance 

predictive capabilities (e.g., Mendoza et al., 2012). 

 

 
Figure 1. (a) Location of the Cautín at Cajón River basin in Chile (CatC, 2770 km2). (b) location 

of outlet and inner stream gauge stations (white circles) and contributing drainage areas (white 

lines). The inner stations are Muco at Muco bridge (MatPM, 651 km2), Collín at Codahue 

(CatCD, 259 km2) and Cautín at Rariruca (CatRR, 1305 km2). (c) Digital river network and 

sub-basin boundaries used in mizuRoute. 
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Table 1. Stream Gauge Stations in the Cautín at Cajón River basin. Annual streamflow at each 

station was obtained from daily records for the period April 1985-March 2020. 

  Station Name Abbreviation 
Latitude 

(°S) 

Longitude 

(°W) 

Area 

(km2) 

Elevation 

(m a.s.l.) 

 Mean 

Annual 

Flow 

(m3/s) 

1 Collín at Codahue CatCd 38.58 72.19 259 250 12 

2 
Muco at Muco 

Bridge 
MatPM 38.61 72.39 651 250 24 

3 Cautín at Rariruca CatRR 38.43 72.01 1305 425 86 

4 Cautín at Cajón CatC 38.69 72.50 2770 130 130 

2.2 Hydrometeorological data 

Daily precipitation, maximum and minimum temperature are obtained from the CR2MET v2.0 

dataset (Boisier et al., 2018), which covers continental Chile with a horizontal resolution of 

0.05° x 0.05° during the 1979-2020 period. In CR2MET, precipitation data was obtained with 

a statistical modeling framework that uses topographic descriptors and large-scale climatic 

variables (water vapor and moisture fluxes) from ERA5 (Hersbach, 2016) as predictors, and 

observed daily precipitation from gauge stations as predictand. For maximum and minimum 

daily temperature, additional variables from MODIS land surface products were added as 

predictors. Daily precipitation and temperature time series are disaggregated into hourly time 

steps using the sub-daily distribution provided by ERA5-Land (Muñoz-Sabater et al., 2021). 

Relative humidity, wind speed and shortwave radiation are derived for the same horizontal 

resolution grid by spatially interpolating ERA5-Land outputs. Longwave radiation was 

computed with the parameterization proposed by Iziomon et al. (2003), using CR2met air 

temperatures disaggregated to hourly time steps using the ERA5-Land hourly distribution. 

 

Daily streamflow data is obtained from five stations (Figure 1) maintained by the Chilean 

Water Directorate (DGA, available at the CR2 Climate Explorer https://www.cr2.cl/datos-de-

caudales/). Similarly, hourly streamflow records for the CatC basin were obtained from the 

official DGA website ( https://dga.mop.gob.cl/servicioshidrometeorologicos). 

  



10 

 

3. Methods 

3.1 Hydrological model 

We use the VIC model (Liang et al., 1994) to simulate state variables and fluxes at a 0.05°x 

0.05° horizontal resolution. VIC is a semi-distributed physically based hydrological model that 

solves energy and mass balance equations. Precipitation can be partitioned into snowfall or 

rainfall, and both can be stored in the canopy. The maximum amount of water intercepted by 

the canopy is estimated using the Leaf Area Index (LAI; Dickinson, 1984). The soil is 

represented by three layers controlling the infiltration (first soil layer) and baseflow (third soil 

layer). For infiltration fluxes, VIC uses the Xinanjiang formulation (Zhao, 1980), assuming 

that the infiltration capacity varies within an area (Wood et al., 1992). Excess runoff is 

generated in those areas where precipitation exceeds the amount of available soil moisture 

storage of the first soil layer. VIC assumes that drainage is driven by gravity, using the 

formulation proposed by Brooks & Corey (1964). In this regard, water enters the cell only from 

the atmosphere, i.e., VIC does not consider lateral fluxes among grid cells. Baseflow is 

generated in the third (deepest) soil layer using a formulation proposed by Franchini & Pacciani 

(1991). The snowpack is represented by two layers, where the top layer is used for energy 

balance computations (Andreadis & Lettenmaier, 2009). The reader is referred to Liang et al. 

(1994) for more details. 

 

Horizontal heterogeneity is considered in each grid cell by incorporating different land cover 

types. Here, we use the IGBP classification for the year 2010 from the MCD12Q1 v006 land 

cover product (Sulla-Menashe & Friedl, 2018) to represent all land cover types spanning at 

least 2% of each grid cell area. Mean monthly LAI values for these land cover types are derived 

from the MOD15A2 product. Soil Bulk density is estimated using the mean value from the first 

2 m depth of soil from the SoilGrids product (Poggio et al., 2021). 

3.2 River network routing 

mizuRoute first performs a hillslope routing using a gamma-distribution-based unit-

hydrograph to delay instantaneous total runoff from the VIC model to a catchment outlet, and 

then route the delayed runoff for each river reach in the order defined by the river network 

topology. Full descriptions of hillslope routing and general routing procedures are provided in 

Mizukami et al. (2016). mizuRoute originally included two channel routing schemes: (1) 

kinematic wave tracking (KWT) routing, and (2) impulse response function (IRF) routing, 

which is similar to the Lohmann et al. (1996) model except that mizuRoute uses a reach-to-

reach routing approach instead of the source-to-sink approach. Details of both routing schemes 

are also provided in Mizukami et al. (2016). Here, we implement in mizuRoute two additional 

routing schemes commonly used for many water resources applications: Diffusive Wave 

routing (DW, Appendix A) and Muskingum Cunge (MC, Appendix B). All the channel routing 

schemes except IRF (which uses prescribed wave celerity and diffusivity) share two 

parameters: Manning’s n roughness coefficient and channel width (assuming rectangular 

channel).  
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In this work, we derive an “a priori” spatial distribution of Manning’s n roughness coefficient 

for the entire river network through a two-step procedure: (i) we develop a relationship between 

the roughness n0 and channel slope using data from 50 Chilean rivers (Niño, 2002), and (ii) we 

use in situ observations conducted by Mendoza et al. (2012) to correct n0 based on a statistical 

relationship with n values estimated at 46 locations in the Cautín River basin. Additionally, we 

use the relationship between channel width and drainage area developed by Mendoza et al. 

(2012) to obtain spatially distributed river width values.  

3.3 Sampling of VIC parameters 

To examine the impacts of different routing schemes on streamflow performance metrics 

across the VIC parameter space, we use 3500 parameters sets obtained with the Latin 

Hypercube Sampling (LHS) method. Here, we consider the parameters identified by Sepúlveda 

et al. (2022) as the most sensitive (Table 2). For each parameter set, we run VIC at hourly time 

steps for the period April/2006 - March/2012, and the results are temporally aggregated to 3-

hour, 6-hour, 12-hour and 24-hour resolutions to subsequently run mizuRoute for the same 

time steps using the Impulse Response Function (IRF), Kinematic Wave (KW), Muskingum-

Cunge (MC) and Diffusive Wave (DW). For completeness, we also compute streamflow using 

spatially-averaged total runoff within each basin (hereafter referred to as instantaneous runoff, 

Inst), which is a common approach used in hydrological modeling applications (Mendoza et 

al., 2016; Beck et al., 2020). As a result, we obtain streamflow times series at each river reach 

(Figure 1c) for five routing schemes (including no routing as the baseline) and five temporal 

resolutions (1 h, 3 h, 6 h, 12 h and 24 h). 

 

Table 2. VIC model parameters sampled in this study.  

Parameter Units 
Lower 

value 

Upper 

value 
Description 

Infilt - 0.01 0.99 
Variable infiltration curve 

parameter 

𝐷𝑠 - 0.1 0.9 
Fraction of 𝐷𝑠𝑚𝑎𝑥

 where non-linear 

baseflow occurs 

𝐷𝑠𝑚𝑎𝑥
 mm/d 0.1 300 Maximum velocity of baseflow 

𝑊𝑠 - 0.1 0.9 
Fraction of maximum soil moisture 

where non-linear baseflow occurs 

expt - 3.1 10 
Exponent of Campbell’s equation 

for hydraulic conductivity 

𝑑𝑚𝑎𝑥 

𝑑1 

𝑑2 

𝑑3 

m 

0.5 

0.05 𝑑𝑚𝑎𝑥 

0.21 𝑑𝑚𝑎𝑥 

0.74 𝑑𝑚𝑎𝑥 

5 

0.2 𝑑𝑚𝑎𝑥 

0.7 𝑑𝑚𝑎𝑥 

0.1 𝑑𝑚𝑎𝑥 

Depth of soil layers 1, 2 and 3 

𝐾𝑠𝑎𝑡 mm/d 1 1000 Saturated hydraulic conductivity 

𝑇𝑚𝑎𝑥,𝑠𝑛𝑜𝑤 (°C) -10 10 Maximum temperature for snowfall 

𝛼𝑡ℎ𝑎𝑤 - 0.75 0.90 Decay of albedo 

𝛼𝑛𝑒𝑤 - 0.85 0.95 Maximum albedo for fresh snow 
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3.4 Objective functions 

We evaluate the performance of streamflow simulations from VIC-mizuRoute using two 

metrics: (i) the Nash-Sutcliffe efficiency (NSE; Nash & Sutcliffe, 1970) and (ii) the Kling 

Gupta efficiency (KGE; Gupta et al., 2009; Kling et al., 2012). The NSE metric is computed 

using observed (o) and simulated (s) streamflow (𝑄): 

𝑁𝑆𝐸(𝑄) = 1 −  
∑ (𝑄𝑜

𝑡 − 𝑄𝑠
𝑡)2𝑛

𝑡=1

∑ (𝑄𝑜
𝑡 − �̅�𝑜)2𝑛

𝑡=1

 (Eq. 1) 

Where 𝑄𝑜
𝑡  is the observed streamflow for time step 𝑡, 𝑄𝑠

𝑡 is the simulated streamflow for time 

step 𝑡 and �̅�𝑜 is the mean observed streamflow over the 𝑛 time steps considered. Similarly, the 

KGE quantifies performance in terms of variability, volume and timing: 

𝐾𝐺𝐸(𝑄) = 1 −  √(1 − 𝛼)2 + (1 − 𝛽)2 + (1 − 𝑟)2 

𝛼 =
𝜎𝑠

𝜎𝑜
                𝛽 =

𝜇𝑠

𝜇𝑜
  

(Eq. 2) 

where 𝜎 is the standard deviation for simulated and observed values, 𝜇 is the mean streamflow 

over the 𝑛 times steps, and 𝑟 is the Pearson correlation coefficient between simulated and 

observed streamflow. Both metrics (NSE and KGE) range between −∞ and 1, where 1 

represents a perfect simulation. The NSE is also computed for the logarithms of the streamflow 

(NSE-log) to test the model’s capability to simulate low flows (Krause et al., 2005). 

 

The three objective functions are calculated for the period April/2008 – March/2012, using all 

the combinations of VIC parameter sets (3500), routing schemes (including the case without 

routing) and routing time steps (1h, 3 h, 6 h, 12 h and 24 h). Additionally, for each routing time 

step, the calibration metrics are computed for different aggregated time step when possible. For 

example, to estimate metrics at an hourly time step, routing can only be run at a 1-hour time 

step. Metrics computed at 3-hourly time steps use temporally averaged streamflow from a 1-

hour and 3-hour mizuRoute simulations. Metrics computed at 6-hourly time steps can be 

computed from temporally averaged 1-hour, 3-hour and 6-hours mizuRoute simulations, and 

so on. The observed streamflow for a given time step is estimated from hourly streamflow 

records.  

3.5 Analysis framework 

Figure 2 summarizes the methodology used here. To evaluate the impact of river routing 

configurations on calibration results, we select (from the large sample described in section 3.3) 

the VIC parameter set that maximizes, for a specific combination of routing scheme and routing 

time step, each objective function at each stream gauge station (Figure 1, Table 1). Hence, for 

each calibration metric we obtain 5 (number of routing scheme options) x 5 (number of routing 

time steps) best parameter sets that are used for subsequent analyses. For the KWT scheme, we 
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select two additional VIC parameter sets for the cases of spatially constant n0 values of 0.01 

(default option) and 0.03 (i.e., the spatially constant value used by Yamazaki et al., 2011). 

 

 
Figure 2. Overview of the analysis framework used here. (a) VIC model simulations are 

conducted at hourly time steps for 3500 parameter sets. (b) Each runoff time series is 

aggregated to four additional time steps (3, 6, 12, 24 h), and the new time series are routed with 

four schemes (IRF, KWT, MC, DW) to produce 3500 (VIC parameters) x 5 (time steps) x 5 

(Inst + four routing schemes) modeling configurations. (c) For each configuration, we compute 

performance metrics (KGE, NSE, NSE-log; see section 3.4). (d) Simulated mean annual water 

balance and baseflow contribution to total runoff, comparison among the best parameters sets 

for each configuration in terms of their normalized values. (e) Finally, we analyze the 

implications of routing configurations on flood frequency and flow durations curves. 

 

First, we illustrate the effect of routing modeling decisions – specifically, routing time step, 

routing scheme and spatial distribution of the Manning’s roughness coefficient – on simulated 

daily hydrographs at Cautín at Cajón. Additionally, we examine the impact of excluding the 

river routing process on simulated streamflow at annual, monthly, daily and sub-daily time 

steps. 

 

We also analyze the impact of routing configurations on model performance and selected VIC 

parameter values. First, we explore the overall impact of routing scheme and routing time step 

on performance metrics (section 3.4) computed with different temporal resolutions across the 

VIC parameter space (Figure 2c). Then, we examine the sensitivity of the best objective 

function value (achievable from the LHS results) in each sub-catchment to river routing 

configuration, and its effects on simulated annual water balance (specifically, the mean annual 

runoff ratio), baseflow contribution to total runoff, and VIC parameter values (Figure 2 d.2).  

 

Because high flows are relevant for engineering applications, in particular, infrastructure 

design, we also analyze the implications of routing configurations for the calculation of flood 

frequency and magnitude. To this end, we run VIC at hourly time steps from April/1981 to 
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March/2020 using the parameters associated to the highest KGE and NSE values for each 

routing configuration. Then, hourly VIC total runoff is aggregated and routed at different time 

steps (i.e., 3 h, 6 h, 12 h and 24 h), and annual maximum daily flows are obtained for the period 

April/1985 – March/2020 (i.e., the period April/1981 – March/1985 is dropped). Hence, for 

each routing time step we obtain five annual time series with n = 35 values (obtained from the 

baseline and the four routing schemes) that are used to compute maximum daily flows at return 

periods of 20, 50, 100, 200, 500 and 1000 years. We use the Log-Normal parametric 

distribution – which provides the best results for the Kolmogorov–Smirnov test – for the 

observed time series of maximum daily flows. Finally, we characterize the impacts of routing 

configurations on flow duration curves, which are widely used in water resources applications 

(Figure 2e). 
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4. Results 

4.1 Illustration of routing effects 

Figure 3 illustrates the sensitivity of daily streamflow simulations to different routing modeling 

decisions, including the effects of routing time step on IRF scheme (Figure 3a), the impact of 

routing schemes for daily routing time step (Figure 3b), and the impact of the Manning’s 

roughness coefficient on KWT results (Figure 3c). In each panel, simulations are obtained for 

the 2008 Fall/Winter seasons (when most of the total annual precipitation occurs) using the 

parameter set (obtained from LHS) that maximizes the KGE for each combination of routing 

scheme, routing time step and Manning’s coefficient distribution. To enable the comparison 

among different options, sub-daily routing simulations are aggregated to a 24-hour time step. 

One can note that the routing time step and the routing scheme have a larger effect on peak 

discharge values. Additionally, increasing routing time steps for IRF accelerates the timing of 

peak discharge, though decreasing its value. The choice of routing scheme affects the shape of 

storm hydrographs, especially high flows. Finally, a uniform value of n = 0.03 and the spatially 

distributed configuration of the Manning’s roughness coefficient yield a delay in peak flow 

simulations. 
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Figure 3. Time series with simulated daily streamflow at Cautín at Cajón, obtained from hourly 

VIC runoff outputs routed with different configurations of mizuRoute: (a) application of IRF 

with five different routing time steps; (b) effects of different routing schemes on daily routed 

streamflow; and (c) effects of the spatial distribution considered for the Manning’s roughness 

coefficient (𝑛) on daily streamflow simulations when applying the kinematic wave routing 

scheme (KWT) (see text for details). 

 

Figure 4 compares streamflow obtained from mizuRoute (y-axis) against instantaneous runoff 

(x-axis, no routing) for several temporal resolutions and different routing schemes. In this case, 

the parameter set used to run the VIC model is the one that maximizes the KGE among the 

3500 parameter sets from the LHS. The results for hourly time steps show that the lack of 

routing yields much larger values (> 1700 m3/s in some cases) compared to routed streamflow. 

These differences are gradually reduced when the routing time step increases to t = 3 h and 6 

h, although differences can be larger than 1200 m3/s. The impact of excluding routing reduces 

as the time step increases, although it can be important even for t = 24 h time step. At monthly 



17 

 

time steps, the differences between routed and instantaneous runoff reduce drastically, 

becoming negligible at the annual resolution. Further, such differences are very similar for 

other time steps across routing schemes, although slight differences in r2 suggest that IRF and 

KWT affect more VIC outputs. 

 

 
Figure 4. Simulated streamflow (VIC+mizuRoute) vs. instantaneous VIC runoff for the period 

April/2008-March/2012, using different time steps (rows) and routing schemes (columns): 

instantaneous runoff (Inst), Impulse Response Function (IRF), Kinematic Wave Tracking 

(KWT), Muskingum-Cunge (MC) and Diffusive Wave (DW). Mean yearly and monthly 

streamflow are computed from daily values. The 1:1 line is displayed in red with the coefficient 

of determination (𝑅2). 
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4.2 Effects on performance metrics 

The KGE, NSE and NSE-log values at Cautín at Cajón obtained from the 3500 VIC parameters 

sets, routing schemes and routing time steps are displayed in Figure 5. To compare performance 

measures from different configurations, simulations were aggregated to the metric time 

resolution (columns, see details in section 3.5). Overall, the results show a clear difference 

between including routing and no routing. Indeed, the maximum KGE is close to 0.7 for 

instantaneous runoff, increasing to ~0.8 when routing is included, regardless of the time step 

used to compute the metric or run the routing model. Similar improvements are observed for 

NSE, with increments that can be larger than 0.3 NSE units, depending on the time step to 

compute the streamflow metric (e.g., 1 h). Finally, smaller differences are obtained for NSE-

log among routing configurations, mainly due to the minor influence of high flow values on 

the metric. 

 

Figure 6 compares the best KGE, NSE and NSE-log values (computed from daily flows) 

achievable from the large sample of VIC parameters in each basin (represented by the basin 

area in the x-axis), given a specific combination of routing scheme and routing time step. For 

completeness, the KGE components (𝛼, 𝛽 and 𝑟) are also displayed. For all objective functions 

and catchments, the maximum (highest) values increase when the routing process is included, 

regardless of the river routing configuration. Very similar maximum KGE values are obtained 

with the four schemes implemented in mizuRoute, and the differences among these schemes 

are generally lower than 0.05 KGE units for all time steps and basins. The differences in KGE 

due to the incorporation of routing are larger than differences among the four routing schemes; 

in particular, routing yields increments >0.1 in KGE for Cautín at Rariruca (1305 km2), which 

are mainly explained by variations in the ratio of mean values (𝛽) and temporal correlation (𝑟). 

Indeed, the low 𝑟 values of simulated instantaneous runoff can be largely improved by 

changing the timing of high peak flows through the addition of routing processes. Figure 6 also 

shows considerable improvements in NSE across all catchments when routing is applied. 

Notably, differences between routing and no routing options are also obtained for NSE-log. 
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Figure 5. Impact of routing scheme and routing time step on performance metrics (rows) computed for the period April/2008-March/2012, using 

different discharge temporal resolutions (columns) across a large sample of VIC parameter sets obtained through Latin Hypercube Sampling (see 

text for details). The results are presented for instantaneous runoff (Inst), Impulse Response Function (IRF), Kinematic Wave Tracking (KWT), 

Muskingum-Cunge (MC) and Diffusive Wave (DW).      
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Finally, the results in Figure 6 suggest that implementing routing schemes yields benefits in 

the timing of simulated streamflow (compared to the baseline case) as contributing area 

increases. Nevertheless, there is not a clear relationship between the latter variable and 

performance metrics.  

 
Figure 6. Best performance metric obtained with daily flows for a given objective function 

(rows), routing time step (columns) and routing scheme for the period April/2008-March/2012. 

For completeness, the KGE components associated to the best KGE value are included. The 

results are presented for instantaneous runoff (Inst), Impulse Response Function (IRF), 

Kinematic Wave Tracking (KWT), Muskingum-Cunge (MC) and Diffusive Wave (DW). 
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4.3 Impacts on simulated fluxes and VIC parameters 

Figure 7 illustrates, for each routing time step (columns) and calibration objective function (all 

computed with daily discharge and displayed in different rows), the impacts of the choice of 

routing scheme on the partitioning of the mean annual runoff ratio (x-axis) and the ratio 

between mean annual baseflow and mean annual total runoff (y-axis) for the period April/2008-

March/2012. To account for equifinality effects, we also include VIC parameter sets with 

calibration metric values within the 0.1% best simulations. For KGE and NSE, excluding 

routing (Inst, represented by squares) forces VIC to compensate the absence of this process by 

delaying the runoff response with a larger contribution of baseflow to total runoff, compared 

to any routing scheme. When the VIC model parameters are selected based on the NSE-log 

metric, the differences provided by routing configuration options are smaller compared to KGE 

and NSE. 

 

Figure 7 also shows that NSE is the only metric for which slight differences in Q/P arise 

between Inst and routing schemes. In such case, higher annual runoff ratios (and hence a lower 

evaporative ratio) are obtained when routing processes are ignored, regardless of the routing 

time step selected. Additionally, we do not find any clear relationship between baseflow 

contribution (bf/Q) or precipitation partitioning (Q/P) with the choice of routing scheme.   

 

To examine the effect of river routing on the selection of VIC parameters, we choose, for each 

combination of routing time step and routing scheme, the best (highest) value for NSE, KGE 

and NSE-log (computed with daily flows) among the 3500 parameter sets from LHS (Figure 

8). The parameters values are normalized by the difference between the maximum and 

minimum values obtained from LHS to facilitate comparisons. Hence, a normalized value of 

zero indicates the lower boundary of the parameter, while a value of 1 indicates the upper limit. 

The results indicate that the same best parameter set is obtained for NSE-log regardless of the 

selected routing scheme or the routing time step. For NSE, including routing yields a different 

VIC parameter set, which is the same for all routing schemes implemented in mizuRoute. 

Conversely, for KGE the choice of routing scheme may affect the selected VIC parameter set. 

Indeed, selecting IRF results in a different parameter set for routing time steps larger than 3-

hours. It should be noted that, for both NSE and (especially) KGE, excluding routing (Inst) 

produces higher values for the soil parameters Ws (fraction of maximum soil moisture where 

non-linear baseflow occurs) and Ksat (saturated hydraulic conductivity), regardless of the 

routing time step. 
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Figure 7. Effects of objective function (rows), routing time step (columns) and routing scheme 

on simulated mean annual water balance (characterized with the annual runoff ratio, x-axis) 

and the baseflow ratio (y-axis) obtained for the 0.1% best VIC parameter sets (period 

April/2008-March/2012). The results are presented for instantaneous runoff (Inst), Impulse 

Response Function (IRF), Kinematic Wave Tracking (KWT), Muskingum-Cunge (MC) and 

Diffusive Wave (DW). In each panel, the results obtained with the parameter set (among the 

3500 samples) that maximizes each metric are displayed in blue; results from a small ensemble 

(n = 4) with the best 0.1% VIC parameter sets are displayed in grey, and the average 

partitioning obtained from that ensemble is shown in red.  

 

The results displayed in Figure 8 also show that different metric values may be achieved with 

the same VIC parameters when modifying only the routing scheme. For example, if NSE is the 

calibration criteria and t = 3 h, the NSE values obtained using IRF and DW (with the same 

VIC parameter values) are 0.700 and 0.774, respectively. Similar variations are obtained for 

KGE, highlighting the importance of the choice of routing scheme when characterizing 

streamflow performance. 
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Figure 8. Normalized VIC parameter values associated to the best performance metric (period 

April/2008 – March/2012) obtained from the 3500 parameter sets produced with LHS, given a 

combination of routing scheme and routing time step. The coloured numbers indicate the best 

objective function value and associated values for the other two metrics. The results are 

presented for daily instantaneous runoff (Inst), Impulse Response Function (IRF), Kinematic 

Wave Tracking (KWT), Muskingum-Cunge (MC) and Diffusive Wave (DW). 

 

4.4 Implications for flood frequency and flow duration curves 

Figure 9 shows the flood frequency curves obtained from annual time series of maximum daily 

flows (see details in Section 3.5), using KGE and NSE at daily time steps as objective functions. 

Note that the curve for daily instantaneous runoff is the same for each metric (i.e., the same 

across rows). The panels in the two bottom rows zoom into maximum annual daily flows for a 

return period T = 100 years. The results show that the choice of routing time step impacts 

frequency analyses. For example, for a routing time step of 1-hour, the spread provided by 

different routing schemes is small across return periods. However, the dispersion among 

routing schemes increases with larger t. For T = 100 years, the differences among routing 

schemes for routing time step t = 1 h are smaller than 100 m3/s, while for t = 12 h or t = 

24 h the differences can be as large as 200 m3/s. 
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Figure 9. Frequency curves for annual maximum daily flows (y-axis) derived from numerical 

simulations conducted with different routing schemes, routing time steps (columns) and 

calibration objective function (rows). All frequency curves are computed from annual time 

series of n = 35 annual maximum daily flows (April/1985 – March/2020) using a Log-Normal 

density function. The results are presented for instantaneous runoff (Inst), Impulse Response 

Function (IRF), Kinematic Wave Tracking (KWT), Muskingum-Cunge (MC) and Diffusive 

Wave (DW). 

 

Figure 10 shows daily FDCs obtained with different routing schemes, different routing time 

steps (columns) and VIC parameters that maximize NSE or KGE (rows). The bottom panels 

zoom into discharge values with low exceedance probabilities (0-1%). When the objective 

function is KGE, differences arising from the choice of routing scheme are generally small for 

medium and low flows, though such differences increase for low exceedance probabilities (0-

0.01). In such cases, the impacts of including river routing are noticeable, and for t ≥ 6 h IRF 

results depart from the remaining routing methods. For NSE, including the routing process 

impacts the medium and low flow segments of the FDC (as opposed to KGE). Further, inter-

method differences for high flow values can be larger compared to the differences between 

instantaneous vs. routed runoff (see results for t ≥ 6 h). 
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Figure 10. Mean daily flow duration curves for the period April/1985 – March/2020 derived 

from different routing schemes, routing time steps (columns) and calibration objective function 

(rows). The results are presented for daily instantaneous runoff (Inst), Impulse Response 

Function (IRF), Kinematic Wave Tracking (KWT), Muskingum-Cunge (MC) and Diffusive 

Wave (DW) routing schemes. 
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5. Discussion 

5.1 Implications for hydrological modeling 

In this paper, we use the LHS approach to evaluate the impact of routing on streamflow 

performance metrics across the parameter space. Our results suggest that, regardless of the 

routing scheme, including this process improves the overall streamflow performance (Figures 

5 and 6). Nevertheless, such conclusion may depend on the hydrological regime of the 

catchment and the distributed spatial configuration of the river routing implementation. The 

Cautín River basin has a rainfall-dominated runoff regime, with high flow peaks associated to 

heavy rainfall events during the winter season, and a slight influence of snowmelt during the 

spring season. Indeed, the catchment response time and peak discharge depend on the runoff 

routing process in the river network; hence, its explicit inclusion in hydrological modelling 

may yield better results, especially for performance metrics influenced by high flows (Clark et 

al., 2021). However, the differences between routed and non routed runoff are less evident for 

NSE-log.  

 

The effects of including river routing are also reflected in the partitioning of total runoff. 

Indeed, the results presented here show that calibration compensates for the lack of routing by 

modifying other fluxes and state variables (Khatami et al., 2019) to increase streamflow-

oriented performance metrics. In our case, the contribution of baseflow to total runoff increases 

by >20% when river routing is not included, which is achieved by modifying soil parameters 

–especially Ws, previously identified as one of the most sensitive for baseflow processes 

(Sepúlveda et al., 2022) – to delay the streamflow response. Conversely, we did not find 

considerable changes in the partitioning of precipitation between evapotranspiration and runoff 

in the absence of river routing.  

 

Most of our analyses show similar results with all routing schemes except for IRF, which has 

different implications for high flows (Figures 9 and 10). Even more, Figure 8 shows that the 

optimal parameter set identified for each routing scheme is the same for KWT, MC and DW if 

we use a high flow-oriented calibration metric like KGE and NSE, indicating that these results 

are not consequence of compensation from calibration exercise. The smaller difference among 

these three methods may be explained by the use of the same parameter set, Manning 

coefficients and channel width, while IRF uses prescribed wave celerity and diffusivity as 

model parameters (recall that we did not calibrate any routing parameters). Also, because the 

slope of river reaches in the Cautín river basin ranges from 0.0004 to 0.274 m/m, selecting  

kinematic wave-based (i.e., KWT) or diffusive wave routing schemes may have less impacts. 

More benefits of using diffusive wave routing are typically expected for flatter river systems 

(slope < 0.001 m/m; e.g., Kazezyılmaz-Alhan et al., 2007), where flood wave diffusion 

processes dominate. 

 

Although the routing time step does not affect performance metrics considerably in our 

experimental setup, it can affect the choice of VIC parameter values (e.g., see results for KGE), 

which is in line with previous hydrologic modeling research. For example, Kavetski et al. 
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(2011) found that temporal data resolution may alter parameter values in conceptual 

hydrological models. More recently, Melsen et al. (2016) found that the parameter values may 

greatly vary if calibration metrics are computed at hourly, daily or monthly time steps. 

5.2 Limitations and future work 

Here, we only focused on the choice of routing scheme and routing time step, though there are 

many other decisions that could be explored in the implementation of river routing models. For 

example, we did not examine the effects of surface storage elements like reservoirs, wetlands, 

and flood plains on river flow dynamics. Additionally, we did not calibrate routing parameters, 

which means that differences in performance obtained with different routing schemes may be 

attributed to the parameter values adopted by default. However, past studies have found that 

the parameter values of river routing schemes are relevant to achieve good results (Boyle et al., 

2001; Butts et al., 2004). Therefore, future studies should characterize, for a given combination 

of hydrology model and routing scheme, parameter sensitivities before the calibration process 

(e.g., Huang & Liang, 2006; Mai et al., 2020). Recently, Sheikholeslami et al. (2021) conducted 

a variance-based sensitivity analysis to the VIC model coupled with the IRF routing scheme 

(implemented with mizuRoute) in a nivo-glacial basin, finding that two routing parameters are 

highly relevant to reproduce the observed peak time and flashiness in the hydrograph. Such 

analyses could be repeated with the remaining routing schemes, adopting spatial regularization 

strategies for hydraulic parameters if needed (e.g., Mendoza et al., 2012). 

 

In this study, we did not use the dynamic wave approximation, which might yield 

improvements compared to the routing schemes tested here, especially very large flood events 

at downstream of the bases or flatter part of basins. Indeed, Paiva et al. (2013b) validated a full 

hydrodynamic model in stream gauges within the Amazon River basin, obtaining that discharge 

and water levels were simulated accurately, outperforming the MC approach. The same model 

was evaluated against satellite observations, showing good performance in terms of water 

levels and inundation extents (Paiva, Buarque, et al., 2013). Hence, future assessments of 

routing schemes may include more detailed comparisons against remotely sensed data, adding 

catchments with different hydrological regimes (e.g., snowmelt-driven, mixed regimes) and 

physiographic characteristics (e.g., contributing area, average slope, land cover types). Further, 

it would be interesting to examine the interplay between structural uncertainty and parametric 

uncertainty in river routing models, a topic that has been widely explored in the hydrologic 

modeling literature (e.g., Ajami et al., 2007; Günther et al., 2019; Newman et al., 2021). 

 

One advantage over previous studies was the availability of field measurements to estimate the 

spatial variability of the Manning’s roughness coefficient (n) across the Cautín River basin. 

Due to data restrictions, many past studies used spatially constant values of n (V. K. Arora & 

Boer, 1999; Lucas-Picher et al., 2003; Yamazaki et al., 2011; Siqueira et al., 2018), or have 

adopted indirect approaches. For instance, Decharme et al. (2010) estimated n as a linear 

function of the river width W; Miguez-Macho & Fan (2012) used satellite land cover to assign 

the Manning’s roughness coefficient and Verzano et al. (2012) estimated n variability in space 

based on topography, the location of urban population, and river sinuosity. More detailed 
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assessments than the one presented here would be useful to determine the most effective and 

efficient approach to estimate n fields. 

6. Conclusions  

Despite the general consensus in the hydrology and Earth system modeling communities about 

the relevance of river routing schemes for realistic streamflow simulations, there is little 

knowledge on the extent to which this process is relevant. Additionally, hydrologic model 

calibration research has been done neglecting the impacts of river routing model 

configurations, and routing model development has been conducted ignoring the effects of 

hydrologic model parameters. In this paper, we try to fill these gaps by performing modeling 

experiments at the Cautín River basin (Chile), coupling the VIC model simulations obtained 

from an ensemble of 3500 parameter sets, with four different routing schemes implemented in 

mizuRoute at various time steps. 

 

Our main conclusions are as follows: 

1. Runoff routing alters streamflow simulations considerably at sub-daily and daily time 

steps, with slight (negligible) impacts at the monthly (annual) time step. 

2. Including a river routing model may provide better hydrologic model calibration results 

compared to the case without routing. 

3. The timing of streamflow simulations may improve for larger contributing areas if 

runoff routing is performed. 

4. Including routing processes may yield different calibrated parameter sets for daily 

metrics KGE(Q24h) and NSE(Q24h) compared to the case without routing, and different 

routing methods may yield different hydrologic parameter sets, with notable impacts 

on the baseflow contribution to total runoff. 

5. Including routing models decreases annual maximum daily flows values in frequency 

curves and the segment with high flow volumes in the FDC (compared to the case 

without routing). Additionally, differences among routing schemes in these curves 

increases with larger routing time steps. 

6. When the calibration metric is NSE(Q24h), including routing models may affect the 

probabilistic distribution of medium and low daily flows. 
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Appendix A. Diffusive wave routing 

The flood wave propagation through a river channel is described with the 1-dimensional Saint-

Venant equations: 

 

𝜕𝑄

𝜕𝑥
+

𝜕𝐴

𝜕𝑡
= 0 

(Eq. A1) 

 

𝜕𝑄

𝜕𝑡
+

𝜕

𝜕𝑥
(

𝑄2

𝐴
) + 𝑔𝐴

𝜕𝑍

𝜕𝑥
− 𝑔𝐴(𝑆𝑜 − 𝑆𝑓) = 0 

(Eq. A2) 

 

where Q is discharge [L3T-1] at time step t [T] and location x [L] in a river reach, A is cross-

sectional flow area [L2], Z is flow depth [L], S0 is channel slope [-], Sf is friction slope [-], and 

g is gravitational constant [LT-2]. The continuity equation (Eq .A1) assumes that no lateral flow 

is added to a channel segment. A friction slope is expressed using channel conveyance Kc: 

 

𝑆𝑓 =
𝑄|𝑄|

𝐾𝑐
 

(Eq. A3) 

 

In large domain river routing, one-dimensional full Saint-Venant equations, or fully dynamic 

wave equations, are typically simplified by neglecting some force terms in the momentum 

equation (Eq. A2). The kinematic wave approximation is obtained by neglecting acceleration 

and pressure gradient terms, assuming that river bed slope and energy slope are equal. This 

assumption is the basis of the kinematic wave tracking algorithm (Mizukami et al., 2016). If a 

rectangular channel with a channel width w is used, the diffusive wave equation can be obtained 

by neglecting acceleration terms (1st and 2nd terms in Eq. A2) and combining Eqs. A1 and A2 

(Sturm, 2021):  

 

𝜕𝑄

𝜕𝑡
= 𝐷

𝜕2𝑄

𝜕𝑥2
− 𝐶

𝜕𝑄

𝜕𝑥
 

(Eq. A4) 

 

Where: 

𝐶 =
1

𝐾𝑐

𝑑𝐾𝑐

𝑑𝐴
=

𝑑𝑄

𝑑𝐴
 

𝐷 =
𝐾𝑐

2

2𝑞𝑤
=

𝑄

2𝑤𝑆𝑜
 

 

where Kc is conveyance, and parameters C and D are wave celerity [LT-1] and diffusivity [L2T-

1], respectively.  

 

To solve the diffusive wave equation for discharge Q, Eq. A4 is discretized using weighted 

averaged finite difference approximations across two time steps in space (i.e., 2nd-order central 
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difference in the 1st term in A4, and 1st order central difference for 2nd term in A4). The resulting 

discretized diffusive wave equation is: 

 

(𝛼𝐶𝑎 − 2𝛽𝐶𝑑) ∙ 𝑄𝑗+1
𝑡+1 + (2 + 4𝛽𝐶𝑑) ∙ 𝑄𝑗

𝑡+1 − (𝛼𝐶𝑎 + 2𝛽𝐶𝑑) ∙ 𝑄𝑗−1
𝑡+1  

= −[(1 − 𝛼)𝐶𝑑 − 2(1 − 𝛽)𝐶𝑑] ∙ 𝑄𝑗+1
𝑡 + [2 − 4(1 − 𝛽)𝐶𝑑] ∙ 𝑄𝑗

𝑡

+ [(1 − 𝛼)𝐶𝑎 + 2(1 − 𝛽)𝐶𝑑] ∙ 𝑄𝑗−1
𝑡  

 

𝐶𝑎 =
𝐶 ∙ Δ𝑡

Δ𝑥
           𝐶𝑑 =

𝐷 ∙ ∆𝑡

(∆𝑥)2
 

(Eq. A5) 

 

Where α is weight factor for the 1st order space difference approximation of the second term in 

Eq. A4, and β is a weight factor for the 2nd order space difference approximation of the first 

term in Eq. A4. If both weights are set to 1, the finite difference becomes a fully implicit 

scheme, while setting both weights to zero results in a fully explicit scheme.  

 

If internal nodes are defined within each reach (here we used 5), Eq. A5 becomes a system of 

linear equations that can be expressed in tridiagonal matrix form and solved with the Thomas’ 

algorithm. In this paper, we use a fully implicit finite difference approximation (i.e., α = β =1). 

The solution of the implicit method requires downstream and upstream boundary conditions, 

being the latter inflow from upstream reaches. We use the Neumann boundary condition, which 

specifies the gradient of discharge between the current and downstream reaches.  Note that in 

diffusive wave routing, celerity (C) and diffusivity (D) are updated at every time step based on 

the discharges (Q) and flow area (A), as opposed to IRF routing in which celerity and diffusivity 

are provided as model parameters.  

Appendix B. Muskingum-Cunge 

In the Muskingum-Cunge (MC) routing approach, the desired streamflow value is computed 

as the weighted (C1, C2, and C3) average of known discharge values at upstream and 

downstream positions, at current and previous time steps:  

 

𝑄𝑗+1
𝑡+1 = 𝐶1 ∙ 𝑄𝑗

𝑡 + 𝐶2 ∙ 𝑄𝑗+1
𝑡 + 𝐶3 ∙ 𝑄𝑗

𝑡+1 (Eq. A6) 

 

𝐶1 =
2𝐾𝑋 + ∆𝑡

2𝐾(1 − 𝑋) + ∆𝑥
        𝐶2 =

2𝐾(1 − 𝑋) − ∆𝑡

2𝐾(1 − 𝑋) + ∆𝑥
        𝐶3 =

−2𝐾𝑋 + ∆𝑡

2𝐾(1 − 𝑋) + ∆𝑥
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The parameters K and X are defined as; 

 

𝐾 =
∆𝑥

𝐶
         𝑋 = 0.5 −

𝑄

2𝑆𝑜𝐶∆𝑥
 

 

Here, both parameters are computed with discharge Q updated at every time step based on the 

average of inflow at the current time step and inflow and outflow at the previous time step. 

Note that celerity is also a function of discharge. Since Muskingum-Cunge is an explicit 

method, the routing time step can affect the numerical stability of the solution. To stabilize the 

solution, sub-routing time step is determined so that Courant condition (C*dT/dx where C is 

wave celerity [L/T], dT is routing time step [T] and dx is channel length [L]) is less than unity.  
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III. CONCLUSIONES 

En este trabajo de tesis, se han caracterizado los efectos de incorporar diferentes esquemas de 

rastreo sobre la modelación hidrológica a macro-escala. Para ello, se implementó el modelo 

hidrológico Variable Infiltration Capacity (VIC, por sus siglas en inglés) acoplado con el 

modelo de rastreo de escorrentía mizuRoute en la cuenca del río Cautín, Chile, de régimen 

pluvial. Se realizaron 3500 simulaciones hidrológicas con VIC a resolución temporal horaria, 

provenientes de un número equivalente de sets de parámetros obtenidos de un muestreo de 

Hipercubo Latino. Dichas simulaciones fueron utilizadas como insumo para obtener series de 

caudal con mizuRoute, utilizando cuatro métodos de rastreo (hidrograma unitario, onda 

cinemática, Muskingum-Cunge y onda difusiva) y cinco resoluciones temporales diferentes (1, 

3, 6, 12 y 24 horas). Como referencia, se contrastaron los resultados con los valores de 

escorrentía instantánea (i.e., sin rastrear) obtenidos con VIC. 

 

Los resultados obtenidos en esta investigación muestran que la incorporación de esquemas de 

rastreo mejora la calidad de las simulaciones de caudal – caracterizada por KGE(Q), NSE(Q) 

y NSE(log(Q)) – en la cuenca de estudio. Dichos efectos se observan para todos los pasos de 

tiempo del rastreo y resoluciones temporales (diaria o sub-diaria) utilizadas para calcular la 

métrica. Además, se puede concluir lo siguiente: 

 

• El esquema de rastreo y el paso de tiempo empleados afectan directamente el tiempo y 

la magnitud del caudal máximo de un hidrograma simulado.  

 

• Para pasos de tiempo de rastreo sub-diarios, diarios e incluso mensuales, existen 

diferencias notorias entre la escorrentía instantánea generada por VIC y los caudales 

rastreados con los distintos métodos. La inclusión del rastreo genera mayor impacto en 

los resultados a medida que la resolución temporal es mayor. 

 

• En todos los puntos interiores con control fluviométrico en la cuenca del río Cautín en 

Cajón, el rastreo mejora las métricas de desempeño. Sin embargo, no se logra establecer 

una relación entre dicha mejora y el área aportante. Específicamente, los resultados 

indican que el rastreo afecta las métricas de rendimiento analizadas en cuencas cuyas 

áreas fluctúan entre 250 y 3000 km2, aproximadamente. 

 

• La incorporación y elección de método de rastreo afecta el set de parámetros óptimo 

para una función objetivo determinada, y con ello la dinámica interna de flujos 

hidrológicos modelados. En particular, existen efectos importantes sobre la fracción de 

la escorrentía total proveniente del flujo base (𝑄𝑏/𝑄), obteniéndose valores menores de 

dicha tasa al incorporar esquemas de rastreo. 

 

• Para aplicaciones ingenieriles, el rastreo es una componente fundamental, ya que tiene 

relación directa con los eventos de crecida. Los resultados indican que la aplicación de 

un modelo hidrológico sin rastreo para obtener valores de caudales de diseño de obras 

de control puede resultar en un sobredimensionamiento de una obra hidráulica, 

afectando su costo. 



33 

 

En general, los resultados de esta investigación indican que la incorporación de esquemas de 

rastreo afecta tanto la calidad de las simulaciones de caudal como la representación de los 

procesos físicos en un modelo hidrológico distribuido. 

 

Los resultados obtenidos son válidos para una cuenca pluvial sin grandes reservorios de agua 

(lagos, embalses u otros) y con poca intervención antrópica. Una ventaja importante en 

comparación con otros estudios es la disponibilidad de datos de terreno para distribuir los 

coeficientes de rugosidad de Manning y los anchos de cauce.  

 

Investigaciones futuras podrían contribuir a la discusión considerando el rastreo individual de 

las diferentes componentes de la escorrentía (i.e., superficial y subterránea), la sensibilidad de 

los resultados a la densidad de la red de drenaje y el análisis en cuencas nivales. 

Adicionalmente, sería de utilidad incorporar otros modelos hidrológicos con diferentes 

estructuras, para evaluar los efectos del rastreo bajo un mayor universo de configuraciones. 
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