
 

 

 

© Copyright 2023 

 

Jeffrey Keck 

  



 

 

New methods for coupling climate-driven hydrology with hillslope and channel 

geomorphic processes at the watershed scale 
 

 

 

Jeffrey Keck 

 

 

 

 

A dissertation 

 

submitted in partial fulfillment of the 

 

requirements for the degree of 

 

 

 

Doctor of Philosophy 

 

 

 

 

University of Washington 

 

2023 

 

 

 

 

Reading Committee: 

 

Erkan Istanbulluoglu, Chair 

Jessica Lundquist 

Alexander R. Horner-Devine 

 

 

 

 

Program Authorized to Offer Degree:  

 

Civil & Environmental Engineering 

  



 

University of Washington 

 

 

 

Abstract 

 

 

 

 

New methods for coupling climate-driven hydrology with hillslope and channel geomorphic 

processes at the watershed scale 

 

 

Jeffrey Keck 

 

 

 

Chair of the Supervisory Committee: 

Erkan Istanbulluoglu 

Civil & Environmental Engineering 

 

 

As human demand for natural resources grows, the historic hydrologic conditions that permitted 

certain slopes and channels to remain stable in the past are shifting. Consequently, relying on 

historic or observed data to inform management decisions, that may also affect slope and channel 

stability, is no longer reasonable and models that incorporate climate predictions are becoming 

increasingly necessary. Many numerical approaches for modeling watershed-scale sediment 

production and transport response to land use and climate already exist but they share similar 

shortcomings. This thesis improves hydrology-driven, watershed-scale sediment production and 

transport modeling methods and understanding. First, I examine hydrologic representation and 

its impact on modeled-network-scale sediment transport.  Then, I develop a new landslide runout 

model, called MassWastingRunout, suitable for predicting probabilistic runout extent, sediment 

transport and topographic change. Finally, as part of a study on climate change impacts on 



 

landslides, I develop a new method for coupling climate and hydrology to sediment production 

and transport models, called DistributedHydrologyGenerator. The new modeling techniques are 

coded in Python and implemented as components of the package Landlab. This thesis ends by 

synthesizing findings and tools from each section and briefly proposing a watershed-scale 

sediment production and transport modeling framework for future work.  
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CHAPTER 1. INTRODUCTION 

Growing demand for natural resources and a rapidly changing climate are making land 

management and infrastructure decisions increasingly dependent on modeled predictions 

(McKelvey et al., 2021). This is already observable in Washington State. For example, in many of 

the mountainous regions west of the Cascade Mountain range that have historically supported both 

timber production as well as ecosystems sensitive to changes in hydrology and sediment, model 

predictions suggest that in the near future many present-day timber production practices meant to 

protect habitat may no longer be adequate (Barik et al, 2017; Halofsky et al., 2011) and in some 

scenarios land managers are already actively updating their protocols (e.g., Wilhere et al., 2017).  

Additionally, levees, which protect many urban centers from floods, are often designed based 

on historic channel flow and hydraulic conditions. The onset of rapid climate change may impact 

both the frequency of floods and sediment inputs near the levee and in turn increase the likelihood 

of levee failure (Vahedifard et al., 2020). In Washington, levees are now actively being upgraded 

to account for predicted changes in flood magnitude and frequency (Mauger et al., 2015). 

Both the levee, which is typically located along a high order channel and the timber harvests, 

which often occur above the 1st order channels, are impacted by/or impact the movement of water 

and sediment. Both are intertwined in watershed-scale sediment production and transport 

processes, or sediment cascades (e.g., Burt and Allison, 2010). In a sediment cascade, climate 

drives surface runoff, saturated and unsaturated soil water flow and channelized flow. That 

movement of water in turn drives sediment production via surface erosion, landslides and channel 

erosion. Sediment production becomes the supply to the channels, where it is transported as bed, 

suspended and wash load at a rate determined by upslope hydrology and the transport capacity of 

the channel. Conceptual models like Laneôs balance (Lane, 1955) help evaluate how channel 
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conditions might change given a likely change in sediment or water inputs, but in order to predict 

the magnitude and timing of those changes, numerical models are often needed. 

Numerous numerical models exist for modeling sediment cascades. These models vary from 

(1) landscape evolution models suitable for exploratory studies (e.g., Murray 2007) to determine 

cause-and-effect impacts of changes in specific climate or threshold variables over large spatial 

and geologic times scales (Densmore et al., 1998; Campfort et al., 2020; Istanbulluoglu & Bras 

2005; Tucker & Bras; 1998);  (2) lumped, highly conceptualized models (Bennett et al. 2014; 

Beveridge et al. 2020) that couple a simplified representation of hillslope processes with a 

hydrology model or sediment transport model and (3) detailed, distributed approaches that 

explicitly represent both the sediment production and transport process across the watershed (e.g., 

Burton and Bathurst, 1998; DHSVM: Doten et al., 2006; tRIBS-Erosion: Francipane et al., 2012). 

This thesis improves on existing sediment-cascade modeling methods and understanding. In the 

following sections, I review key aspects and limitations of each modeling technique and conclude 

with a summary of the key contributions of this thesis.  

1.1 LANDSCAPE EVOLUTION MODELS 

Landscape evolution models are generally run over geomorphic time scales (100 to >10e6 years) 

and use a highly-simplified hydrology model, geomorphic transport rules or Geomrophic 

Transport Laws (sensu Dietrich et al., 2003; Tucker & Hancock, 2010) and mass continuity to 

drive sediment production and transport processes. Precipitation is often applied at a uniform rate 

across the landscape and flow at a grid cell is approximated as the precipitation rate times the 

upstream contributing area (Campforts et al., 2020; Densmore et al., 1998, Tucker & Slingerland, 

1997). In some cases, a simple model for precipitation losses may be used (Tucker & Bras, 2000). 

Landslide processes are implicitly represented with detachment limited excess-shear stress GTLs 
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(Tucker & Bras, 2000) or explicitly represented with simple slope stability models (Istanbulluoglu 

and Bras, 2005; Istanbulluoglu et al., 2005). In some cases, both the initiation and runout of the 

landslide are represented (Campforts et al., 2020). The triggering event for the landslides is often 

based on a threshold slope (Campforts et al., 2020; Densmore et al., 1998; Istanbulluoglu & Bras, 

2005) or critical geometry (Istanbulluoglu et al., 2005). Fluvial erosion and sediment transport are 

modeled as a function of excess shear stress or stream power. These models often include uplift 

and explore landscape topographic response to precipitation, vegetation and uplift rates. For 

example, Tucker and Slingerland (1997) used the landscape evolution model GOLEM to 

investigate climate change impacts on basin morphology (Figure 1a) and Istanbulluoglu and Bras 

(2005) used the landscape evolution model CHILD to explore vegetation impacts on watershed 

morphology (Figure 1b).  

 

 

Figure 1. (a) Conceptual illustration of the model components included in the landscape 

evolution model GOLEM, from Tucker and Slingerland (1997), reproduction of their Figure 2; 

and (b) A modeled landscape that evolved in repsonse to vegetation-modulated landslide 

processes from Istanbulluoglu and Bras (2005), reproduction of their Figure 8. 
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1.2 LUMPED, HIGHLY CONCEPTUALIZED MODELS 

Lumped and highly conceptualized models are intended for site specific, precipitation-event-scale 

to geomorphic-time-scale applications (days to thousands of years). A model by Bennet et al. 

(2014) consists of a chain of sediment reservoirs, each reservoir representing a link in a sediment 

cascade, fed by stochastic hillslope and water inputs (Figure 2). Other models consist of a detailed 

link-node representation of the channel network paired with a simple sediment production model. 

Often, the sediment sources are treated as black boxes, that release sediment as a function of a 

simple empirical equation (Murphy et al., 2019), randomly as a function of contributing area 

(Beveridge et al., 2020) or are simply a user input (Schmidtt et al., 2016), independent of climate 

and flow rate in the channel. Others explicitly represent a specific landslide process. For example 

in Benda and Dunn (1997a), sediment is derived from reservoirs at the tip of the channel network, 

that represent colluvium-filled topographic hollows that stochastically release debris as a function 

of sediment supply to the hollow and hydrologic conditions. 

Transport capacity is generally determined using established transport formula (e.g., Wilcock 

& Crowe, 2003) or stochastically from an empirical PDF of annual maximum transport rates, 

scaled as a function of contributing area (Benda & Dunn, 1997b). In most models, actual transport 

rate varies as a function of transport capacity and sediment availability. Some models track both 

coarse and fine sediment transport using formula for bedload and suspended load (Benda & Dunne, 

1997b; Bevridge et al. 2020; Schmidtt et al. 2016). Others are focused primarily on gravel bedded 

rivers and ignore suspended load (Czuba et al., 2018).  

Despite the detailed representation of the channel network, many of the above models rely on 

crude estimates of channel hydraulics to force the sediment transport models. For example, in 

Murphy et al. (2019), they force their model with observed flow rates from the basin outlet, by 
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extrapolating the observed hydrograph to each upstream reach using a hydraulic geometry 

relationship. In Schmitt et al. (2016), they model sediment transport using specific quantile values 

of daily average flow recorded at flow gages and extrapolated to each upstream reach as a function 

of contributing area at the reach relative to the contributing area to the gage. In Beveridge et al. 

(2020), they use modeled daily flow rates from the Distributed Hydrology Soil and Vegetation 

model (DHSVM; Wigmosta et al. 1994), forced with daily average precipitation rates. 

 

Figure 2. Model structure of SedCas, a sediment cascade model by Bennet et al. (2014) that 

conceptualizes a watershed as a series of interconnected, stochastically fed sediment and water 

reservoirs. Reproduction of their Figure 2. 
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1.3 DETAILED DISTRIBUTED APPROACHES 

Detailed distributed approaches use physically based models that rely on mass, momentum and 

energy conservation and experimentally determined empirical equations to explicitly represent the 

movement of water and sediment at scales close to the real processes. They generally couple 

sediment production and transport models with a distributed hydrology model and attempt to 

represent hydrologic and sediment processes over the entire model domain. Many detailed 

distributed approaches can be parameterized from field measurements. Nonetheless, to a certain 

degree, calibration is still required because the real-world processes that actually control the 

movement of water (e.g. soil macropores, heterogenous soil types or channel hydraulics) and 

sediment are not fully represented in the model.  

One of the first detailed distributed approaches was a model by Burton and Bathurst (1998). 

They added a landslide initiation and runout model to the sediment transport version of the 

distributed hydrology model SHE (Abbot et al., 1986a; 1986b) called SHETRAN (Evan et al., 

1996). Hillslope and channel hydrology were modeled on a coarse grid and landslide initiation was 

modeled using a finer grid, with soil water hydrology interpolated from the coarser hydrology 

model to the finer grid using a topographic wetness index. Landslide initiation was modeled using 

the infinite slope model, landslide runout model consisted of a few slope-dependent rules and 

delivery of sediment to the channel was determined as a function of the distance from the beginning 

of deposition to the channel link. 

Later, Doten et al. (2006) (Figure 3) added landslide, landslide runout, surface erosion and 

channelized sediment transport to the distributed hydrology model DHSVM using many of the 

methods from Burton and Bathurst (1998). Like Burton and Bathurst (1998), they computed 
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landslide initiation and runout on a finer grid scale than the distributed hydrology model and 

interpolate coarse-grid-scale hydrology to the fine-grid-scale model using a wetness index. 

More recently, Francipane et al. (2012) coupled surface erosion and fluvial sediment transport 

model to the distributed hydrology model tRIBS. This model was then paired with a simple 

landslide and runout model by Arnone et al. (2011). Again, the runout model more or less consisted 

of the runout rules developed by Burton and Bathurst (1998). 

 

Figure 3. Conceptual diagram of the coupled sediment production, transport and hydrology 

model developed by Doten et al. (2006), reproduction of their Figure 1. 

 

1.4 EXISTING MODEL LIMITATIONS AND THESIS CONTRIBUTION 

Despite a diverse range of numerical methods for modeling sediment cascades, many of the 

methods share similar limitations. Many of the models rely on a simple representation of hydrology 
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or use a detailed hydrology model but force it with averaged meteorology data. Also, all of the 

models use a simple conceptualization of the landslide and sediment delivery process to the 

channel network. Finally, many of the approaches appear to be configured with a pre-determined 

hydrology model. For example, all of the detailed distributed models use a specific hydrology 

model. 

In this thesis, I develop new methods for coupling climate-driven modeled hydrology with 

landslide and sediment transport models and investigate the importance of accurate hydrologic 

representation on modeled network-scale sediment transport. The new methods include a new 

model for predicting landslide runout, sediment transport and topographic change and a new 

program that ingests the raw output of a distributed hydrology model and converts it into a format 

that can be used to force any hydrologically driven model in the Landlab modeling framework 

(Barnhart et al., 2020). The overall contribution of this thesis is an advancement of climate-drive 

watershed-scale sediment production and transport modeling techniques as well as an improved 

understanding of data and methods needed for accurate sediment transport and landslide runout 

modeling.  

This thesis is structured as follows: in the Chapter 2, I examine the sensitivity of a network-

scale sediment transport model to the temporal representation of precipitation used to force the 

model as a function of location in the channel network and sediment availability. In Chapter 3, I 

develop the landslide runout model, called MassWastingRunout, which is a new method for 

routing landslides to the channel network that can be calibrated to observed runout deposits to 

accurately represent both the topographic change caused by the landslide as well as the 

redistribution of sediment. In Chapter 4, I develop the program for ingesting externally modeled 

hydrology to the grid scale of a landslide model, called DistributedHdyrologyGenerator, and use 
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it to couple DHSVM with a landslide model (LandslideProbability) to evaluate climate change 

impacts on landslide rates in the Skagit watershed. The final chapter ends with a brief summary of 

the main contributions of each chapter and a proposal for combining all of the new tools and 

insights into a new climate-driven, watershed-scale sediment production and transport modeling 

framework, that improves on existing methods for modeling the entire sediment cascade. 
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CHAPTER 2. HOW DOES PRECIPITATION VARIABILITY 

CONTROL BEDLOAD RESPONSE ACROSS A MOUNTAINOUS 

CHANNEL NETWORK IN A MARITIME CLIMATE? 

2.0 ABSTRACT 

Modeled stream discharge is often used to drive sediment transport models across channel 

networks. Because sediment transport varies non-linearly with flow rates, discharge modeled from 

daily total precipitation distributed evenly over 24-hrs may significantly underestimate actual 

bedload transport capacity. In this study, we assume bedload transport capacity determined from 

a hydrograph resulting from the use of hourly (1-h) precipitation is a close approximation of actual 

transport capacity and quantify the error introduced into a network-scale bedload transport model 

driven by daily precipitation at channel network locations varying from lowland pool-riffle 

channels to upland colluvial channels in a watershed where snow accumulation and melt can affect 

runoff processes. Transport capacity is determined using effective stresses and the Wilcock and 

Crowe (2003) equations and expressed in terms of transport capacity normalized by the bankfull 

value. We find that, depending on channel network location, cumulative error can range from 10 

- 20% to more than two orders of magnitude. Surprisingly, variation in flow rates due to differences 

in hillslope and channel runoff do not seem to dictate the network locations where the largest errors 

in predicted bedload transport capacity occur. Rather, spatial variability of the magnitude of the 

effective-bankfull-excess shear stress and changes in runoff due to snow accumulation and melt 

exert the greatest influence. These findings have implications for flood-hazard and aquatic habitat 

models that rely on modeled sediment transport driven by coarse-temporal-resolution climate data. 
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2.1 INTRODUCTION 

Key to predicting how a river will respond to a given flow rate is predicting the channel 

conveyance at the time of the flood (Sturm, 2010). In mountainous watersheds, channel 

conveyance is maintained by the capacity of the channel to move bedload.  If bedload transport 

capacity falls below the supply rate, the channel fills with sediment and channel conveyance 

decreases until consummate increases in channel slope balance transport and supply rates (Lane, 

1955). 

At gaged locations, an estimate of bedload transport capacity under historic hydrologic 

conditions can be determined from a survey of the reach geometry, measurement of bed surface 

grain size and the hydrograph (Wilcock et al., 2009). For ungauged locations or future climate 

scenarios, a hydrograph must be approximated. If the hydrograph is modeled from precipitation 

derived from observation networks like the US National Weather Service Cooperative Observer 

Network (NWS, 2020) and Livneh et al. (2013) dataset, or a future climate meteorology dataset 

such as the Salathé et al. (2014) dataset, the precipitation may largely be recorded as daily average 

values.  

The frequency of precipitation observations necessary to accurately model floods was 

described decades ago (Bras, 1979; Eagleson & Shak, 1966; Singh, 1997) but time series of daily 

average precipitation are still commonly used to model hydrologic response to climate change 

(Dan et al., 2012; Shrestha et al., 2012), with precipitation assumed to fall at a constant rate over 

the day for hourly hydrologic simulations. As the understanding of hydrologic processes has 

improved, detailed physical models have confirmed the necessity of accurate temporal 

representation of precipitation for flood prediction at the basin outlet (Paschalis et al., 2014). 

Furthermore, over geologic timescales, precipitation variability has been shown to control erosion 
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rates and channel morphology of modeled landscapes (Istanbulluoglu et al., 2005; Solyom & 

Tucker, 2004; Tucker & Bras, 2000); not representing it therefore risks removing a key control on 

channel response to precipitation.  

Recently, studies began to explore modeled differences in network-scale hydrologic response 

driven by temporal representations of precipitation data (e.g., Wehner et al., 2021); however 

network-scale differences in sediment transport remain unknown. At the reach scale, analyses of 

modeled bedload sensitivity to the temporal representation of measured flow rates have shown that 

differences can be as high as several orders of magnitude (Chen et al., 2011; Rosburg et al., 2016). 

In this study, we ask:  

1. what is the magnitude of modeled bedload transport capacity error caused by using daily 

(24-h) rather than temporally accurate (1-h) precipitation data to drive streamflow and 

bedload? 

2. how does that error vary across a channel network as a result of fluvial geomorphic, 

hydrologic, and storm hydrometeorologic conditions, and are there any associated 

topographic thresholds that amplify errors? 

Errors in modeled bedload transport capacity can result from uncertainties in the critical or 

reference shear stress of the bed material (the shear stress at which small, but measurable transport 

of the entire bed mixture begins), oneôs choice of transport equation, and uncertainties in 

streamflow discharge (Wilcock et al., 2009; Barry et al., 2007; Yager et al., 2012). We expect the 

error caused by flow rates driven by a 24-h hyetograph would systematically vary across a channel 

network as a function of spatially varying watershed-scale runoff processes as well as antecedent 

wetness conditions. For example, runoff rates vary between the snowpack, hillslopes and channels 

(DôOdorico & Rigon, 2003; Lundquist et al., 2005; Penna et al., 2011; Rinaldo et al., 1991; Rinaldo 
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et al., 1995; Robinson et al., 1995) and with antecedent soil water and flow conditions (e.g., Asano 

& Uchida, 2018; Dunne & Black, 1970; Lundquist et al., 2005; McGlynn et al., 2004; McGuire & 

McDonnell, 2010). Saturated hillslope conditions permit rapid runoff and the contribution of 

runoff from hillslopes is higher in lower order channels (McGlynn et al., 2004; McGuire & 

McDonnell, 2010; Penna et al., 2011). At any given reach of a watershed, flow response to 

precipitation depends not only on the magnitude of the precipitation event but also on the 

antecedent hydrologic conditions, the proportion of the runoff path via hillslopes versus channels, 

as well as the state of snow in the watershed.  

We anticipate that runoff response in low-order channels will more closely reflect the 24-h 

hyetograph during heavy precipitation events or events preceded by heavy antecedent precipitation 

causing larger error. Furthermore, analogous to the contributing area threshold representing the 

transition from channel-controlled to hillslope-controlled runoff response suggested by Robinson 

et al. (1995) and McGlynn et al. (2004), we suspect the channel order or location in the channel 

network at which bedload transport capacity error becomes large may correspond to some 

contributing area threshold. 

To address our study questions, we conduct our study in the Sauk River watershed, a 1896 

km2 mountainous, alluvial watershed in Washington State, USA. We model snow and rainfall 

runoff processes using the Distributed Hydrology Soil Vegetation Model (DHSVM; Wigmosta et 

al., 1994) forced by an hourly, 6 km resolution, 35-year-long, modeled meteorology dataset 

produced by the Pacific Northwest National Laboratory (PNNL) using the Weather Research 

Forecast model (Chen et al., 2018; described below and herein referred to as PNNL WRF, see 

section 3.1. for details). PNNL WRF includes 55 pseudo-modeled weather stations distributed 

across the watershed (Figure 1).   
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We determine bedload transport capacity using the Wilcock and Crowe (2003) equations with 

effective shear stress (portion of the total shear stress exerted by the flow on the grains) following 

Schneider et al. (2015). To reduce the number of parameters needed to model bedload transport 

capacity across the channel network, we develop a nondimensional bedload transport equation as 

the ratio of bedload transport capacity of a given flow to capacity at bankfull flow (section 3.2). 

Assuming bedload transport capacity modeled from flow driven by a 1-h hyetograph closely 

approximates actual transport capacity (i.e., small error), we quantify the bedload transport 

capacity error caused by using a 24-h hyetograph to drive flows as the ratio of cumulative 1-h 

bedload transport capacity to cumulative 24-h bedload transport capacity. This ratio serves as an 

index of hydrometeorology-driven bedload transport capacity error, or simply hydrometeorologic 

bedload error (HBE), caused by using hydrographs resulting from daily precipitation data. We 

relate HBE to several other indices that represent the variabilities in precipitation intensity and 

peak streamflow discharge, as well as normalized 1-h streamflow to bankfull discharge to 

investigate the varying controls on HBE across the watershed (section 3.3).  

Figure 2 illustrates how hydrologic processes across the watershed might impact HBE in an 

example precipitation event selected from the PNNL-WRF data, used to drive DHSVM. 

Streamflow hydrographs are plotted relative to the reference flow rate (ὗ) which is the flow rate 

that corresponds to the reference shear stress of the bed material.  The cumulative bedload transport 

capacity of a flow event in gravel-bedded channels is a function of the shear stress exerted by the 

flow relative to the reference shear stress (Costa & OôConner, 1995; Phillips et al., 2018) and can 

be inferred from flow rates above the reference flow. The storm consists of a single, intense (high 

precipitation rate) but short-duration (<1 day) burst of precipitation. At the outlet reach, runoff 

from the upstream channel is delayed and attenuated. In contrast, at the headwater reach, runoff 
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response is initially synchronous with precipitation and ends rapidly. A simple comparison of 

runoff response greater than ὗ reveals that at both the headwater and outlet reaches, the duration 

that the 1-h hydrograph exceeds ὗ is roughly 60% of the duration the 24-h hydrograph exceeds 

ὗ; however the difference between the 1-hr peak flow rate and ὗ is over four times larger than 

that of the 24-hr peak flow rate at the headwater reach and only two times larger than that of the 

24-h peak flow rate at the outlet reach. If we assume similar bedload transport capacity response 

above the reference flow rate at the two reaches, during this particular storm, HBE was 

considerably higher at the headwater reach. 

This paper is structured as followed: in the results (section 4), we first present hydrological 

and the nondimensional bedload model calibration. We then divide our analyses into three parts. 

First, we detail the hydrologic processes that drive the response to 1-h and 24-h hydrographs across 

the watershed and resultant HBEs of three hydrometeorologically unique precipitation events that 

are typical in the region: an extreme, rain-dominated atmospheric river event (Storm I), a rain-and-

snow-accumulation event (Storm II), and a rain-plus-snowmelt event (Storm III). The first two 

events are commonly observed in late fall and early winter, the last event represents storms during 

the spring snowmelt season.  Second, we calculate HBEs across the watershed using all storm 

events extracted from a 35-year-long distributed hydrologic model simulation and investigate the 

sensitivity of HBE to hydrometeorologic conditions to infer which storm types require high-

frequency representation of precipitation intensity in space and time to accurately drive bedload 

transport. Third, we compare probability distributions of cumulative nondimensional bedload 

transport as a function of flow magnitude and location in the channel network to infer sensitivity 

of HBE to flow magnitude.  The main findings from these analyses are further discussed in section 
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5, where we focus on the sensitivity of HBE to watershed hydrologic response and fluvial 

geomorphologic conditions used to characterize bed mobility. 
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Figure 1. Sauk River Watershed. DHSVM was forced with PNNL WRF. DHSVM 

calibration was evaluated at the Sauk (Sauk at Sauk) and Sauk above White Chuck USGS gages 

and the SNOTEL station. Modeled flow response was adjusted by changing the hydrologic 

properties of the alpine colluvium, forest colluvium and lahar and glacial deposits soil layers. 

Observed effective-bankfull-excess shear stress († †ϳ  ) was determined based on grain-size 

distributions at cross sections 1 through 5. 
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Figure 2. Illustration of 1-h and 24-h hyetographs of a rain-dominated precipitation event and 

their resultant modeled streamflow hydrographs at the basin outlet (O) and a headwater (H) reach 

in the Sauk River Basin, WA. Reference flow rate (ὗ) represents the discharge required to 

mobilize the channel bed at respective locations, estimated from field measurements of bed 

material. 

2.2 STUDY REGION  

In the 1896 km2 Sauk River basin, elevation ranges from 70 m at the outlet to 3200 m at Glacier 

Peak, which is a small stratovolcano located in the headwaters of the Suiattle tributary to the Sauk 

river. The longest channel is roughly 90 km long. Average channel slopes range from < 0.5% in 

the valleys to > 40% in the colluvial headwater channels. In terms of the Montgomery and 

Buffington (1997) channel types, the lowland alluvial valleys primarily contain actively migrating 

pool-riffle channels and the upland channels consist of single-thread, step-pool, cascade and 


















































































































































































































































































































































































































