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MODELING HYDROLOGICAL PROCESSES AND KEY FACTORS  

INFLUENCING NONPOINT SOURCE POLLUTION IN 

AGRICULTURAL AND URBAN SETTINGS 

 

 

Abstract 

 

by Mugal Samrat Dahal, Ph.D. 

Washington State University 

December 2023 

 

 

Chair: Joan Q. Wu 

Nonpoint-source pollution from agricultural and urban landscape is a major threat to 

water quality worldwide. This doctoral research aims to assess the spatiotemporal variations of 

nonpoint-source pollution and elucidate key factors at play in representative agricultural and 

urban settings in the US Pacific Northwest (PNW). The main objectives were to:  

1) elucidate the long-term historical soil erosion trend, as affected by climatic and 

management conditions; 

2) assess changes in water erosion as impacted by the projected future climate and the effect 

of conservation practices using WEPP; and 

3) optimize placement of rain gardens in an urbanizing watershed, south Puget Sound, using 

the Hydrologic Sensitivity Index (HSI) method. 
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For the first study, I delineated a watershed within the low-, intermediate-, and high-

precipitation zones of eastern Washington, and simulated water erosion over two time periods: 

past and present, under different tillage practices and crop rotations. The average annual erosion 

rates decreased from the past by 32%, 57%, and 70%, respectively, for the three watersheds. The 

decrease was due to the combined effects of changing climate and implementation of 

conservation practices. 

For the second study, I modeled water erosion for the same three watersheds for two time 

periods: historical and future using downscaled climates. Future average annual precipitation and 

daily temperature increase by 4–6% and 7–10%, respectively.  Projected annual water erosion 

generally decreased by 0–4% for the three watersheds, owing to improvement in winter 

conditions.  Future annual water erosion exceeds 50 Mg ha−1 in areas with steeper slopes and 

years with wheat, especially in intermediate-, and high-precipitation zones. I recommend 

targeted land management practices for erosion reduction.  

In the third study, I used the HSI approach to identify areas prone to runoff generation 

and suitable areas for rain gardens, a small-scale Green Stormwater Infrastructure (GSI). I 

conducted hydrologic modeling to assess the adequacy of the HSI method. The simulated runoff 

was positively correlated with HSI. The locations most suitable for rain gardens were 

concentrated in the northeastern-central parts of the study watershed. This study demonstrated 

the adequacy of HSI method and provided a strategy for practitioners and regulatory personnel in 

optimizing the placement of rain gardens.  

Findings from this dissertation advance the understanding of nonpoint-source pollution 

and contribute to conservation planning in both agricultural and urban areas. 
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1. INTRODUCTION 

1.1. Nonpoint-source pollution 

Nonpoint-source pollution refers broadly to pollution from multiple sources without 

having a single point source of origin (Xepapadeas, 2011). Non-point source pollution is 

responsible for major degradation of surface waters around the world (Baker, 1992; Shen et al., 

2012), and is the major water quality threat in the US (Horan and Ribaudo, 1999) accounting for 

nearly all suspended solids and most phosphorus, nitrogen, and toxins discharged into the 

downstream water bodies (Harrington et al., 1985). Hydrological processes, such as 

precipitation, runoff, and snowmelt, drive nonpoint-source pollution (Shen et al., 2012). 

However, runoff is the most significant carrier of pollutants from agricultural fields and urban 

settings (Parikh et al., 2005; Xia et al., 2020). Land use, topographic features, and soil properties 

and conditions within a watershed all affect the hydrological processes and nonpoint-source 

pollution (Panagopoulos et al., 2011; Wu et al., 2019).  

1.2. Nonpoint-source pollution from agricultural lands 

In an agricultural field, runoff detaches and washes away the top fertile soil, carrying 

with it various agrichemicals such as fertilizers and pesticides. Globally, from the mid-20th to 

early 21st century, conventionally tilled croplands have caused soil erosion one to two orders of 

magnitude greater than soil production (Montgomery, 2007). Annual soil erosion was estimated 

at 6.7 t ha−1 on average for 2017 within the cultivated croplands of the United States. A remote 

sensing study in the corn belt of the midwestern US estimates the loss of one-third of the A-

horizon soil through erosion (Thaler et al., 2021). In the Palouse region of the inland Pacific 

Northwest, historical water erosion rates went above 20.0 t ha−1 on average, far exceeding the 

tolerance level of 11 t ha−1 (USDA, 1978). Erosion degrades soil by removing its organic matter 
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and nutrients, reduces biomass production and surface protection, which in turn leads to more 

erosive conditions (Cruz et al., 2023). This negative feedback causes excessive erosion from 

cropland, decreasing crop yield and instigating economic losses (Trimble and Crosson, 2000; 

Wei et al., 2010). 

1.3. Nonpoint-source pollution in urban areas 

In urban areas, an increase in construction increases impervious areas, disrupting the 

hydrological cycle and augmenting runoff regimes (Yoo et al., 2021). Stormwater runoff mixes 

and transports pollutants that accumulate on non-permeable surfaces. Among the common 

pollutants in stormwater runoff are nitrogen, phosphorus, heavy metals (e.g., lead, zinc, copper, 

and cadmium), polycyclic aromatic hydrocarbons (PAH), mineral oil hydrocarbons (MOH), and 

easily soluble salts (Gobel et al., 2007). Various studies have reported an increasing trend in 

phosphorus, nitrogen, and metals in streams across the US (Lin et al., 1997; Yang & Toor, 2018; 

Joyce et al., 2020), which poses a threat to the ecosystem (McCarthy et al., 2008; WSDE, 2021). 

For example, an overabundance of phosphorus and nitrogen in streams and lakes can cause 

eutrophication due to overgrowth of aquatic plants, depleting dissolved oxygen and adversely 

impacting aquatic life (Vitousek et al., 1997). In western Washington, Puget Sound and its 

adjacent waters receive nearly 11,000 tons of inorganic nitrogen and 2,100 tons of total 

phosphorus, most of which are from nearby agricultural lands (Inkpen et al., 1998). 

1.4. Conservation practices in agricultural and urban areas 

Conservation practices are recommended for agricultural production and urban 

development to reduce nonpoint-source pollution. Federal and state regulations have prompted 

increasing adoption of conservation practices by farmers, ranchers, and urban planners. The 

Clean Water Act of 1972 prohibited the discharge of any pollutant into navigable water, and the 
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Farm Bill of 1985 and 1990 encouraged farmers to use conservation practices to prevent soil 

erosion from highly erodible lands (Franzetti, 2005; Kok et al., 2009). The USDA Soil 

Conservation Service (now Natural Resources Conservation Service), established in 1933, and 

US Environmental Protection Agency, established in 1970, have worked extensively with land 

owners and producers to implement conservation practices (Franzetti, 2005; Kok et al., 2009). 

Agricultural conservation practices focus on decreasing runoff and preventing soil 

detachment to curtail nonpoint-source pollution. Conservation tillage practices promote increase 

in crop residue and reduce impacts on the soil surface, which can be evaluated with the Soil 

Tillage Intensity Rating (STIR), a measure that reflects soil disturbance by field operation 

(Claassen et al., 2018). A STIR value < 80 is generally recommended (Claassen et al., 2018). 

Reduced tillage practices involve a decrease in the number of tillage passes and depth of tillage 

to decrease the pulverization of soil (Moldenhauer et al., 1983; Coolman and Hoyt, 1993). No-till 

practices, with a STIR value <30, refer to seedbed preparation without disturbance to, and 

increasing the amount of residue on, the soil surface (McGregor et al., 1975; NRCS, 2005; 

Triplett et al., 2008). 

Other major conservation practices include crop rotation, cover crop, buffer, and 

Conservation Reserve Program (CRP). Crop rotation is used to increase soil water and decrease 

soil disturbance by planting a high residue crop (e.g., wheat or corn) and a low residue crop (e.g., 

legume) in the same cropland during successive growth periods (Zhou et al., 2019). Cover crops 

are planted during the off-season to reduce runoff and soil erosion (Malik et al., 2000; De Baets 

et al., 2011; Kaspar et al., 2011). Conservation buffers are placed at the bottom of the hillslopes 

and along the streams to filter pollutants and trap sediments (Gilley et al., 2000; Lovell and 
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Sullivan, 2006). The CRP is a voluntary land retirement program subsidized by the US 

government to cease cultivation on vulnerable areas (Dunn et al., 1993; Stubbs, 2014).  

In urban settings, managing pollution close to the source has gained traction (Wanielista 

et al., 1992; Sage et al., 2015). Conservation practices, such as Green Stormwater Infrastructures 

(GSI) practices, are installed in targeted areas for stormwater runoff reduction and water reuse 

(Davis et al., 2009; Hunt et al., 2012). Rain barrels and rain gardens are small-scale GSI 

practices that promote infiltration, whereas bioretention systems are more complex, larger-scale 

GSI that not only increase the residence time of, but also treat and remove nutrients from runoff 

(Martin-Mikle et al., 2015).  

1.5. Targeted placement of conservation practices 

Proper placement of conservation practices is critical to ensure maximum effectiveness in 

agricultural and urban settings (Kurkalova et al., 2015; Dagenais et al., 2017; Christman et al., 

2018). Due to a lack of understanding of the factors involved, optimizing the siting of these 

conservation practices remains a challenge (Brooks et al., 2015; Martin-Mikle et al., 2015; 

Young et al., 1989).  

Runoff generation and pollutant transport are not uniform across a watershed; instead, 

some areas exhibit greater potential for runoff and pollutant transport (Walter et al., 2000). These 

areas are called “hydrologically sensitive”, and are often the sources of runoff and water quality 

problems. Using WEPP (Water Erosion Prediction Project), a continuous process-based erosion 

model (Flanagan, 1995), Brooks et al. (2015) conducted a simulation study and showed that 

about 1% of the area in a model watershed contributed to more than 30% of erosion. As such, it 

is crucial to identify and target these hydrologically-sensitive areas in the watershed for 
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implementing conservation practices and maximizing their efficiency (Young et al., 1989; 

Brooks et al., 2015). 

1.6. Hydrological modeling 

Owing to the advancement in computing capabilities, modeling approaches, ranging from 

simplistic with a few parameters to more sophisticated, physically-based can be adapted to solve 

eco-hydrological problems (Diodata et al., 2014). Compared to field investigations, models are 

time- and cost-effective to use (Osei-Twumasi et al., 2015). Hydrological models can be used for 

general decision support (Berberoglu et al., 2020) and for detailed assessment of hydrological 

and pollutant transport processes and the effects of conservation practices (Borah et al., 2006; 

Srivastava et al., 2007). Computer models have been widely used for prioritizing conservation 

practices and aiding decisions in both agricultural and urban settings (Perez-Pedini et al., 2005; 

Himansu et al., 2019). Further, hydrological models can quantify changes in hydrological 

outcomes in response to future climate, and provide information for adaptive management 

(Rittenburg et al., 2015; Gould et al., 2016; Anache et al., 2018).  

Hydrological processes vary temporally. Their temporal assessment allows detailed 

analysis of the timing, duration, and magnitude of hydrological processes as well as temporal-

spatial-anthropogenic interactions (Yair et al., 2004; Sajikumar and Remya, 2017). Findings 

from such analyses are valuable and important in developing water resources management 

strategies (Chen et al., 2007; Nikolic et al., 2013). 

1.7. WEPP 

The Water Erosion Prediction Project (WEPP) model is a widely used, physically-based 

computer program designed to simulate hydrological processes, soil detachment and transport, 

and vegetation growth on a hillslope or watershed scale. WEPP is a continuous-simulation, 
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distributed-parameter model capable of simulating key hydrological processes in response to 

various land management conditions (Flanagan et al., 1995).  

The water balance components of WEPP are computed daily for each Overland Flow 

Element (OFE) of a hillslope. An OFE is the smallest homogenous hydrological unit in the 

model. Infiltration from precipitation or irrigation is calculated with the Green-Ampt-Mein-

Larson model (Mein and Larson, 1973). The excess of the water input is routed as surface runoff 

after adjusting for depression storage (Flanagan et al., 1995). For each OFE, the infiltrated water 

is distributed to other mass balance components on a daily time step, in the order of downward 

percolation, soil evaporation, subsurface lateral flow, saturation excess, and plant transpiration 

(Dun et al., 2009). The soil profile in each OFE is divided into 100-mm increments for the first 

two layers to better simulate surface effects, and 200-mm layers for the remainder of the soil 

depth (Flanagan et al., 1995; Dun et al., 2009). Downword movement is computed when the 

water content exceeds field capacity in a layer and the percolation through the last layer of the 

soil profile is considered lost and termed deep percolation.  

Potential evapotranspiration (ET) in WEPP is computed with the Penman-Monteith 

equation when wind and solar radiation data are available, which is then used to compute 

potential soil evaporation and plant transpiration (Flanagan et al., 1995). Soil water is withdrawn 

from the soil profile when rainfall interception by plants and residue cannot fulfill the potential 

ET.   

Subsurface lateral flow is computed using the kinematic storage model when the soil 

water content exceeds the soil field capacity after adjustment for entrapped air (Flanagan et al., 

1995). Soil water content in the soil profile is adjusted after each process, and saturation excess 
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is computed from bottom to top by comparing the soil water content with the soil porosity. The 

excess water is added to the layer above, and when the soil water in the first layer exceeds the 

porosity, the excess water is exfiltrated as a saturation-excess runoff (Dun et al., 2009). Multiple 

OFEs are used to better characterize the water balance in different parts of the hillslope (Boll et 

al., 2015). In the case of multiple OFEs, the subsurface lateral flow from the upland OFE is 

modeled as an input to the downstream OFE (Dun et al., 2009). 

Soil erosion is computed for interrill and rill separately in WEPP (Flanagan et al., 1995). 

Interrill erosion is the sediment detachment and delivery to a rill as affected by the rainfall 

intensity and runoff rate. Interrill erodibility dictates soil susceptibility to rainfall impact and 

directly affects interrill erosion. Rill erosion is the sediment detachment by concentrated flows. 

Rill erodibility dictates the susceptibility of the soil to detachment by concentrated flows. Soil 

loss occurs when the transport capacity of the concentrated flow in a rill exceeds the sediment 

load, and the shear stress of the flow is larger than the critical shear stress of the soil. Soil 

deposition occurs when the sediment load in the flow is greater than the transport capacity. 

Erodibility and critical shear stress parameters are adjusted throughout the simulation period 

based on varying management and climatic conditions, such as the amount of residue, tillage, 

and freeze-thaw conditions. 

WEPP has been extensively applied to simulate hydrological processes and water erosion 

on crop-, range-, and forestlands as well as in urban settings (e.g., Singh et al., 2011; Guo et al., 

2021; Dobre et al., 2022). For inland Pacific Northwest, WEPP has been tested and used to 

estimate water erosion under different land use and management conditions (Greer et al., 2006; 

Pieri et al., 2007; Singh et al., 2009; Dun et al., 2009; Williams et al., 2010; Srivastava et al., 

2011; Srivastava et al., 2013; Boll et al., 2015; Dahal et al., 2022). Recently, a new online web 
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interface called WEPPcloud has been developed, simplifying the WEPP modeling process and 

model parameters setup (Lew et al., 2022). 

1.8. Goal and Objectives 

Understanding how topographic, geological, and climatic factors interact with 

anthropogenic activities to influence hydrological and erosion processes is crucial to 

implementing targeted mitigation. The primary goal of this doctoral research is to assess critical 

factors and their interactions affecting nonpoint-source pollution in representative agricultural 

and urban settings in the US Pacific Northwest (PNW). The main objectives were to:  

• elucidate the long-term historical soil erosion trend, as affected by climatic and 

management conditions; 

• assess changes in water erosion as impacted by the projected future climate and the effect 

of conservation practices; and 

• optimize placement of rain gardens in an urbanizing watershed, south Puget Sound, using 

the Hydrologic Sensitivity Index (HSI) method. 

1.9 Dissertation Outline 

This dissertation consists of three technical chapters following the introduction chapter. 

Chapter 2 assesses the long-term changes in water erosion in the rainfed wheat-based croplands 

of eastern Washington as impacted by climate and management practices via WEPP modeling, 

with a focus on three watersheds in the three distinct precipitation zones (low, intermediate, and 

high). This chapter was accepted for publication in the Journal of ASABE. Chapter 3 determines 

changes in water erosion in these three model watersheds of eastern Washington as impacted by 

projected future climate and select conservation practices. Chapter 4 identifies suitable locations 

for siting rain gardens in an urbanizing watershed in western Washington using an index 
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approach. In this study, I examine the interactive effect of land use and cover as well as soil and 

topographic factors on stormwater runoff in the Lower Puyallup River watershed of south Puget 

Sound. Chapter 5 summarizes the major results and findings of this dissertation and provides 

recommendation for future work. 
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2. SIMULATION OF LONG-TERM WATER EROSION IN RAINFED CROPLANDS OF 

EASTERN WASHINGTON 

2.1. Introduction 

In the inland Pacific Northwest (PNW), water erosion has been a significant threat to 

agricultural production and the environment since the area’s large-scale wheat production began 

in the early 1880s (USDA, 1978). Major factors of erosion in this area include hilly topography, 

wet winters with numerous freeze-thaw cycles, rain on thawing soil, silt loam soil prone to 

erosion, and conventional tillage that pulverizes the soil and leaves it bare (Papendick et al., 

1995; Greer et al., 2006). Annual precipitation varies across the region, with distinct annual 

precipitation zones from west to east: low (<380 mm), intermediate (380–460 mm), and high 

(>460 mm). Highly variable erosion rates across the area have been reported (Kok et al., 2009; 

Dahal et al., 2022). 

Multiple studies have been carried out to assess water erosion in the area. USDA (1978) 

applied the USLE technique (Wischmeier and Smith, 1978) to estimate erosion for major soils 

and crop rotations of that time for all three precipitation zones of the Palouse River Basin, 

located in the southern part of the inland PNW. Average annual erosion rates were estimated as 

29, 45, and 27 Mg ha−1 for the low-, intermediate-, and high-precipitation zones, far exceeding 

the NRCS’s soil loss tolerance level of 11 Mg ha−1 yr−1 (Soil Science Division Staff, 2017).  

Extensive field assessment of soil erosion in Whitman County, WA, was conducted 

across 400,000 ha of cropland by USDA Soil Conservation Service agronomist Verle Kaiser 

during 1940–1982. The survey involved visually assessing soil loss due to different types of 

erosion (rill, gully, and soil-slip) for various “land capability classes” (USDA, 1978), which 

represent land types classified by their suitability for agricultural use (Klingebiel and 
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Montgomery, 1961). The same fields were surveyed and sampled each spring, mainly within the 

intermediate- and high-precipitation zones (Figure 1). The Alutin method, which measures 

multiple cross-sectional areas of a rill, each along a transect, was used to quantify rill erosion. 

This investigation revealed a high annual erosion rate averaging 53.8 Mg ha−1 (McCool and Roe, 

2005). Erosion rate decreased from 1983 to 2004, possibly due to less severe weather conditions 

and an increase in conservation farming practices (McCool and Roe, 2005). 

A long-term experimental study was carried out by McCool et al. (2006) at the Palouse 

Conservation Field Station near Pullman, WA, in the high-precipitation zone. Water erosion 

from natural precipitation events was measured in multiple runoff plots from 1978 to 1991. 

Various crop rotations, including (i) continuous bare fallow and (ii) winter wheat followed by 

one of winter wheat, summer fallow, spring peas, or another small grain, were implemented 

under either tilled or no-till conditions. The authors report annual erosion rates as high as 120.6 

Mg ha−1 for continuous bare fallow, 18.2 Mg ha−1 for winter-wheat summer fallow for the tilled 

condition, and 0.12 Mg ha−1 for continuous winter wheat under no-till. 

Kok et al. (2009) applied RUSLE2 (Renard et al., 1996; Foster et al., 2003) to simulate 

soil erosion for all three precipitation zones in the study area. The study was part of Solutions To 

Environmental and Economic Problems (STEEP), a USDA-funded project. For the years 1975, 

1990, and 2005, corresponding to the beginning, middle, and end of STEEP, crop rotations and 

tillage practices typical of those periods were used in the simulation. The simulated average 

erosion rates were 20, 27, and 45 Mg ha−1 in 1975, 14, 16, and 24 Mg ha−1 in 1990, and 10, 13, 

and 11 Mg ha−1 in 2005 for the low-, intermediate-, and high-precipitation zones, respectively, 

showing a consistent decrease in erosion over the course of the STEEP project. 
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Dahal et al. (2022) simulated 30-year (1989–2018) water erosion for 12 counties of 

eastern Washington using the WEPP (Water Erosion Prediction Project; Flanagan and Nearing, 

1995; Flanagan et al., 2007) model. Their purpose was to understand the interacting effects of 

soil, climate, topography, crop rotation, and tillage on erosion, and to assess the spatial 

distribution of erosion in the area. The authors classified slopes (5 classes) and soil (3 classes), 

and overlaid the combination with the three precipitation zones and their unique crop rotations. 

Using three levels of tillage (intense, reduced, and no-till), they simulated 135 (5×3×3×3) 

scenarios and obtained countywide erosion results by area-weighting for each county. They 

showed that steep slopes and shallow soils generally led to the highest erosion rates, and reported 

the long-term average annual erosion in the low-, intermediate-, and high-precipitation zones as 

3.8, 15.8, and 14.4 Mg ha−1. For Whitman County, simulated average annual erosion rates were 

13.0, 19.0, and 15.4 Mg ha−1 in the aforementioned precipitation zones, with 59, 57, and 54% of 

the areas having erosion rates exceeding the current NRCS soil loss tolerance level of 11 Mg 

ha−1 yr−1. The erosion rates reported by Dahal et al. (2022) were slightly higher than those of 

Kok et al. (2009). In addition, the intermediate-precipitation zone generated the highest erosion 

rate in Dahal et al. (2022), while results were mixed in Kok et al. (2009). 

Climate and management practices crucially influence soil erosion, causing considerable 

variation year-to-year (Li and Fang, 2016). Lin et al. (2020) assessed the temporal erosion trend 

during the period 1982–2015 in the semi-arid Hexi corridor of China using the integrated 

RUSLE-TLSD (Transport Limited Sediment Delivery; Renard et al., 1996) model. Their results 

showed remarkable variation in annual erosion rate due to variations in precipitation patterns and 

changes in crop management and conservation practice. For instance, erosion rates in 2012 were 

1.3–5.0 times higher than in other years, even though the total annual precipitation was not 
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significantly higher than in other years. The high erosion rate was attributed to multiple heavy 

precipitation events with elevated erosive power, which was not experienced in other years. 

Similar temporal variation in erosion rates has been reported for eastern Washington (USDA, 

1978; Ebbert and Roe, 1998; McCool and Roe, 2005; Dahal et al., 2022), with management 

practices (crop rotation, tillage) and variations in precipitation and temperature patterns being 

contributing factors (USDA, 1978; McCool and Roe, 2005; Dahal et al., 2022). A 

disproportionately large amount of erosion can occur in the wheat-planting portion of the crop 

rotation (Papendick, 1984; Dahal et al., 2022). The number of freeze-thaw cycles, the number of 

rain on thawing soil events, and the length of the frost period all vary year to year, and can also 

cause fluctuations in annual erosion (McCool and Roe, 2005; McCool et al., 2011). 

Erosion simulation models have proven a more cost-effective tool than field 

experimentation for assessing management scenarios over large study areas (Panagopoulos et al., 

2015). WEPP, a continuous, process-based, distributed-parameter simulation model for 

hydrology and water erosion (Flanagan and Nearing, 1995), has been previously applied to 

evaluate erosion effects of critical physical and management conditions, such as soil, 

topography, and various tillage practices (Williams et al., 2014; Brooks et al., 2015; Dahal et al., 

2022). 

Conservation practices have been adopted in the inland PNW since the mid-1980s (Kok, 

2007; Dahal et al., 2022). Reduced tillage and annual cropping, instead of intensive tillage and 

fallow rotation, have been increasingly implemented by farmers in this region (Kok, 2007; Van 

Wie et al., 2013; Dahal et al., 2022). Assessing long-term erosion from the past to the present can 

help us understand the effects of changing management practices and climate processes that 

drive erosion. Therefore, the objectives of this study were to (i) apply the WEPP model to 
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simulate soil erosion in eastern Washington and evaluate the interactive effects of climate and 

management, in addition to topography and soil, on water erosion in the study area, and (ii) 

compare the simulation results with Kaiser’s historical field dataset and elucidate the long-term 

soil erosion trend. 

2.2. Materials and Methods 

2.2.1. Study Area 

Whitman County was chosen as the study area because it has more area in cereal-grain 

production (3.0×105 ha; USDA NASS 2018) than any other county in the region. Numerous 

studies on water erosion have been conducted in the area, including the collection of long-term 

field erosion data by Verle Kaiser (McCool and Roe, 2005). The county, located in southeastern 

Washington, has elevation ranging from 160–1250 m a.m.s.l. (USGS, 2019; Figure 1). The 

climate in the area is Mediterranean, with dry summers and wet winters. The low-, intermediate-, 

and high-precipitation zones respectively have 355, 450, and 533 mm of long-term average 

annual precipitation (NCDC, 2022), and are classified as Dsb per the Köppen-Geiger system 

(Kottek et al., 2006). 
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Figure 2.1. Model watersheds in Whitman County, Washington, delineated through the WEPPcloud interface (a), and 

close-ups of this study’s (b) low-, (c) intermediate-, and (d) high-precipitation watersheds. Kaiser Sites are the field 

sites denoted “Sites with long history of observation” in the Kaiser study (Kaiser, 2021). 

Topography varies from flat to having slope gradient greater than 45%, with steep slopes 

primarily present near the Snake River Canyon and in the high-precipitation zone, and gentle 

slopes predominating in the low-precipitation zone. Soil texture is mainly silt loam, with most 

soils being either Mollisols formed from aeolian deposits, or Andisols formed from volcanic ash 

(Papendick et al., 1995; Shepherd, 1985). Intense tillage with multiple operations and a winter 

wheat-summer fallow rotation were commonly used in the past. Since the mid-1980s, reduced- 
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and no-till, together with crop rotations, have been increasingly adopted (McCool and Roe, 2005; 

Kok, 2007). Limited by available soil water, dominant crop rotations in the low-, intermediate-, 

and high-precipitation zones are respectively winter wheat (Triticum aestivum L.)-fallow, winter 

wheat-spring barley (Hordeum vulgare L.)-fallow, and winter wheat-spring barley-pea (Pisum 

sativum L.) (Kok et al., 2007). One HUC-12 watershed within each precipitation zone was 

selected for WEPP simulation: Winn Lake Canyon Watershed (WLCW, HUC170601080805, 

henceforth WLCW-Low), Upper Imbler Creek Watershed (UICW, HUC170601090403, UICW-

Intermediate), and Spring Flat Creek Watershed (SFCW, HUC170601080209, SFCW-High) for 

the low-, intermediate-, and high-precipitation zone (Figure 2.1). 

2.2.2. Climate Analyses 

Daily inputs of precipitation and temperature were obtained from weather stations 

(NCDC, 2022) within each of the precipitation zones: Pullman 2 NW WA 456789 (9 km from 

SFCW-High), Rosalia WA 457180 (30 km from UICW-Intermediate), and La Crosse 3 ESE WA 

454338 (27 km from WLCW-Low). Inverse-distance-weighting was used to fill any missing 

data, using values from other stations within 100 km of the aforementioned three stations. Daily 

precipitation and minimum (Tmin) and maximum temperatures (Tmax) were aggregated to 

monthly, seasonally, and yearly values, and descriptive statistics were obtained. Climate data 

were divided into the “past” (1940–1982) during which the Kaiser data were collected, and the 

“present” (1983–2020) during which conservation farming has increasingly been adopted. The 

climate data within these two time periods were analyzed for: 

• the number of precipitation events exceeding specified thresholds in each season, 

• the number of freeze-thaw cycles and rain-on-thawing-soil events for each winter, with 

a thawing (frozen) soil defined as having frozen water in the soil profile less (more) than 
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the previous day, and a complete freeze-thaw cycle defined as the soil surface changing 

from unfrozen to frozen and back again, and 

• (a) normality (Shapiro-Wilkes test), (b) change in means (annual average precipitation 

and average daily Tmax and Tmin with two-sample Student’s t-test or Wilcoxon rank-sum 

test), and (c) linear trends (climate data in the past and present combined with linear 

regression or Mann Kendall test) in R (R Core Team, 2022), with parametric tests applied 

for normally-distributed data and non-parametric tests for non-normal distributions. 

2.2.3. WEPP Simulations 

The three model watersheds were initially selected using StreamStats (USGS, 2019), and 

their outlet information was used for watershed delineation in the WEPPcloud interface (Lew et 

al., 2022). Soil inputs were built for each hillslope, and WEPP was run to create a WEPPcloud 

project with detailed slope configuration and soil profile. This process was repeated to discretize 

the three model watersheds (Table 2.1). The three WEPPcloud projects were downloaded. 

Python scripts were developed to refine inputs, including dividing the default single Overland 

Flow Element (OFE) into two to better simulate saturation-excess runoff at the lower part of the 

hillslope (Boll et al., 2015; Brooks et al., 2015), which tends to occur near the bottom of a 

hillslope. WEPP simulation was again conducted with revised inputs using the utility program 

wepppy (Lew et al. 2021; https://github.com/rogerlew/wepppy), with Python scripts that execute 

command-prompt WEPP for each model watershed. 

Table 2.1. Watershed discretization 

  Area (ha) Number of Hillslopes Number of Channel Segments 

WLCW-Low  8094 1632 721 

UICW-Intermediate  3602   801 341 

SFCW-High  5261 1163 507 
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2.2.3.1. WEPP Model Inputs 

Climate 

Six climate input files were created for the combination of two periods and three 

precipitation zones. The daily observed precipitation and temperature data for the three weather 

stations (near Pullman, Rosalia, and La Crosse) were used along with additional WEPP climate 

inputs. Event characteristics (duration, time to peak, peak intensity), dew-point temperature, and 

wind speed and direction were generated using CLIGEN 5.3 (Nicks et al., 1995, Srivastava et al., 

2019) due to lack of observed data, breakpoint or in other forms of fine temporal resolution (e.g. 

5-min), which often do not match the actual weather patterns and could be a potential source of 

error. 

Slope 

SFCW-High and UICW-Intermediate are dominated by rolling hills, with 53% and 57% 

of area falling in the 10–15% slope steepness, respectively (Figure 2.2). In contrast, WLCW-

Low is flatter, with slopes <10% and 10–15% covering 61% and 26% of the area, respectively. 

Delineated hillslopes shorter than 50 m or longer than 300 m account for less than 14% in each 

of the three watersheds. Hillslopes 100–200 m long are the most common, covering 39% of 

WLCW-Low, 56% of UICW-Intermediate, and 52% of SFCW-High. Each hillslope was divided 

into two OFEs of equal length. Slope length was limited to 200 m, the maximum value in Meyer 

(1982) reporting soil losses measured on experimental plots of varying slope lengths across the 

United States. 
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Figure 2.2. Variation of percent slope gradient (a: WLCW-Low, b: UICW-Intermediate, c: SFCW-High) and slope 

length in m (d, e, f) across the selected watersheds. 

Soil 

The soils in both UICW-Intermediate and SFCW-High tend to be deep, with 100% and 

92% >1200 mm, whereas only 41% of the soils in WLCW-Low are >1200 mm, and 55% are 

800–1200 mm deep. Hillslope soil inputs were extracted from SSURGO and further synthesized 

and computed based on literature (e.g. WEPP Technical Documentation, Flanagan and Nearing, 

1995) within WEPPcloud. Key hydraulic and erosion properties of the soil, namely the baseline 

hydraulic conductivity (Kb, mm hr−1), interrill erodibility (Ki, kg s m−4), rill erodibility (Kr, s m−1), 

and critical shear (τc, N m−2), were adjusted following the WEPP User Summary (Flanagan and 

Livingston, 1995) and applied following Dahal et al. (2022) (Table 2.2).  
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Management 

A single crop rotation of winter wheat-fallow with 100% intense tillage was used for the 

past (1940–1982) following McCool and Roe (2005). For the present (1983–2020), crop 

rotations vary by precipitation zone, and tillage practices were comprised of intense-, reduced-, 

and no-till with their annual percentages interpolated or extrapolated from county-level data 

reported by USDA NASS (2012, 2017) following Dahal et al. (2022). Because there was no 

tillage information by precipitation zone, the county-level tillage areal percentages were assumed 

for each watershed. Management input parameters for various tillage operations and specific 

crops for each rotation-tillage combination were based on Dahal et al. (2022); an example is 

presented in Table 2.3. 

Table 2.2. Major soil inputs for a predominantly deep soil (Palouse silt loam) 

Soil inputs Value 

Texture Silt loam 

Soil name Palouse Silt Loam 

Mukey 68563 

Albedo 0.16 

Initial saturation of soil, m3 m−3  0.4 

Baseline interrill erodibility Ki, kg s m−4  9.8×106  

Baseline rill erodibility Kr, s m−1  0.0178 

Baseline critical shear τc, N m−2  0.35 

Depth to the restrictive layer, m 1.5 

Restrictive layer hydraulic conductivity, mm hr−1 0.00072 
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Table 2.3. Major management inputs for wheat under intense tillage in a wheat-barley-pea rotation 

Management inputs Value 

Ridge height value after tillage, m  0.075 

Ridge interval, m 0.30 

Fraction of residue buried by chisel plow* 0.65  

Fraction of residue buried by moldboard plow* 0.80 

Depth of tillage for chisel and moldboard plow, m 0.20 

Depth of tillage for spike tooth harrow, m 0.076 

Random roughness value after spike tooth harrowing, m  0.025 

Fraction of surface area disturbed  1.0 

Row width, m 0.18  

Maximum canopy height for winter wheat, m 1.0 

Canopy cover coefficient for winter wheat 5.2 

Initial ridge height after last tillage, m  0.08 

Initial ridge roughness after last tillage, m 0.05 

Initial snow depth, m  0.0 

Initial frost depth, m 0.0 

Initial dead root mass, kg m−2   0.4 

*From Table 9.5.1 of WEPP documentation (Stott et al., 1995) 

2.2.3.2. Simulations Scenarios 

WEPP watershed (v. 2020.5) simulations were performed for the two time periods and 

three watersheds, with crop rotations and tillage intensities appropriate to the simulation periods 

and precipitation zones (Table 2.4). To account for the interactions between climatic and crop 

management conditions, we ran WEPP for each crop rotation with all possible starting phases. 

For example, for the first year of simulation for the present (1983), each of the three phases in 

the wheat-barley-pea (WBP) rotation could have been present in the field. Accordingly, this 

rotation was simulated three times by starting the crop rotation differently resulting in WBP, 

BPW, and PWB (Table 4, scenarios 24, 27, and 30). Likewise, WEPP runs with the past 

cropping system (wheat-fallow rotation and intense tillage) and the present climate were 

conducted starting with each phase for SFCW-High and UICW-Intermediate watersheds (Table 

4, scenarios 20, 21, 33, and 34) to elucidate the erosion effect of climate. 
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Table 2.4. WEPP simulation scenarios 

Winn Lake Canyon Watershed (WLCW-

Low) 

Upper Imbler Creek Watershed (UICW-

Intermediate) Spring Flat Creek Watershed (SFCW-High) 

Sce. Period Rotation* Tillage Sce. Period Rotation* Tillage Sce. Period Rotation* Tillage 

1 
Past 

WF Intense 9 
Past 

WF Intense 22 
Past 

WF Intense 

2 FW Intense 10 FW Intense 23 FW Intense 

3 

Present 

WF 

Intense 11 

Present 

WBF 

Intense 24 

Present 

WBP 

Intense 

4 Reduced 12 Reduced 25 Reduced 

5 No-till 13 No-till 26 No-till 

6 

FW 

Intense 14 

BFW 

Intense 27 

BPW 

Intense 

7 Reduced 15 Reduced 28 Reduced 

8 No-till 16 No-till 29 No-till 

    17 
FWB 

Intense 30 
PWB 

Intense 

    18 Reduced 31 Reduced 

    19 No-till 32 No-till 

    20 WF Intense 33 WF Intense 

    21 FW Intense 34 FW Intense 
*W: wheat; B: barley; P: pea; F: fallow; Sce. = Scenario 

2.2.4. Analysis of WEPP Simulation Results 

2.2.4.1. Aggregation 

Annual (water years from October 1–September 30 of the following year) and monthly 

water balance and erosion results were aggregated for all hillslopes within each watershed for 

each scenario. Channel erosion was not examined in this study. The results from the scenarios 

testing different starting phases of the same crop rotation (e.g., scenarios 24, 27, and 30, Table 

2.4) were averaged (assuming equal areal fraction) for each combination of tillage type, 

watershed, and simulation period. Subsequently, the averages for the three tillage types for each 

model watershed and period were area-weighted based on Whitman County tillage type 

proportions projected from data reported in USDA NASS (2017) as described by Dahal et al. 

(2022).  

Statistical comparison (α = 0.05) of the mean annual erosion rates was made for the two 

periods using either two-sample t-tests or the Wilcoxon rank-sum test, depending on the 

normality of the data. Correlation analysis (α = 0.05) of event and annual erosion rate (Mg ha−1), 
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water input (rain + melt) and runoff (mm), winter conditions, and hillslope properties was 

conducted for WLCW-Low, UICW-Intermediate, and SFCW-High for the “worst case” intense 

tillage scenarios. 

2.2.4.2. Comparison with Kaiser Field Data 

WEPP-simulated annual erosion results for the past were compared with the historical 

(Kaiser) annual field erosion data reported in McCool and Roe (2005). There is a lack of 

documentation in the literature of the specific fields examined in the Kaiser study, particularly 

their locations, even upon review of WSU library records of the survey archives (Kaiser, 2021). 

The fields denoted “sites with long history of observation” during the study had township and 

range information (Kaiser, 2021), which was digitized and mapped (Figure 1). Approximately 

66% of these fields were in the high-precipitation zone, and 33% in the intermediate-

precipitation zone. Based on this proportion, we area-weighted the WEPP-simulated annual 

erosion results for the high- and intermediate-precipitation zones, and compared the result with 

the Kaiser data. 

2.3. Results and Discussion 

2.3.1. Climate Characteristics 

2.3.1.1. Mean comparison 

Average annual precipitation increased from past to present by 24 mm in WLCW-Low 

and decreased by 41 mm in SFCW-High. In UICW-Intermediate, the 3 mm decrease is 

negligible (Table 2.5). The average daily temperatures (Tmax, Tmin) are greater in the present than 

in the past, except for average daily Tmin in WLCW-Low. All increases in average daily 

temperatures except Tmin in UICW-Intermediate were significant per the Wilcoxon rank-sum test 

(Table 5). The number of average annual rain-on-thawing-soil events increased significantly 
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from 19 to 23 in WLCW-Low and decreased significantly from 25 to 21 and 29 to 24 in UICW-

Intermediate and SFCW-High, respectively. 

Table 2.5. Comparison of means and long-term trends: average annual precipitation (P, mm), average daily maximum 

(Tmax) and minimum (Tmin) temperatures (°C), number of rain-on-thawing-soil events (RT), and freeze-thaw cycles 

(FT) of the past and present with p-values in parentheses. Non-parametric, Wilcoxon rank-sum and Mann Kendall 

tests were conducted for non-normal distributions. Significant tests (at α = 0.05) are in bold face. 

     Mean Comparison  Long-term Trend 

    Normality test t-test 

Wilcoxon 
rank-sum 

test 

 Linear 
Reg. 

slope 

Mann 
Kendall 

test 

Watershed   Past Present W*(p) t(p) w**(p)  β§(p) τ† (p) 

WLCW-Low 

P 353 377 0.99 (0.590) −1.28 (0.205)    

   0.43 

(0.280)  

Tmax
 16.9 17.1   0.85 (<0.0001)  

  638 

(0.045) 

 
  

  0.122 
(0.103) 

Tmin
 2.9 2.7   0.94 (<0.0001)    

  941 

(0.454) 

 

 

−0.093 

(0.214) 

FT 15 16   0.98 (0.25) −0.92 (0.36)  

  0.02 

(0.241)  

RT 19 23 0.95 (0.010)  
535 

(0.008) 

 
 

0.247 

(0.001) 

UICW-
Intermediate 

P 458 455   0.98 (0.410)   0.11 (0.911)    

 −0.15 

(0.762)  

Tmax 14.4 14.9   0.91 (<0.0001)  

  498 

(0.001) 

 

 

  0.240 

(0.001) 

Tmin 2.3 2.5   0.97 (0.050)  

  743 
(0.298) 

 
 

−0.043 
(0.571) 

FT 16 15   0.97 (0.090)   0.92 (0.359)    

   0.01 

(0.584)  

RT 25 21 0.97 (0.040)  

1064 

(0.020) 

 

 

−0.138 

(0.08) 

SFCW-High 

P 552 511   0.98 (0.110)   1.75 (0.084)  

 −0.78 

(0.117)  

Tmax 14.2 14.8   0.91 (<0.0001)  

  474 

(<0.0001) 

 

   

  0.228 

(0.002) 

Tmin 2.6 2.9   0.96 (0.020)  

  557 

(0.006) 

 

   

  0.196 

(0.009) 

FT 17 16   0.98 (0.12)  0.064 (0.949)    
   0.01 

(0.695)  

RT 29 24 0.98 (0.40) 2.99 (0.004)  

 −0.09 

(0.021)  
*W, normality test statistic; **w, Wilcoxon rank-sum test statistic; §β, linear regression slope; †τ, Mann Kendall test 

statistic. WLCW, Winn Lake Canyon Watershed in the low-precipitation zone; UICW, Upper Imbler Creek 

Watershed in the intermediate-precipitation zone; SFCW, Spring Flat Creek Watershed in the high-precipitation 

zone 

2.3.1.2. Long-term trend 

Changes in annual precipitation were not significant (Table 5, Figure 2.3). Tmax and Tmin 

in SFCW-High and Tmax in UICW-Intermediate have increased significantly, and long-term rain-

on-thawing-soil events increased significantly in WLCW-Low and decreased significantly in 

UICW-Intermediate and SFCW-High (Table 5, Figure 3). 
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Figure 2.3. Temporal variation of annual precipitation (a, b, c) and mean daily temperatures (d, e, f) for the study 

watersheds WLCW-Low, UICW-Intermediate, and SFCW-High, respectively. 

2.3.2. WEPP Simulation Results 

2.3.2.1. Water balance 

WEPP-simulated water balance for the three watersheds, WLCW-Low, UICW-

Intermediate, and SFCW-High, changed from the past to the present, with change primarily due 

to changes in climatic conditions, or to changes in both climatic conditions and cropping systems 

(Table 2.6). In WLCW-Low, the cropping system (wheat-fallow rotation, intense tillage) has 

remained the same. However, the 7.3% increase in average annual precipitation increased the 

amount of every water balance component: soil water, runoff, ET, and lateral flow and deep 

percolation (together accounting for ~2%). 
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Table 2.6. Average annual water balance and erosion (with percentages of annual water balance outputs in parentheses) 

for the WLCW-Low, UICW-Intermediate, and SFCW-High study watersheds. Values are averages of results with 

different starting phases of crop rotation. 

Watershed Period Tillage 

Water Balance (mm)        

Erosion 

(Mg ha−1) 

Rain + 

snowmelt Runoff ET 

LF + 

DP* 

Soil 

water** 

WLCW-Low 

Past Intense 357 32 (9) 315 (88) 6 (2) 180 13.5 

Present 

Intense 

383 

41 (11) 333 (87) 7 (2) 190 13.3 

Reduced 31 (8) 343 (89) 8 (2) 198  5.8 

No-till 29 (7) 346 (90) 8 (2) 198  2.3 

Area-

weighted¶ 

     9.5 

UICW-

Intermediate 

Past Intense 464 87 (19) 368 (79) 5 (1) 309 34.5 

Present 

Intense 

462 

77 (17) 383 (83) 3 (1) 270 22.9 

Reduced 59 (13) 400 (86) 3 (1) 288  8.0 

No-till 57 (12) 402 (87) 3 (1) 286  2.7 

Area-

weighted 

     14.1 

SFCW-High 

Past Intense 559 
128 

(23) 
406 (73) 15 (3) 426 52.6 

Present 

Intense 

518 

93 (18) 423 (82) 1 (0) 279 27.0 

Reduced 59 (11) 454 (87) 5 (1) 324  5.7 

No-till 55 (11) 457 (88) 5 (1) 324  2.2 

Area-

weighted 

     15.5 

*Lateral flow and deep percolation; **averaged daily, ¶Area-weighted average annual erosion based on percent 

areas of intense-, reduced-, and no-till in Whitman County 

In UICW-Intermediate, changes in water balance are mainly due to changes in crop 

rotation, as average annual water input (rain + snowmelt) decreased by only 0.4%. For the 

intense tillage practice, the switch from the past wheat-fallow to a wheat-barley-fallow rotation 

increases annual crop consumptive use and total ET. The increase in ET in turn decreases soil 

water, which enhances infiltration and reduces runoff. These patterns also hold true under 

reduced- and no-till, which allowed even more ET and less runoff than intense tillage.  

In SFCW-High, precipitation decreasing by 7.3% from past to present decreases the 

average annual runoff. For intense tillage, shifting from wheat-fallow to the three-year wheat-

barley-pea rotation increases annual crop consumptive use and ET (Table 2.6), just as it did for 
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UICW-Intermediate. The increase in ET decreases soil water, enhances infiltration, and 

decreases runoff. 

For all three watersheds within the present time period, a decrease in tillage intensity 

increases the amount of surface residue and resistance to surface water flow (Gilley and Weltz, 

1995), thus decreasing runoff and increasing soil water and ET. The increase in ET removes 

more soil water, which allows more infiltration and in turn decreases runoff in a “virtuous” 

cycle. 

3.3.2.2. Annual erosion 

Area-weighted average annual simulated erosion decreased from the past by 32, 57, and 

70% for the WLCW-Low, UICW-Intermediate, and SFCW-High watersheds, respectively. Area-

weighting was based on the average erosion rates for intense-, reduced-, and no-till based on 

their present percent areas for Whitman County (Table 2.6). The decrease was not significant for 

WLCW-Low (W = 998, p = 0.09), but was significant for UICW-Intermediate (W = 1280, p < 

0.0001) and SFCW-High (W = 1484, p <0.0001) per the Wilcoxon rank-sum test. The non-

parametric test was used because average annual erosion rates were non-normal for all three 

watersheds. 

For WLCW-Low under a consistent wheat-fallow rotation and intense tillage, the erosion 

rate decreased by 1.5% (not significant; W = 802, p = 0.891) from past to present due to changes 

in climate (more detail in 3.2.2.1). Erosion rates under intense tillage decreased significantly 

from past to present by 34% for UICW-Intermediate (W = 1065, p = 0.019), and by 49% for 

SFCW-High (W = 1294, p < 0.0001). For the former, this is because runoff decreased due to the 

change in rotation from wheat-fallow to wheat-barley-fallow. For the latter, the even greater 
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decrease in erosion is due both to a similar change to a three-year crop rotation and to decreased 

average annual precipitation. 

The simulated erosion rate also decreases with a decrease in tillage intensity, as the 

reduced- and no-till systems have more surface crop residues, which increase both infiltration 

and resistance to water flow and soil detachment. Overall, the WEPP-simulated erosion rates for 

all three watersheds decreased from past to present due to the combined effects of changes in 

climatic conditions and management practices, as elaborated in the next section. 

Climate effect 

Within any given crop rotation and tillage practice, WEPP-simulated erosion rate 

decreased from the past for all three watersheds. For WLCW-Low, the mean erosion rate for the 

past was 13.5 Mg ha−1 compared to the present 13.3 Mg ha−1 (Table 2.5). The simulation results 

differed according to the phase of the rotation. Starting the rotation with wheat yielded a 

decreased erosion rate at 12.6 Mg ha−1 compared to the past 14.3 Mg ha−1, whereas starting with 

fallow led to an increased erosion rate at 14.0 Mg ha−1 compared to the past 12.7 Mg ha−1. This 

discrepancy was due to a climate-rotation interaction: in the second scenario, the years with the 

highest annual precipitation, 1995 and 1997, coincide with wheat years, resulting in greater 

erosion in contrast to the first scenario in which these two years were fallow with lower erosion. 

For UICW-Intermediate and SFCW-High under intense tillage, annual erosion rates averaged 

over WF and FW were respectively 34.5 and 52.6 Mg ha−1
 for the past, compared to 26.7 and 

35.0 Mg ha−1 for the present. 

For UICW-Intermediate, the decrease in annual precipitation by 0.7%, winter (Dec–Feb) 

precipitation by 5%, and the number of precipitation events greater than 15 mm (hereafter “large 

precipitation events”) by 25% led to a lower simulated average annual erosion. In SFCW-High, 
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the average annual precipitation, winter precipitation, and the number of large precipitation 

events all decreased from past to present (Table 2.5, Figure 2.4). This shift in precipitation 

patterns decreased the present simulated average annual runoff and erosion. 

  
Figure 2.4. Distribution of size of precipitation events for the past and present. Bars represent event frequency, whereas 

values above the bars are averaged counts of annual precipitation events. (a) WLCW-Low, (b) UICW-Intermediate, 

and (c) SFCW-High study watersheds. 

Management effect 

Tillage effect 

Decreasing tillage intensity (fewer tillage passes, shallower tillage, less residue buried) 

decreases simulated erosion rates for the same crop rotation and climate conditions. 

Incorporating conservation tillage practices in the present based on projected percent areas with 

conservation tillage in Whitman County led to the decrease in average annual erosion by 31%, 

35%, and 40% in WLCW-Low, UICW-Intermediate, and SFCW-High, respectively, compared 

to the scenario where all the areas in the watershed remained under intense tillage (Table 2.5). 
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Crop rotation effect 

The shift from wheat-fallow in the past to wheat-based three-year crop rotations in the 

present in UICW-Intermediate and SFCW-High contributes substantially to decreased erosion 

(Figure 2.5). WEPP-simulated average annual erosion rates under wheat-fallow for these two 

zones were 26.7 and 35.0 Mg ha−1, both above those for wheat-barley-pea and wheat-barley-

fallow regardless of the starting phase of the rotations.  

 
Figure 2.5. Average monthly erosion by crop year for the past and present. (a–d) WLCW-Low, (e–h) UICW-

Intermediate, and (i–l) SFCW-High.  
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Wheat and fallow years tend to have high erosion rates. During wheat years, the winter 

rainy season coincides with low crop cover, as the late fall-planted crop may not have tillered 

yet. Additionally, in the intense tillage scenario, wheat requires multiple passes with intense pre-

planting tillage in the fall, which increases soil erodibility. Fallow is practiced to accumulate soil 

water, but the greater soil water stored during the fallow year inhibits subsequent infiltration and 

in turn causes more runoff and erosion. 

The “hypothetical” wheat-fallow rotation for the present (no longer practiced except in 

WLCW-Low) yielded an average daily soil water storage of 316 mm and 408 mm for UICW-

Intermediate and SFCW-High, compared to 270 mm and 279 mm for the three-year (wheat-

barley-fallow or wheat-barley-pea) rotations in their respective zones. In contrast, barley and 

pea, planted in mid-April after fewer tillage passes, provide crop cover, deplete soil water, allow 

more infiltration, and result in less runoff and erosion. In addition, barley and pea are harvested 

mid-August followed by only one secondary tillage pass in October, leaving more residue cover 

in these crop years, whereas the soil surface is left bare during the fallow years. Starting the 

rotation with different crop phases for the same precipitation zone and time period yielded 

different year-by-year erosion results, ranging from 0 to 140 Mg ha−1. In most cases, large 

erosion events occur during the fallow or wheat year in combination with extreme precipitation 

events occurring shortly after tillage. 

3.3.2.3 Comparison with Kaiser field data 

WEPP-simulated average annual erosion for 1940–1982 was 45.3 Mg ha−1 for the area-

weighted SFCW-High and UICW-Intermediate watersheds in Whitman County where Kaiser 

field data were collected, compared to the average of 53.8 Mg ha−1 of the Kaiser data reported in 

McCool and Roe (2005). WEPP simulation captured the long-term average annual erosion with 
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reasonable accuracy and 15% lower than that of Kaiser field data. WEPP-simulated annual 

erosion followed the trend of the observed for certain periods, including 1948–1979 (Figure 

2.6a). However, disagreements exist in yearly comparisons (R2 = 0.02, RMSE = 22.7 Mg ha−1, 

Figure 2.6b). The discrepancies in both average annual and yearly erosion could be due to 

uncertainties in both our interpretation of the Kaiser data, and the WEPP simulations themselves. 

Specifically, erosion was surveyed at selected locations in the intermediate- and high-

precipitation zones, while WEPP results represent area weighting of model watersheds. Further, 

crop rotations and their phases as well as tillage practices likely varied from farm to farm during 

the study period. Due to the lack of such historical details, these complexities could not be 

replicated in the WEPP simulation. Lastly, we used CLIGEN-generated precipitation events, 

which differ from the actual events in duration, time to peak, and peak intensity. This could also 

introduce errors into the simulated erosion. 

Simulations with different starting crop phases (wheat or fallow) yielded similar annual 

averages (45.3 Mg ha−1 for fallow-wheat, 45.9 Mg ha−1 for wheat-fallow), but different periods 

of better agreement in terms of temporal trend: starting with wheat vs. fallow produced a 

simulated trend more similar to the observed for 1949–1970 vs. 1971–1982 (not shown). In both 

cases, erosion peaked prominently during the wheat years for reasons elaborated in section 3.2.2. 

Yearly fluctuation in the observed erosion during 1940–1982 followed the annual 

precipitation trend, except for years 1941 and 1947. The observed annual erosion rates exceeded 

100 Mg ha−1 for 1942, 1943, 1946, and 1963. WEPP-simulated values, however, were much 

lower, especially for 1942 and 1943. The observed erosion was greater than 150 Mg ha−1 for 

1942 with an annual precipitation depth of 443 mm, which was lower by 90 mm than the average 

annual precipitation. During this year, a total of 114 precipitation events occurred (similar to the 
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average of 113), but the number of precipitation events greater than 10, 15, and 20 mm were all 

considerably fewer than the yearly averages. There were only three large precipitation events, at 

17, 27, and 29 mm. These average- or below-average precipitation conditions resulted in a 

WEPP-simulated erosion rate of 35 Mg ha−1 for the year. On the other hand, the observed 

erosion for 1947 was exceptionally low despite above-average annual precipitation, such that the 

WEPP simulated results were high in comparison. This difference could have resulted from the 

use of stochastically generated precipitation events. The observed low erosion in 1977 was likely 

due to the below-average precipitation for that year, which was partially reproduced by WEPP 

model simulations. 
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Figure 2.6. Observed and WEPP-simulated average annual erosion rates for the area-weighted UICW-Intermediate 

and SFCW-High watersheds where Kaiser field data were collected. (a) Yearly variation and (b) paired comparison. 
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3.3.2.4. Temporal trend 

Erosion mostly occurs during the rainy season from November to March (Figure 2.5). 

WEPP-simulated erosion rates varied year by year, as both weather and cropping conditions also 

varied (Figure 2.7). A combination of above-average annual precipitation and a large number of 

rain-on-thawing-soil events led to high erosion rates in the years 1959, 1978, and 1995 for all 

three watersheds. The many precipitation events in 2016, especially rain-on-thawing-soil events, 

resulted in elevated erosion for both UICW-Intermediate and SFCW-High. That same year, 

lower-than-average winter precipitation and fewer rain-on-thawing-soil events in WLCW-Low 

resulted in low erosion. Further, low winter precipitation and fewer rain-on-thawing-soil events 

resulted in low erosion rates in the years 1993 and 2013 in all three watersheds.  
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Figure 2.7. Temporal variations in WEPP-simulated annual erosion from the past to present. Study watersheds and 

their precipitation zones are (a) WLCW-Low, (b) UICW-Intermediate, and (c) SFCW-High. The vertical dashed line 

separates the past and present periods. 

As expected, both event and annual erosion rates were significantly (α = 0.05) correlated 

with runoff (Table 2.7). Likewise, runoff and erosion rates were significantly correlated with 

water input (rain + melt) for all three watersheds. Event erosion rate was positively correlated 

with Tmin, as greater temperatures in winter tend to cause soils to thaw and to be more erodible. 

The effect of the number of cumulative freeze-thaw cycles prior to an erosion event was 

significant for SFCW-High but not for the other two watersheds. Annual erosion rate was 

correlated with the number of rain-on-thawing-soil events in WLCW-Low and SFCW-High, but 

not in UICW-Intermediate. For none of the three watersheds was there a significant correlation 
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between the annual erosion rate and the number of freeze-thaw cycles (Table 2.7), corroborating 

the findings of McCool et al., (2006). 

Table 2.7. Pearson correlation analysis of event and annual erosion rate (Mg ha−1), water input (rain + melt) and runoff 

(mm), and winter conditions for the study watersheds WLCW-Low, UICW-Intermediate, and SFCW-High. Non-

significant (at α = 0.05) tests are italicized, and p-values are shown in parentheses. 

 Watershed  Erosion Rain + Melt Runoff Cum. FT/FT⁋ 

Event  

WLCW-
Low 

Rain + Melt 0.51 (<0.001) 
   

Runoff 0.67 (<0.001) 0.69 (<0.001) 
  

Cum. FT   −0.03 (0.295) 0.09 (<0.001) −0.11 (<0.001) 
 

Tmin
* 0.14 (<0.001) 0.26 (<0.001) −0.004 (0.865) 0.22 (<0.001) 

UICW-

Intermediate 

Rain + Melt 0.52 (<0.001)    

Runoff 0.58 (<0.001) 0.81 (<0.001)   

Cum. FT   −0.03 (0.258) 0.17 (<0.001) −0.07 (0.002)  

Tmin 0.27 (<0.001) 0.38 (<0.001)      0.12 (<0.001) 0.31 (<0.001) 

SFCW-High 

Rain + Melt 0.44 (<0.001)    

Runoff 0.51 (<0.001) 0.69 (<0.001)   

Cum. FT   −0.04 (0.008) 0.09 (<0.001) −0.10 (<0.001)  

Tmin  0.21 (<0.001) 0.32 (<0.001)      0.02 (0.27) 0.24 (<0.001) 

Annual 

WLCW-
Low 

Rain + Melt  0.41 (<0.001)    

Runoff  0.69 (<0.001)  0.42 (<0.001)   

FT   −0.1 (0.227) −0.32 (<0.001)       0.05 (<0.001)  

Rain-on-Thawing Soil     0.23 (0.004) 0.10 (0.198)       0.37 (<0.001)   0.25 (0.001) 

UICW-

Intermediate 

Rain + Melt  0.22 (<0.001)    

Runoff  0.45 (<0.001)  0.55 (<0.001)   

FT   −0.11 (0.088) −0.14 (0.03)       0.13 (0.053)  

Rain-on-Thawing Soil     0.08 (0.218)  0.22 (0.0005)       0.37 (<0.001)   0.27 (<0.001) 

SFCW-High 

Rain + Melt   0.35 (<0.001)    

Runoff   0.53 (<0.001)  0.57 (<0.001)   

FT   −0.03 (0.693) −0.01 (0.88)        0.18 (0.006)  

Rain-on-Thawing Soil     0.20 (0.002)  0.33 (<0.001)        0.53 (<0.001)   0.36 (<0.001) 

⁋Cum. FT, cumulative freeze-thaw cycles prior to an erosion event, for event analysis; FT, total number of freeze-

thaw cycles in a water year, for annual analysis. *Tmin, minimum air temperature 

3.3.2.5 Spatial variation 

WEPP-simulated average annual erosion rates vary spatially; the higher rates are 

associated with hillslopes with greater slope length and steepness (Table 2.8). In SFCW-High, 

the annual erosion rate was negatively correlated with soil depth, as deeper soils have larger 

storage and thus a lower potential for runoff and erosion, consistent with findings of previous 

studies (Brooks et al., 2015; Dahal et al., 2022). In contrast, for WLCW-Low, the annual erosion 

rate was positively correlated with soil depth, likely because of the combined effects of 
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confounding factors. Hillslopes with deeper soil in this watershed tend to be longer and steeper, 

with slightly lower saturated hydraulic conductivity and higher interrill and rill erodibilities. No 

analysis was made between erosion rate and soil depth for UICW-Intermediate because of the 

lack of variation of soil depth in this watershed.  

Table 2.8. Pearson correlation between annual average erosion and hillslope properties for the WLCW-Low, UICW-

Intermediate, and SFCW-High watersheds. Non-significant (at α = 0.05) tests are italicized, and P-values are shown 

in parentheses.  

  Erosion Slope Length Gradient 

WLCW-Low 

Slope Length 0.32 (<0.001)   

Gradient 0.59 (<0.001)  −0.03 (−0.03)  

Soil Depth 0.29 (<0.001) 0.01 (−0.59) 0.11 (<0.001) 

UICW-

Intermediate 

Slope Length 0.42 (<0.001)   

Gradient 0.41 (<0.001) −0.22 (<0.001)  

Soil Depth⁋ 
   

SFCW-High 

Slope Length 0.35 (<0.001)   

Gradient 0.41 (<0.001)     0.10 (<0.001)  

Soil Depth −0.19 (<0.001) 0.02 (0.21) 0.26 (<0.001) 
 ⁋No analysis for this watershed, which has only one soil depth 

Areas with simulated erosion rates below the NRCS tolerable limit (<11 Mg ha−1 yr−1) 

increased from past to present in all three watersheds, and areas with erosion rates far exceeding 

the tolerable limit (>30 Mg ha−1 yr−1) decreased from the past (Table 2.9, Figure 2.8). 

Nonetheless, areas with simulated erosion rates above the tolerable limit still account for 34, 40, 

and 39% of the total areas in WLCW-Low, UICW-Intermediate-, and SFCW-High, respectively.  
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Table 2.9. Changes in percent areas of erosion from past to present in the WLCW-Low, UICW-Intermediate, and 

SFCW-High watersheds. 

 Areas with erosion rate 

<11 Mg ha−1 (%) 

Areas with erosion rate 

> 30 Mg ha−1 (%) 

Past Present Past Present 

WLCW-Low 52 66 10 4 

UICW-Intermediate 4 60 68 3 

SFCW-High 4 60 82 3 

 

Figure 2.8. Average annual WEPP-simulated erosion rates (Mg ha−1) for the past (a, b, c) and the present (d, e, f) in 

the WLCW-Low, UICW-Intermediate, and SFCW-High watersheds. 

2.4. Conclusions 

In this study, we applied WEPP (v. 2020.5) to assess the temporal trend of water erosion in the 

three precipitation zones of Whitman County, eastern Washington State. We separated the 

climate record into the past (1940–1982) and the present (1983–2020). We delineated a 

watershed within each precipitation zone and carried out WEPP model simulations over the two 

periods for the three watersheds under different tillage practices and crop rotations. Statistical 
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analyses were conducted to evaluate the long-term trends of climatic parameters, specifically 

annual precipitation and daily maximum and minimum temperatures, and to compare averaged 

and aggregated WEPP simulation results for the two time periods. Additionally, WEPP-

simulated annual erosion rates for the past were compared with the Kaiser field data. Our major 

conclusions from this study are: 

1. Climate Trends Daily maximum and minimum temperatures increased from the past in 

all three watersheds except Tmin in the WLCW-Low. The increase in temperature was 

statistically significant except for Tmin in UICW-Intermediate. The number of rain-on-

thawing-soil events increased significantly in WLCW-Low and decreased significantly 

in UICW-Intermediate and SFCW-High. 

2. Erosion: Past vs. Present WEPP-simulated average annual erosion rates decreased from 

the past to present by 32%, 57%, and 70% for the study watersheds in the low-, 

intermediate-, and high-precipitation zones, respectively. The decreases were due to the 

combined effects of changing climatic patterns and management practices.  

3. Climatic Effect The decrease in annual, particularly winter, precipitation, and the 

number of large precipitation events were the key climatic factors (or parameters) that 

led to a decrease in erosion. 

4. Management Effect The shifts from two-year to three-year rotation, and from intense 

tillage to conservation tillage, were the key management changes that caused a decrease 

in erosion. Incorporating reduced- and no-till decreased WEPP-simulated average 

annual erosion by 31%, 35%, and 40% in WLCW-Low, UICW-Intermediate, and 

SFCW-High, respectively. 

5. Comparison with Kaiser Field Data WEPP-simulated average annual erosion rate 
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agreed with the Kaiser field data. WEPP reproduced year-by-year variations for certain 

periods, especially 1948–1979. 

6. Temporal and Spatial Assessment Erosion varied year to year, driven by the annual 

precipitation events, number of precipitation events, and rain-on-thawing-soil events. 

Spatially, the areas with erosion rates below the NRCS tolerable limit increased from 

the past to the present in all three watersheds. Yet 34, 40, and 39% of the total areas in 

WLCW-Low, UICW-Intermediate, and SFCW-High watersheds, respectively, still 

generate erosion exceeding the NRCS tolerance limit of 11 Mg ha−1 yr−1. 

7. Correlation with Climate Parameters Erosion events were positively correlated with 

annual water input, runoff, and minimum temperature for all three watersheds. The 

number of annual freeze-thaw cycles was not correlated with annual erosion rates in the 

three watersheds. The number of annual rain-on-thawing-soil events was significantly 

correlated with annual erosion rates for the watersheds in the low- and high-precipitation 

zones. 

8. Correlation with Spatial Parameters The average annual erosion rate was significantly 

correlated with hillslope length and steepness for all three watersheds. Average annual 

erosion rate in SFCW-High was negatively correlated with soil depth, as deep soils have 

lower potential for runoff and erosion. However, the erosion rate was positively 

correlated with soil depth in WLCW-Low, because hillslopes with deeper soils in this 

watershed tend to be longer and steeper, with lower hydraulic conductivity and higher 

erodibility. 

9.  Limitations: The study is limited by the lack of observed characteristics of precipitation 

events, which likely contributed to differences between WEPP-simulated and observed 
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erosion. The use of county-level tillage practice data for subareas within the county has 

likely also contributed to the simulation errors. 
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3. TEMPORAL CHANGE IN WATER EROSION IN RESPONSE TO FUTURE CLIMATE 

CHANGE 

3.1. Introduction 

Climate Change 

Change in climate is evident as existing analyses show that the combined global average 

of land and ocean temperature has increased by 0.85ºC from 1880 to 2012 (Stocker et al., 2013). 

In the Pacific Northwest (PNW) the average annual temperature has increased by 0.7ºC in the 

past century, while the precipitation change has been insignificant (Abatzoglou et al., 2014). In 

the future, the annual temperature in PNW is predicted to increase by 1.1ºC, 1.8ºC, and 3.0ºC by 

2020, 2040, and 2080, with autumn and winter increasingly wet and summer drier (Mote and 

Salathé, 2010) compared to the average annual temperature of 1970 to 1999. The future 

precipitation of the inland PNW is projected to increase by 8 to 12% and mean temperature in 

the growing season by 1.5 to 2.3ºC under RCP 4.5 and RCP 8.5 scenarios, respectively (Karimi 

et al., 2018). 

Effects of Changing Climate on Agriculture 

Climate change can increase CO2 concentration, which will variably impact agriculture 

around the world (Aydilnap and Cresser, 2008). As agricultural systems are a major driver of soil 

erosion, change in climate will lead to a change in erosion. Changes in precipitation patterns, 

e.g., intensity and frequency of extreme events, will change the erosive power of rainfall and the 

amount of runoff, changing the erosion pattern (Adams et al., 1999; Nearing, 2001). Shifts in 

temperature will influence the frequency of freeze-thaw cycles of the soil (Henry et al., 2008), 

which affects the soil erodibility (Ferrick et al., 2005). An increase in temperature might 

indirectly affect soil erosion as it influences evapotranspiration, biomass production, and residue 

decomposition process (Pruski and Nearing, 2002; Chien et al., 2013), which might increase or 
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decrease erosion. The net change in erosion due to changing temperatures is determined by 

considering both the negative, and positive, effects (O’Neal et al., 2005). The increased CO2 

concentration leads to reduced transpiration as stomatal apertures of plant and therefore the 

stomatal conductance are reduced, resulting in higher soil water content in the soil profile, 

increasing the potential for runoff and hence erosion (Schulze, 2000). However, the increase in 

CO2 concentration would also lead to increased biomass production, which augments ground 

cover and decreases erosion (Guo et al., 2019; Nearing et al., 2004).  

Erosion Response to Climate Change 

The potential change in erosivity in response to a changing climate was investigated by 

Nearing (2001). Rainfall erosivity was computed for two twenty-year periods of 2040–2059 and 

2080–2099, and compared with the value for 2000–2019 in the United States using two climate 

models: UK Hadley Centre model (HadCM3) and Canadian Global Coupled model (CGCM1). 

Rainfall erosivity was calculated as a function of: i) average annual precipitation and ii) Fournier 

coefficient, which depends on average monthly and annual temperature. The results from 

HadCM3 showed a general increase in erosivity over Eastern and Northern US. The estimated 

erosivity would decrease in the Southwestern US, including parts of California, Nevada, Utah, 

and eastern Texas. CGCM1 results showed an increase in erosivity over the Northern US. 

CGCM1 model also showed a substantial increase in erosivity in the Northeastern and 

Northwestern US, which was not consistent with the HadCM3 model results. Estimated erosivity 

would generally increase in the Pacific Northwest except in the case of HadCM3 simulation 

using average precipitation. The erosivity results from the two methods were generally agreeable 

for most areas across the US, with inconsistency (or opposite trends) projected for 16–20% of the 

areas. The change in projected is substantial, with variation in magnitude from region to region, 
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and average magnitude of change (either increase or decrease) to be 29% and 59% for the two 

periods. 

Pruski and Nearing (2002) estimated the impact of precipitation change on soil erosion 

rates using WEPP. In their study, change in precipitation was considered as due to i) change in 

the number of wet days, ii) change in the amount of rainfall per event, and iii) equal change in 

the number of wet days and in the amount of rain per event. In all three cases, the precipitation 

was either unchanged (base line), or changed by ±10% and ±20%. The climate inputs for WEPP 

were created by modifying relevant parameters in the random climate generator (CLIGEN; Nicks 

et al., 1995). The WEPP simulations were conducted for three locations (West Lafayette, IN; 

Temple, TX; and Corvallis, OR), with three slope configurations, three soil types, and four crop 

scenarios (grazing pasture, corn and soybean rotation, winter wheat, and fallow). The results 

indicate that runoff will increase with an increase in average precipitation regardless of the form 

of precipitation change. However, runoff was found to be more sensitive to an increase in the 

average amount of rainfall in a given day than to an increase in the number of wet days. As 

runoff, soil loss is more sensitive to change in rainfall amount per event with a 2.4% average 

increase with each percent increase in precipitation, compared to a 0.9% average increase with 

each percent increase in the number of wet days. This may be because increase in the number of 

wet days would lead to an increase in biomass production due to the increase in precipitation, 

which in turn will increase the surface resistance to erosion. However, this effect of increase in 

biomass production was superseded in the case of increase in rainfall amount per event by the 

intensified rill and interrill soil detachment processes that depend directly on rainfall amount and 

intensity and runoff rates. 
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Nearing et al. (2004) examined long-term erosion (1990–2099) using the WEPP model, 

and compared future outcomes with the 1990 erosion results for eight locations under corn and 

wheat management across the US. They showed that the impacts on runoff and erosion of 

different future climate scenarios would vary depending on location and management. In some 

locations, erosion will increase with increase in precipitation; in others, erosion will increase 

with decreasing precipitation. This is because decrease in precipitation resulted in decrease in 

biomass production due to water stress, which in turn led to decrease in ground cover and an 

increase in erosion. A few of the scenarios showed an increase in precipitation, decrease in 

runoff, and increase in erosion. This is because the projected precipitation decreases during the 

growing season, decreasing runoff and erosion, but the precipitation increases during April and 

May, causing an increase in runoff and erosion, with a net effect of decreased runoff but 

increased erosion overall. 

Li and Fang (2016) reviewed published work assessing the impact of a changing climate 

on soil erosion on multiple spatial and temporal scales in the US, China, the United Kingdom, 

and Germany. Their review was focused on key factors, such as precipitation, temperature, 

vegetation, and crop management. The authors found that soil erosion could increase or decrease 

under future climate changes depending on the combined direct and indirect effects of changes in 

precipitation, temperature, and CO2 concentration. Climate change could result in a change in 

vegetation and cropping systems. An increase in precipitation amount would lead to larger 

amount of runoff and thus larger erosion rate. An increase in rainfall duration reduces solar 

radiation, thus hindering plant growth and decreasing plant cover, causing an increase in erosion. 

On the other hand, increased precipitation can increase plant biomass production, increasing 

canopy cover, thus reducing runoff and erosion. An increase in temperature leads to an increase 
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in ET and decrease in soil water, which increases soil infiltration capacity and reduces runoff and 

erosion. Increasing temperature can also cause a longer growing season for some crops, thus 

increasing vegetative cover for a more extended period and reducing annual runoff and erosion. 

On the other hand, the increasing temperature can increase residue decomposition rate leading to 

reduced resistance to runoff and therefore increased erosion. The authors submit that the impact 

of climate change on soil erosion is best assessed at the regional level accounting for changes in 

crop management and considering all erosion processes, including rill, gully, and channel 

erosion. 

Borrelli et al. (2020) modeled global soil erosion and predicted the baseline global soil 

erosion rate to be 3 t ha−1 yr−1 for 2015, and the combined effect of future land use and climate 

change to be an increase in erosion by 30%, 51%, and 66% by 2070 for the scenarios of Shared 

Socioeconomic Pathway and Representative Concentration Pathway (SSP-RCP) 2.6, 4.5, and 8.5 

(Pachauri, 2014). 

Edwards et al. (2019) studied climate change impacts on wind and water erosion of US 

rangelands considering changes in climate and management factors that cause erosion. They 

analyzed the projected changes in future annual and seasonal temperature, precipitation, and 

wind speed, and submitted that vulnerability to erosion will increase due to projected trend of 

reduced vegetation cover, and increased rainfall erosivity. 

A WEPP simulation study by O’Neal et al. (2005) accounted for the shift in cropping 

systems from wheat and maize to soybeans, which are projected to be more profitable under 

climate change. The results indicate an increase in runoff and soil loss in 2040–2059 

ranging +10% to +310% and +33% to +274%, respectively, in comparison to 1990–1999. 
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Garbrecht and Zhang (2015) used WEPP-CO2 to simulate soil erosion for the period of 

2041–2070 for wheat production areas of central Oklahoma using 10 Global Climate Models 

(GCMs) for the RCP 8.5 scenario and conventional and conservation tillage practices. The 

results showed a doubling of soil erosion rate on average to 15.3 t ha–1 under full conventional 

tillage compared to current conditions. This increase was associated with intensified storm 

events and accelerated plant growth from increased temperature and CO2 concentration, resulting 

in early harvest and more fallow and bare field areas. The study also projected an average 

reduction in erosion by 53% (8.5 t ha–1) and 96% (0.6 t ha–1) for reduced tillage and no-till 

compared to conventional tillage.  

Sharratt et al. (2015) used the Water Erosion Prediction System (WEPS) to assess the 

impact of a changing climate on wind erosion of agricultural lands in the Columbia plateau. 

Daily climate outputs from 18 GCMs for the RCP 4.5 scenario were used as inputs to WEPS for 

typical wheat-based rotations under conventional and conservation tillage. Simulations were 

conducted for historical (1970–1999) and future mid-21st century (2035–2064) and relative 

changes were compared. A substantial increase in temperature and a minor increase in 

precipitation were projected for the Columbia Plateau. The authors reported a decrease in wind 

erosion by 25–84% during the mid-21st century due to greater biomass production in warmer 

time periods.  

Wang et al. (2018) used the macro-scale Variable Infiltration Capacity-Water Erosion 

Prediction Project (VIC-WEPP) model to estimate soil loss under climate changes for 2000–

2100 in the US Great Lakes region. Three models from the Coupled Model Intercomparison 

Project 3 (CMIP3) were used with three emission scenarios (A2, A1B, B1). The authors 

simulated three periods: early (2030–2039), middle (2060–2069), and late (2090–2099) futures, 
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and compared the erosion results with those during the historical period (2000–2009).  The 

simulated seasonal runoff increases in fall and winter because of a rise in air temperature that 

converts snow to rainfall, and a decrease in spring and summer because of the increasing air 

temperature that increases ET. The net outcome is a decrease in annual runoff, with the largest 

decrease of 8.5 mm yr−1 (−8.1%) for the middle-future period and A1B scenario, even though 

precipitation was projected to increase generally. The simulated annual soil loss will decrease 

ranging 0.43 t ha−1 (−5.0%) to 1.8 t ha−1 (−21%) for the three emission scenarios and three future 

periods. The simulated seasonal soil loss follows the simulated runoff pattern, increasing in fall 

and winter, and decreasing in spring and summer, resulting in an overall decrease annually. 

Rationale and Objectives 

Few studies have assessed the response of water erosion to changes in future climate in 

the inland Pacific Northwest. This assessment is necessary to identify sustainable management 

practices that can tackle erosion problems in the future. The objectives of this study were to (i) 

assess the changes in water erosion as impacted by the projected future climate using WEPP, and 

(ii) identify conservation practices to reduce erosion, especially from the “hot spots”. 

3.2. Methodology 

3.2.1. Study Area 

Whitman County, one of the largest cereal-grain production counties with historical 

erosion problems, was chosen as the study area. Whitman County is located in southeastern 

Washington, with elevation spanning 160– 1250 m a.m.s.l. (USGS, 2019) and a Mediterranean 

climate characterized by dry summers and wet winters. The area consists of three distinct 

precipitation zones: low, intermediate, and high, with their respective long-term average annual 

precipitations of 355 mm, 450 mm, and 533 mm (NCDC, 2022). Conventional tillage is common 



 

61 

within the study area, and conservation tillage (reduced tillage and no-till) has increased since 

the 1980s (Dahal et al., 2022). Wheat is the main crop, and the crop rotation is dictated by 

available water. Winter wheat-fallow, winter wheat-spring-barley-fallow, and winter wheat-

spring barley-pea are in commonly practiced in the low-, intermediate-, and high-precipitation 

zones, respectively.  

Three HUC-12 watersheds, one for each precipitation zone (same as described in Chap 

2), were used for WEPP simulation. The watersheds are the Winn Lake Canyon Watershed for 

the low-precipitation zone (WLCW-Low), Upper Imbler Creek Watershed (UICW-Intermediate) 

for the intermediate-precipitation zone, and Spring Flat Creek Watershed (SFCW-High) for the 

high-precipitation zone. 

3.2.2. Climate 

Projected climates from different GCMs were grouped based on RCP scenarios. RCPs 

represent different trajectories of greenhouse gas (GHG) concentrations used to forecast the 

potential effects of climate change, reflecting future human activities related to GHG emissions 

(Stocker et al., 2013). Each RCP scenario (+2.6, +4.5, +6.0, +8.5 W/m2) is defined by its 

radiative forcing value for the year 2100 compared to levels before the industrial era. RCP 4.5 

represents a peak in emission around 2040 and then a decline owing to policies that stabilize 

GHG emissions whereas RCP 8.5 represents a continuous rise in emission with no efforts to 

mitigate GHG emissions. These two scenarios were modeled in this study with 20 GCMs.  

The GCM outputs were downscaled into finer spatial resolutions, making them more 

relevant for regional assessment. Specifically, I adopted the downscaled GCM data by 

Abatzoglou and Brown (2012), from the Climatology Lab (https://www.climatologylab.org/), 

employing the statistical method Multivariate Adaptive Constructed Analogs (MACA). I 
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incorporated the downscaled outputs from all 20 GCMs for the historical as well as the future 

RCP 4.5 and RCP 8.5 scenarios. The primary climate variables examined were precipitation and 

temperature.  

I developed Python scripts to acquire, aggregate, and download the downscaled products. 

The three model watersheds were used to identify the downscaled product tiles: tiles falling in 

each watershed were spatially averaged, and a single set of daily climate data was obtained for 

each watershed for both historical and future periods. 

3.2.3. WEPP Inputs 

Climate inputs were divided into two 30-year periods: historical (1976–2005) and future 

(2036–2065). Additional climate data needed for WEPP simulation, including wind velocity, 

dew-point temperature, and precipitation characteristics, were generated through a stochastic 

weather generator CLIGEN (v5.0, Srivastava et al., 2019). Slope and soil properties were 

delineated through WEPPcloud (Lew et al., 2022) and were modified, including adjusting slope 

length, baseline hydraulic conductivity, interrill and rill erodibility, and critical shear following 

Dahal et al. (2022). Three tillage practices: intense, reduced, and no-till, were included in WEPP 

simulations for the historical and future periods. Crop rotations varied by precipitation zones but 

to isolate the effects of climate on water erosion, for the same precipitation zone, I used the same 

crop rotations in historical and future scenarios. Wheat-fallow (WF) rotation was used for the 

low-precipitation zone, wheat-barley-fallow (WBF) was used for the intermediate-precipitation 

zone, and wheat-barley-pea (WBP) was used for the high-precipitation zone.  

3.2.4. WEPP Simulation 

WEPP (watershed v.2020.5) was used simulate water erosion following the workflow 

(Figure 3.1). Hillslopes were discretized into three Overland Flow Elements (OFEs) to better 
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simulate saturation-excess runoff at the bottom of the hillslopes. Python and r scripts were 

developed to convert input files from the default single OFE to three OFEs and to conduct WEPP 

simulations in batch. With three watersheds, 20 GCMs, one historical and two RCP scenarios, 

and three tillage types, I conducted a total of 540 (3×20×3×3) WEPP runs. 

 
Figure 3.1. Flowchart of WEPP simulations. 

2.5. Analysis of Results  

Climate variables and WEPP-simulated water balance and erosion results were 

aggregated as monthly, seasonal, and annual (water year, October 1–September 30 of the 

following year). The relative change from historical to future in climate, water balance, and 

erosion under different tillage practices and RCP scenarios for all GCM models were assessed 

and synthesized. Erosion results for future scenarios were mapped to the model watersheds, and 

differences in erosion due to hillslope characteristics were determined. (Figure 3.1). The areas in 

the model watersheds with consistently high erosion (hot spots) were identified, and 
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implementation of combinations of conservation practices, including reduced tillage, no-till, and 

land retirement, was assumed for those areas to determine differences in erosion rates. 

3.3. Results  

3.3.1. Climate 

3.3.1.1. Precipitation 

Future annual precipitation generated by the models varies, with most models indicating 

an increase in precipitation (Figure 3.2). The average annual precipitation for all three 

precipitation zones increases from historical to RCP 4.5 and RCP 8.5 by 4–5% and 5–6%, 

respectively (Table 3.1). The projected winter precipitation increases markedly for all three 

precipitation zones with an average increase of 8–10% (8–14 mm) from historical to RCP 4.5 

and RCP 8.5, respectively, with the largest increase occurring in the high-precipitation zone. The 

projected spring precipitation increases by 8–9% (5–12 mm) for the three zones and the two 

future scenarios. The projected fall precipitation follows a similar trend but the increase is larger 

under RCP 4.5 than RCP 8.5. Projected summer precipitation decreases from the historical under 

both RCP 4.5 and RCP 8.5, by 3–4% for the three precipitation zones. 
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Figure 3.2. Historical and projected future (RCP 4.5 and RCP 8.5) seasonal precipitation from the 20 GCMs for the 

three precipitation zones. 

Table 3.1. Projected future (RCP 4.5 and 8.5) climate change for the three precipitation zones. Values in parentheses 

are percent changes: (+) indicates increase and (–) indicates decrease. 

  Precipitation Zone 
  

High Intermediate Low 
  

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

Precipitation* Annual 21 (4) 27 (5) 22 (5) 26 (6) 16 (5) 19 (6) 
 

Summer −2 (−4) −2 (−4) −2 (−3) −2 (−3) −1 (−3) −1 (−3) 
 

Fall 5 (3) 4 (3) 6 (4) 5 (4) 4 (3) 3 (3) 
 

Winter 11 (8) 14 (8) 11 (9) 13 (9) 8 (9) 10 (9) 
 

Spring 8 (8) 12 (8) 8 (9) 11 (9) 5 (8) 8 (8) 

Temperature¶ Daily 2 (24) 3 (31) 2 (24) 3 (31) 2 (19) 3 (25) 
 

Summer 2 (18) 3 (18) 2 (17) 3 (17) 2 (15) 3 (15)  
Fall 2 (30) 3 (30) 2 (30) 3 (30) 2 (24) 3 (24) 

 
Winter 2 (4573) 3 (4580) 2 (445) 3 (445) 2 (246) 3 (246) 

 
Spring 2 (28) 2 (28) 2 (27) 2 (27) 2 (21) 2 (21) 

*Precipitation, average annual and seasonal, mm; ¶Temperature, average daily and seasonal, °C 
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3.3.1.2. Temperature 

Projected future temperatures vary, but a consistent warming trend projected across the 

GCMs is discernible (Figure 3.2). The average daily temperature increases across all three 

precipitation zones from the historical to future RCP 4.5 and RCP 8.5, by 19–24% and 25–31%, 

respectively (Table 3.1). Projected winter temperature increases notably across all zones with 

increase from historical average of ~0 °C to 2–3 ° C. An uptick of 15–28% in temperature across 

the three zones was projected for spring and summer for the two future scenarios, with a 24–30% 

hike in temperature projected for fall. Projected maximum and minimum temperatures follow a 

similar increasing trend as the average daily temperature. The number of days with minimum 

temperature below 0 °C is expected to decrease on average by 38, 44, and 47 for RCP 4.5 and by 

46, 55, and 57 days for RCP 8.5 for the low-, intermediate-, and high-precipitation zones, 

respectively. 
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Figure 3.3. Historical and projected future (RCP 4.5 and RCP 8.5) seasonal temperatures by all 20 GCMs for the three 

precipitation zones. 

3.3.2. Water Balance 

3.3.2.1. Evapotranspiration (ET) 

Evapotranspiration (ET) responses to projected future climate under different tillage 

practices showcased consistent increase in all precipitation zones from the historical period 

(Figure 3.4). The increase in annual ET is the most pronounced in the high-precipitation zone, 

especially under intense tillage (Table 3.2). RCP 8.5 consistently yielded the largest average 

increase in ET for all tillage practices, with the increase reaching 57 mm (14%) in the high-

precipitation zone. The intermediate-precipitation zone mirrored this trajectory, registering a 



 

68 

range of 40–48 mm of increased ET across tillage practices, with little distinction between the 

results from the two RCPs. The change in annual ET is lowest in the low-precipitation zone, by 

22–26 mm. 

The summer months had highest ET surges for all precipitation zones (Table 3.2). This 

highest increase (39 mm, 21%) in summer ET was in the high-precipitation zone under intense 

tillage in RCP 8.5. Winter ET increases as well (with its relative increase being the highest of all 

seasons), especially in the intermediate- and high-precipitation zones for both RCPs, irrespective 

of the tillage method. Changes in spring ET are moderate in comparison to the changes in winter, 

and changes in fall ET are largely negligible. 

Table 3.2. Change in projected future (RCP 4.5 and 8.5) ET (mm) for the three precipitation zones under three tillage 

practices. Values in parentheses are percent changes; (+) indicates increase and (–) indicates decrease. 

  Precipitation Zone 
  

High Intermediate Low 

Tillage 
 

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

Intense Annual 48 (12) 57 (14) 40 (12) 48 (14) 22 (8) 26 (9) 
 

Summer 34 (19) 39 (21) 22 (18) 26 (21) 4 (8) 4 (9) 
 

Fall 0 (1) 0 (0) 0 (1) 0 (1) 3 (8) 4 (8) 
 

Winter 11 (24) 14 (29) 13 (29) 15 (35) 8 (14) 9 (16) 
 

Spring 3 (2) 6 (4) 6 (4) 8 (6) 7 (5) 9 (6) 

Reduced Annual 41 (9) 48 (11) 41 (11) 47 (13) 21 (7) 24 (8) 
 

Summer 20 (10) 22 (10) 15 (11) 15 (11) 1 (2) 0 (1) 
 

Fall 1 (2) 1 (2) 1 (1) 1 (2) 3 (7) 3 (7) 
 

Winter 11 (27) 14 (33) 12 (31) 15 (38) 10 (18) 12 (21) 
 

Spring 9 (6) 12 (8) 14 (10) 17 (12) 8 (5) 9 (6) 

No-till Annual 41 (9) 48 (11) 41 (11) 46 (13) 20 (7) 23 (8) 
 

Summer 19 (9) 20 (10) 15 (11) 14 (10) 0 (1) 0 (0) 
 

Fall 1 (3) 1 (3) 1 (2) 1 (1) 3 (6) 3 (6) 
 

Winter 11 (26) 14 (33) 12 (30) 15 (37) 10 (17) 12 (21) 
 

Spring 10 (7) 13 (9) 14 (10) 17 (12) 8 (5) 9 (6) 
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Figure 3.4. Historical and projected future (RCP 4.5 and RCP 8.5) annual water balance for the three precipitation 

zones from all GCMs. 

3.3.2.2. Runoff 

Projected runoff consistently decreases from the historical period for all three 

precipitation zones for all tillage scenarios (Figure 3.4). The most notable reductions in annual 

runoff are in the high-precipitation zone under intense tillage, especially under RCP 8.5, 

plummeting by 81 mm (45%) (Table 3.3). Annual runoff for the intermediate zone follows a 

similar pattern, but the decrease is more moderate ranging 52–64 mm (35–44 %) for intense 

tillage. The decrease in runoff for the low-precipitation zone, ranging 13–19 mm, with the 

percent decrease equally high (43–46%)for all scenarios. 

Projected seasonalrunoff decreases consistently across all precipitation zones, tillage 

types, and RCP scenarios (Table 3.3). Winter runoff reductions are the most drastic, especially in 
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the intermediate- and high-precipitation zones, by up to 72 mm under RCP 8.5. Projected spring 

runoff decreases as well in all precipitation zones, though at a smaller magnitude. Projected 

runoff reductions for fall are low, all less than 10 mm. As in the historical period, runoff is 

minimal in summer in both future scenarios for all precipitation zones. 

Table 3.3. Change in projected future (RCP 4.5 and RCP 8.5) runoff (mm) for the three precipitation zones under three 

tillage practices. Values in parentheses are percent changes; (+) indicates increase and (–) indicates decrease.  

  Precipitation Zone 
  

High Intermediate Low 

Tillage 
 

RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 

Intense Annual −71 (−39) −81 (−45) −52 (−35) −64 (−44) −18 (−43) −19 (−46) 
 

Summer 0* 0 0 0 0 0 
 

Fall −4 (−28) −6 (−47) −2 (−4) −4 (−35) 0 −1 (78) 
 

Winter −63 (−39) −72 (−45) −44 (−34) −53 (−41) −18 (−45) −19 (−48) 
 

Spring −4 (−33) −4 (−16) −7 (−72) −7 (−73) 0 0 

Reduced Annual −50 (−41) −54 (−44) −50 (−43) −56 (−47) −15 (−46) −15 (−46) 
 

Summer 0 0 0 0 0 0 
 

Fall −2 (−2) −3 (−39) −1 (19) −3 (−29) 0  0  
 

Winter −46 (−41) −49 (−44) −44 (−41) −48 (−44) −15 (−48) −15 (−48) 
 

Spring −3 (−21) −3 (−6) −5 (−72) −6 (−76) 0 (310) 0 (628) 

No-till Annual −49 (−42) −52 (−45) −50 (−44) −54 (−48) −13 (−46) −13 (−45) 
 

Summer 0) 0 0 0 0 0 
 

Fall −1 (43) −2 (−29) 0 (56) −2 (−13) 0 (1310) 0 (1631) 
 

Winter −45 (−43) −48 (−46) −44 (−43) −47 (−45) −13 (−48) −13 (−47) 
 

Spring −3 (−18) −3 (−5) −5 (−71) −6 (−77) 0 (278) 0 (597) 

*For historical runoff of zero, percent change is not calculated. 

3.3.3. Erosion 

Predicted changes in erosion vary depending on the GCMs, precipitation zone, tillage 

intensity, and RCP scenario. Annual erosion in the high-precipitation zone decreases notably 

under intense tillage, more so for RCP 8.5, with a decrease of 4.3 Mg ha−1 (Table 3.4.). The 

projected erosion reduction in the low-precipitation zone closely mirrors the reduction in the 

high-precipitation zone, decreasing by 3.5 Mg ha−1 under RCP 8.5. The erosion reduction in the 

intermediate zone is minimal. 



 

71 

Table 3.4. Projected future (RCP 4.5 and RCP 8.5) average annual erosion (t ha−1) for the three precipitation zones 

under three tillage practices; (+) indicates increase and (–) indicates decrease.  

  Precipitation Zone 
  

High Intermediate Low 
  

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

Intense Annual −3.1 −4.3 −0.2 −2 −3.2 −3.5 
 

Summer 0.2 0.4 0.3 0.4 0.2 0.1 
 

Fall −0.6 −1.4 −0.4 −1.4 −0.1 −0.2 
 

Winter −2.2 −2.9 1.2 0.2 −3.1 −3.4 
 

Spring −0.5 −0.4 −1.3 −1.2 0 0 

Reduced Annual 0.4 0.8 0.3 0 −1.4 −1.6 
 

Summer 0.1 0.3 0.1 0.1 0 0 
 

Fall −0.1 −0.3 0 −0.3 0 0 
 

Winter 0.4 0.8 0.6 0.5 −1.4 −1.6 
 

Spring 0 0.1 −0.4 −0.3 0 0 

No-till Annual 0.1 0.2 0.2 0.3 −0.3 −0.3 
 

Summer 0 0.1 0 0.1 0 0 
 

Fall 0 0 0.1 0 0 0 
 

Winter 0.1 0.2 0.2 0.4 −0.3 −0.4 
 

Spring 0 0 −0.1 −0.1 0 0 
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Figure 3.5. Historical and projected future (RCP 4.5 and RCP 8.5, from all GCMs) seasonal erosion for the three 

precipitation zones under different tillage conditions. 

Projected seasonal erosion changes follow a similar trend to annual erosion with marked 

changes in winter (Figure 3.5). For the high-precipitation zone, winter erosion decrease was most 

prominent under intense tillage, by 2.2 (4%) and 2.9 Mg ha−1 (8%) under the RCP 4.5 and RCP 

8.5, respectively (Table 3.4). For the intermediate-precipitation zone, projected winter erosion 

also decreases but no more than 1.2 Mg ha−1. In the low-precipitation zone, seasonal erosion 

decreases consistently, most prominent for winter by up to 3.4 Mg ha−1 (44%) under intense 
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tillage and RCP 8.5. For all precipitation zones, fall and spring erosion generally decrease albeit 

by no more than 1.4 Mg ha−1.  

Change in erosion by slope steepness 

Projected change in erosion generally increases with increasing slope steepness (Figure 

3.6). In the high-precipitation zone, there is a consistent decreasing trend in erosion from 

historical to future when the slope steepness is lower than 20%. For steeper slopes (>20%) of the 

high-precipitation zone, projected erosion in the future increases with slope gradient for all 

tillage conditions and reaches 35–45 Mg ha−1 for the slope steepness greater than 30% for 

intense tillage (Figure 3.6). In the intermediate-precipitation zone, under intense tillage, erosion 

increases in RCP 4.5, but decreases in RCP 8.5 when the slope steepness is lower than 25% but 

increases in both future scenarios when slope gradient is greater than 25%. The shift from 

decrease to increase in future erosion rate also occurs under reduced tillage and no-till for both 

the intermediate- and high-precipitation zones but at different slope steepness threshold. In the 

low-precipitation zone, there is a consistent decrease in erosion rate under all tillage intensities 

across all slope steepness.  
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Figure 3.6. Historical and projected future (RCP 4.5 and RCP 8.5, from all GCMs) erosion: (a), (b), and (c) for high-

precipitation zone, (d), (e), and (f) for intermediate-precipitation zone, and (g), (h), and (i) for low-precipitation zone, 

under intense tillage, reduced tillage, and no-till, respectively. 

3.4. Discussions 

3.4.1. Change in Water Balance Components 

Consistent increase in future may be attributed to increase in temperature, precipitation, 

and biomass density. Increased temperature directly leads to increases in ET and biomass density 

(Pruski and Nearing, 2002; Chien et al., 2013). An increase in biomass density amplifies crop 

water use hence increasing ET. This circular effect results in a marked uptick of ET in the 

summer months from the historical period. Additionally, increase in precipitation means more 

available soil water, which in turn results in an increase in ET in non-growing season. 
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Figure 3.7. Projected future decrease in frost depth for historical and RCP 8.5, high-precipitation zone, under intense 

tillage. 

In contrast, projected future runoff decreases consistently even with an increase in 

precipitation. This can be attributed to the change in soil freeze-thaw regime due to the increase 

in temperature. WEPP adjusts the soil hydraulic conductivity based on soil freeze-thaw 

conditions (Flanagan & Livingston, 1995), decreasing the conductivity when soil is frozen. 

Projected frost depth in winter decreases from the historical period (Figure 3.7) due to general 

increase in temperature and decrease in the number of days with Tmin below 32 °F . This results 

in increased infiltration capacity during winter months and hence lower runoff.  

3.4.2. Change in Erosion 

Projected erosion under intense tillage decreases despite a increase in precipitation in the 

high-precipitation zone. This is largely due to the decrease in projected runoff, especially during 

the winter season. The increase in temperature will reduce the number of events with rain on 

frozen and thawing soils resulting in a further decrease in erosion. In the intermediate-

precipitation zone, projected erosion increases in winter, albeit by a small margin. This is 
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because the increase in precipitation counters the effect on erosion due to milder winter 

conditions, and the overall effect is a slight increase in erosion. Erosion in the low-precipitation 

zone has been relatively low due to its low precipitation and low runoff (Dahal et Al., 2022). 

With a further decrease in future runoff the erosion is minimal in all conditions, even lower than 

the NRCS tolerance limit of 11 t ha−1.  

The decreasing erosion trend does not hold true under reduced tillage for the 

intermediate- and high-precipitation zones, with a small net average increase (~0–1 t ha−1) in the 

future. The reason could be a faster residue decomposition in the future. Increase in future 

temperature results in more rapid residue decomposition, less dead biomass on the ground, 

leading to an increase in erosion (Figure 3.8). Yet the increase in temperature also affects winter 

conditions in favor of a decrease in erosion, and the overall outcome is a small increase in 

erosion.  

 
Figure 3.8. Average daily dead biomass by tillage intensity in a) wheat, b) barley, and c) pea for the high-precipitation 
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zone.  

In the high precipitation zone, predicted erosion generally increases on steeper slopes, 

especially when slope steepness exceeds 20%. This is because steeper slopes generate more 

runoff and hence causing greater erosion, all other conditions being the same. In WEPP, excess 

rainfall after infiltration first fills up depression storage before runoff occurs (Flanagan and 

Livingston, 1995) With the depression storage inversely related to slope steepness (Flanagan and 

Livingston, 1995). Therefore, steeper slopes have smaller depression storage and hence a higher 

potential for runoff, other conditions being equal. The intermediate and low precipitation zone 

didn’t follow this trend of increase in erosion in steeper slopes because the impact of slope 

steepness on erosion could have been nullified by soil properties such as higher soil depth and 

hydraulic conductivity, lower soil erodibility and higher critical shear resulting in overall 

decrease in erosion.  

3.4.3. Future Erosion Hot Spots and Targeted Management 

Despite the decrease in projected future erosion, erosion rates remain high in places, 

often 2–3 folds higher than the NRCS tolerance limit. Hillslopes with steep gradient, shallow 

soils under intense tillage, and wheat years all exhibit erosion rates far exceeding 50 Mg ha−1 

(Figure 3.9). 
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Figure 3.9. Erosion in the high-precipitation zone under intense tillage and RCP 8.5 (from all 20 GCMs). 

These problem areas (hot spots) can be targeted for erosion reduction WEPP simulations 

suggest that targeted management under intense tillage is not effective with only a minor 

decrease in erosion under conservation scenarios 1 and 3 (Table 3.4). However, reducing tillage 

for the whole watershed will decrease erosion by 55–74% in the three precipitation zones, and 

implementation of no-till across the whole watershed will decrease erosion by 85–93% (Table 

3.5). Hillslopes with slope steepness >20% constitute less than 4% of the total area of each of the 

three watersheds yet produce disproportionately high erosion (Figure 3.6). Should these areas be 

retired (e.g., converted to perennial prairie) and the rest of the watershed be under reduced 

tillage, erosion would be decreased by 57–77% for the three watersheds (Figure 3.10). 
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Table 3.5. Projected future average annual erosion under different management conditions. 

 Precipitation Zone 

Management 
High Intermediate Low 

RCP 4.5 RCP8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

Intense 36.2 35.3 34.3 32.1 6.1 5.7 

Reduced 9.1 9.8 12.2 11.8 2.8 2.5 

No-till 2.7 2.9 2.9 3.0 0.8 0.8 

Conserv. 1* 34.7 33.9 34.0 31.9 5.8 5.4 

Conserv. 2⁋ 8.8 9.4 12.1 11.7 2.7 2.4 

Conserv. 3* 34.1 33.2 33.9 31.8 5.6 5.2 

Conserv. 4⁋ 8.5 9.2 12.0 11.7 2.6 2.4 

*Intense tillage with targeted reduced tillage (Conserv. 1) or land retirement (Conserv. 3) on hillslopes with 

steepness >20%; ⁋Reduced tillage with targeted no till (Conserv. 2) or land retirement (Conserv. 4) on hillslopes 

with steepness >20% 

 

 
Figure 3.10. Erosion in the high-precipitation zone under targeted conservation practices (scenario 4, reduced tillage 

with hillslopes with gradient > 20% retired) for RCP 8.5 (from all GCMs). 

3.5. Summary and Conclusions 

In this study, water erosion was simulated for the historical period and two future climate 

scenarios for three model watersheds in Whitman County. Downscaled climate data from 20 
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GCMs for historical (1976–2005) and RCP 4.5 and RCP 8.5 future (2036–2075) scenarios were 

assimilated and aggregated for the three model watersheds. Relative changes in climate, water 

balance, and erosion rate for the three model watersheds were assessed. WEPP-simulated water 

erosion for future scenarios were mapped, hot spots were identified, and select management 

scenarios were tested. The results highlighted nuanced interplay between climate factors and 

water erosion, and demonstrated the importance of strategic land management in mitigating 

future erosion risks. Major conclusions of this study include:  

1. There is a general increase in future ET in the three precipitation zones of Whitman 

County, caused by the projected increase in temperature and precipitation, and in turn, 

biomass density. There is a general decrease in runoff due to an increase in ET, and 

projected increased infiltration capacity resulting from a decrease in frost depths in the 

area.  

2. Projected future water balance and erosion were impacted by multiple factors and their 

interaction, at times offsetting the effects of one another. The predicted future average 

annual erosion generally decreases in the three precipitation zones of Whitman County 

due to the decrease in predicted future runoff.  

3. The decrease in projected water erosion in the low- and high-precipitation zones occurs 

mostly in winter months (by 2.2–3.5 Mg ha−1) due to a decrease in runoff and milder 

winter soil freeze-thaw conditions resulting from an increase in temperature. The 

projected winter erosion slightly increases in the intermediate-precipitation zone (by 

0.2–1.2 Mg ha−1) because of the competing effects of increased temperature and 

precipitation. 

4. Even with the projected decrease in erosion in the low- and high-precipitation zones, 
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erosion amounts rates remain problematic in places, exceeding 50 Mg ha−1 on steeper 

slopes and shallow soils or during wheat years, especially in the intermediate- and high-

precipitation zones. 

5. The excessive erosion on hot spots may be mitigated by targeted management. Retiring 

the areas with slope steepness >20% and reducing the tillage intensity in other areas of 

the watershed would decrease the erosion rate by 57–77% across all three precipitation 

zones. 
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4. IDENTIFYING PRIORITY SITES FOR RAIN GARDENS IN THE LOWER PUYALLUP 

RIVER WATERSHED 

4.1. Introduction 

Impervious surfaces in urban areas hinder infiltration, reduce evapotranspiration (ET), 

and increase the rate and quantity of runoff (Tsihrintzis and Hamid, 1997; Walsh, 2012). Runoff 

across roads, parking lots, and roofs carry various chemicals, including nutrients and heavy 

metals, such as phosphorus, lead, zinc, potassium, and calcium (Tsihrintzis and Hamid, 1997; 

Bjorkuland et al., 2018). Pollutant-laden stormwater runoff adversely impacts the water quality 

of the receiving water bodies (ponds, lakes, and streams) (Paul and Meyer, 2001; Lee et al., 

2007; Muller et al., 2020). This impairment contributes to degraded aquatic habitat and 

endangers species in the aquatic ecosystem (Booth and Jackson, 1997; Palmer, 2008). For 

example, toxic stormwater runoff in the Pacific Northwest has increased the mortality of juvenile 

coho salmon (Sandahl et al., 2007; McIntyre et al., 2018). 

Green Stormwater Infrastructure (GSI) 

Stormwater pollution can be mitigated by slowing and retaining runoff and treating its 

associated pollutants (Schueler et al., 1992; USEPA, 2022). Green Stormwater Infrastructures 

(GSIs) are Best Management Practices (BMPs) that intercept and retain urban runoff by 

enhancing infiltration and ET (Grumbles, 2007; Chini, 2017; Taguchi et al., 2020). Vacant areas 

in urban watersheds can be used to install these structures to improve stormwater management, 

create open space for neighborhood recreational activity, and increase biodiversity (Chini, 2017). 

Rain gardens are common small-scale GSI that serve as a stormwater sink comprising a 

plant-soil system where water retention is enhanced through infiltration and storage (Shuster et 

al., 2017; Taguchi et al., 2020; USEPA, 2022; Martin-Mikle et al., 2015). Rain gardens collect 
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runoff from nearby rooftops, yards, sidewalks, and parking lots (Taguchi et al., 2020; USEPA, 

2022), capturing pollutants and reducing their loads through mechanisms such as sedimentation, 

adsorption, microbial breakdown, and plant uptake (Woodward et al., 2009; Winston et al., 

2010). Jennings (2016) tested rain gardens at 35 locations in the contiguous United States and 

found that runoff reductions ranged from 52% to 100%. Dietz and Clausen (2005) evaluated the 

performance of two rain gardens in Haddam, CT, USA, and found that the rain gardens markedly 

increased the lag time of runoff and reduced the peak flow rate. Additionally, ammonia nitrogen 

(NH3-N) and total nitrogen concentrations in the rain gardens’ outlet were considerably lower 

than what was going into the rain gardens. 

The effectiveness of rain gardens depends on their design, construction, and landscape 

position (Shuster et al., 2017). Critical parameters for rain garden design include the drainage 

area contributing to runoff and the soil characteristics in which the rain garden is to be 

constructed (WSDE, 2014). If the rain garden is not sized correctly, runoff from the contributing 

drainage area could overwhelm it, limiting its ability to store, infiltrate, and treat stormwater 

(Guo et al., 2021). Soil with adequate permeability and storage capacity is essential to 

maximizing the rain garden’s performance (Jennings, 2016; Shuster et al., 2017). Soils of 

extremely high permeability offer a shorter retention time for pollutant treatment. In contrast, 

those of low permeability impede infiltration and could generate more runoff, leading to a rain 

garden's failure (Shuster et al., 2017). Another critical factor is the cost-effectiveness of installing 

a rain garden (Martin-Mikle et al., 2015)—given the limitation of resources, GSIs should be 

placed where they will be most effective to justify the cost of installment. 
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Placement of GSI 

Shojaeizadeh et al. (2020) developed a placement tool for GSI using Storm Water 

Management Model (SWMM) at a sub-basin scale. This approach placed different GSIs in 

optimal locations, meeting the targeted flow and pollutant reduction while minimizing the cost. 

The hydrological and water quality estimation capabilities of SWMM were coupled with 

performance, cost, and optimization framework to develop a new interface that could identify the 

optimal number and type of GSI for each sub-basin to meet the target runoff and pollutant 

reduction while also minimizing the cost. Various other studies have also used SWMM coupled 

with optimization algorithms to place GSI at the sub-basin scale (Macro et al., 2019; Wu et al., 

2019).  

Kaykhosravi et al. (2019) proposed an approach to meeting the low-impact development 

(LID) demand for the city of Toronto, which included environmental and socioeconomic indices 

as decision-making criteria to complement the hydrological index. The hydrological index was 

calculated based on rainfall intensity, slope, hydraulic conductivity, and soil depth. It was used to 

rank sub-areas within the study area for their propensity to generate runoff. The priority of LID 

installation within an individual sub-area was then further ranked in terms of environmental and 

socioeconomic needs. The adequacy of the resulting map was assessed based on the runoff 

volume estimated by the Hydrological Engineering Center-Hydrological Modeling System 

model (HEC-HMS; USACE-HEC, 1998). The indexing method and the HEC-HMS model 

yielded generally agreeable results except for flat areas. The reason may be that the hydrological 

index method is primarily dependent on, and therefore sensitive to, slope steepness. 

Guo et al. (2021) used the WEPP model to evaluate the efficiencies of various LIDs in an 

urban watershed of Austin, Texas. The urban watershed was delineated through the WEPP cloud, 
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and was simulated to obtain soil loss for each hillslope. Select hillslopes producing the most 

significant soil loss were identified as the most suitable for placing LIDs, such as native planting, 

permeable pavement, rain gardens, and detention ponds. LIDs were placed in select hillslopes 

separately and in combination, and the WEPP was run for various scenarios to reassess the 

impact on runoff reduction. The average annual surface runoff was reduced from 15–56 % in all 

scenarios except detention ponds, where the primary function is to delay the stormwater and is 

not expected to reduce surface runoff. The scenarios with native planting performed best, 

reducing average annual runoff depths by 54–56 %.  

Hydrologically-Sensitive Area Approach 

Another approach to prioritizing locations for rain gardens in an urban setting is based on 

identifying Hydrologically-Sensitive Areas (HSAs), which are those areas within a watershed 

that are more prone to generate runoff (Walter et al., 2000; Bueno and Alves, 2017). Kirkby and 

Beven (1979) proposed a condition for identifying saturated areas in a watershed based on the 

equation: 

ln (
𝛼

tan 𝛽
) >  

�̅�

𝑚
−  𝜆 (4.1.1) 

where D̅ is the mean storage deficit (range −∞ to +∞) of the watershed,  is the 

contributing area per unit length,  is the slope steepness, λ is the areal average of ln(𝛼/tan 𝛽), 

and m is a watershed-specific constant in relation to subsurface storage. Equation 4.1.1 implies 

that soil moisture in any area of the watershed can be tracked based on its topographical feature 

ln(𝛼/tan 𝛽) and soil storage capacity (�̅�/𝑚). In other words, if the quantity of runoff from the 

upland contributing area into a location is greater than that location’s soil water storage deficit, 

then the location can be considered saturated. The underlying assumptions of this condition are 
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that transmissivity of the soil profile is homogeneous, and all points with the same (𝛼/tan 𝛽), 

value are hydrologically similar (Beven, 1987). It follows that mapping the topographic index 

ln(𝛼/tan 𝛽) will indicate the saturation areas within a watershed (Kirkby and Beven, 1979; 

Beven, 1987). This concept can be extended to heterogeneous soil profiles by including soil 

transmissivity (KD, with K being hydraulic conductivity and D soil depth) into the index as 

ln(𝛼/𝐾𝐷tan 𝛽) (Ambroise et al., 1996; Walter et al., 2002; Beven et al., 2021).  

 Following Kirkby and Beven (1979), Qiu (2009) proposed an indexing method to 

identify HSAs by calculating two different indices. The first, the Topographic Wetness Index 

(𝜆𝑇𝑊𝐼; Eq. 4.1.2), is a function of slope steepness and runoff contributing area. The second, the 

Soil Water Storage Capacity (𝜆𝑆𝑊𝑆𝐶; Eq. 4.1.3a), is a function of soil hydraulic conductivity and 

soil depth modified by percent impervious areas (Eq. 4.1.3b; Qiu, 2009; Martin-Mikle et al., 

(2015)). Subtracting 𝜆𝑆𝑊𝑆𝐶 from 𝜆𝑇𝑊𝐼 yields the Hydrologic Sensitivity Index (𝜆𝐻𝑆𝐼; Eq. 4.1.4). 

A location is considered hydrologically sensitive if its 𝜆𝐻𝑆𝐼  value exceeds some threshold (Qiu et 

al., 2020), for example, 10 (Qiu, 2009), 9 (Bueno and Alves, 2017), or 1.5 standard deviations 

greater than the mean (Martin-Mikle et al., 2015).  

𝜆𝑇𝑊𝐼 = ln (
𝛼

tan 𝛽
) (4.1.2) 

𝜆𝑆𝑊𝑆𝐶 = ln(𝐾𝑠𝐷𝑚)      (4.1.3a) 

𝐷𝑚 = 𝐷 × 𝐼  (4.1.3b) 

𝜆𝐻𝑆𝐼 = 𝜆𝑇𝑊𝐼 − 𝜆𝑆𝑊𝑆𝐶 (4.1.4) 

Qiu et al. (2020) examined various topographic index thresholds to determine the best 

threshold for delineating hydrologically sensitive areas (HSAs) in New Jersey and its five water 
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regions (Lower Delaware, Upper Delaware, Raritan, Atlantic Coast, and Northeast). The HSA 

was delineated in these six regions separately for the Topographic Wetness Index (TWI) and 

Hydrologic Sensitivity Index (HSI). The study used 14 different thresholds of HSI and TWI from 

8 to 14.5 with an interval of 0.5 to delineate HSAs, resulting in 168 HSA maps. These HSA 

maps were compared with the FEMA 100-year floodplain map, and the suitability of various 

thresholds was assessed. The most suitable was the threshold that led to the most agreeable 

spatial patterns with the FEMA floodplain. The statewide threshold for HSA delineation was 

determined to be 10.5 for TWI and 10 for HSI, but the most suitable threshold varied among the 

five water regions. The authors found that using a TWI threshold produced better agreement in 

delineating HSAs for areas with shallow water tables and areas where flow path distribution is 

dominated by topographical convergence. The HSI threshold produced better accuracy in areas 

where restrictive soil layers dictate the interflow movement of water, and flow path distribution 

is limited by soil transmissivity. 

Martin-Mikle et al. (2015) applied this approach to a mixed-land use watershed in central 

Oklahoma, USA, and identified sites with an accuracy of 94±5.7% as verified through field visits 

which assessed the feasibility of LID construction based on open-space availability and 

topographic suitability. Vittorio and Ahiablame (2015) cautioned that the effectiveness of GSIs 

on a watershed scale is not always clear, and future research should clarify the spatial translation 

and downstream effectiveness of installing these structures.  

The Puget Sound region in the US Pacific Northwest includes several metropolitan areas, 

forest-, range-, and croplands encompassing complex ecosystems (PSP, 2021). Situated in the 

South Puget Sound, the lower Puyallup River watershed is one of the fastest developing areas in 

the state. The watershed contains multiple aquatic habitats to which Chinook and Coho salmon 
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return for spawning during the rainy season (Marks and Laley, 2011; Reinelt, 2013). These 

species are susceptible to harm from toxic stormwater (French et al., 2022).  

Rationale and Objectives 

Various approaches are available for the placement of GSI and evaluation of their 

effectiveness, but their use is limited by their low spatial resolutions, cost, and steep learning 

curve (Jayasooriya et al., 2014; Dovel et al., 2015; Martin-Mikle et al., 2015). There is a need for 

a simplified approach that can serve as a quick assessment and decision -support tool for 

stakeholders to identify problem areas in the watershed (Ahiablame et al., 2012). In this study, 

we aimed to adapt the hydrological sensitivity approach method using publicly available data for 

placing GSI in the lower Puyallup watershed. The objectives of this study were to (i) identify 

optimum locations for placement of rain gardens in the lower Puyallup watershed based on the 

HSI method and (ii) assess the adequacy of the method through hydrological modeling using 

WEPP. 

4.2. Methodology 

4.2.1. Study Area 

The study area is the Lower Puyallup Watershed in the South Puget Sound, western 

Washington (Figure 4.1). The watershed measures 128 km2 and comprises several cities, 

including Puyallup and Tacoma in Pierce County, with approximately 60% residential area 

(WSDE, 2010). The impervious area accounts for 29% (USGS, 2023). High-intensity 

development is clustered in the central part from north to south where downtown Puyallup and 

South Hill are located, and towards the northwestern part including downtown Tacoma. Forests 

are spread throughout the watershed in natural parks and other wilderness areas while 

agricultural fields are located towards the north on the Puyallup River floodplains. Various 
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wetlands, parks, and water bodies are spread throughout the watershed. Several tributaries 

containing salmon spawning habitats flow south to north and join Puyallup River along the 

northern boundary of the watershed draining directly into the Puget Sound. The study area is 

most commonly underlain by glacial sediment deposits called the Vashon till, which overlays 

sedimentary and volcanic bedrock deposits (Welch et al., 2015).  

 

Figure 4.1. Lower Puyallup River Watershed 

The area exhibits a Mediterranean climate with warm summer and wet winter. The 

average annual precipitation of the area is 992 mm, and the average daily temperature is 10.5 °C 

based on the long-term (1914–2022) weather records (NOAA, 2023). Elevation ranges from −9 

m to 200 m a.m.s.l. and increases from the Puyallup River towards the south. Within the 

watershed, areas are flat towards the north and are hilly and steep towards the central and south 
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(Figure 4.2a). The predominant soil is the Kapowsin gravelly loam, which is moderately deep, 

permeable, and mostly found in the central part of the watershed (NRCS, 2023). Shallow, less 

permeable soils occur in the west-central part of the watershed while deep, highly permeable 

soils are found in the southern part of the watershed (Figure 4.2b, c; NRCS, 2023).  

 
Figure 4.2. Slope (a) and soil characteristics (hydraulic conductivity, b; soil depth, c) of the study area 

4.2.2. Data 

All the data for this study were compiled from publicly available sources (Table 4.1). The 

elevation data were LiDAR data of 6-ft/1.8-m resolution (WA DNR, 2023). Soil data were 

extracted from the SSURGO database (NRCS, 2023). The impervious area layer was derived 

from National Agriculture Imagery Program (NAIP) imagery (USGS, 2023). Areas unsuitable 

for rain garden per EPA and state ordinances were extracted from the Pierce County (2023) 

website.  
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Table 4.1. Data layers used in this study 

GIS Layer Resolution/format Source Citation 

Elevation 6-ft/raster Washington State Department 

of Natural Resources 

(WA DNR, 2023) 

Impervious areas 6-ft/raster National Agriculture Imagery 

Program 

(USGS, 2023) 

Unsuitable areas (roads, 

wetlands, erosion and 

landslide hazard areas) 

polygon Pierce County Open Geospatial 

Data Portal 

(Pierce County, 

2023) 

Soil data (depth, hydraulic 

conductivity) 

polygon United State Department of 

Agriculture (USDA), Soil 

survey 

(NRCS, 2023) 

Watershed boundary, Water 

bodies 

polygon United States Geological Survey 

(USGS) 

(USGS, 2023) 

 

4.2.3. Computing Hydrologic Sensitivity Index (λHSI) 

We computed Hydrologic Sensitivity Index in ArcGIS (ESRI, 2020) using Digital 

Elevation Model (DEM), soil depth, saturated hydraulic conductivity, and impervious areas. 

Specifically, slope steepness was computed using the DEM after removing sinks. Grid cells with 

slope gradient of zero were assigned a small value of 0.0001 following Qiu (2009). D-infinity 

algorithm (Jenson and Domingue, 1988) was used to compute the flow direction, flow 

accumulation, and contributing drainage areas (𝛼) from the filled DEM. λTWI was then computed 

using Eq. 4.1.2.The impact of impervious surface is taken into account by adjusting the depth to 

the restrictive layer (Eq. 4.1.3a). λSWSC was computed following Eq. 4.1.3b, and λHSI, Eq. 4.1.4. 

The spatial patterns of λHSI and the effects of landscape characteristics on λHSI were analyzed 

using ArcPy. All post-processing was carried out using R (R Core Team, 2023). 

4.2.4. Identifying Areas Suitable for Rain Garden 

Areas within the watershed that are unsuitable for rain gardens were excluded following 

engineering criteria provided in federal and state ordinances (WA DOE, 2019; EPA, 2023). 

These areas include impervious areas, regulated flood plains, wetlands, water bodies (with a 30-

m buffer), landslide and erosion hazard areas, parks, and forests. 
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Engineering criteria for constructing rain gardens primarily concern size (area), soil 

depth, and hydraulic conductivity (EPA, 2023). Rain gardens are typically sized to be about 5% 

of their contributing area at sites where the soil depth exceeds 2 m and saturated hydraulic 

conductivity ranges between 0.18 to 5.5 m/d (Pierce County Stormwater Manual, 2015). After 

consulting with local experts, we selected the Maximum rain garden size as 140 m2 (1500 sq. ft) 

and 2800 m2 (30000 sq feet) as the maximum contributing area for rain gardens. (WA DOE, 

2019; Pierce County Stormwater Manual, 2015). Areas not meeting these engineering 

requirements were excluded from consideration. 

4.2.5. Adjustment to λHSI 

We converted the λHSI map from grid- to lot-scale using a 100 ft×100 ft “fishnet”, and the 

λHSI values were arbitrarily classified into five classes of equal interval to evaluate the 

association of λHSI and runoff generation and therefore areas most suitable for rain garden. 

Impervious areas affect the movement of stormwater runoff in various manners. Residential 

driveways may be constructed with little change to the natural landscape with minimal effect on 

runoff flow paths. On the other hand, large-scale industrial and commercial development is 

subject to state stormwater management regulations where stormwater infrastructure may alter 

the natural flow paths, e.g., stormwater runoff is collected and removed through storm drains. To 

account for these potential disruptive effects of impervious areas to natural drainage pathways, 

we assumed two cases: (i) flow was not, and (ii) flow was, disrupted by impervious areas. For 

the second case, we adjusted flow accumulation using weighting factors (0 for impervious areas, 

and 1 for pervious areas) to obtain a new set of λTWI and λHSI. Figure 4.3 shows the framework 

and steps to identify suitable areas for rain garden with or without flow accumulation adjustment. 
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Figure 4.3. Schematic identifying suitable areas for rain garden where with or without flow adjustment due to 

impervious areas was considered. 

4.2.6. Hydrological Analysis 

Hydrological modeling was conducted to quantify water balance and assess runoff in 

relation to λHSI. This analysis used the Water Erosion Prediction Project (WEPP) model 

(hillslope version 2012.8). WEPP is a physically-based, distributed-parameter, and continuous-

simulation model for hydrology and water erosion (Flanagan et al., 1995). WEPP simulates 

major hydrological processes, including runoff, infiltration, evapotranspiration (ET), subsurface 

lateral flow, and deep percolation (Dun et al., 2009; Guo et al., 2019, Dahal et al., 2021). It 

requires climate, slope, soil, and management inputs and uses the Overland Flow Element (OFE) 

as the smallest hydrological response unit to represent a unique combination of slope, soil, 

climate, and management settings. 

A conceptual hillslope was designed with three OFEs comprising the top, middle, and toe 

of a hillslope (Figure 4.4). We used the observed precipitation and temperature from the weather 

Topographic Wetness Index

(with or without flow adjustment)

 TWI = ln
 

tan  

Hydrologic Sensitivity Index

(with or without flow adjustment)

 HSI =  TWI    SWSC

Apply engineering criteria to 

remove unsuitable areas

Soil Water Storage Capacity

 SWSC = ln KsDm 

Rain garden suitability map 

(with or without flow adjustment)
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station within the watershed (McMillin Reservoir, WA; NCDC, 2022) and other climate inputs, 

such as wind speed and direction, dew-point temperature, and solar radiation generated with 

CLIGEN, the auxiliary stochastic weather generator (Nicks et al., 1995) and the climate input 

was built for latest 10 years. 

The soil inputs were built based on the properties of the Kapowsin gravelly loam, the 

most predominant soil series within the study watershed. We varied the slope steepness and 

lengths for the same soil properties and conducted multiple simulation to assess their effects on 

runoff generation (Table 4.2). Similarly, we varied the soil depth and hydraulic conductivity for 

the same slope steepness and length to determine the effect of soil characteristics on runoff 

generation (Table 4.2). Bromegrass was used as vegetation for the hillslopes for all scenarios 

following WEPPcloud watershed delineation for the study area, whose growth parameters were 

selected following Flanagan & Livingston (1995). We modeled hillslopes with pavement and 

underdrain at the top of the hillslope to assess the effect of developed areas on runoff. 

Additionally, we computed λHSI for all combinations of the hillslope properties to evaluate their 

relationships with the simulated runoff.  
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Table 4.2. Varying hillslope characteristics (slope length and steepness) and soil properties (depth and saturated 

hydraulic conductivity) for WEPP simulations 

¶When changing slope (soil) characteristics, soil (slope) characteristics were held constant 

†Slope (Soil) characteristics were changed by combining slope steepness and length (soil depth and hydraulic 

conductivity) 

 

 

Figure 4.4. Conceptual hillslope comprising three (top, middle, toe) Overland Flow Elements (OFEs) for hydrological 

analysis. 

Varying Slope Characteristics¶,† Varying Soil Characteristics¶,† 

D, 1.0 m and K, 20 mm/hr tan β, 0.075 and L, 100 m 

Slope (tan β) Slope Length (L, m) Soil Depth (D, m) 
Sat. Hydraulic Conductivity 

(K, mm/hr) 

0 25 0.5 5 

0.075 50 1.0 10 

0.15 100 1.5 15 

 200 2.0 20 

   25 
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4.3. Results and Discussion 

4.3.1. Distribution of λTWI and λSWSC 

The λTWI  values ranged from −0.2 to 30, with high-λTWI areas distributed across the 

watershed near depressions, wetlands, and the end of flow paths. High-λTWI areas also clustered 

at lower elevation in the northwest of the watershed. The λSWSC ranged from −3.4 to 4.2, with 

high values more common for the southern part of the watershed because of the larger hydraulic 

conductivities and deeper soils of that area. 

 

Figure 4.5. Variation of the Topographic Wetness Index (λTWI) and Soil Water Storage Capacity (λSWSC) indices 

within the Lower Puyallup River Watershed 
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4.3.2. Distribution of λHSI 

  

Figure 4.6. (a) Hydrologic Sensitivity Index (λHSI) and (b) distribution within the Lower Puyallup River Watershed 

The λHSI (range:−3.8 to 28.4, median 5.1, standard deviation 4.1) was divided into five 

equal interval classes (Figure 4.6, Table 4.3). λHSI values were skewed towards the right and not 

normally distributed (W=0.956, p<0.0001). Areas with high λHSI values were concentrated in the 

central-western portion of the watershed, primarily due to the presence of elevated λTWI in these 

parts. The low-λHSI areas were primarily located in the southern part of the watershed, resulting 

from the combination of high λSWSC and low λTWI for those areas. Areas not meeting the state 

ordinances and engineering criteria for rain gardens were excluded from consideration (Figure 

4.7a), resulting in 18% of the watershed meeting commonly adopted criteria for siting rain 

gardens (Figure 4.7b). 

 

 

(a) 
(

b) 

(b) 



 

101 

Table 4.3. Different classes of HSI 

HSI class λHSI 

Class 1 −3.7–2.7 

Class 2 2.7–9.1 

Class 3 9.1–15.6 

Class 4 15.6–22.0 

Class 5 22.0–28.4 

 

 

Figure 4.7. (a) Unsuitable areas for rain gardens and (b) suitable areas for rain gardens 

4.3.3. HSI Variability 

λHSI within the study area varies with contributing area, slope gradient, and soil depth and 

hydraulic conductivity (Figure 4.8). λHSI increases with increasing contributing area and 

decreases with increasing slope steepness; λHSI decreases with increasing soil depth and hydraulic 

conductivity. 

(

a) 

(

b) 
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Figure 4.8. Distribution of hydrologic Sensitivity Index λHSI as influenced by (a) contributing area and slope gradient, 

and (b) soil hydraulic conductivity and depth 
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4.3.4. Adjusted λHSI 

Adjusting the effect of impervious areas on runoff resulted in a slightly different flow 

accumulation and λHSI with minimal change in most areas of the watershed (Figure 4.9, Table 

4.4). This also resulted in differences in λHSI values across the watershed. in absolute values, the 

differences were 1 for 61%, between 1 and 4 for 32%, and greater than 4 for 7% of the total 

watershed area (Figure 4.9b).  

Figure 4.9 Difference in flow accumulation (a) and HSI (b) in the two methods 

Table 4.4. Ranges of difference in flow accumulation (in log scale) and λHSI with or without adjusting for stormwater 

removal from impervious areas and corresponding percent areas of the watershed (in parentheses) 

Flow Accumulation* λHSI
†
 

0–0.6 (83%) −23 to −4 (3%) 

0.6–2.4 (14%) −4 to −1 (14%) 

2.4–7.5 (2.3%) −1 to 1 (61%) 

7.5–22.5 (0.15%) 1–4 (18%) 

22.5–76.4 (0.01%) 4–23 (4%) 
*Log of flow accumulation was computed with or without adjusting for infrastructure removing runoff, and the 

difference was computed; †difference in λHSI was computed similarly 
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4.3.5. Hydrologic Analysis 

As expected, WEPP-simulated runoff varied with topographic and soil conditions. WEPP 

routes water satisfying depression storage as runoff. Lateral flow occurs when the soil water 

content exceeds field capacity after correcting for entrapped air and is calculated using Darcy’s 

law, dictated by the slope gradient and effective hydraulic conductivity. Consequently, runoff 

from flat areas (0% steepness) was high, as there was no lateral flow and much of the infiltrated 

water became saturation-excess runoff. Runoff decreased with increasing slope gradient as 

lateral flow increased, and increased with increasing slope length as lateral flow decreased 

(Figure 4.10). ET decreased with increasing slope gradient as more lateral flow occurred. 

Increasing soil depth promotes infiltration, increasing ET and subsurface lateral flow, resulting in 

less runoff (Figure 4.11). Similarly, increase in hydraulic conductivity augments infiltration 

capacity and reduces runoff.  

 
Figure 4.10. WEPP-simulated water balance for the conceptual hillslope as influenced by slope length and gradient. 

(a) Runoff, (b) ET, (c) subsurface lateral flow, and (d) deep percolation. 
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Figure 4.11. Water balance of the study watershed as influenced by hydraulic conductivity and soil depth. (a) runoff,(b) 

ET, (c) lateral subsurface flow, and (d) deep percolation. 

4.3.5.1 Influence of paved areas 

With pavement covering the OFE at the hilltop (OFE 1), its lateral flow and ET were 

reduced, leading to an increase in runoff for this OFE and those downslopes (Figure 4.12), 

compared to the no-pavement scenario. The area's urban development altered the flow path, 

exacerbating runoff accumulation at the bottom of the hillslope and necessitating treatment for 

runoff reduction via GSI. Implementing drainage systems to divert runoff away from the 

hillslope reduced all water balance components, leading to decreased water accumulation at the 

bottom of the hillslope. 
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Figure 4.12. Water balance of the design hillslope as impacted by pavement and drainage installation at the hilltop. 

(a) runoff, (b) ET, (c) lateral subsurface flow, and (d) deep percolation. Note ET from the paved OFE 1 is only soil 

evaporation and no transpiration. 

4.3.6. Variation of Runoff with λHSI 

WEPP-simulated average annual runoff was positively related to λHSI (0.96, p<0.0001). , 

The intermediate- and lowest-λHSI scenarios had a 44% and 99% decrease in simulated average 

annual runoff, respectively, compared to the highest-λHSI scenario. The areas with the high λHSI 

generally had large contributing areas, low slope gradients, shallow soil depths, and low 

hydraulic conductivity, producing more runoff. Soils with low hydraulic conductivity and 

shallow depth impeded infiltration and lacked water storage. For a GSI, such as a rain garden, 

adequate hydraulic conductivity, and soil depth are required to facilitate infiltration and retain the 

infiltrated water. Additionally, rain gardens are a relatively small-scale GSI that cannot hold all 
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the runoff from a large contributing area. Therefore, placing rain gardens in high-λHSI areas will 

be ineffective. 

Areas with low λHSI had low contributing areas, large slope gradients, extensive soil 

depths, and hydraulic conductivity. When the soil water storage capacity exceeded the 

topographic wetness, λHSI was negative. Areas with low (or even negative) λHSI were “self-

sufficient” in facilitating infiltration and storing water and did not need additional mitigation by 

GSI. Hence, the most cost-effective areas for rain gardens are those with moderate λHSI values, 

where the contributing areas are moderate, and the soil depth and hydraulic conductivity are 

adequate for receiving and storing infiltrated water.  

The WEPP simulation also illustrated that various combination of slope and soil 

characteristics might result in same λHSI value and exhibiting equifinality when using λHSI to 

guide GSI siting. Areas with different combinations of landscape characteristics may have the 

same λHSI value yet may generate different runoff (Figure 4.13). For instance, a soil profile 0.5 m 

deep with a 4 m/d hydraulic conductivity may generate a different amount of runoff from a soil 

profile 1 m deep with a 2 m/d hydraulic conductivity despite having the same λHSI. The reasons 

are a multitude, including that the effects of soil depth and hydraulic conductivity on runoff 

differ, the former reflecting storage and the latter transmissivity, and both interacting with other 

factors (patterns of precipitation events, topographic conditions, and hydraulic properties of 

underlying geological materials) in runoff generation. Therefore, it is essential to assess further 

the suitability of the areas with similar or identical λHSI values through on-site evaluation or 

alternative modeling techniques. 
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Figure 4.13. Relationship between WEPP-simulated runoff and Hydrologic Sensitivity Index (λHSI) for representative 

hillslopes. 

 

4.3.7. Optimizing Placement of Rain Gardens 

The suitable areas for rain gardens obtained with or without flow adjustment were 

similar, and the suitability maps differences were not discernable. Areas of the highest suitability 

for rain gardens are shown on the lot-scale λHSI maps (converted from grid-scale) (Figure 4.14), 

which are the areas with moderate λHSI values (Class 3). The areas with one interval of λHSI larger 

or smaller (Class 2 or 4) were considered less preferable for rain gardens. Areas with the lowest 

and highest λHSI values (Class 1 or 5) were considered least preferable. The areas of highest 

suitability covered 0.98% (0.96% with adjusted flow accumulation) of the watershed. These 

areas were unevenly distributed across the watershed, with the majority clustered in the 

northeastern and north-central parts, particularly in the low-lying areas near the Puyallup River. 

Meanwhile, high suitability areas covered 17% of the watershed both with and without flow 



 

109 

accumulation adjustment, and the moderate suitability areas were the rarest, covering 0.5% 

(0.7% with flow accumulation adjustment) of the watershed. 

 
Figure 4.14. Suitable areas for rain gardens (without flow accumulation adjustment).  
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4.4. Conclusions 

This study used the Hydrological Sensitivity Index Approach to identify suitable areas for 

siting rain gardens, a small-scale Green Stormwater Infrastructure (GSI). Publicly available 

datasets were used in ArcGIS to compute the three indices: Topographic Wetness Index (𝜆𝑇𝑊𝐼), 

Soil Water Storage Capacity Index (𝜆𝑆𝑊𝑆𝐶), and Hydrologic Sensitivity Index (𝜆𝐻𝑆𝐼), for the 

Lower Puyallup River Watershed. Drainage area (𝛼), slope gradient (β), soil depth (D), saturated 

hydraulic conductivity (K), and impervious areas were used to compute the indices, which 

describe the propensity of local saturation and runoff generation. Topographic characteristics 

were derived from the Digital Elevation Model (DEM), and soil properties were extracted from 

the SSURGO database. Areas unsuitable for rain gardens were excluded following EPA 

guidelines and state ordinances. The 𝜆𝐻𝑆𝐼 and resultant suitability maps were created with or 

without flow accumulation adjustment using the impervious layer as a weighting factor (0 for 

impervious areas and 1 for pervious areas). The suitability map was further classified into three 

suitability levels for rain gardens. 

To evaluate the adequacy of the Hydrologic Sensitivity Index method, we applied a 

physically based hydrologic model WEPP to a design hillslope to explore the relationship 

between runoff and λHSI in various combinations of contributing area, slope gradient, soil depth, 

and soil hydraulic conductivity, as well as the effect of development (pavement and storm 

drainage infrastructure) on runoff. λHSI was calculated for all design hillslope conditions, and the 

correlation between WEPP-simulated runoff and λHSI was obtained. 

Findings from this study demonstrate the adequacy and cost-effectiveness of the 

Hydrologic Sensitivity Index method. The study provides a strategy for local practitioners in 

optimizing the placement of rain gardens. The major takeaways from this study are:  
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1. For the Lower Puyallup River Watershed, λHSI ranged from −3.8 to 28.4. The high-𝜆HSI 

areas more prone to runoff generation were clustered in the central-western flat portion 

of the watershed. The low-𝜆HSI areas are in the southern part of the watershed with 

steeper slopes and deeper soils. 

2. The resultant λHSI maps with or without flow accumulation adjustment exhibited 

negligible differences, leading to identical rain garden suitability maps illustrating 

equifinality. 

3. The WEPP-simulated runoff was significant and positively correlated with λHSI. WEPP-

simulated runoff increased with the contributing area and decreased with hillslope 

gradient, soil depth, and hydraulic conductivity. Compared to the highest-λHSI scenario, 

the moderate- and lowest-λHSI scenarios had a 44% and 99% decrease in simulated 

runoff. 

4. When hillslopes were modeled with impervious pavement at the top of the slope, the 

simulated ET was reduced, leading to an increase in runoff both at the hilltop and at the 

bottom of the hillslope compared to the no-development scenario suggesting that 

installing GSI practices for runoff reduction was necessary. 

5. Areas with moderate-λHSI values were the most appropriate for siting rain gardens 

because these areas did not generate large runoff volumes (exceeding the holding 

capacity of rain gardens) and had adequate soil storage to receive and retain runoff. 

6. Approximately 1% of the study watershed was deemed most suitable for siting rain 

gardens. These areas were concentrated in the northeastern and north-central regions of 

the study area, in the low-lying floodplain adjacent areas of the Puyallup River. 

7. Future efforts may be devoted to (i) examining seasonal changes in soil saturation to 
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corroborate further the adequacy of the index method, e.g., through ground-truthing or 

analysis of remotely sensed images, and (ii) overcoming the equifinality issue to 

improve the index method. Future efforts may also include rain garden siting based on 

the Hydrologic Sensitivity Index method with the results from urban rainfall-runoff 

models. 
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5. SUMMARY AND CONCLUSIONS 

The goal of my doctoral research was to understand the temporal trends and spatial 

distribution of non-point source pollution, with a specific focus on how factors such as landscape 

features, soil properties, and climatic changes affect non-point source pollution in agriculture and 

urban settings. In Chapter 2 and 3, I assessed the temporal trends of water erosion in past, 

present, and the future in the three agricultural watersheds of eastern Washington. In Chapter 4, I 

assessed the factors affecting stormwater runoff in an urbanizing watershed and identified 

suitable location for the placement of green stormwater infrastructure in areas prone to runoff 

generation.  

Chapter 2 

In Chapter 2, my main objective was to elucidate the past and present trends of water erosion in 

the inland Pacific Northwest and compared the trends with field sampled annual erosion data. I 

separated the climate record into the past (1940–1982) and the present (1983–2020) and 

delineated a watershed within each precipitation zone and carried out WEPP model simulations 

over the two periods for the three watersheds under different tillage practices and crop rotations. 

Major conclusions from this study: 

1. WEPP-simulated average annual erosion rates decreased from the past to present by 

32%, 57%, and 70% for the study watersheds in the low-, intermediate-, and high-

precipitation zones, respectively. The decreases were due to the combined effects of 

changing climatic patterns and management practices.  

2. The decrease in annual, particularly winter, precipitation, and the number of large 

precipitation events were the key climatic factors (or parameters) that led to a decrease 
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in erosion. 

3. The shifts from two-year to three-year rotation, and from intense tillage to conservation 

tillage, were the key management changes that caused a decrease in erosion. 

Incorporating reduced- and no-till decreased WEPP-simulated average annual erosion 

by 31%, 35%, and 40% in WLCW-Low, UICW-Intermediate, and SFCW-High, 

respectively. 

4. WEPP-simulated average annual erosion rate agreed with the Kaiser field data. WEPP 

reproduced year-by-year variations for certain periods, especially 1948–1979. 

5. Erosion events were positively correlated with annual water input, runoff, and minimum 

temperature for all three watersheds. The number of annual freeze-thaw cycles was not 

correlated with annual erosion rates in the three watersheds. The number of annual rain-

on-thawing-soil events was significantly correlated with annual erosion rates for the 

watersheds in the low- and high-precipitation zones. 

6. The average annual erosion rate was significantly correlated with hillslope length and 

steepness for all three watersheds. Average annual erosion rate in SFCW-High was 

negatively correlated with soil depth, as deep soils have lower potential for runoff and 

erosion. However, the erosion rate was positively correlated with soil depth in WLCW-

Low, because hillslopes with deeper soils in this watershed tend to be longer and steeper, 

with lower hydraulic conductivity and higher erodibility. 

Chapter 3 

In Chapter 3, I ventured further into predicting future erosion patterns for the three 

agricultural watersheds of Chapter 2. I conducted WEPP simulation for the three watersheds with 

three different tillage intensities and three crop rotations using the downscaled climates of 20 
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GCM models with historical scenario for the period of 1976–2005 and, RCP 4.5 and 8.5 scenario 

for the period of 2036–2060. I further assessed the problem areas in the watersheds that 

consistently produced high erosion and applied various management combinations to reduce 

erosion in the future. The findings from this study showed how changing climate factors can 

interact with one another and impact erosion, while sometime exacerbating or offsetting the 

effect of one another. The study showed that strategic land management practices could be used 

to decrease erosion in the future. Major conclusions of this study were:  

1. There is a general increase in future ET in the three precipitation zones of Whitman 

County, caused by the projected increase in temperature and precipitation and in turn, 

biomass density. There is a general decrease in runoff due to an increase in ET, and 

projected increased infiltration capacity resulting from a decrease in frost depth in the 

area.  

2. The annual water erosion decrease in the three precipitation zones of Whitman County. 

The majority of water erosion decrease in high- and low-precipitation zone occurred in 

winter months (2.2–3.5 Mg ha−1), particularly due to a decrease in runoff and improved 

winter conditions due to an increase in temperature. The winter erosion slightly 

increased in the intermediate precipitation zone (0.2–1.2 Mg ha−1) because of the 

competing effect of increased temperature and precipitation increase. 

3. Even with the projected decrease in erosion, erosion amounts were often problematic, 

exceeding over 50 Mg ha−1 in steeper slopes and wheat years, especially in the high- and 

intermediate-precipitation zone. 

4. The excessive erosion may be mitigated by targeted management practices. Retiring the 

areas with slope steepness >20% and reducing the tillage in rest of the watershed would 
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decrease the erosion by 57–77% across the three precipitation zones. 

Chapter 4 

In Chapter 4, I shifted my focus towards urban landscapes and assessed how landscape 

and soil features affected stormwater runoff in an urbanizing watershed. Using the Hydrological 

Sensitivity Index (HSI), I used locally available data to compute various indices and mapped 

areas susceptible to saturation and closely analyzed the relationship between HSI, hillslope 

characteristics, and soil properties. I designed a representative hillslope, varied soil and slope 

characteristics and conducted hydrological modeling to understand runoff generation and how it 

is related with Hydrological Sensitivity Index. Findings from this study demonstrate the 

adequacy and cost-effectiveness of the Hydrologic Sensitivity Index method and provides a 

strategy for local practitioners in optimizing the placement of rain gardens. Major conclusions 

from this study include:  

1. For the Lower Puyallup River Watershed, λHSI ranged from −3.8 to 28.4. The high-𝜆HSI 

areas that are more prone to runoff generation were clustered in the central-western flat 

portion of the watershed. The low-𝜆HSI areas are in the southern part of the watershed 

with steeper slopes and deeper soils. 

2. The WEPP-simulated runoff was significantly positively correlated with λHSI. WEPP-

simulated runoff increased with contributing area and decreased with hillslope gradient 

as well as soil depth and hydraulic conductivity. Compared to the highest-λHSI scenario, 

the intermediate- and lowest-λHSI scenarios had a 44% and 99% decrease in simulated 

runoff. 

3. Areas with moderate λHSI values are the most appropriate for siting rain gardens because 
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these areas do not generate excessive runoff that would overwhelm small-scale GSI 

practices such as rain garden, and yet contain adequate soil storage to receive and retain 

runoff. 

4. Approximately 1% of the total study watershed was regarded most suitable for siting 

rain gardens. These areas are concentrated in the northeastern and north-central regions 

of the study area, in the low-lying areas near the Puyallup River. 

Recommendations for Future Research 

1. There is a pressing need to refine the adjustment of erodibility factors with change in 

climate and management within the WEPP model to achieve more accurate results, 

especially for winter months in the inland PNW. 

2. Future erosion simulation efforts should allow for dynamic adaptation of crop rotation 

with time in sync with climatic changes. 

3. Remotely sensed images should be used to gain insights into tillage characteristics of 

the study area. Integrating this with WEPP models can lead to more accurate simulation 

results. 

4. Future study should account for characteristics of precipitation events (intensity and 

duration) while simulating temporal water erosion trends. 

5. Conservation efforts should be more adaptive, adjusting on an annual basis rather than 

being static for long durations. For instance, wheat years producing extremely high 

erosion could be targeted for management efforts. 

6. Benefit-cost analysis should be conducted for replacing the management in the steeper 

slopes with land retirement or no tillage, which decreased the erosion markedly in the 

area. 
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7. In the future studies, gully and channel erosion should be considered to have a more 

detailed picture of erosion in the area. 

8. The indices computed from HSI methods should be tested against remotely sensed soil 

moisture data to understand it’s relationship with soil moisture. Equifinality issue with 

HSI should be taken into consideration in the future studies and efforts should be made 

to overcome it. 

9. Seasonal changes in soil saturation in various HSI classes across the watershed should 

be examined through field sampling to further corroborate the adequacy of the index 

method. 

10. Future efforts may also include rain garden siting using both HSI method and urban 

rainfall-runoff models, and compare the cost intensiveness, accuracy, and efficiency of 

both methods. 

 


