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Surface water and groundwater interactions are a key component in the functioning of 

stream ecosystems. Exchange of water between the stream and the hyporheic zone 

creates habitat for aquatic organisms and serves as a control for stream 

biogeochemical, thermal, and flow processes. This study takes a multi-method field-

based approach to gain a better understanding of exchange processes in the Walla 

Walla River, Northeast Oregon, USA, with focus on advancing methodologies, 

spatial and temporal exchange dynamics, fish ecology and habitat, and geomorphic 

controls on hyporheic exchange.  

Fiber-optic distributed temperature sensing (DTS) was used to identify, quantify, and 

map cold-water inflows at the meter scale. Analysis of the maximum and minimum 

daily temperature traces separated each cold-water inflow into either hyporheic or 

groundwater-derived. DTS identified a very active hyporheic zone in this system, 

with a near-equal importance of hyporheic and groundwater inflows. Approximately 

one-third of the 2-km study reach was influence by cold-water inflows, providing 

significant cooling in certain areas. Using piezometers in conjunction with DTS 

provided validation and supplementation of DTS results, increased the reliability of 

conclusions, and helped to identify and understand specific exchange processes. 



Piezometer data showed downwelling conditions (negative head differential) except 

immediately downstream of riffles, with head differentials becoming increasingly 

negative farther downstream from a riffle. Furthermore, head differentials increased 

in the negative direction from left bank to right bank, indicating lateral movement of 

groundwater and more loss of river water from the right bank. Nearest to riffles and 

river bends, head differentials remained more stable over time, which may indicate 

that geomorphic structures influence head variations locally, while aquifer levels and 

dynamics have an increasing influence farther from these structures. Seasonally, head 

differentials became increasingly negative through the summer into fall as aquifer 

levels decreased, and areas of the river that lost the most water to the subsurface 

tended to lose more water at a faster rate as the summer progressed. However, the 

seasonal trend of head differentials may be counteracted by decreasing bed 

permeability, yielding little or no temporal change in vertical flux of water through 

the streambed. During high-flow events, river losses to the subsurface decreased 

overall; in particular, areas with the greatest water loss at low flows showed reduced 

losses during high flows. High variability and lack of patterns in the response to high 

flow events suggests complexity in this process. 

Temperature-related variables from DTS data were combined with habitat-related 

variables to determine which variables best explain pool-scale salmonid abundance. 

Two snorkel surveys of 23 pools within the study reach were performed. The change 

in temperature across the pool showed the strongest overall relationship to salmonid 

abundance, particularly Chinook salmon. Chinook salmon showed a stronger 

preference for specific pools compared to steelhead/rainbow trout. The magnitude of 

cold-water inflows appears more important than the presence or proportion of the 

pool receiving cold-water inflows, and salmonid abundance was more strongly 

explained by hyporheic inflows compared to groundwater. Temperature variables 

increased in importance relative to habitat variables in the second snorkel sample 

compared to sample one. The highest river temperatures of the summer occurred 

between the two sample dates, and this may suggest that salmonids’ affinity for cold-



water refuge was enhanced through behavioral adaptation following periods of high 

temperature approaching the lethal threshold.  

The combined use of DTS, continuous electrical resistivity/induced polarization 

profiling, LiDAR, aerial imagery analysis, and field surveys allowed for the 

quantification of many geomorphic and hydraulic variables known or hypothesized to 

contribute to surface water and groundwater exchange processes. Regression analysis 

was used to determine which of these variables best explain the presence and 

magnitude of both groundwater and hyporheic inflows. For the first time, the cross-

sectional area of the hyporheic zone was estimated at high resolution at the reach 

scale, and decreasing hyporheic cross-sectional area best explained both the presence 

and magnitude of cold-water inflows of either type. Higher water surface slope and 

sinuosity/curvature were next in order of importance. The presence of hyporheic 

inflows was also explained by higher water surface slope, sinuosity, and Reynolds 

number, while the magnitude of hyporheic inflows was best explained by higher 

sinuosity. Groundwater inflows were also explained by higher width-to-depth ratio, 

higher water surface slope, decreasing distance from a stream bank to the bankfull or 

floodplain extent, and decreasing flow velocity. Lateral processes (e.g. sinuosity) and 

vertical processes (e.g. water surface slope) were found to be of comparable 

importance, but lateral processes better explained larger decreases in stream 

temperature, possibly because lateral subsurface flow paths are longer in distance and 

duration. Hydraulic conductivity variables did not show up among the most important 

variables likely because of the difficulty in estimating hydraulic conductivity at the 

meter scale using electrical geophysical tools.  
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CHAPTER 1: INTRODUCTION 

A natural water body is more than it appears to the eye; it is the culmination of 

interactions between the surface water and groundwater, and the porous materials 

comprising the bed and adjacent banks. Surface water may infiltrate through the bed 

and/or banks, causing a decrease in the volume of surface water in the water body. 

This infiltrated water may flow for some distance in the subsurface before re-entering 

the surface water—this is termed hyporheic exchange (Tonina and Buffington, 2009). 

Additionally, groundwater from the regional aquifer may flow into the water body, 

increasing the volume of surface water. Collectively, these hydrologic processes are 

referred to as surface water and groundwater interactions and play an important role 

in the functioning of aquatic ecosystems (figure 1.1). 

The hyporheic zone is the area of saturated alluvium surrounding a stream where the 

surface water mixes with groundwater, representing the interface between terrestrial 

and aquatic systems. Hyporheic zones serve as habitat for aquatic organisms and are 

important for nutrient cycling, temperature moderation, contaminant fate and 

transport, and biogeochemical processes (Boulton et al., 1998). Infiltrating surface 

water into the alluvium provides hyporheic fauna with organic matter, nutrients, and 

dissolved oxygen (Boulton et al., 2010), while hyporheic inflows into the surface 

water provide temperature moderation and are used as spawning sites by fish (Curry 

and Noakes, 1995; Baxter and Hauer, 2000). Groundwater discharge from the 

regional aquifer to surface water, also called groundwater inflows in this study, 

provides baseflow that sustains aquatic habitat (Brunke and Gonser, 1997). 

Groundwater discharge can have a significant impact on water quality (Briggs et al., 

2012b) and can be an important process for moderating surface water temperatures 

towards the temperature of the groundwater. In the winter, groundwater discharge 

may prevent surface waters from freezing, and in the summer, groundwater discharge 

may prevent excessively high water temperatures. Surface water and groundwater 

interactions enhance aquatic habitat diversity by creating complex local variability in 

water chemistry and temperature in both the surface water and the benthic 
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environment. Both hyporheic and groundwater inflows provide discrete zones of 

cooler water during the hottest part of a summer day, thereby serving as refuge 

locations for temperature-sensitive organisms such as salmonids (Berman and Quinn, 

1991; Matthews and Berg, 1997; Torgersen et al., 1999; Ebersole et al., 2001; Baird 

and Krueger, 2003; Goniea et al., 2006).  

Because of the effects of surface water and groundwater interactions on water quality, 

water quantity, aquatic habitat, and riparian habitat, locating and quantifying these 

processes is of primary importance to resource managers as well as researchers 

(Winter, 1998; Briggs, 2012b). However, these complex hydrologic interactions are 

often ignored in policy and management, partly due to the difficulty in identifying 

and quantifying surface water and groundwater interactions (Winter et al., 1998). 

Human activities can alter the ways in which surface water and groundwater interact. 

For example, contaminated groundwater can flow into surface waters, and 

contaminated surface waters can flow into the regional aquifer. Irrigation and 

pumping can affect the distribution and quality of both surface water and 

groundwater. Consider a stream that receives some amount of groundwater discharge 

along its length. The amount of groundwater entering the stream is dependent on the 

gradient of the groundwater table. If groundwater levels are reduced through pumping 

or irrigation, the gradient is reduced and less groundwater flows into the stream. If the 

elevation of the groundwater table is reduced such that it becomes lower than the 

elevation of the stream, the gradient becomes negative and surface water from the 

stream will flow into the groundwater aquifer. The construction of levees and dams 

and the alteration or removal of riparian vegetation can also impact surface water and 

groundwater interactions (Winter et al., 1998).  

The purpose of this study is to investigate surface water and groundwater interactions 

in the Walla Walla River in the context of water resources management related to 

irrigation and aquatic habitat. The study is the result of collaborative efforts between 

the Walla Walla Basin Watershed Council, Oregon State University, the U.S. Fish 
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and Wildlife Service, and Rutgers University. Funding was generously provided by 

grants from the Oregon Watershed Enhancement Board and the Washington 

Department of Ecology. Chapter 2 presents the use of fiber-optic distributed 

temperature sensing (DTS) for detecting and quantifying hyporheic and groundwater 

inflows to the Walla Walla River. Additionally, the overall impacts of these processes 

on the temperature of the river are explored. Chapter 3 describes the use of 

piezometers to investigate spatial and temporal dynamics in surface water and 

groundwater interaction processes. Piezometers are a more traditional tool for 

investigating hydrologic flux and provided valuable complimentary information to 

DTS and also served to validate DTS observations and give additional insight to 

hydrologic processes occurring in the Walla Walla River. Chapter 4 integrates the 

temperature and cold-water inflow data from DTS with fish and fish habitat surveys. 

Statistical analysis was performed to determine which temperature and habitat 

variables best explain the abundance of salmonids in 23 pools. The determination of 

which geomorphic and hydraulic variables best explain the presence and magnitude 

of cold-water inflows is covered in Chapter 5. The combined application of 

continuous electrical resistivity/induced polarization surveys, high-resolution LiDAR 

imaging, and field surveys allowed for the quantification of numerous explanatory 

variables which were compared to DTS-derived determinations of cold-water inflows 

as described in Chapter 2.  

Study Site 

The Walla Walla River originates in the Blue Mountains of Northeast Oregon and 

flows 80 miles to join with the Columbia River in Southeast Washington. The Walla 

Walla River basin has a drainage area of approximately 4,500 km2 (Marti, 2005). The 

study site was a 2-km reach of the river north of Milton-Freewater, OR, USA (figures 

1.2 and 1.3), which provides habitat for the salmonids Chinook salmon 

(Oncorhynchus tshawytscha), steelhead/rainbow trout (Oncorhynchus mykiss), 

mountain whitefish (Prosopium williamsoni), and the endangered bull trout 

(Salvelinus confluentus). The Walla Walla River is listed as an impaired water body 
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under section 303(d) of the Clean Water Act due to temperature. The associated total 

maximum daily load (TMDL) calls for temperatures to be below 18 °C at all times for 

salmonid rearing and migration (Butcher and Bower, 2005); however, river 

temperatures surpassed 24 °C in parts of the study reach in 2009. The two largest 

factors contributing to the warmer water are reduced riparian vegetation, which 

decreases shading and increases direct solar radiation, and decreased summer flows 

caused by diversions and irrigation for agriculture. 

Throughout the entire 20th century, agricultural uses of water from the Walla Walla 

River reduced the streamflow through Milton-Freewater to zero during the irrigation 

season. In 2000, increasing interest in restoring aquatic habitat in the river led to an 

agreement to leave 13 ft3/s of flow in the river at Nursery Bridge just downstream 

from the town of Milton-Freewater. By 2002, the bypass flow was increased to  

25 ft3/s. Within a few miles downstream of Nursery Bridge, much of the flow 

infiltrated through the riverbed and essentially disappeared, raising interest in 

studying how the surface water is interacting with the shallow aquifer (Metcalf, 

2003). Walla Walla River discharge values at Peppers Bridge, about two km 

downstream of the study site, for the 2009 water year (October 1, 2008 through 

September 30, 2009) are shown in figure 1.4, illustrating the dynamic range of flow, 

changing by over a factor of 100 between low flow and peak flow in a typical year. 

The Walla Walla Basin exists within the Columbia plateau. The depth to the 

Columbia River Basalt from the Walla Walla River study reach is approximately  

60 m. Unconsolidated sedimentary deposits from the Pleistocene and recent ages 

overlie the basalt. The oldest of these deposits is the old clay, which is also the most 

extensive. The next oldest are the old gravels, which are coalescent alluvial fan 

deposits that extend from the mouths of the canyons. The old gravel consists of well-

rounded pebbles, cobbles, and boulders of basalt material in a matrix of silt with 

variable amounts of sand. The old gravels are semi-consolidated due to compaction 

and cementation. Younger deposits in the basin, listed from oldest to newest include 
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the Palouse formation, the deposits of the upper valley terraces, the Touchet beds, and 

the recent alluvium. The recent alluvium is comprised of gravel, cobbles, and silt. In 

the vicinity of the study reach, recent alluvium generally is underlain by the old 

gravel. For a thorough description of the geology of the Walla Walla Basin, see 

Newcomb, 1965.  

Soils within the riparian area of the study reach include the Hermiston silt loam, the 

Freewater gravelly silt loam, the Onyx silt loam, and xerofluvents. Xerofluvents exist 

nearest to the river channel with a parent material of mixed alluvium. Xerofluvents 

are somewhat poorly drained with a moderately high to high capacity of the most 

limiting layer to transmit water. The depth to the water table is typically one to three 

feet. Flooding is frequent and the available water capacity is low. The typical profile 

of xerofluvents consists of about seven inches of cobbly and very cobbly loam 

overlaying extremely gravelly sandy loam to a depth of 22 inches. The deeper layer 

consists of extremely gravelly sand. The Hermiston silt loam is the most common soil 

type adjacent to the xerofluvents. Hermiston silt loams are well drained floodplain 

soils derived from silty alluvium. The capacity of the most limiting layer to transmit 

water is moderately high to high and the depth to the water table is greater than five 

feet. The available water capacity is high and flooding over these soils is rare. The 

typical soil profile of the Hermiston silt loam consists of silt loam throughout the 

entire profile. The Freewater gravelly silt loam is derived of mixed parent materials 

with a significant portion of very gravelly alluvium. These soils are somewhat 

excessively drained and have low available water capacity. Flooding is rare and the 

depth to the water table is over five feet. The capacity of the most limiting layer to 

transmit water is moderately high to high. The typical soil profile has four inches of 

gravelly silt loam at the surface, very gravelly loam to a depth of 20 inches, and the 

deeper layer is extremely gravelly sand. The Onyx silt loam is slightly less prevalent 

than the Freewater gravelly silt loam, and is very similar to the Hermiston silt loam. 

The main difference between the Onyx silt loam and the Hermiston silt loam is that 
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the landform position of the Onyx is riser while the landform position of the 

Hermiston is tread.  

The Walla Walla Basin has a climate with hot, dry summers and cold, wet winters. 

Temperatures frequently exceed 40 °C in the summer and drop below freezing in the 

winter. The average annual temperature at Milton-Freewater is approximately 

12.1 °C. Annual precipitation ranges from less than 25 cm at the lowest elevation in 

the basin at the river mouth to more than 100 cm at the highest elevations of the Blue 

Mountains. Peak flows in the Walla Walla River result from the combination of 

spring snowmelt and rainfall (Marti, 2005). Peak flows typically cause some amount 

of geomorphic restructuring of the channel, such as the creation or removal of gravel 

beds, riffles, and pools, and possibly channel re-routing within the floodplain.  
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Figure 1.1: Surface water and groundwater exchange in (A) a pool-riffle sequence 

and (B) a meandering stream. The lighter blue arrows pointing laterally from the 

landscape towards the riverbed indicate groundwater discharge to the stream (Winter 

et al., 1998).  
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Figure 1.2: Map of the Walla Walla River Basin, major rivers, and the study reach 

(courtesy of Troy Baker, Walla Walla Basin Watershed Council).  
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Figure 1.3: Map of the study reach of the Walla Walla River north of Milton-

Freewater, Oregon, USA. 
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Figure 1.4: Hydrograph (river discharge vs. time) for the Walla Walla River at 

Peppers Bridge during the 2009 water year (Washington State Department of 

Ecology, 2011). 
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CHAPTER 2: IDENTIFICATION AND QUANTIFICATION OF COLD-WATER 

INFLOWS USING FIBER-OPTIC DISTRIBUTED TEMPERATURE SENSING 

Introduction 

Temperature is a primary factor in the ecology of living organisms, affecting growth 

and metabolic rates as well as species distributions and population dynamics (Brown 

et al., 2004). Temperature is especially important in aquatic ecosystems, as most 

aquatic organisms, such as fish and invertebrates, are ectothermic, whereby the 

temperature of the organism is approximately equal to that of its surrounding 

environment. Additionally, most aquatic organisms depend on the limited dissolved 

oxygen concentration in water, which is inversely proportional to temperature. 

Temperature is also commonly used to study physical processes as it is a conservative 

tracer (Stonestrom and Constantz, 2003). 

The traditional means of measuring temperature rely on sensors that provide 

measurements at a specific point in space or time. While there exist temperature 

measurement devices with data-logging capabilities that can offer high temporal 

resolution, achieving high spatial resolution has been a challenge. Placing many 

sensors along transects is possible but often unrealistic for the spatial scale of 

environmental studies. Additionally, the individual sensors are not calibrated to each 

other, which can result in falsely detecting temperature changes (Selker et al., 2006). 

Forward-looking infrared (FLIR) imaging derived from airborne surveys can provide 

temperature measurements of superior spatial resolution; however, repeated flights 

are necessary to achieve sufficient temporal resolution for some purposes (Loheide 

and Gorelick, 2006). Another limitation of FLIR is the inability to measure 

temperatures other than surface temperatures, such as air or at various depths in a 

water column.  

Fiber-optic distributed temperature sensing (DTS) is able to couple sub-meter spatial 

resolution with temporal resolution of seconds and has emerged as a unique and 

powerful tool for ecological applications. DTS is capable of obtaining temperature 
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readings to the hundredth of a degree Celsius in controlled environments, and a tenth 

of a degree or better in typical field conditions along a length of up to 30 km of fiber-

optic cable (Selker et al., 2006; Lane et al., 2008; Tyler et al., 2009). Temperature 

traces are obtained by a computer that initiates a laser pulse that is sent through the 

fiber-optic cable. The inherent properties of the fiber cause some of the energy to be 

reflected back at the same wavelength of the original emission; the travel time of the 

reflection is used to determine distance along the cable. Through the process of 

Raman-backscatter, another portion of the energy is absorbed by the fiber and re-

emitted back at different wavelengths. Stokes backscatter refers to the energy that is 

re-emitted with a longer wavelength, and Anti-Stokes backscatter is re-emitted with a 

shorter wavelength. The amplitude of the Anti-Stokes backscatter is linearly 

dependent on temperature. Since Stokes backscatter is not temperature dependent, the 

ratio of the Stokes to Anti-Stokes backscatter provides a measure of temperature at 

any given location along the fiber-optic cable. These temperature values then need to 

be calibrated to actual river temperatures by adjusting the slope, gain, and offset 

(Selker et al., 2006).  

DTS has proven to be effective in a variety of ecological settings. Field-scale soil 

moisture at various depths can be determined using DTS, as soil moisture is related to 

soil thermodynamics (Sayde et al., 2010; Steele-Dunne et al., 2010; Krzeminska et 

al., 2011). Snowpack temperatures and distributions were monitored (Tyler et al., 

2008) and atmospheric processes were investigated (Yeo et al., 2008; Keller et al., 

2010) at resolutions previously unattainable. Infiltration of surface water to the 

subsurface was monitored and quantified by installing fiber-optic cable at various 

depths in the sub-surface (Gregory, 2010; Vogt et al., 2010). Stream temperature 

modeling efforts have been improved by the vast temperature datasets that are 

possible with DTS (Westhoff et al., 2007; Huff, 2009; Roth et al., 2010).  

The advent of DTS in hydrologic studies adds another tool for studying energy and 

water fluxes, including surface water and groundwater interactions. Other established 
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field-based methods for locating and quantifying groundwater and hyporheic inflows 

include differential streamflow gaging, dye dilution gaging, geochemical end-member 

mixing, ionic tracer injections, vertical temperature profiling, longitudinal 

temperature measurements, piezometers, and seepage meters (Kalbus et al., 2006; 

Boulton et al., 2007; Rosenberry et al., 2008; Anibas et al., 2009; Briggs et al., 

2012b). Several studies have demonstrated the utility of DTS in detecting 

groundwater discharge to surface waters (Day-Lewis et al., 2006; Westhoff et al., 

2007; Collier, 2008; Lane et al., 2008; Moffett et al., 2008; Henderson et al., 2009; 

Hoes et al., 2009; Huff, 2009). In a comparison between the use of fiber-optic DTS 

and three of the most common methods of quantifying groundwater inflows to 

streams—differential streamflow gaging, dye dilution gaging, and geochemical end-

member mixing—DTS was found to offer the finest spatial characterization of 

groundwater inflows while providing more universal applicability (Briggs et al., 

2012b).  

The study reach of the Walla Walla River exists within a larger reach that has been 

identified as an impaired water body under section 303(d) of the Clean Water Act due 

to temperature. The associated TMDL (total maximum daily load) calls for 

temperatures to be below 18 °C at all times for salmonid rearing and migration 

(Butcher and Bower, 2005). This requirement sparked interest in exploring the 

hydrologic processes responsible for river cooling during the summer, namely 

groundwater discharge to the river and hyporheic exchange. Fiber-optic DTS was 

used to identify and quantify hyporheic and groundwater inflows in the study reach of 

the Walla Walla River.  

Methods – Field Installation and Data Collection 

Fiber-optic cable (BruMobbile, Brugg Kabel AG, Brugg, Switzerland) was installed 

along the thalweg of an approximately 2-km reach of the Walla Walla River just 

south of the Oregon-Washington border on July 27, 2009. The cable had a diameter 

of 5 mm and consisted of two independent fibers encased in stainless steel tubes 
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which were wrapped with four flexible fiberglass wires and one stiff fiberglass wire 

for protection. The cable had a blue polyurethane protective jacket that was labeled 

with meter numbers that were assigned to specific river meter numbers following 

calibration. River meter 1 represented the upstream extent of the reach, and river 

meter 2027 was the downstream extent. The Sensortran Gemini DTS unit 

(Sensortran, Houston, TX, USA) was initiated on July 30, 2009, taking temperature 

traces at 15-minute intervals and reporting temperature values every 0.25 m along the 

cable. The two fibers within the cable (channel 1 and channel 2) were spliced together 

at the downstream extent of the reach. A splice box was used to protect the splice 

from the elements and was stored in a protected area on the bank. The DTS program 

was set up to obtain a trace from channel 1 followed by a trace from channel 2, 

providing duplicate temperature readings with a total length of twice the length of the 

cable. Creating a mirror image of the temperature traces at the splice location allowed 

for four independent temperature measurements at a given location, which were 

averaged to obtain one temperature value every 0.25 m.  

The DTS unit and associated equipment were stored in a refrigerator to keep the 

equipment both safe and cool. A 30-m coil of cable and a Minilog temperature logger 

(VEMCO, Halifax, Nova Scotia, Canada) were placed into a cooler filled with water 

inside the refrigerator to maintain a water bath with a fairly constant temperature for 

calibration. Four Minilog temperature loggers were attached to the cable to calibrate 

and validate the temperature readings provided by the DTS—two of the four 

temperature loggers were attached to coiled cable. Additionally, four Minilog 

temperature loggers were placed in the downstream ends of side channels before they 

joined the main river channel. All Minilog temperature loggers were secured inside a 

short piece of PVC pipe to prevent sunlight from directly affecting the temperature 

loggers. Temperature loggers were set up to record temperature to the nearest 0.1 °C 

every 15 minutes. 
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Continuous temperature data were collected by the DTS unit from July 30 through 

August 8, 2009. In late afternoon on August 8, the DTS unit began to malfunction and 

only collected intermittent temperature traces through September 18 even though the 

DTS program continued to run. The DTS unit collected continuous data over the six-

day period from July 31 through August 5, 2009, which was characterized by clear 

and warm days with a large difference between the maximum and minimum 

temperatures creating an ideal data set for cold-water inflow analysis. A LiDAR flight 

and aerial photography of the study reach were performed by Watershed Sciences, 

Corvallis, Oregon on August 17, 2009, providing imagery with one-meter resolution. 

This imagery provided the foundation for GIS-based mapping of the study reach and 

stream temperature. 

Methods – Calibration 

Raw temperature data provided by the DTS unit must be processed to reduce noise 

and calibrate to temperature loggers. Correction factors for slope, gain, and offset 

applied to the entire data set are required. In total, three coils of cable with a Minilog 

temperature logger were used for calibration purposes, with one coil in a water-filled 

cooler in the refrigerator, and two coils in the stream. Using coils allows for multiple 

fiber-optic measurements at one location for more precise calibration through 

averaging. The initial raw dataset used for calibration was the average of channels 1 

and 2 during the six-day period of July 31 through August 5, 2009.  

The calibration method employed here follows the standard approach, as outlined in 

the Shell DTS primer (Smolen and van der Spek, 2003). The first step in calibration 

was noise correction. Each fiber-optic measurement location was recalculated by 

averaging all measurements up to one m upstream and one m downstream of the 

measurement location. Since temperature values were reported by the DTS 

approximately every 0.25 m, nine total measurements were averaged for each 

measurement location. Next, the data were averaged in time by averaging all traces 

for a given measurement location within one hour before and after each individual 
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trace. Temperature traces were taken every 15 minutes, so nine total measurements 

were averaged for each measurement location. This dual-averaging would be 

expected to reduce noise by more than a factor of four. Next, the slope of the fiber-

optic temperature trace was corrected assuming a linear slope correction throughout 

the entire length of a trace. Since the two fibers of fiber-optic cable were spliced 

together at the downstream end of the reach, using the splice location as a mirror 

point and reflecting the temperature trace provides two temperature values per 

measurement location. Taking the average of these two values eliminates linear slope 

errors in the raw data.  

Gain and offset corrections were determined by plotting the average temperature for 

each fiber-optic coil against the temperature given by the Minilog that corresponded 

to each coil (observed temperature vs. expected temperature). Linear trend lines were 

fit to each of the three sets of data. The linear regression equation for the coil in the 

refrigerator was quite different than the equations for the coils in the river, which 

were similar. Since the river temperature is the focus, the temperature data from the 

refrigerator coil were not used in the calibration. The gain was determined by the 

average slope of the regression lines for the two in-stream coils, while the offset was 

determined by the average y-intercept. When the correction factors for gain and offset 

were applied, the gain correction was then fine-tuned by calculating the average of 

the differences between the coils and their corresponding Minilogs for each trace. 

This value was subtracted from each measurement within the trace to bring the fiber-

optic temperature values as close as reasonably possible to the Minilogs. Once the 

gain and offset were corrected, it was apparent that the slope needed further 

adjustment due to non-linearity of the slope. To fine-tune the slope correction, the 

average difference between the fiber-optic temperature and the corresponding 

Minilog temperature was plotted against distance, which provided four data points. A 

second-order polynomial was applied to these data points, and the regression equation 

with distance as the independent variable was subtracted from the fiber-optic 

temperature. Each temperature measurement was then recalculated by averaging with 
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all measurements up to one m upstream and downstream (a total of nine 

measurements) to obtain the final calibrated dataset. 

Methods – Identifying Cold-Water Inflows 

For this study, a cold-water inflow is defined as a zone of continuous cooling 

beginning at a particular river meter and ending when cooling is no longer apparent in 

the downstream direction for the maximum daily temperature trace. Groundwater 

inflows will cool the river during both the times of both the maximum and minimum 

river temperature since the groundwater is a constant temperature of 12 °C and the 

river water is above 12 °C during the summer. Hyporheic inflows involve river water 

that leaves the visible river channel, flows through substrate in the riverbed or banks, 

and re-enters the river at a downstream location. Hyporheic residence time in the 

substrate can theoretically vary from hours to years, which will determine the 

temperature of the hyporheic water when it re-enters the river. For residence times 

from days to months, the average diurnal river temperatures are a reasonable 

predictor of the temperature of hyporheic water. Hyporheic temperature approaches 

the groundwater temperature for longer and deeper hyporheic flow paths (Evans and 

Petts, 1997). Figure 2.1 shows the effect of groundwater and hyporheic inflows on 

river temperature on a diurnal scale (Huff, 2009), and figures 2.2 and 2.3 show the 

temperature response expected for a groundwater inflow and a hyporheic inflow, 

respectively, at the times of the maximum and minimum river temperature as well as 

the average diurnal temperature. 

The first step in identifying the locations of cold-water inflow was the selection of 

warm days with full sun and a large difference between the maximum and minimum 

water temperatures. With warmer water, it is easier to detect groundwater inflows; 

with a large difference between the maximum and minimum daily water temperature, 

it is easier to detect hyporheic inflows. The time period used to identify cold-water 

inflows was July 31 through August 5, 2009. The maximum average trace 

temperature for each of the six days was identified, and these six traces were then 
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averaged to create one averaged trace that was used to identify cold-water inflows. 

Areas where the fiber-optic cable was out of water were omitted from the analysis. 

Statistical z-tests were used to delineate cold-water inflows that were statistically 

significant. A statistical z-test returns the probability that a specific sample value 

would be greater than the observed sample mean. Each temperature value was 

compared to the nearest four upstream values (one m) providing a p-value, which 

indicates the probability that the value of interest is higher than the mean of the 

previous four values. If the p-value was less than 0.005, then the cell was labeled as a 

cold-water inflow. Starting at the upstream end of the reach and moving downstream, 

the beginning and ending of each cold-water inflow series was determined. An exact 

location labeled as a cold-water inflow by the z-test initiated the cold-water inflow 

series. The ending of a cold-water inflow series was determined by the meter number 

of the final location indicating a cold-water inflow before four consecutive locations 

(one m length) that did not indicate a cold-water inflow. A cold-water inflow series 

needed to be at least one m in length to be included. The beginning and ending points 

of each cold-water inflow series were then tabulated. The length, temperature change, 

and rate of temperature change were calculated for each cold-water inflow. Visual 

analysis of the temperature traces for each identified inflow resulted in the 

combination of some inflows into larger, continuous inflows. This was done because 

remnant noise in the data often caused a brief increase in temperature, which would 

cause an inflow series to be ended when in fact the temperature continues to show a 

decreasing trend in the downstream direction. Following the manual adjustments of 

some inflows, all cold-water inflows with temperature decrease of less than 0.04 °C 

(the number corresponding to two times the standard deviation of temperature 

measurements in the two in-river coils) were deleted.  

Once the inflows were identified, the type of inflow—groundwater or hyporheic—

was determined. The temperature traces closest to the time of sunrise for the same 

six-day time period from July 31 through August 5 were averaged together to create a 
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single averaged minimum temperature trace. The true minimum temperatures were 

found to occur after sunrise, but the sunrise traces were used to avoid effects of 

localized warming of water by solar radiation. As was done for the maximum traces, 

a z-test comparing each temperature value to the nearest four upstream values was 

performed. P-values less than 0.005 were labeled as cold-water inflows and p-values 

greater than 0.995 were labeled as warm-water inflows. Since the groundwater 

temperature remains essentially constant and lower in temperature than the minimum 

temperatures in the river during this time period, the cold-water inflows for the 

minimum traces were identified as groundwater. Conversely, the hyporheic water will 

generally be warmer than the minimum river temperature, so warm-water inflows 

were identified as hyporheic. The temperature change and rate of temperature change 

across the previously identified cold-water inflows (from the maximum temperature 

traces) were then calculated for the averaged minimum temperature trace.  

The number of temperature values in each cold-water inflow series that were 

identified as cooling, warming, or no change based on the minimum traces were 

counted. Several cold-water inflow series were found to have zones of both hyporheic 

and groundwater inflows within the same continuous cold-water inflow series based 

on this analysis technique. Visual analysis of the temperature traces of each inflow 

was used to determine whether an inflow with unique zones of warming and cooling 

during the minimum temperature trace should be separated into unique hyporheic and 

groundwater inflows or combined into one inflow (either groundwater or hyporheic, 

based on the overall change in temperature across the inflow). The length, 

temperature change, and rate of temperature change were then re-calculated for all 

inflows that had been separated for both the maximum and minimum traces.  

A study of hyporheic flow through two riffles revealed that the temperature of 

hyporheic water approaches the groundwater temperature as flow paths become 

longer and deeper (Evans and Petts, 1997). As a result, long-flow-path hyporheic 

exchanges may be identified in this methodology as groundwater inflows. To address 
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this, all identified groundwater inflows with a decrease in maximum temperature four 

or more times greater than the decrease in minimum temperature were assumed to be 

long-flow-path hyporheic inflows and were re-labeled as hyporheic. Three 

groundwater inflows were changed to hyporheic, two of which were part of a larger 

inflow with identified hyporheic influence. It should be emphasized that the 

differentiation between groundwater and long-flow-path hyporheic flow is 

intrinsically subjective and should not be overly emphasized, given that these are 

actually all groundwater processes. 

Methods – River Energy Balance 

River temperature dynamics are a direct response to the collective terms in the total 

energy budget (Poole and Berman, 2001). Cold-water inflows represent one portion 

of the total energy of the system explaining river temperature. To single out the 

effective temperature influence of a given cold-water inflow, all remaining terms in 

the energy budget must be accounted for. Change in river temperature (cold-water 

inflows excluded) results from heat transfer between the water and the atmosphere as 

well as between the water and the bed, and is represented by the equation (Boyd and 

Kasper, 2003): 

ΦTotal = ΦRadiation + ΦLongwave + ΦLatent + ΦSensible + ΦConduction  Eq. 2.1 

where ΦTotal represents the total heat energy flux in reference to the stream [W m-2], 

ΦRadiation represents the direct incoming solar radiation, ΦLongwave represents the net 

longwave radiation, ΦLatent represents the latent heat flux, ΦSensible represents the 

sensible heat flux, and ΦConduction represents the bed conduction. The energy budget 

was calculated for every river meter.  

Solar radiation is typically the most important variable in a river energy budget; 

during the warmest part of the year, it can account for as much as 80 percent of the 

total heat energy flux (Montieth and Unsworth, 1990). Solar radiation at each meter 
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was determined using the Solar Radiation option of the Spatial Analyst extension in 

ArcGIS. The extension allowed the calculation of solar radiation at exact times and 

days of the year. Solar radiation was determined for the times corresponding to each 

of the six maximum DTS temperature traces. The values of the input variables diffuse 

proportion and transmissivity were adjusted until the output radiation values for 

locations in full sun were similar to the values provided by a weather station in 

nearby College Place, WA. The final values used for diffuse proportion and 

transmissivity were 0.20 and 0.655, respectively. The “highest hit” LiDAR layer, 

which represents the elevation of the top of the canopy (or the ground surface where 

vegetation is absent), was used as the elevation input. The layer was modified such 

that the cells (one m resolution) that contained a fiber-optic cable meter number were 

assigned the elevation corresponding to the “base elevation” LiDAR layer. This 

operation was essential because the river meter locations would otherwise be 

interpreted as existing on top of the canopy. Using the “base elevation” LiDAR layer 

as the input would account for topographic shading, but not vegetative shading. For 

this study, it is assumed that all solar radiation at a given location of the river goes 

towards heating the water body. Some may argue that solar radiation that passes 

through the water column and heats the streambed conceptually should be subtracted 

from the total solar radiation responsible for heating the water body and added to the 

net streambed conduction term, but for the purposes of this study it is assumed that 

much of this energy ultimately enters the river. Accounting for this process requires 

the determination of the proportion of solar radiation that heats the streambed and is a 

function of water turbidity and depth of the water column at each measurement 

location, which would not greatly improve the accuracy of the estimation. Ignoring 

this process results in similar values for the total heat energy flux of the stream and 

satisfying the overall goals of the calculation of the stream energy budget.  

Longwave radiation refers to low-energy emissions from the land, air, and water; as 

such, the equation is (Boyd and Kasper, 2003): 
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ΦLongwave = ΦLand + ΦAtm + ΦWater     Eq. 2.2 

where ΦLand is the radiation emitted from vegetation and land surfaces to the stream, 

ΦAtm is the radiation emitted from the atmosphere to the stream, and ΦWater is the 

radiation emitted from the stream to the atmosphere. These three variables for 

longwave radiation can be estimated by the Stefan-Boltzmann Law.  

The magnitude of longwave radiation emitted from features of the land to the stream 

is largely dependent on riparian vegetation cover and is given by the formula (Boyd 

and Kasper, 2003): 

ΦLand = 0.96 • (1 – θVTS) • σSB • (TAir + 273.15)4   Eq. 2.3 

where θVTS refers to the view-to-sky coefficient [unitless], σSB refers to the Stefan-

Boltzmann constant [5.67 x 10-8 W m-2 °C-4], and TAir refers to the air temperature 

[°C]. Air temperature values corresponding to the maximum temperature traces were 

obtained from the nearby Peppers Bridge gaging station. The six-day average air 

temperature used for the energy balance calculations was 36.6 °C. The view-to-sky 

coefficient is a number from 0 to 1 where 1 represents a flat land surface with no 

vegetation, and was calculated for each river meter by dividing the total solar 

radiation at a given meter by the maximum observed total solar radiation.  

The magnitude of radiation emitted from the atmosphere to the stream is given by the 

formula (Boderie and Dardengo, 2003): 

ΦAtm = 0.96 • εAtm • θVTS • σSB • (TAir + 273.15)4   Eq. 2.4 

where εAtm is the atmospheric emissivity [unitless], which represents the ratio of the 

energy emitted by the atmosphere to the energy emitted by a perfect black body at the 

same temperature as the atmosphere and is calculated as (Brutsaert, 2005): 
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εAtm = a • (ea • TAir
-1)b       Eq. 2.5 

where a is an empirically-derived constant 1.24, b is an empirically-derived constant 

1/7, and ea is the vapor pressure of air [hPa]. 

The radiation emitted from the stream to the atmosphere is a negative value as used in 

eq. 2.2 and is quantified by the equation (Boyd and Kasper, 2003): 

ΦWater = – 0.96 • σSB • (TStream + 273.15)4    Eq. 2.6 

where TStream equals the water temperature of the stream [°C]. Stream temperatures 

used were the six-day averaged maximum temperature for each river meter.  

Latent heat flux in the river energy budget results from phase changes of water, in 

particular evaporation and condensation. Evaporation of water occurs when the vapor 

pressure at the water surface is greater than the vapor pressure of the air above the 

water and results in a decrease in water temperature. Condensation is exactly the 

opposite of evaporation and results in an increase in water temperature. The equation 

for latent heat flux is (Boyd and Kasper, 2003): 

ΦLatent =  – ρW • LE • E       Eq. 2.7 

where ρW is the density of water at the river temperature [997.5 kg m-3], LE is the 

latent heat of evaporation [2446 kJ kg-1], and E is the evaporation rate from the river 

[m s-1]. The evaporation rate was estimated using the Penman Combination method, 

which employs the formula (Dingman, 2002; Boyd and Kasper, 2003): 

E =      Eq. 2.8 
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where Δ is the slope of the saturation vapor pressure curve at a given temperature 

[kPa °C], Ea is the aerodynamic evaporation term [m s-1], and γ is the psychrometric 

constant [kPa °C]. The slope of the saturation vapor pressure curve can be estimated 

by the equation (Murray, 1967): 

Δ =       Eq. 2.9 

where T refers to the air temperature. The aerodynamic evaporation term can be 

calculated as (Boyd and Kasper, 2003): 

Ea = f(W) • (es
W – ea

W)      Eq. 2.10 

where es
W is the saturation vapor pressure at the water surface [kPa], ea

W is the actual 

vapor pressure at the water surface [kPa]. The vapor pressure at the water surface is 

calculated using the water temperature. The wind function, f(W), is defined as 

(Shanahan and Harleman, 1984): 

f(W) = aw + bw • W       Eq. 2.11 

where aw and bw are constants of 1.505 x 10-8 [kPa-1 m s-1] and 1.600 x 10-8 [kPa-1] 

and W is the wind speed [m s-1]. Wind speed was not measured on-site, requiring an 

estimation to be formulated. Brosofske et al. (1997) found a 400 percent increase in 

wind speed from a stream to a clearing beyond the vegetated riparian zone, so the 

wind speed values from the nearest weather station were divided by four and used as 

the assumed wind speed over the river. The wind speed value used for the 

calculations was 0.19 m/s. 

The psychrometric constant can be estimated by the formula (Allen et al., 1998): 
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γ = 0.665 x 10-3 • P       Eq. 2.12 

where P is the atmospheric pressure [kPa].  

Sensible heat flux is the transfer of heat energy between the air and water surface 

caused by temperature differences and can be calculated by: 

ΦSensible = Br • ΦLatent       Eq. 2.13 

where Br is the Bowen Ratio [unitless] defined as (Boyd and Kasper, 2003): 

Br = 6.1x10-4 • PA • (TStream – TAir) • (es
W – ea

W)-1    Eq. 2.14 

where PA is the adiabatic atmospheric pressure [kPa].  

Streambed conduction is the heat energy exchange driven by a temperature gradient 

between the water and the streambed substrates and is given by (modified from Boyd 

and Kasper, 2003): 

ΦConduction = KBed • (TBed-z – TStream) • zBed
-1    Eq. 2.15 

where KBed represents the thermal conductivity of the saturated bed sediment  

[W m-1 °C-1], TBed-z is the temperature of the bed sediment [°C], and zBed is the depth 

of the temperature measurement beneath the bed surface. As previously mentioned, it 

is assumed that all incoming solar radiation is absorbed by the water body; therefore, 

there is no term for solar radiation absorbed by the streambed in equation 2.15. The 

value used for KBed is 1.8 W m-1 °C-1, the average of the range of values, 1.4 to 2.2, 

for saturated alluvial sediment reported by Stonestrom and Constantz (2003). 

Piezometers installed in the streambed provided water temperature measurements at 

0.5 m beneath the bed surface; the measured water temperature is assumed to be the 
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temperature of the bed material (see Chapter 3 for further descriptions of 

piezometers). The piezometer temperature measurements obtained after noon are 

assumed to correspond to the bed temperature at the time of the maximum fiber-optic 

temperature traces. Linear regressions were performed on afternoon piezometer 

temperature measurements based on the average of the maximum temperature of the 

sample day and the previous day (four total measurements) to predict the bed 

temperature at 0.5 m depth. The average of the maximum and minimum temperatures 

over the six-day period measured by DTS at each river meter was then inserted into 

this regression formula to estimate the bed temperature at each river meter at the time 

of maximum river temperature. 

The preceding calculations provided a total heat energy value for every river meter. 

Energy in a river system is predominantly moved by advection, which is a function of 

velocity. The change in river temperature for each meter [°C m-1] is calculated as 

follows: 

∂TWater/∂x = ΦTotal • (ρW • cW • dW • UW)-1    Eq. 2.16 

where cW is the specific heat of water [4180 J kg-1 °C], dW is the average depth of the 

water column along the width of the river [m], and UW is the average flow velocity 

[m s-1]. The average depth was estimated based on the ratio of maximum depth to 

average depth for six cross-sectional profile surveys in which depth was measured 

every meter across the width of the channel. Maximum depth was measured in the 

field for every river meter. The average velocity was calculated by dividing the 

volumetric river discharge [m3 s-1] by the cross-sectional area [m2]. Cross-sectional 

area was calculated by multiplying the average depth by the channel width which was 

measured for every meter in ArcGIS. Discharge data were obtained from a gaging 

station approximately one km upstream of the upstream end of the study reach.  
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The predicted temperature change based on the energy balance approach for each 

identified cold-water inflow was subtracted from the actual temperature 

measurements to correct for temperature changes not attributed to processes of 

hyporheic exchange and groundwater discharge to the stream. The corrected values 

will be used in subsequent investigations of river processes, while the actual values 

will be used for the fish abundance portion of the project (Chapter 4).  

Methods – Quantification of Groundwater Discharge 

Determining the amount of groundwater entering the river at specific locations is of 

importance to both water resources managers and aquatic ecosystems. The volumetric 

flow of groundwater can be calculated by a combination of the mass conservation and 

energy conservation equations (Kobayashi et al., 1985). The conservation of mass  

for a river, assuming the only additional water entering the river is groundwater, is  

given by: 

Qd = Qu + Qg        Eq. 2.17 

where Qd is the downstream volumetric flow [m3 s-1], Qu is the upstream flow, and Qg 

is the groundwater discharge to the stream. The conservation of energy is given by: 

Td • Qd = Tu • Qu + Tg • Qg      Eq. 2.18 

where Td is the downstream temperature [°C], Tu is the upstream temperature, and Tg 

is the groundwater temperature. Solving the previous two equations for Qg yields: 

Qg = Qu • (Tu – Td) • (Td – Tg)
-1     Eq. 2.19 

An important requirement to ensure the accuracy of the use of eq. 2.19 is that the 

river water and inflowing groundwater must be fully mixed. The value used for the 

upstream river flow was obtained from a gaging station approximately one km 
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upstream. The flow value was corrected for side channels and large gravel bars where 

some portion of the flow temporarily departs from the main channel. Calculated 

cumulative values for groundwater discharge to the river were added to the total river 

flow. The upstream river temperature was the DTS value at the upstream extent of a 

groundwater inflow. The downstream temperature value was the temperature at some 

location downstream of the groundwater inflow where the closest estimate of full 

mixing was attained. This was done by visual analysis of the temperature traces for 

each groundwater inflow. Temperature stabilization following a groundwater inflow 

was used as the indicator of mixing. To remove the influences of incoming energy 

between the upstream and downstream temperature measurements, the calculated 

temperature increase based on the energy budget was subtracted from the downstream 

temperature. The groundwater temperature used for these calculations was 12.0 °C, 

which corresponds to the lowest temperature reading in piezometer B-1, where 

groundwater was reliably present (refer to Chapter 3 for information on piezometers). 

Calculations were performed on both the maximum and minimum temperature traces 

for each groundwater inflow using the same locations for upstream and downstream 

temperatures. The resulting values were averaged to provide the best estimate of 

groundwater discharge to the river.  

Results 

Fiber-optic DTS successfully provided reliable, high-resolution temperature data for 

the study reach of the Walla Walla River. These data allowed for the identification of 

distinct areas of river cooling. By investigating the maximum and minimum daily 

river temperatures, cold-water inflows were categorized into either hyporheic or 

groundwater inflows. DTS temperature data along with LiDAR imagery and aerial 

photos provided temperature maps of the study reach.  

Of all the temperature data collected, the six-day time period from July 31 through 

August 5, 2009 provided the best results for detecting cold-water inflows (figure 2.4). 

Other days were either cooler or had periods of cloud cover that would have made it 
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more difficult to reliably detect cold-water inflows. Visual inspection of the six 

individual maximum traces shows a similar trace for each of the six days, with the 

August 5 trace exhibiting a slightly colder temperature, especially at the downstream 

end of the reach. The minimum traces show more uniformity than the maximum 

traces. The averaged maximum and minimum temperature traces show the 

temperature response along the length of the fiber-optic cable more clearly and were 

used to perform the cold-water inflow analysis (figure 2.5). Averaging the six traces 

for the cold-water inflow analysis reduces measurement noise, thereby providing a 

more reliable analysis. Areas where the cable was out of water were removed from 

the data analysis, resulting in small gaps in the temperature traces. These gaps were 

then filled in by linear interpolation. Steep drops in temperature for the maximum 

traces followed by steep increases in temperature are likely the result of a cold-water 

inflow in a pool that is not well mixed. Steep drops in temperature that do not 

significantly increase directly downstream are likely the result of cold-water inflows 

associated with well-mixed riffles.  

Considerable variation in river temperatures was revealed by the DTS. Maximum 

temperatures during the six-day time period averaged 23.2 °C with a range between 

22.0 °C and 24.4 °C. Minimum temperatures averaged 19.0 °C ranging from 18.5 °C 

to 19.9 °C (figures 2.6 through 2.9). The difference in temperature between the 

Minilog temperature loggers and the fiber-optic temperatures at four in-stream 

locations ranged from -0.03 to 0.15 °C for the average of the maximum and minimum 

traces from July 31 through August 5 (table 2.1). Given that the accuracy of 

measurement for the Minilog temperature loggers is 0.1 °C, the error levels 

encountered are reasonable. Aside from DTS data noise, a potential cause of 

measurement errors arises when the two temperature measurements are not taken at 

exactly the same time. 

The fiber-optic DTS system detected a total of 61 distinct cold-water inflows along 

2027 m of the Walla Walla River. Evidence of both hyporheic and groundwater 
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inflows was found in 14 of the cold-water inflows. Separating these zones into 

individual inflows yielded 76 total cold-water inflows—34 groundwater and 42 

hyporheic (figure 2.10, tables 2.2 and 2.3). Of the 2027 m of river investigated, 679 m 

were identified as cold-water inflows, comprising 33 percent of the river length in the 

study reach. Hyporheic inflows represented about 58 percent of the total length of 

cold-water inflows. The three inflows that showed the largest decreases in 

temperature were all groundwater inflows and occurred in the upstream half of the 

reach. Also, 51 percent of the total groundwater inflow length was found in the 

upstream half, while 55 percent of the total length of hyporheic inflows was found in 

the downstream half. Three of the four hyporheic inflows that showed the highest 

temperature decrease occurred in the downstream half of the study reach. 

Discussion 

Despite limitations and challenges, the dataset provided by DTS has allowed an 

unprecedented look at surface water and groundwater interactions relative to river 

temperature in the study reach of the Walla Walla River. A more in-depth analysis of 

the DTS results yielded better ability to understand river processes responsible for the 

observed river temperature dynamics. A closer look was taken at the most significant 

cold-water inflows, and applying energy balance calculations to the temperature 

observations presented clarification of zones of heating and cooling. The DTS results 

indicate a very active hyporheic zone with frequent exchange of water with the 

surface water. This especially active hyporheic zone is possible due to frequent re-

working of the bed sediments caused by typical winter and spring flood events. Fine 

sediments are carried downstream, while large gravel and cobble substrates are 

deposited throughout the channel and banks. In some years, the river channel is 

dramatically altered from erosion and deposition during floods, and the locations of 

riffles and pools can change from year-to-year. These processes create a unique 

hyporheic environment in this reach of the Walla Walla River with high hydraulic 

conductivity and high potential for surface water and groundwater exchange. 
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The longest cold-water inflow was 32 m long and occurred between river meters 563 

and 594 (figure 2.11). This cold-water inflow had a zone of hyporheic inflow at the 

upstream end with a length of 26 m and a groundwater inflow at the downstream end 

with a length of six m. The total observed temperature drop across this inflow was 

0.63 °C, with most of the cooling observed in the hyporheic portion making it the 

hyporheic inflow with the greatest change in temperature in the reach. Whether the 

zone of this inflow labeled as groundwater is truly groundwater and not a long-flow-

path hyporheic inflow remains unknown. Visible hyporheic exchange is evident in 

this inflow, with river water disappearing through gravel and reappearing several m 

downstream. A small side-channel inflow enters the main channel near meter 565. 

The average temperature of the side channel corresponding to the average maximum 

and minimum DTS temperatures was 19.1 and 19.0 °C, respectively. The minimum 

river temperature at the upstream end of the inflow was also 19.0 °C, and given that 

the groundwater temperature is about 12 °C, it can be assumed that the side channel 

consists of hyporheic water, as indicated by the DTS analysis.  

The longest groundwater inflow was about 31 m found between river meters 202 and 

232 (figure 2.12). The temperature decrease attributed to this inflow was 0.77 °C for 

the maximum temperature trace and 0.31 °C for the minimum temperature trace. The 

large decrease in temperature for the minimum trace indicates that this is likely a true 

groundwater inflow. The calculated groundwater discharge to the stream attributable 

to this inflow was 0.0072 m3/s (620 m3/d), the second largest quantity observed. The 

groundwater inflow that provided the greatest decrease in temperature as well as the 

greatest quantity of groundwater discharge occurred at river meter 800, where a 

groundwater-fed spring entered the main stem (figure 2.13). Over a distance of six m, 

the maximum temperature decreased 0.96 °C, and the minimum temperature 

decreased 0.56 °C. The calculated groundwater discharge was 0.0083 m3/s (710 

m3/d). A Minilog temperature logger placed in the spring showed the average 

maximum and minimum temperatures to be 15.5 and 15.1 °C, respectively, indicating 

that this is a groundwater-dominated spring.  
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The longest inflow identified as solely hyporheic was about 23 m long between river 

meters 1929 and 1952 (figure 2.14). This hyporheic inflow showed the second largest 

cooling, 0.38 °C, of all hyporheic inflows. When the heat energy across this inflow is 

accounted for, the total cooling is 0.40 °C. Another significant cold-water inflow 

began at river meter 500 with seven m of hyporheic inflow decreasing the maximum 

river temperature 0.08 °C (0.09 when corrected for heat energy) followed by nine m 

of groundwater inflow decreasing the maximum and minimum temperatures 0.64 

(0.66 °C when corrected for heat energy) and 0.58 °C, respectively (figure 2.15). An 

easily visible groundwater spring meets the main channel where the hyporheic inflow 

transitions to a groundwater inflow; additionally, a hyporheic side channel flows into 

this spring. A Minilog temperature logger was placed in a pool of the spring before it 

entered the main channel. The average maximum temperature was 21.4 °C, and the 

average minimum temperature was 17.5 °C, showing a mixture of groundwater and 

hyporheic water.  

In general, the maximum temperature trace exhibits a cooling trend in the upstream 

portion of the study reach until approximately meter 900 (figure 2.5). The 

temperature then holds relatively steady until around meter 1200, when the 

temperature begins to steadily and slowly increase towards the downstream extent of 

the reach. The values for the calculated change in river temperature based on the 

energy balance approach were added sequentially to the initial river temperature at 

the upstream extent of the study reach to provide the predicted river temperature at 

each meter without cold-water inflows (figure 2.16). The predicted river temperature 

shows two main regions of lower heat energy delivered to the stream and two main 

regions of higher energy delivered to the stream. The lower heat energy areas are 

between river meter 0 and 350, and from 520 to 800. The higher heat energy areas are 

from meters 350 to 520 and 800 to the downstream extent at river meter 2027. These 

differences are mostly due to the amount of riparian shading, and thus the amount of 

direct solar radiation to the stream. Given the high amount of heat energy delivered to 

the stream between meters 900 and 1200, even though the observed temperature 
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holds relatively steady, there is still cold water entering the stream in this area when 

the increasing predicted temperature is considered. The energy balance for the 

minimum temperature trace was not computed, as the river temperature appeared to 

be quite stable in the absence of cold-water inflow activity. 

The difference between the observed and predicted temperatures without accounting 

for cold-water inflows is the best indicator of the quantity of cold water entering the 

stream (figure 2.17). With no cold water influence, the slope of the line should be 

approximately zero because the heat energy to the river has been subtracted. Where 

the slope is negative, cold water is entering the stream. A positive slope is primarily 

indicative of mixing processes, but may also be the result of noise in the data or slight 

inaccuracies in any portion of the river energy balance for a given area of stream. 

Overall, the majority of cold-water inflows that cool the river substantially after 

mixing occur from meters 160 to 350, 500 to 900, and 1000 to 1200. The total 

temperature change for the study reach explained by cold-water inflows is 

approximately 3.15 °C, while the total heating from incoming energy is 

approximately 2.8 °C. As a result, the temperature at the downstream end of the reach 

was about 0.35 °C cooler than the upstream end. It should be noted that the energy 

balance calculation is an estimation and does not explicitly account for advection. 

The assumption used is that all temperature and radiation values (taken from the 

times of the maximum temperature traces) remain constant and best reflect the 

conditions at the maximum river temperature, thereby providing the most accurate 

assessment of the rate of change in river temperature at the meter scale due to energy 

dynamics. However, at a larger scale as a parcel of water travels from the upstream 

end to the downstream end of the reach, it encounters varying energetic conditions. 

The average flow velocity in the reach was about 0.14 m/s, so the travel time from the 

upstream to downstream end is about four hours. Nonetheless, the energy budget 

methodology produced a reasonable projection of predicted temperature with rates of 

change comparable to that observed in the river where cold-water inflows were 

absent. 



 

34 
 

The methodology used to calculate the volumetric flow of groundwater for each 

groundwater inflow yielded an estimate of 0.044 m3/s of groundwater discharging to 

the stream in the study reach from 23 distinct groundwater inflow locations, 

amounting to 20 percent of the total flow at the downstream end of the reach. Eleven 

of the groundwater inflows showed no measurable groundwater discharge because the 

downstream temperature after mixing was not less than the upstream temperature 

immediately prior to the inflow. Approximately 68 percent of the groundwater 

discharge occurred between river meters 200 and 810. Assuming an upstream 

temperature of 23.2 °C (the average river temperature for the maximum trace), a 

groundwater temperature of 12 °C, and a river flow of 0.18 m3/s, the total temperature 

change that would result is 2.18 °C, which is approximately 69 percent of the total 

temperature change observed in the river when the heat energy is factored out. When 

the change in temperature values of all hyporheic and groundwater inflows are 

summed, the total temperature change (without mixing) is 9.46 °C, of which 51 

percent is groundwater. While this value is of little use in a river system context, it 

provides an estimate of the proportion of the total cooling caused by groundwater 

discharge. If 51 percent of the 3.15 °C observed cooling was due to groundwater, the 

expected value for the total groundwater discharging to the stream would be 

approximately 0.031 m3/s, which is 15 percent of the total flow at the downstream 

end of the reach.  

One of the issues of analyzing the cold-water inflows with one-meter resolution is 

that the river may not be fully mixed in the location of the cold-water inflows, 

causing the temperature drop to be potentially over-estimated in a river system 

context. For example, if a cold-water inflow is detected in a pool, the temperature 

measured by the fiber optics will show a decrease, and then a temperature increase 

will occur downstream as it mixes with other river water not associated with the cold-

water inflow. The local temperature decrease in the pool may be significant for 

habitat, but may actually represent a small volume of cold water entering the river 

system. With respect to aquatic habitat, meter-scale analysis is ideal because it can 
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locate smaller zones of cold-water refuge that may be localized within the river 

system. The locations of cold-water inflows and the temperature changes measured 

by the cable are comparable to what would be experienced by a fish. However, this 

analysis would be inappropriate for estimating the amount of groundwater discharge 

to the stream because of the potential lack of adequate mixing with the entire volume 

of river water. When quantifying the amount groundwater discharge, visual analysis 

of each inflow must be performed to locate where the river temperature has stabilized 

following a cold-water inflow, which is an indication that the river has adequately 

mixed with the groundwater.  

With the fiber-optic cable along the bottom of the thalweg, both lateral and vertical 

mixing issues arise. Lateral cold-water inflows enter the surface water at or near the 

river banks and then travel some distance downstream before being detected by the 

cable. Cold-water inflows that enter the surface water by vertical movement through 

the streambed may be detected more quickly. Lateral mixing issues are most 

problematic where the stream is wide and straight, while vertical mixing issues arise 

with deeper water. Turbulence, such as encountered in riffles, enables the river to 

become better mixed. Consider a pool to riffle sequence, in which a long, deep pool 

transitions to a riffle. Perhaps there is a cold-water inflow entering the surface water 

in the deeper part of the pool; meanwhile, solar radiation may be warming the upper 

part of the water column, creating a temperature gradient from top to bottom. The 

fiber-optic cable cannot detect the warming closer to the surface until the water 

reaches the riffle, where the water becomes better mixed, resulting in an apparent 

warming of water at the heads of riffles.  

The fiber-optic cable had a blue protective jacket, which may have absorbed solar 

radiation causing a false reading of slightly higher temperature, particularly in 

shallow water. A field study of a similarly constructed fiber-optic cable revealed solar 

heating to be up to 0.16 °C in shallow water during the time of peak solar radiation 

near Paradise, Utah, USA (Nielson et al., 2010). Since the cable in the Walla Walla 
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River was installed in the thalweg, shallow water would imply higher water velocity 

leading to lower solar heating. Additionally, the maximum temperature traces 

occurred two to three hours after the time of peak solar radiation and the latitude of 

the Walla Walla site is farther north than the Utah site, further reducing the potential 

for solar heating. Nonetheless, it remains possible that solar heating over shallow, un-

shaded riffles could cause the false detection of a cold-water inflow as the riffle 

transitions to a pool where solar heating is less of a factor.  

The overestimate in the quantity of groundwater discharge to the river from analysis 

of the DTS data is likely due to complex mixing processes and an overall active river 

system with respect to surface water and groundwater interactions. Selecting a 

specific downstream location where a groundwater inflow is fully mixed with the 

entire volume of river water is challenging for this dataset. Often times, before full 

mixing occurs, another inflow is encountered. Other times, long and straight runs are 

present which do not adequately cause full mixing. The result of these issues was the 

selection of downstream mixing points that only represented partial mixing, leading 

to an overestimation of groundwater discharge. Additionally, it is assumed that all 

inflowing cold water is groundwater. If hyporheic water was also inflowing between 

the upstream and downstream temperatures, the result would be an overestimation of 

the groundwater discharge for the maximum trace and a slight underestimation for the 

minimum trace. Another issue in quantifying groundwater discharge is when a 

groundwater-sourced spring travels a certain distance as surface water before the 

confluence with the main channel, causing the temperature of the spring water to 

increase. In these cases, the groundwater temperature can no longer be assumed to be 

12 °C and results in an underestimate of the actual groundwater discharge for either 

calculation method.  

Conclusions 

Fiber-optic DTS in the 2-km study reach of the Walla Walla River provided a highly 

detailed and sufficiently accurate longitudinal water temperature profile during a hot 
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six-day period in the summer of 2009. This high-resolution dataset coupled with GPS 

measurements of every meter of cable, LiDAR-derived imagery, and aerial photos 

allowed for the determination of the precise locations and relative magnitudes of 

hyporheic and groundwater inflows at the meter scale. Additional field measurements 

including water depth and water temperature in the riverbed along with GIS-based 

measurements of river width and solar radiation made possible the calculation of the 

river energy budget at every river meter. LiDAR imagery of the top of the canopy and 

ground surface proved to be a very valuable tool in measuring the degree of shading 

and canopy cover over specified points—two critical variables in the calculation of 

the river energy budget. By directly calculating the complete energy budget, the 

cooling processes of groundwater and hyporheic inflows and the heating processes of 

incoming energy can be separated and viewed independently, thereby allowing the 

determination of their individual effects. In this way, the quantity of groundwater 

discharge to the study reach of the river was calculated.  

Groundwater discharge and hyporheic exchange were observed to be of comparable 

importance to temperature reduction in the river. Fiber-optic DTS located 34 distinct 

groundwater inflows and 42 hyporheic inflows, with the three most significant 

inflows with respect to temperature reduction being identified as groundwater. Cold-

water inflows provided an effective cooling of approximately 3.15 °C Celsius along 

the study reach, 1.62 °C of which was attributable to groundwater. The total heating 

from incoming energy was approximately 2.8 °C, and the observed temperature 

decreased about 0.35 °C from 24.2 °C at the upstream end to 23.85 °C at the 

downstream end. Based on the subtraction of the incoming energy and the estimated 

cooling attributable to groundwater, 0.031 m3/s of groundwater were entering the 

study reach, which amounts to 15 percent of the total flow at the downstream end of 

the reach. The summation of the calculated discharge for individual groundwater 

inflows yielded a higher than expected value of 0.044 m3/s for the reach, which is 20 

percent of the total flow at the downstream end of the reach. More than two-thirds of 
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the volumetric groundwater discharge to the river occurred between river meters 200 

and 810.  

Because of the issues of complex river mixing processes and data noise, both type 1 

and type 2 errors may exist. Type 1 errors arise when a cold-water inflow is falsely 

identified, and type 2 errors result from failing to detect a cold-water inflow. When a 

cold-water inflow is assigned to hyporheic or groundwater, the reliability of the 

determination can be questionable. Long-flow-path hyporheic inflows may be 

identified as groundwater. Additionally, the temperature dataset required visual 

analysis of the temperature trace for both identifying the bounds of cold-water 

inflows and quantifying groundwater discharge. While the visual analysis yielded a 

more truthful account of cold-water inflows, it was quite time-consuming and 

repeatability is compromised compared to a strict statistical decision-making process. 

Addressing these issues requires the validation of the results, which would require a 

rather intensive effort involving the use of other tracers in addition to temperature or 

measuring subsurface water temperatures at numerous locations. Isotopic or chemical 

analysis can help locate groundwater discharge locations and discern groundwater 

from hyporheic water. Cold-water inflows resulting from upwelling processes can be 

detected by networks of piezometers (see Chapter 3), and lateral inflows can be 

quantified by seepage meters. These validation tools are only a partial listing of 

possibilities; a full validation for this study would require a combination of methods. 

Future studies should seek to integrate different technologies and methods to create a 

more holistic and reliable picture of surface water and groundwater interaction 

processes.  
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Figure 2.6: Average of the maximum temperature traces for the six-day temperature 

analysis period from July 31 to August 5, 2009 in the study reach of the Walla Walla 

River with LiDAR imagery. 
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Figure 2.7: Average of the maximum temperature traces for the six-day temperature 

analysis period from July 31 to August 5, 2009 in the study reach of the Walla Walla 

River with aerial photos taken in 2009. 
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Figure 2.8: Average of the minimum temperature traces for the six-day temperature 

analysis period from July 31 to August 5, 2009 in the study reach of the Walla Walla 

River with LiDAR imagery. 
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Figure 2.9: Average of the minimum temperature traces for the six-day temperature 

analysis period from July 31 to August 5, 2009 in the study reach of the Walla Walla 

River with aerial photos taken in 2009.  
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Table 2.1: Comparison between the calibrated fiber-optic temperature and the 

temperature measured by the Minilog temperature loggers at the locations of the 

Minilog temperature loggers in the study reach of the Walla Walla River. River 

meters 1206 and 1971 (cable meters 874 – 888 and 72 – 97, respectively) represent 

the locations of the two coils of fiber-optic cable. The offset was calibrated to these 

two coils. River meters 70 and 822 (cable meters 2418 and 1448, respectively) 

represent two additional in-stream locations where Minilog temperature loggers were 

attached to the fiber-optic cable. The six temperature readings provided by the 

Minilogs corresponding to the times of the maximum and minimum fiber-optic 

temperatures for the six-day analysis period, respectively, were averaged. The 

difference between the averaged Minilog and the fiber-optic temperature 

measurements represents the error of the fiber-optic measurements for each Minilog 

location based on the assumption that the temperatures given by the Minilog 

temperature loggers are exactly the river temperature. The Minilogs measure 

temperature to the nearest 0.1 °C. 
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Figure 2.10: Locations of groundwater and hyporheic inflows as detected by DTS for 

the six-day temperature analysis period from July 31 to August 5, 2009 in the study 

reach of the Walla Walla River with LiDAR imagery. Each inflow is labeled by the 

river meter number at the upstream extent of the inflow. 
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Table 2.2: Groundwater inflows sorted by location from upstream to downstream as 

detected by DTS in the study reach of the Walla Walla River, where river meter 

represents the downstream distance, length is the inflow length, dT max is the 

temperature change across the inflow for the maximum temperature trace, dT/dL max 

is the rate of temperature change across the length of the inflow for the maximum 

trace, dT min is the temperature change across the inflow for the minimum 

temperature trace, dT/dL min is the rate of temperature change across the length of 

the inflow for the minimum trace, and Qg is the groundwater discharge to the river 

attributable to the inflow. 

 

River meter Length (m) dT max (°C) dT/dL max (°C m-1) dT min (°C) dT/dL min (°C m-1) Qg (m
3 day-1)

122 3.8 -0.05 -0.013 -0.02 -0.004 0

188 4.3 -0.09 -0.020 -0.03 -0.007 39

202 30.6 -0.77 -0.025 -0.31 -0.010 622

268 5.1 -0.04 -0.008 -0.04 -0.008 0

281 8.8 -0.38 -0.043 -0.33 -0.037 390

307 7.1 -0.05 -0.007 -0.02 -0.002 0

428 7.6 -0.14 -0.018 -0.07 -0.009 65

484 7.6 -0.12 -0.016 -0.04 -0.005 0

507 9.1 -0.65 -0.072 -0.58 -0.064 555

533 6.3 -0.07 -0.011 -0.02 -0.003 0

549 8.3 -0.15 -0.018 -0.17 -0.020 175

588 6.3 -0.06 -0.010 -0.08 -0.013 0

673 10.9 -0.04 -0.004 -0.07 -0.007 108

695 6.3 -0.02 -0.003 -0.04 -0.006 0

800 7.6 -0.96 -0.127 -0.56 -0.073 713

882 9.9 -0.25 -0.026 -0.08 -0.008 83

1004 6.8 -0.09 -0.013 -0.06 -0.008 22

1021 7.8 -0.31 -0.039 -0.13 -0.017 290

1068 11.9 -0.09 -0.008 -0.06 -0.005 91

1091 3.0 -0.06 -0.020 -0.04 -0.015 0

1104 14.4 -0.13 -0.009 -0.06 -0.004 61

1128 6.3 -0.04 -0.006 -0.07 -0.010 91

1166 3.0 -0.02 -0.007 -0.02 -0.008 0

1201 14.2 -0.05 -0.004 -0.08 -0.006 63

1382 4.6 -0.06 -0.014 -0.02 -0.005 41

1404 7.3 -0.04 -0.005 -0.05 -0.007 63

1452 7.3 -0.04 -0.005 -0.04 -0.006 0

1470 22.0 -0.12 -0.005 -0.06 -0.003 113

1567 7.3 -0.03 -0.005 -0.04 -0.005 84

1637 3.5 -0.04 -0.012 -0.03 -0.007 43

1680 4.5 -0.04 -0.009 -0.01 -0.003 37

1808 9.9 -0.13 -0.013 -0.10 -0.011 90

1882 6.6 -0.03 -0.004 -0.05 -0.007 0

1906 6.6 -0.05 -0.008 -0.03 -0.004 0
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Table 2.3: Hyporheic inflows as detected by DTS in the study reach of the Walla 

Walla River, where river meter represents the downstream distance, length is the 

inflow length, dT max is the temperature change across the inflow for the maximum 

temperature trace, dT/dL max is the rate of temperature change across the length of 

the inflow for the maximum trace, dT min is the change temperature across the inflow 

for the minimum temperature trace, and dT/dL min is the rate of temperature change 

across the length of the inflow for the minimum trace. 

 

River meter Length (m) dT max (°C) dT/dL max (°C m-1) dT min (°C) dT/dL min (°C m-1)

43 9.1 -0.06 -0.007 0.07 0.008

65 8.9 -0.14 -0.016 0.03 0.003

95 8.6 -0.08 -0.009 -0.01 -0.001

135 8.1 -0.17 -0.021 -0.04 -0.004

151 4.6 -0.06 -0.014 0.11 0.025

162 6.3 -0.07 -0.010 0.04 0.007

184 4.3 -0.09 -0.021 0.02 0.005

332 14.2 -0.19 -0.013 0.10 0.007

500 6.8 -0.10 -0.015 0.07 0.011

563 25.6 -0.59 -0.023 0.07 0.009

624 16.2 -0.13 -0.008 0.03 0.002

684 10.4 -0.03 -0.003 0.06 0.006

710 7.8 -0.20 -0.025 0.04 0.005

727 9.4 -0.12 -0.012 0.11 0.012

780 7.8 -0.09 -0.011 -0.01 -0.001

842 5.6 -0.09 -0.016 -0.02 -0.003

904 11.1 -0.22 -0.020 0.20 0.018

948 7.9 -0.08 -0.011 0.04 0.005

983 5.8 -0.05 -0.009 0.01 0.002

1039 6.3 -0.06 -0.009 0.05 0.008

1054 6.8 -0.10 -0.015 0.04 0.005

1087 4.0 -0.07 -0.017 0.03 0.006

1135 11.4 -0.16 -0.014 0.01 0.001

1169 3.8 -0.03 -0.007 0.02 0.004

1184 17.2 -0.09 -0.005 0.04 0.003

1274 6.1 -0.07 -0.012 0.07 0.017

1306 16.2 -0.27 -0.017 -0.02 -0.001

1338 7.8 -0.26 -0.033 0.09 0.011

1377 5.1 -0.04 -0.007 0.01 0.001

1399 4.8 -0.03 -0.005 0.04 0.008

1445 7.3 -0.05 -0.007 0.04 0.005

1534 9.9 -0.05 -0.005 0.02 0.002

1557 9.6 -0.05 -0.005 0.06 0.007

1606 7.3 -0.10 -0.014 0.07 0.009

1640 6.6 -0.06 -0.009 0.06 0.009

1670 5.1 -0.05 -0.009 0.02 0.003

1716 11.9 -0.17 -0.014 0.08 0.007

1801 7.1 -0.04 -0.006 0.01 0.002

1843 6.3 -0.07 -0.010 0.02 0.003

1929 23.5 -0.41 -0.018 0.16 0.007

1963 8.9 -0.21 -0.023 0.02 0.002

1996 21.0 -0.18 -0.009 0.12 0.005
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Figure 2.11: Photograph of the cold-water inflow reach beginning at river meter 563, 

consisting of 26 m of hyporheic inflow followed by six m of groundwater inflow.  
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Figure 2.12: Photograph of the groundwater inflow reach beginning at river meter 

202. 
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Figure 2.13: Photograph of the groundwater spring inflow beginning at river meter 

800. 
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Figure 2.14: Photograph of the hyporheic exchange reach beginning at river meter 

1929. 
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Figure 2.15: Photograph of the cold-water inflow reach beginning at river meter 500, 

consisting of seven m of hyporheic inflow followed by nine m of groundwater inflow.  
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Figure 2.16: Observed maximum averaged temperature trace from the six-day 

temperature analysis period from July 31 to August 5, 2009 and the predicted 

maximum averaged temperature without groundwater and hyporheic influence based 

on the calculation of the energy budget in the study reach of the Walla Walla River.  
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Figure 2.17: Predicted temperature without groundwater and hyporheic influence as 

calculated by the energy balance method subtracted from the observed averaged 

maximum temperature from July 31 to August 5, 2009 as measured by DTS in the 

study reach of the Walla Walla River. 
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CHAPTER 3: EXPLORING SPATIAL AND TEMPORAL DYNAMICS  

OF SURFACE WATER AND GROUNDWATER INTERACTIONS  

USING PIEZOMETERS 

Introduction 

Piezometers are a simple, cost-effective tool to investigate surface water and 

groundwater interactions (Rivett et al., 2008). By installing them into the riverbed, 

they can provide measurements which allow calculation of the vertical flux of water, 

determinations of water quality, and they can be used to estimate hydraulic 

conductivity (Baxter et al., 2003). Piezometers are one of the three most commonly 

used tools for quantifying exchange between groundwater and surface water 

(Rosenberry et al., 2008). The other two methods are water level measurements using 

a network of groundwater wells and seepage meters installed in the surface water 

body. Numerous studies have successfully used piezometers, often in conjunction 

with other techniques, to explore surface water and groundwater interactions (e.g. 

Baxter and Hauer, 2000; Simonds and Sinclair, 2002; Metcalf, 2003; Rivett et al., 

2008; Käser et al., 2009; Gerecht et al., 2011; Dudley-Southern and Binley, 2015). 

The energy head gradient determines the vertical direction in which water moves 

across the streambed interface. Downwelling occurs when the head gradient is 

negative, and upwelling occurs when the head gradient is positive (Tonina and 

Buffington, 2009). The energy head is a function of bed elevation, depth of surface 

water, and flow velocity. A change in any of these variables can cause hyporheic 

exchange (Wondzell and Gooseff, 2013; Boano et al., 2014). The other variables in 

Darcy’s Law—hyporheic cross-sectional area and hydraulic conductivity—act with 

the energy head gradient to regulate the volume of flow through the streambed. 

Riffle-pool structures are common in many rivers and are an important type of 

streambed topography for generating hyporheic flows. In riffle-pool sequences, 

energy head gradients are primarily a function of water surface elevation changes. 

Generally, at the top of a riffle, downwelling occurs, followed by upwelling in riffle-

pool transitions, creating hyporheic circulation cells (Harvey and Bencala, 1993; Hill 
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et al., 1998; Anderson et al., 2005; Buffington and Tonina, 2009; Tonina and 

Buffington, 2009). The depths of these circulation cells are dependent on the relative 

size of the riffle-pool bedforms and the length is dependent on the distance between 

riffle-pool features (Anderson et al., 2005; Tonina and Buffington, 2009). Riffle-pool 

sequences with higher amplitude have greater variations in energy head and create 

deeper hyporheic flow paths (Tonina and Buffington, 2009). As the spacing between 

riffle-pool bedforms increases, the length of the hyporheic flow path increases, so it 

can be deduced that hyporheic flow paths increase in length along the river 

continuum (Anderson et al., 2005).  

During high-flow events, the energy head gradient can be affected by increasing 

depth of surface water and increasing flow velocity, although the dynamics of these 

processes remain complex (Boano et al., 2013). Hyporheic exchange can be reduced 

because the influence of streambed topography can become subdued due to the 

submergence of streambed features (Storey et al., 2003). However, hyporheic 

exchange caused by smaller bedforms is enhanced by the velocity component of 

higher flow (Boano et al., 2007; Tonina and Buffington, 2011). Both positive and 

negative correlations were found between vertical flux and river discharge depending 

on the location within the streambed on the scale of a beaver dam. Those areas farther 

upstream from the beaver dam showed negative correlations with discharge, while 

other locations showed generally positive correlations (Briggs et al., 2012a). 

Furthermore, high flow events can alter the near-stream groundwater flow gradients 

which can have a direct effect on hyporheic exchange. In a gaining stream, high flow 

events caused a temporary reversal from upwelling to downwelling conditions 

(Dudley-Southern and Binley, 2015). Overall, the energy head gradient has been 

found to be increased during high flows (Boano et al., 2007; Bhaskar et al., 2012; 

Boano et al., 2013). 

Seasonal variations in vertical hyporheic flux occur due to changing hydraulic head as 

well as changing hydraulic conductivity. A study of seasonally-changing riverbed 
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hydraulic conductivity in the Walla Walla River used vertical temperature profiling in 

the riverbed to estimate hydraulic conductivity (Metcalf, 2003). Results from the 

Metcalf study suggested that the hydraulic conductivity decreased throughout the 

summer and early fall by a factor of about two to four possibly due to biological 

clogging and settling of fine sediments in the riverbed. Seasonal changes in hydraulic 

head may result from changes in stream discharge or by changes in groundwater 

discharge to the stream. In general, a seasonal decrease in groundwater discharge will 

allow an increase in the area of the hyporheic zone and an increase in hyporheic 

exchange (Harvey et al., 1996; Wondzell and Swanson, 1996; Cardenas and Wilson, 

2007; Boano et al., 2009). However, this is assuming that groundwater discharge is 

actually occurring within the reach of interest. During low-flow conditions, upwelling 

only occurs where groundwater gradients are in the direction towards the stream 

(Wroblicky et al., 1998). Hyporheic exchange flux was found to decrease as gaining 

or losing conditions increase from the neutral condition (Cardenas, 2009; Trauth et 

al., 2013; Fox et al., 2014). 

Piezometers were used in the Walla Walla River to address multiple objectives. First, 

the spatial dynamics in volumetric flux through the streambed were explored. Second, 

the temporal/seasonal changes in hyporheic flux were determined. Third, the effect of 

higher flow from storm events on hyporheic exchange flux was investigated. The 

effects of geomorphic structures such as riffles and meander bends on spatial and 

temporal hyporheic exchange dynamics were explored. Finally, piezometer data were 

merged with fiber-optic distributed temperature sensing (DTS) data (see Chapter 2) to 

take advantage of combining these two methods to validate results provided by DTS 

and to create a more in-depth picture of hyporheic exchange processes occurring in 

the Walla Walla River.  

Methods – Field Installation and Data Collection 

To investigate the relationships between water temperature and vertical movement of 

water through the streambed interface, three sets of 16 piezometers (48 piezometers 
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total) were installed. Piezometers were constructed with 1.25-inch schedule 40 

galvanized steel pipe that was threaded at both ends. Twelve 0.125-inch holes were 

drilled in a 3-cm band about the pipe. The drilled section was wrapped with 80 gauze 

wire mesh which was secured at both ends with duct tape to keep the screens in place 

during insertion. A cast iron drive-point head was attached to the screen end of each 

pipe (figure 3.1). Pipes varied from 1.25 to 2.0 m in length to accommodate different 

river water depths.  

Locations of the piezometers were selected based on the expected presence of fish 

and cold-water inflows. Piezometer sets “A, B, and C” represented the upstream, 

middle, and downstream sections of the reach, respectively (figure 3.2). Each set 

consisted of a four-by-four grid of piezometers with each row separated by 

approximately 14 m. Within each row, one piezometer was installed near each bank, 

one was installed in the thalweg, and the final piezometer was installed between the 

thalweg and the farthest bank. Piezometers were driven into the streambed using a 

post pounder until the screens were 0.5 m beneath the streambed. Piezometers were 

assigned numbers 1 through 16 moving from upstream to downstream and from left 

to right (looking downstream). For example, the farthest upstream piezometer in the 

A set nearest to the left bank was termed “A-1” and the farthest downstream 

piezometer in set A nearest to the right bank was termed “A-16” (figure 3.3). 

Following installation, each piezometer was developed by a combination of pumping 

and pouring water into the piezometers to move water in and out of the screen to clear 

potential blockages. This was repeated until the piezometers were cleared of 

sediments and pumped relatively clear. To provide a higher-resolution observation of 

groundwater emergence in the piezometer sections, the fiber-optic cable was snaked 

along the piezometers in a downstream-upstream-downstream-upstream-downstream 

arrangement such that there were five lines of cable parallel to the river flow in the 

piezometer sections. River depth was measured at each cable meter. 
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The A set of piezometers was installed between river meters 38 and 82. Piezometers 

A-1, A-2, and A-3 were upstream of a riffle, while the others were downstream of the 

riffle. Piezometer A-4 was separated from piezometer A-3 by a large gravel bar, and a 

small gravel bar was between piezometers A-2 and A-3. The thalweg was near 

piezometer A-1 in the upstream portion and gradually moved towards the right bank 

near A-16 at the downstream end. The left bank consisted of a gravel bar that began 

near the upstream row of piezometers and increased to about 12 m in width by the 

A-5 to A-8 row of piezometers. The right bank was a moderately steep slope with a 

vegetated riparian zone about 8 m wide. 

The B set of piezometers was installed between river meters 807 and 850 (figure 3.4). 

The upstream row was just downstream of a riffle and also a significant groundwater-

fed surface water spring confluence. The downstream row was about 15 m upstream 

of the next riffle. A small side channel that originated at river meter 786 entered the 

main channel between piezometers B-4 and B-8 on the right bank. The right bank 

consisted of a large gravel bar with sparse grass and forb vegetation. The left bank 

was an eroded pasture creating a vertical silt wall about two meters high. Pieces of silt 

had broken from the wall and fallen into the river.  

Piezometer set C began at river meter 1160 and ended at meter 1204 (figure 3.5). This 

group of piezometers was installed just downstream of a long, deep pool and a sharp 

bend to the left. The water depth gradually decreased towards the downstream end of 

the piezometers. The right bank at the upstream end was vertical, eroded silt. Near 

piezometer C-8, the right bank gradually transitioned to a gravel bar which continued 

beyond the downstream end of the piezometers. The left bank was characterized by 

dense grass and relatively flat topography.  

Piezometer water levels were measured approximately weekly from July 8 through 

October 30, 2009. The C set of piezometers was installed at a later date and was first 

measured on July 29. The water level in each piezometer was measured from the top 
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of the piezometer to the water surface using an electronic water level indicator (Water 

Level Indicator, Slope Indicator, Mukilteo, Washington, USA; accuracy 0.01 ft). The 

distance from the top of the piezometer to the river surface was also measured. 

Beginning August 6, temperature measurements were also made. Following water 

level measurements, the piezometers were rapidly pumped dry with a modified 

Coleman air mattress pump. The temperature of the recharge and the river water at 

the piezometer were measured. Specific conductance values of the river and 

piezometer recharge water were measured on two occasions—August 6 and October 

30, 2009. River discharge values corresponding to the piezometer measurements were 

obtained from a gaging station about one km upstream of the study reach as well as 

the Peppers Bridge gaging station about two km downstream of the study reach.  

Pumping tests were performed on September 15 and 16, 2009 in each piezometer to 

obtain values for the hydraulic conductivity of the streambed. With known values for 

hydraulic conductivity, the flux of water moving through the streambed can be 

calculated using Darcy’s Law based on the difference between static water level in a 

piezometer and the stream. The initial water level and depth of each piezometer were 

recorded prior to pumping to determine the volume of water in the piezometer. Then, 

an In-Situ Level-Troll 100 pressure transducer (In-Situ, Inc., Fort Collins, Colorado, 

USA) was lowered to the bottom of the piezometer. The pressure transducer was 

programmed to take measurements every second. The piezometer was then pumped 

dry with the air mattress pump and allowed to recover until the water level returned to 

the initial water level. AQTESOLV version 4.0 (HydroSolve, Inc., Reston, Virginia, 

USA) was used to analyze the pump test data. The water level data were inserted into 

the program, and the automatic solution method was selected to obtain an estimate for 

the hydraulic conductivity for each piezometer.  

In alluvial deposits, such as the materials comprising the streambed of the study 

reach, the hydraulic conductivity in the horizontal direction is typically higher than 

the hydraulic conductivity in the vertical direction by a factor of 2 to 10. Where clay 
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layers are present, the ratio between horizontal and vertical hydraulic conductivity is 

even greater (Bedient et al., 1999; Su et al., 2004; Todd and Mays, 2005). In such 

anisotropic substrates, pump tests inherently measure the average horizontal hydraulic 

conductivity of a streambed layer where the piezometer screen exists (Sebok et al., 

2015). Therefore, the measurements of hydraulic conductivity obtained in this study 

for use in calculating vertical flux are likely overestimated compared to the actual 

vertical hydraulic conductivity of the streambed.  

Methods – Estimating Subsurface Water Movement 

The volumetric flux of water moving through the streambed in the vertical direction 

[m3 s-1] can be estimated using Darcy’s Law: 

Qz = K • A • (hP – hRiver) • dz-1     Eq. 3.1 

where K is the saturated hydraulic conductivity as estimated by the pump tests  

[m s-1], A is the area of streambed assigned to each piezometer [m2], hP is the 

elevation of water in the piezometer [m], hRiver is the elevation of the water surface of 

the river at the piezometer [m], and dz (= 0.5 m) is the vertical distance of the 

piezometer screen beneath the streambed [m]. Equation 3.1 estimates Qz for the area 

assigned to a given piezometer. To determine the total flux of water through the bed 

in a piezometer reach, the individual Qz calculations are summed for a given 

piezometer set. Positive Qz values indicate upwelling from the subsurface into the 

stream. The area assigned to each piezometer was determined using Thiessen 

polygons in ArcGIS by finding the midpoints between adjacent piezometers. 

Connecting midpoints created lines that served as boundaries of the area polygons for 

each piezometer. The edge of water on each bank served as boundaries for the 

piezometers nearest to the banks. The upstream and downstream boundaries for the 

farthest upstream and downstream rows of piezometers were established by drawing a 

line between two corresponding piezometers in adjacent rows and extending this line 

by two times its length in the necessary direction. For example, consider the 
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downstream-most row of piezometers in the B section for which a downstream 

boundary must be assigned for each piezometer. A line is drawn in ArcGIS between 

piezometers B-9 and B-13. The line is then extended in the downstream direction 

from B-13 by the distance between the piezometers. This is repeated for all four 

piezometers in the downstream row. The endpoints of each extended line were then 

connected to form the downstream boundary for the area polygon (figures 3.6, 3.7, 

and 3.8).  

For comparisons between piezometers, the specific flux in the vertical direction  

[m s-1] is defined as: 

qz = K • (hP – hRiver) • dz-1      Eq. 3.2 

The specific flux of water moving through the streambed in the direction roughly 

parallel to the water surface [m s-1] is estimated as: 

qx = K • (h1 – h2) • dx-1      Eq. 3.3 

where h1 is the bed elevation of a riffle [m], h2 is the bed elevation of a downstream 

riffle [m], and dx is the distance between the two riffles [m]. The flux terms in 

equations 3.2 and 3.3 are called the “Darcy velocity” or “specific discharge.” The 

actual average velocity of the flowing water is the Darcy velocity divided by the 

porosity of the bed material because the solid materials through which the water 

flows occupy space, given by the porosity. The water velocity [m s-1] within the pore-

space is determined by the equation (Dingman, 2002): 

Ux = qx • φ
-1        Eq 3.4 

where φ represents the porosity. Multiplying equation 3.2 or 3.3 by the area through 

which the water is flowing [m2] provides the volumetric flow [m3 s-1]: 
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Qx = K • A • (h1 – h2) • dx-1      Eq 3.5 

However, the area term can be difficult to determine. The streambed is comprised of 

recent silt and gravel alluvium overlying a layer of cemented gravel, termed the “old 

gravel” (Newcomb, 1965). Under the assumption that most of the subsurface flow 

occurs in the upper recent alluvium layer, the average thickness of this layer between 

the two riffles can serve as the depth. Geophysical surveys were performed in the 

study reach and estimated this thickness to be 3.0 m (see Chapter 5). The average 

bankfull width of the channel between the upstream and downstream points served as 

the assumed width of recent alluvium. The value for hydraulic conductivity for the 

streambed material was assumed to be the average hydraulic conductivity as 

estimated by the pump tests in the piezometers.  

Methods – Analysis of Piezometer Data 

To statistically determine if the head differential (hP – hRiver) changed with time, a 

t-test was performed for each piezometer on the head differential measurements. 

Measurements taken on August 7, October 4, and October 30 were omitted from this 

analysis because of higher river discharge on these dates. Outliers with a studentized 

residual of greater than three were also removed. The t-test returned a p-value 

representing the probability of zero slope, which would imply no change in time. To 

investigate whether there exist patterns of behavior in the piezometers that help 

explain which individual piezometers are more probable to show time-dependent 

changes in the head differential, linear regressions and t-tests were performed to 

determine if the slope of the head differential with time, t-statistic, or p-value of 

individual piezometers depends on the head differential, hydraulic conductivity of the 

bed (K), or specific flux (qz). Regression analysis was also performed on the 

volumetric flux (Qz) values for each piezometer set to explore trends in volumetric 

flux with time.  
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The time-dependent analyses of water flux across the riverbed interface assume that 

the hydraulic conductivity of the riverbed remains constant. The pump tests 

performed in the piezometers are representative of a small zone of the riverbed 

around the piezometer screens, which were 0.5 m beneath the riverbed surface. 

However, the surface of the riverbed experiences complex processes of sediment 

deposition and transport as well as biological activity that may affect the effective 

hydraulic conductivity by creating a less permeable layer at the riverbed interface. 

Because the hydraulic conductivity in this system decreases throughout the summer 

and early fall by a factor of about two to four (Metcalf, 2003), corrected values for 

hydraulic conductivity were calculated for each piezometer measurement. In this 

analysis, three hydraulic conductivity scenarios are investigated: no seasonal change 

in hydraulic conductivity, a decrease in hydraulic conductivity by a factor of two, and 

a decrease in conductivity by a factor of four. For the decreasing scenarios, the initial 

measurement date of July 8 was assigned a correction factor of 1, while the final 

measurement date of October 30 was assigned a correction factor of 0.5 for the factor 

of two scenario and 0.25 for the factor of four scenario. The correction factors for the 

other measurement dates were calculated by linear interpolation.  

The effects of river discharge on the head differential measurements of each 

piezometer were investigated by singly adding data from the high-flow measurements 

to the head differential dataset (with the high-flow measurements removed) for each 

piezometer. Three separate linear regressions were performed for each piezometer 

head differential dataset—one with the August 7 high-flow event, one with the 

October 4 high-flow event, and one with the October 30 high-flow event. The 

studentized residuals corresponding to the high-flow measurements were tabulated 

for each piezometer. Statistical significance for these tests was assumed to be an 

absolute value of studentized residual greater than two, indicating that the observed 

value for the high-flow data point of interest is greater than two standard deviations 

away from the fitted model. Linear regressions were performed on the average 

studentized residual for each piezometer for the three high-flow samples with average 
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head differential, hydraulic conductivity, and average specific flux to investigate if 

these variables explain the studentized residual values. Linear regression models for 

volumetric flux vs. time were created for each piezometer set with the three high-flow 

samples omitted. The high-flow samples were then added to the model to investigate 

the residuals of the high-flow measurements, similar to the procedure used to look at 

the effects of river discharge on head differentials. 

Results 

Water levels and temperatures in piezometer sets A and B were measured on 16 

occasions, and set C was measured 13 times (figures 3.9, 3.10, and 3.11). 

Measurements taken on August 7, October 4, and October 30 of 2009, corresponded 

to high-flow events with estimated river discharge values of 1.07, 0.72, and 1.24 m3/s, 

respectively. The average river discharge for the piezometer samples was 0.28 m3/s 

with the high-flow samples omitted. The pump tests revealed a wide range of 

hydraulic conductivity values, ranging from 0.04 m/d where the piezometers were 

installed into silt deposits, to 83.5 m/d in the coarse gravel deposits. The average 

hydraulic conductivity was 28 m/d. By applying the dh measurements, the hydraulic 

conductivity measurements, and the cross-sectional area measurements, the vertical 

flux of water through the streambed was calculated for each piezometer (table 3.1).  

All three sets of piezometers showed temporal trends of increasing hydraulic gradient 

in the negative direction and thus increasing loss of river water to the subsurface as 

the summer progressed (figure 3.12). However, with the seasonal adjustments to 

hydraulic conductivity by factors of two and four, it becomes apparent that the 

expected decreasing hydraulic conductivity roughly counteracts the increasingly 

negative head differential values so trends in water flux are uncertain (figures 3.13, 

3.14, and 3.15). Piezometer set A began the summer as an overall gaining reach with 

respect to river water and showed the least effect of the adjustment of hydraulic 

conductivity. The first piezometer measurements taken on July 8 indicated 240 m3/d 

of subsurface contributions. The final measurements on October 30 showed the river 
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losing 370 m3/d. Reducing the hydraulic conductivity by a factor of two to four 

reduces this loss to 90 to 180 m3/d. All piezometer set A scenarios show more water 

was lost as the summer progressed. The first set of measurements for set B showed 

the river losing 1,330 m3/d to the subsurface. With no correction in hydraulic 

conductivity, the loss increased to 2,600 m3/d by October 30. Interestingly, with a 

seasonal reduction in hydraulic conductivity by a factor of two, the total flux in this 

set remained essentially constant, and with a correction of a factor of four, this area 

actually lost less water as the summer progressed. Set C was first measured on July 

29, and the calculated loss from the river was 120 m3/d. However, the previous 

analysis of the head differentials with time of individual piezometers showed six 

outliers for the July 29 sample of set C, so this number may be inaccurate. The next 

sample day was August 6, which showed a loss of 350 m3/d. Under the assumption of 

constant hydraulic conductivity, the loss increased to 620 m3/d by September 17, after 

which the loss began to decrease to 500 m3/d by October 30. Set C responded 

similarly to set B when adjustments to hydraulic conductivity were made. With a 

correction by a factor of two, seasonal change in flux not related to changes in river 

discharge is minimal, while a factor of four decrease in hydraulic conductivity leads 

to a reduction in the loss of river water to the bed over time.  

Under the assumption of hydraulic conductivity decreasing by a factor of two 

throughout the summer, which yielded approximately constant vertical flux of water 

across the streambed interface through time for piezometer sets B and C, a total of 

1,600 m3/d, or 0.019 m3/s of river water infiltrated vertically through the riverbed. 

This equates to about seven percent of the total river flow, on average, being lost to 

the subsurface in the three piezometer areas. Again, this is under the assumption that 

the hydraulic conductivity of the streambed 0.5 m beneath the stream-bed interface, 

as approximated by the pump tests, is representative of the entire vertical cross 

section of the streambed. If there exists a layer nearer to the bed surface with lower 

hydraulic conductivity, such as caused by settling of fines or biological clogging of 

pore space, the flux as calculated will be overestimated.  



 

71 
 

To further quantify subsurface movement of water in this system, the volumetric 

flow, Qx, of water through the hyporheic zone in the horizontal downstream direction 

was determined for the study reach. The average depth to the “old gravel” in the reach 

was 3.0 m (see Chapter 5), and the average bankfull width was 34 m, yielding a 

cross-sectional area of 102 m2. The average bed slope of the study reach was 0.59% 

and the average hydraulic conductivity for the piezometers was 28 m/d. Given the 

aforementioned values and assumptions, the horizontal volumetric flow was 16.9 

m3/d through the hyporheic zone. For comparison, the average river discharge 

(excluding the three high-flow samples) corresponding to the times of the piezometer 

measurements was 0.28 m3/s (24,000 m3/d), which is greater than 1,000 times the 

hyporheic flow. The geometric mean of the hydraulic conductivity of the piezometers 

was 11 m/d. Using this value, the horizontal volumetric flow was 6.6 m3/d through 

the hyporheic zone. These calculations show that despite this system having a 

relatively active hyporheic zone, the total hyporheic flux is small relative to the 

surface water flux. 

The strongest relationship between piezometric variables was found between the 

slope of the head differential through time and average head differential for individual 

piezometers (table 3.2, figure 3.16; r2 = 0.61, T-statistic = 8.34, p = 0.0000). A strong 

positive correlation was also found between the slope of the head differential through 

time and specific flux (table 3.2, figure 3.17, r2 = 0.58, T-statistic = 7.72, p = 0.0000). 

The studentized residual analysis for the effects of high flows on head differentials 

showed that the average head differential regression showed a weak fit of data but a 

statistically significant negative slope (table 3.3, table 3.4, figure 3.18; r2 = 0.11, 

T-statistic = -2.27, p = 0.028, one outlier removed). The regression for specific flux 

was similar to that of the head differential regression (table 3.3, table 3.4, figure 3.19, 

r2 = 0.12, T-statistic = -2.40, p = 0.021). The studentized residual analysis for 

volumetric flux during high-flow events was performed on a set-by-set basis as 

opposed to individual piezometers. Piezometer set A showed negative studentized 

residuals that were not statistically significant, while set B and especially set C 
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showed positive studentized residuals (table 3.5). No statistically significant 

relationships were found with hydraulic conductivity. 

Measuring the temperature of the recharge water after pumping the piezometers gives 

an estimate of the temperature gradient in the streambed, and also the temperature of 

hyporheic water. Temperature dynamics in the streambed are complex, and because 

measurements occurred at various times of the day, interpretation is difficult. No 

apparent patterns were found based on these temperature measurements (figures 3.20, 

3.21, and 3.22). By installing the fiber-optic cable throughout the networks of 

piezometers at higher spatial resolution compared to the rest of the stream, variations 

in water temperature were mapped (figures 3.23 through 3.28). The variations 

allowed for the visualization of surface water mixing processes and distinct locations 

where water is warmer and cooler. The thalweg was noticeably cooler during the day 

than the shallower, slower water closer to the banks. 

Discussion – Spatial Flux Dynamics and Effects of Geomorphology 

The arrangement of 48 piezometers in the study reach and the frequency of measuring 

each piezometer allowed for the spatial and temporal dynamics of water movement 

through the streambed interface to be investigated. The best variable to use for 

comparisons between piezometers is the head differential because it specifically 

shows the potential for water movement, whereas the actual water movement is also a 

function of hydraulic conductivity, and in the case of volumetric flux, the cross-

sectional area through which the flow is occurring. Hydraulic conductivity values are 

wide-ranging, and the cross-sectional areas were determined by the geometry of the 

river channel and the piezometer layouts. Grouping piezometers by row and plotting 

head differentials against lateral location relative to the banks is helpful in 

determining how water is moving through the riverbed at the scale of a piezometer 

set. Looking at the plot of head differentials in set A, the effect of the riffle is clearly 

seen (figure 3.29). Piezometers A-4 through A-8 represent the area just downstream 

of the riffle and show the highest head differential values in the positive direction, 
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with A-4 through A-7, the nearest piezometers to the riffle, showing the only positive 

head differential values in the A set. Downstream rows gradually become 

increasingly negative. Piezometers A-1 through A-3 are upstream of the riffle and 

collectively have the highest negative head differential values. All piezometers in set 

B are downstream of a riffle that is just upstream of the B-1 to B-4 row (figure 3.30). 

The average values for the head differential continually increase in the negative 

direction in the downstream direction. Piezometer set C also shows increasingly 

negative head differential in the downstream direction, but not as convincingly, 

possibly because the riffle features are farther away from the piezometers (figure 

3.31). These results of the effect of a riffle on head differentials corroborate previous 

research (e.g. Harvey and Bencala, 1993; Hill et al., 1998; Anderson et al., 2005; 

Buffington and Tonina, 2009; Tonina and Buffington, 2009). However, it was 

previously uncertain exactly how these expectations would translate to this study 

reach. For example, it was discovered that the zone of upwelling downstream of a 

riffle is rather short before downwelling conditions resume. Additionally, the effects 

of the riffle continue for some distance downstream as evidenced by the head 

differentials continuing to increase in the negative direction. 

Previous studies of vertical hyporheic flux focus primarily on spatial dynamics 

oriented in the longitudinal direction (e.g. Harvey and Bencala, 1993; Baxter and 

Hauer, 2000; Cardenas et al., 2004; Anderson et al., 2005), but Käser et al. (2009) 

suggest that lateral dynamics are underestimated. Using piezometers, Käser et al. 

(2009) found significant lateral variations in the proximity of a step feature due to 

variations in slope across the step as well as discharging groundwater on one side. 

Gerecht et al. (2011) demonstrated higher rates of hyporheic flux closer to the banks 

compared to the center of the channel in a diurnally-varying regulated stream. The 

results of this study demonstrate a unique observation compared to these previous 

studies. Within the piezometer rows, there appears to be a general trend of head 

differential values increasing in the negative direction towards the right bank, an 

indication that water is moving towards the right bank in addition to downstream. 
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This would suggest that predominant groundwater inflows enter the river from the left 

bank, and river losses would be greater from the right bank. Groundwater 

equipotential contour maps show regional groundwater movement within the study 

reach to be approximately northeast in direction. The average river channel azimuth 

of the A, B, and C sets of piezometers was 15, -33, and -109 degrees, respectively. If 

the groundwater flow direction was 45 degrees, it would be flowing from left bank to 

right bank in all three piezometer sets, as indicated by the piezometer head 

differential results. However, two significant groundwater inflows within the study 

reach were sourced by springs on the right bank. If groundwater was actually moving 

in a northeast direction along the entire reach, these groundwater springs would have 

been flowing away from the river. Improved coverage of monitoring wells near the 

study reach would help decipher these contrasting results. 

Discussion – Temporal Flux Dynamics and Effects of Geomorphology 

Since piezometers were measured throughout summer and into early fall, seasonally-

dependent trends could be investigated. In general, the measured values for the head 

differential increased in the negative direction as the summer progressed. All 16 of 

the piezometers in set A showed a negative slope (increasing head differential over 

time in the negative direction), with 11 of the 16 showing a negative slope at the 95% 

confidence level (p<0.05). Two piezometers in the B set and five piezometers in the C 

set showed a positive slope but none of these were statistically significant. Ten of the 

piezometers in the B set and six piezometers in the C set showed statistically 

significant negative slopes in head differential over time. The average of the slope of 

the head differential, t-statistic, and p-value by piezometer row (figures 3.32, 3.33 and 

3.34, respectively) shows a consistent decrease in the downstream direction (within a 

given piezometer set) for all three piezometer sets. The decreasing p-values suggest 

that there is a higher probability that head differentials increase in the negative 

direction with time for those piezometers that are farther downstream of a riffle, since 

most of the piezometers exist in runs and pools between riffles. Another possible 

explanation is that in the vicinity of a geomorphic structure, the head differential is 
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more strongly controlled by the structure, whereas farther away from the structure, 

the head differential is more controlled by larger-scale processes such as declining 

regional aquifer levels. Both riffles and sharp bends (sinuosity) are geomorphic 

structures known to induce hyporheic exchange and have effects on head distributions 

(Winter et al., 1998). Piezometer sets A and B have riffles at their upstream extents, 

and set C has an upstream extent just a few meters beyond a sharp bend. All three sets 

transition to more of a run with a lack of features that may significantly affect head 

distributions. A modeling study by Cardenas (2009) found that head differentials are 

less-effected by changing groundwater gradient conditions near bedforms and 

meander bends. Wroblicky et al. (1998) also showed hyporheic zone persistence near 

tight meanders during both losing and gaining conditions, further supporting the 

observations of diminished seasonal effects on head distributions in the Walla Walla 

River due to potential changes in groundwater gradients. This study presents a unique 

field-based verification of the two aforementioned modeling studies. 

The seasonal declines in head differential could be a reflection of declining regional 

aquifer levels, either caused by irrigation withdrawals or by aquifer drainage 

following annual spring recharge. Because all piezometers not immediately 

downstream of a riffle showed negative head differentials, it can be assumed that the 

study reach represents a losing stream, with groundwater flow directions away from 

the stream. With declining groundwater levels, the gradient from the stream to the 

groundwater increases. Regression analysis was performed to further investigate how 

and why water movement through the riverbed changed through time. Strong positive 

relationships were found between the average head differential with the time-based 

slope of the head differential. In other words, piezometers with the most negative 

head differentials tended to become more negative at a faster rate through the 

summer. Assuming constant bed permeability, this would indicate that the locations 

where the most river water is being lost experience increasing loss with time. If 

declining groundwater levels are the cause of this result, this corroborates with 

previous research indicating exponential changes in hyporheic flux (seasonal changes 
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in head differential are larger as the head differential increases in magnitude from 

zero) as conditions further deviate from neutral groundwater gradients (Cardenas, 

2009; Fox et al., 2014). Cardenas (2009) used a modeling approach, while Fox et al. 

(2014) used a combination of a laboratory flume and modeling. This study presents 

the first field-based demonstration of increasing rate of vertical hyporheic flux with 

increasing losing conditions. 

The seasonal changes in head differentials could also be caused by seasonally 

declining hydraulic conductivity, whereby the hydraulic effects of changing hydraulic 

conductivity are counteracted by comparable changes in head differential to maintain 

more or less constant vertical flux of water through the streambed throughout the 

summer into the fall. Metcalf (2003) demonstrated that hydraulic conductivity did 

decrease throughout the summer in this reach of the Walla Walla River, but because 

this was not investigated in this study, it remains unknown how exactly these two 

parameters are related. The spatial variability of the changes in hydraulic conductivity 

is uncertain, and it is unknown whether changing hydraulic conductivity depends on 

stream morphology or head differentials. The exact proportionality of these two 

contrasting processes will ultimately dictate the temporal trends of vertical flux 

through the streambed. At the upper end of the range of the change in hydraulic 

conductivity—a decrease by a factor of four applied across each piezometer—it is 

shown that river losses are reduced as the summer progresses (figures 3.13, 3.14, 

3.15). A factor of two decrease in hydraulic conductivity yields temporally constant 

flux in two of the three piezometer sets, but again, this assumes an equal change in 

each piezometer. Moreover, the finding that those piezometers with the largest 

negative head differentials become more negative at a faster rate could be a reflection 

of a larger seasonal decrease in hydraulic conductivity near these piezometers. 

Because of these uncertainties, it remains unknown whether and how the vertical flux 

across the stream-bed interface changes seasonally. A future study that merges the 

methods of this study with those of Metcalf (2003) by using both piezometers and 

vertical temperature profiling of the streambed is therefore recommended to better 
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understand and quantify fundamental surface water and groundwater exchange 

processes in the Walla Walla River. 

Discussion – Effects of High-Flow Events  

Three of the piezometer measurements coincided with higher river discharge caused 

by precipitation events. These fortuitous occurrences allowed for the exploration of 

the effects of higher river discharge on the movement of water across the riverbed 

interface. Regression and studentized residual analyses were used to quantify these 

effects and to determine if head differentials and/or volumetric flux during higher 

flows statistically differed from typical low-flow measurements. With respect to head 

differentials, the only piezometers to show a significant difference in one direction or 

the other for all three high-flow measurements were B-3 and C-16, both of which 

were higher than the fitted model (table 3.3). Piezometer A-13 had two significantly 

higher head differential values and one significantly lower. Piezometers B-11, B-15, 

C-12, and C-15 had two of three head differential measurements significantly higher 

than the model. While there seems to be stronger tendency for head differential values 

to increase in the positive direction during high-flow events, results are too 

inconsistent to be able to confidently make any conclusions (table 3.4). The 

regressions using the average head differential and average specific flux of each 

piezometer as the independent variable and the studentized residual results as shown 

in table 3.3 as the dependent variable show statistically significant negative 

relationships (figures 3.18 and 3.19), indicating that the piezometers with the greatest 

negative head differential increased the most during high-flow events, and that the 

piezometers showing the greatest flux of water from the river to the subsurface show 

a reduction in this flux during high flows. However, while this result was statistically 

significant, the relationship was not particularly strong (r2 = 0.11). The studentized 

residual analysis for volumetric flux was performed on a set by set basis as opposed 

to individual piezometers. Piezometer set A showed negative studentized residuals 

that were not statistically significant, while set B and especially set C showed positive 

studentized residuals (table 3.5). These results suggest that higher flows cause 
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reduced losses of river water at those locations where seepage loss is otherwise seen 

(for sets B and C). Set A may differ in behavior because of the strong influence of the 

bedform-induced head variations both upstream and downstream of the riffle within 

the piezometer set. However, on the reach scale, it would appear as though high flows 

cause a reduction in the loss of river water at those locations most important to 

seepage at low flow, which is in agreement with the conclusions of previous research 

(Boano et al., 2007; Bhaskar et al., 2012; Boano et al., 2013).  

Numerous studies have looked at the effects of changing stream discharge on 

hyporheic flux dynamics. The most recent studies emphasize that these processes are 

complex and the processes responsible for changing flux are difficult to pinpoint due 

to competing processes of changing water depth, flow velocity, and near-stream 

groundwater gradients (Briggs et al., 2012a; Boano et al., 2013; Fox et al., 2014; 

Dudley-Southern and Binley, 2015). Given the lack of patterns or consistency in the 

observed hyporheic flux dynamics due to storm-induced elevated discharge events in 

the Walla Walla River, the results of this study confirm the complex nature of 

hyporheic flux dynamics with unsteady discharge. Because all three high-flow events 

produced unique results with no discernable spatial patterns, it can be concluded that 

a combination of water depth, flow velocity, and groundwater gradient effects are 

present. If one of these three processes dominated this particular system, clear spatial 

patterns and consistency between events would likely have arisen. Other studies have 

found spatially-dependent results of hyporheic flux dynamics relative to discharge. 

Dudley-Southern and Binley (2015) found that changes in vertical head gradients due 

to high flow events were higher in magnitude at the margins of the stream compared 

to the center, while Briggs et al. (2012a) found negative correlations with elevated 

discharge upstream of a beaver dam and positive correlations downstream of the 

beaver dam. Additional studies are needed to better understand the inter-relation of 

water depth, flow velocity, and groundwater gradients during high-flow events as 

they relate to hyporheic flux dynamics.  
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Discussion – Piezometer Thermal Dynamics and Integration with DTS 

Temperature measurements in the piezometers and the higher resolution coverage of 

fiber-optic temperature measurements in the piezometer areas present an enhanced 

ability to visualize surface water and groundwater interaction processes. Additionally, 

measurement of specific conductance in piezometers helps determine whether a river 

cooling process is driven by hyporheic exchange or groundwater discharge, as 

groundwater signals would be expected to show elevated specific conductance and 

temperature values near the regional groundwater temperature. Combining 

piezometer data with DTS data and results allows for stronger conclusions and 

improved understanding of surface water and groundwater interaction processes as 

well as validation of DTS interpretations (Krause et al., 2012). Within the piezometer 

areas, cold-water inflows identified by the analysis of DTS data were investigated 

more closely using piezometer data. As a result, several cold-water inflows were 

found to be misinterpreted due to reasons such as variable river temperatures 

perpendicular to flow, complex mixing processes, and long-flow-path hyporheic 

exchange that exhibited temperature behavior similar to a groundwater inflow. These 

issues bring awareness to limitations of using thermal dynamics alone to determine 

hyporheic inflows from groundwater inflows.  

The minimum DTS temperature trace for piezometer set A clearly shows warmer 

temperatures along the gravel bar comprising the left bank, indicating hyporheic 

water entering the river along the length of the gravel bar (figure 3.24). However, the 

maximum temperature trace shows warmer temperatures along the left bank, 

counterintuitive to the hyporheic inflow as indicated by the minimum trace (figure 

3.23). The shallow and slow water along the left bank likely causes the warm 

maximum temperatures. The fiber-optic line just to the right of the leftmost line was 

in deeper, faster water and showed the coolest water. A cold-water hyporheic inflow 

was detected by DTS in the vicinity of the A-9 through A-12 piezometers. Since head 

differential values are negative in this row, it can be reasonably concluded that this is 

a lateral hyporheic inflow originating from the left bank (figure 3.35). Another 
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hyporheic inflow was detected just downstream of the riffle between the two 

upstream rows of piezometers. Positive head differential values in the piezometers 

immediately downstream of the riffle indicate that this inflow is caused by bedform-

induced upwelling.  

Two features dominate the thermal regime of the B set of piezometers—the 

groundwater spring joining the river just upstream of the piezometers and the thalweg 

existing near the left bank with shallow, slow water along the right bank. As in the A 

set, the shallow and slow water showed elevated water temperatures for the maximum 

temperature trace (figure 3.25). The result is a temperature gradient from left to right 

with water that is not well-mixed. The groundwater spring inflow is easy to see in 

both the maximum and minimum temperature traces (figures 3.25 and 3.26). The 

other detected cold-water inflow was a six-meter-long hyporheic inflow just upstream 

of the downstream row of piezometers. Looking at the river temperature 

characteristics in this area, it is more likely that this inflow detection was caused by 

the temperature differences perpendicular to the flow and the location of the cable in 

relation to this temperature gradient as opposed to an actual hyporheic inflow. A cool 

period afforded the opportunity to explore thermal characteristics of piezometers 

when the river temperature was lower than the groundwater temperature (figure 3.36). 

The temperature of piezometer B-1 was 12.0 °C, equal to the regional groundwater 

temperature. Piezometer B-1 was the only reliable temperature-based groundwater 

indicator of all piezometers; the highest temperature measured throughout the 

summer was 13.0 °C. The specific conductance of piezometer B-1 averaged 193 

µS/cm, compared to 87 µS/cm for the river.  

Piezometer data from set C reveal long-flow-path hyporheic processes that differ 

from that of DTS-based conclusions (figure 3.37). Piezometer water temperatures 

showed a trend from left bank to right bank of generally decreasing water 

temperature. Temperatures observed in the left bank piezometers were comparable to 

groundwater temperature. However, the specific conductance values are not highly 
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elevated from the river value, as was seen in the B set. Therefore, it can be concluded 

that this is an area of long-flow-path lateral hyporheic inflow through a meander neck 

that has a groundwater type of temperature signature. DTS identified this inflow with 

17 m of hyporheic inflow beginning upstream of the C-9 to C-12 row, followed by 14 

m of groundwater inflow. The maximum DTS temperature traces in piezometer set C 

showed the location of the thalweg by the cooler temperatures, with warmer 

temperatures along the edges caused by slow and shallow water (figure 3.27). The 

water temperatures along the left bank are higher than the thalweg water temperature 

until the thalweg begins to approach the left bank and mixing occurs. The minimum 

DTS temperature trace, however, clearly shows colder water along the left bank 

which would be interpreted as groundwater along the entire left bank (figure 3.28). 

The warming during the minimum trace at the upstream portion of this inflow appears 

to be caused by mixing with warmer water from the right side of the river as opposed 

to shorter-flow-path hyporheic. In reality, this cold-water inflow is the result of the 

influx of water colder than the river water for both minimum and maximum 

temperature traces and theoretically should have been identified by DTS analysis as a 

continuous groundwater inflow. However, the temperature gradient perpendicular to 

river flow and the location of the fiber-optic cable within the channel with respect to 

the temperature gradient caused part of the cold-water inflow to be falsely identified. 

Because only about 130 meters of the study reach had fiber-optic cable coverage 

greater than a single cable along the channel width, it remains unclear how 

temperature differed across the width of the river in the rest of the reach and how 

often these temperature differences caused erroneous detections or interpretations of 

cold-water inflows.  

Conclusions 

Piezometers were used in conjunction with fiber-optic distributed temperature sensing 

to explore specific surface water and groundwater interaction processes in the Walla 

Walla River. Piezometer data proved to be very useful in validating and 

supplementing temperature data provided by fiber-optic distributed temperature 
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sensing. The higher-resolution coverage of fiber-optic temperature measurements in 

the piezometer areas provided useful two-dimensional temperature maps that allowed 

temperature dynamics, water movement, and mixing processes to be visualized. 

Additionally, the detection and interpretation of cold-water inflows was improved, 

thereby providing a more reliable analysis. Temperature and specific conductance 

measurements in the piezometers verified the presence of distinct groundwater and 

hyporheic inflows. Piezometer water level measurements showed whether upwelling 

or down-welling was occurring. Finally, pump tests in each piezometer revealed the 

hydraulic conductivity of the riverbed at these locations.  

The distribution of piezometers and the frequency of data collection throughout the 

summer into the fall allowed for the spatial and temporal dynamics of surface water 

and groundwater interactions to be inferred. In general, head differential values were 

negative except immediately downstream of a riffle and were increasingly negative in 

the downstream direction from a riffle. Additionally, head differential values showed 

a trend of increasingly negative values in the direction towards the right bank, 

potentially indicating that water movement is from left to right across the channel and 

may also indicate regional groundwater flow trends. Nearest to riffles and river bends, 

head differentials remained more stable over time, which may indicate that 

geomorphic structures influence head variations locally, while aquifer levels and 

dynamics have an increasing influence farther from these structures. Values for head 

differential generally increased in the negative direction as the summer progressed 

and aquifer levels were drawn down, and those piezometers that showed the largest 

negative head differential and specific flux values also showed the largest negative 

rates of change in head differential, indicating that those areas of the river that lose 

the most water to the bed tend to lose more water at a faster rate as the summer 

progresses. However, previous research suggests that hydraulic conductivity in this 

study reach decreases by a factor of two to four throughout summer and into fall. The 

observed seasonal trend of head differentials may in fact be counteracted by 

decreasing hydraulic conductivity, yielding little or no temporal change in vertical 
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flux of water through the streambed. Further research is recommended to improve 

understanding of the spatial and temporal relationships between changing head 

differentials and changing hydraulic conductivity.  

During periods of increased river discharge, piezometers with the greatest negative 

head differential values increased the most, indicating that the those areas showing 

the greatest flux of water from the river to the subsurface show a reduction in this flux 

during high flows. Overall, higher flows had a tendency to cause reduced losses of 

river water to the subsurface, but the variability in the response shows complexity in 

this process, which has been described in previous research. Overall, this study 

demonstrates the utility of piezometers in a multi-method approach to address diverse 

objectives that are aimed at improving the understanding of river processes and 

surface water and groundwater exchange.  
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Figure 3.1: Photographs of a piezometer that was constructed for use in the Walla 

Walla River.  



 

85 
 

 

Figure 3.2: Map of the Walla Walla River study reach showing locations of 

piezometer sets A, B, and C with aerial photos.  
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Figure 3.3: Map of piezometer set A in the study reach of the Walla Walla River with 

water depth measurements at each meter of the fiber-optic cable and aerial photos. 
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Figure 3.4: Map of piezometer set B in the study reach of the Walla Walla River with 

water depth measurements at each meter of the fiber-optic cable aerial photos. 
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Figure 3.5: Map of piezometer set C in the study reach of the Walla Walla River with 

water depth measurements at each meter of the fiber-optic cable aerial photos. 
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Figure 3.6: Map showing the representative area polygons assigned to each 

piezometer in piezometer set A in the study reach of the Walla Walla River.  
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Figure 3.7: Map showing the representative area polygons assigned to each 

piezometer in piezometer set B in the study reach of the Walla Walla River.  
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Figure 3.8: Map showing the representative area polygons assigned to each 

piezometer in piezometer set C in the study reach of the Walla Walla River.  



 

92 
 

 

Figure 3.9: Graphs of dh measurements (river elevation minus elevation of 

piezometer water) vs. measurement date in 2009 in piezometer set A in the study 

reach of the Walla Walla River.  
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Figure 3.10: Graphs of dh measurements (river elevation minus elevation of 

piezometer water) vs. measurement date in 2009 in piezometer set B in the study 

reach of the Walla Walla River. 
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Figure 3.11: Graphs of dh measurements (river elevation minus elevation of 

piezometer water) vs. measurement date in 2009 in piezometer set C in the study 

reach of the Walla Walla River. 
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Table 3.1: Summary of measured and calculated values for each piezometer in the 

study reach of the Walla Walla River, where K is the hydraulic conductivity, A is the 

representative surface area of streambed, dh is the water elevation in the piezometer 

relative to the river surface, vz is the calculated velocity of water moving vertically 

through the riverbed, and Qz is the calculated vertical flux of water through the bed.  

 

Piezometer K (m/day) A (m2) Average dH (m) Average vz (m/day) Average Qz (m
3/day)

A-1 42.3 63.9 -0.09 -1.12 -71.3

A-2 7.0 44.8 -0.16 -0.33 -14.8

A-3 5.2 69.7 -0.40 -0.63 -44.2

A-4 21.3 96.3 0.20 1.30 125.4

A-5 40.3 28.6 0.05 0.66 18.9

A-6 80.0 33.7 0.07 1.81 61.0

A-7 25.0 37.0 0.08 0.65 24.0

A-8 17.0 62.6 -0.01 -0.03 -1.8

A-9 13.9 34.9 -0.06 -0.24 -8.2

A-10 30.6 24.2 -0.08 -0.72 -17.5

A-11 35.4 24.2 -0.09 -0.97 -23.4

A-12 4.5 22.0 -0.10 -0.13 -2.9

A-13 6.1 36.2 -0.11 -0.20 -7.2

A-14 11.7 28.9 -0.09 -0.32 -9.2

A-15 58.9 24.5 -0.16 -2.91 -71.3

A-16 8.0 26.9 -0.26 -0.64 -17.1

B-1 7.3 20.0 0.04 0.10 2.0

B-2 0.6 22.3 0.00 0.00 0.0

B-3 35.2 21.0 -0.02 -0.25 -5.2

B-4 33.3 86.7 -0.04 -0.42 -36.2

B-5 0.04 26.0 -0.01 0.00 0.0

B-6 69.3 37.9 -0.01 -0.26 -10.0

B-7 83.5 27.1 -0.06 -1.64 -51.1

B-8 35.6 34.7 -0.07 -0.80 -27.8

B-9 1.1 38.8 -0.09 -0.03 -1.2

B-10 43.3 43.9 -0.10 -1.30 -56.9

B-11 77.1 40.2 -0.10 -2.26 -90.6

B-12 51.7 42.3 -0.27 -4.28 -181.1

B-13 0.04 41.8 -0.49 -0.01 -0.2

B-14 72.9 60.9 -0.56 -12.55 -764.3

B-15 37.9 58.2 -0.83 -9.58 -557.5

B-16 20.5 48.4 -0.32 -2.01 -97.3

C-1 60.9 41.0 0.01 0.11 4.7

C-2 1.1 24.9 0.01 0.00 0.1

C-3 0.2 25.4 -0.02 0.00 0.0

C-4 0.2 20.1 -0.02 0.00 0.0

C-5 46.0 72.8 0.06 0.87 63.6

C-6 4.9 28.5 0.00 0.00 0.0

C-7 0.3 30.6 -0.03 0.00 -0.1

C-8 0.9 35.5 -0.05 -0.01 -0.5

C-9 55.6 33.2 -0.02 -0.37 -12.1

C-10 22.2 24.3 -0.03 -0.22 -5.3

C-11 0.4 28.5 -0.08 -0.01 -0.3

C-12 46.1 37.5 -0.58 -8.18 -306.9

C-13 21.3 23.7 -0.08 -0.51 -12.1

C-14 35.7 21.2 -0.17 -1.82 -38.6

C-15 59.4 21.0 -0.16 -2.83 -59.4

C-16 29.1 44.9 -0.23 -2.03 -91.3
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Figure 3.12: Graph of the calculated volumetric flux of water moving vertically 

through the riverbed, Qz, vs. measurement date in 2009 in the study reach of the 

Walla Walla River. Positive values of Qz indicate water moving from the 

groundwater to the surface water, and negative values of Qz indicate water moving 

from the surface water to the groundwater. 
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Figure 3.13: Graph of the calculated volumetric flux of water moving vertically 

through the riverbed, Qz, vs. measurement date in 2009 for piezometer set A in the 

study reach of the Walla Walla River, with seasonal adjustments in hydraulic 

conductivity by factors of two and four.  

-400

-300

-200

-100

0

100

200

300

8-Jul 22-Jul 5-Aug 19-Aug 3-Sep 17-Sep 1-Oct 15-Oct 30-Oct

Q
z

(m
3
/d

ay
)

Volumetric flux of river water through the bed, Qz, for each field measurement  in the A set 
of piezometers with various corrections for seasonal change in hydraulic conductivity, K

No K correction

K decreased by a factor of 2

K decreased by a factor of 4



 

98 
 

 

Figure 3.14: Graph of the calculated volumetric flux of water moving vertically 

through the riverbed, Qz, vs. measurement date in 2009 for piezometer set B in the 

study reach of the Walla Walla River, with seasonal adjustments in hydraulic 

conductivity by factors of two and four. 
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Figure 3.15: Graph of the calculated volumetric flux of water moving vertically 

through the riverbed, Qz, vs. measurement date in 2009 for piezometer set C in the 

study reach of the Walla Walla River, with seasonal adjustments in hydraulic 

conductivity by factors of two and four. 
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Table 3.2: Results of the linear regression on the dh measurements vs. time for all 

piezometers in the study reach of the Walla Walla River. 

 

Piezometer Parameter Least squares est. Standard error T-statistic P-value

A-1 Slope -6.47E-05 1.31E-04 -0.49 0.63

A-2 Slope -3.23E-04 1.49E-04 -2.16 0.06

A-3 Slope -4.71E-04 1.15E-04 -4.10 0.00

A-4 Slope -4.28E-05 5.43E-05 -0.79 0.45

A-5 Slope -1.67E-04 3.64E-05 -4.60 0.00

A-6 Slope -2.13E-04 3.64E-05 -5.86 0.00

A-7 Slope -1.45E-04 6.18E-05 -2.34 0.04

A-8 Slope -4.98E-05 3.95E-05 -1.26 0.24

A-9 Slope -3.20E-04 1.47E-04 -2.18 0.05

A-10 Slope -3.75E-04 6.56E-05 -5.72 0.00

A-11 Slope -3.43E-04 4.92E-05 -6.98 0.00

A-12 Slope -2.90E-04 8.05E-05 -3.61 0.00

A-13 Slope -4.53E-04 3.76E-05 -12.05 0.00

A-14 Slope -4.06E-04 1.32E-04 -3.07 0.01

A-15 Slope -5.30E-04 7.71E-05 -6.87 0.00

A-16 Slope -6.84E-04 1.42E-04 -4.82 0.00

B-1 Slope 2.19E-05 3.83E-05 0.57 0.58

B-2 Slope -1.32E-04 7.44E-05 -1.77 0.10

B-3 Slope -2.62E-05 2.25E-05 -1.16 0.27

B-4 Slope 6.36E-07 4.16E-05 0.02 0.99

B-5 Slope -8.58E-06 8.96E-05 -0.10 0.93

B-6 Slope -3.47E-05 3.46E-05 -1.00 0.34

B-7 Slope -1.06E-04 3.70E-05 -2.85 0.02

B-8 Slope -1.56E-04 5.05E-05 -3.08 0.01

B-9 Slope -2.61E-04 5.30E-05 -4.93 0.00

B-10 Slope -3.38E-04 5.17E-05 -6.55 0.00

B-11 Slope -3.79E-04 3.82E-05 -9.92 0.00

B-12 Slope -9.40E-04 6.47E-05 -14.52 0.00

B-13 Slope -5.60E-04 1.62E-04 -3.46 0.01

B-14 Slope -1.27E-03 1.62E-04 -7.84 0.00

B-15 Slope -8.48E-04 4.86E-05 -17.47 0.00

B-16 Slope -1.07E-03 1.11E-04 -9.63 0.00

C-1 Slope 1.45E-05 4.35E-05 0.33 0.75

C-2 Slope 1.50E-05 4.22E-05 0.36 0.73

C-3 Slope -2.59E-05 3.48E-05 -0.74 0.49

C-4 Slope -4.45E-05 6.62E-05 -0.67 0.52

C-5 Slope -6.67E-05 4.63E-05 -1.44 0.19

C-6 Slope 4.21E-05 3.97E-05 1.06 0.33

C-7 Slope -8.10E-06 6.16E-05 -0.13 0.90

C-8 Slope -1.96E-04 7.66E-05 -2.56 0.03

C-9 Slope -1.11E-04 2.64E-05 -4.20 0.00

C-10 Slope -5.01E-05 4.81E-05 -1.04 0.34

C-11 Slope 6.75E-05 1.84E-04 0.37 0.72

C-12 Slope 4.38E-04 2.19E-04 2.00 0.09

C-13 Slope -4.56E-04 7.37E-05 -6.19 0.00

C-14 Slope -6.39E-04 1.43E-04 -4.47 0.00

C-15 Slope -5.22E-04 5.24E-05 -9.97 0.00

C-16 Slope -6.79E-04 7.35E-05 -9.23 0.00
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Figure 3.16: Plot of the regression model of the slope of dh vs. time and the average 

dh of each piezometer in the study reach of the Walla Walla River (r2 = 0.61, 

T-statistic = 8.34, p = 0.0000). Piezometer C-12 was an outlier in this test and was 

removed. 
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Figure 3.17: Plot of the regression model of the slope of dh vs. time and the average 

specific flux of each piezometer in the study reach of the Walla Walla River (r2 = 

0.58, T-statistic = 7.72, p = 0.0000). Piezometers C-12 and B-16 were outliers in this 

analysis and were removed. 
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Table 3.3: Studentized residuals for each piezometer for the high-flow measurement 

dates of August 7, October 4, and October 30, 2009 in the study reach of the Walla 

Walla River. The studentized residuals for a given date represent the dh 

measurements of that date being added to the linear regression of the low flow 

measurements. 

 

Piezo. dh (m) Pred. dh Residual Stud. Res. dh (m) Pred. dh Residual Stud. Res. dh (m) Pred. dh Residual Stud. Res.

A-1 0.012 -0.021 0.033 2.44 -0.11 -0.070 -0.043 -0.027 -2.31

A-2 0.051 -0.021 -0.049 0.028 2.01 0.51

A-3 -0.38 -0.098 -0.140 0.042 4.21 1.01

A-4 1.8 0.079 0.065 0.014 3.02 0.037 0.051 -0.014 -3.21

A-5 0.009 0.020 -0.011 -2.89 -1.21 -0.2

A-6 0.006 0.026 -0.020 -5.39 -0.93 0.31

A-7 0.012 0.029 -0.017 -2.72 -1.05 -1.23

A-8 1.2 -0.024 -0.008 -0.016 -5.69 -0.92

A-9 -0.6 -0.95 0.49

A-10 0.55 -0.64 -0.030 -0.042 0.012 2.04

A-11 0.16 -1.84 -1.69

A-12 -0.91 -0.77 0.01

A-13 -0.04 -0.027 -0.013 -3.32 -0.030 -0.048 0.018 4.85 -0.052 -0.060 0.008 2.37

A-14 -0.91 -0.7 0.31

A-15 -1.2 -0.42 -0.058 -0.075 0.017 2.45

A-16 -1.38 -0.09 -0.076 -0.108 0.032 2.53

B-1 0.021 0.013 0.008 2.05 0.37 0.82

B-2 0.12 0.018 -0.001 0.019 2.64 0.01

B-3 -0.003 -0.008 0.005 2.48 0.000 -0.008 0.008 4.09 0.000 -0.007 0.007 3.91

B-4 1.65 0.96 1.97

B-5 0.26 1.12 1.3

B-6 -1.24 1.49 -0.018 -0.008 -0.010 -3.1

B-7 -0.003 -0.019 0.016 8.08

B-8 -1.63 1.92 -0.009 -0.026 0.017 3.71

B-9 1.23 -0.85 1.06

B-10 0.57 -0.018 -0.039 0.021 4.17 0.11

B-11 -0.012 -0.022 0.010 2.64 -0.030 -0.042 0.012 3.4 -1.83

B-12 0.8 1.46 1.39

B-13 -0.13 -0.82 -0.49

B-14 1.06 1.18 0.47

B-15 -0.79 -0.262 -0.281 0.019 4.07 -0.287 -0.301 0.014 3.26

B-16 1.32 -0.47 -0.45

C-1 1.48 1.24 0.3

C-2 -0.2 0.57 -0.57

C-3 -1.44

C-4 -0.01 -0.08 0.11

C-5 -1.25 0.69 0.040 0.023 0.017 7.21

C-6 0.01 1.41 -0.003 0.002 -0.005 -3.12

C-7 -1.18 1.18 -0.42

C-8 0.68

C-9 0.024 0.003 0.021 12.76 -0.040 -0.016 -0.024 -14.48 -1.02

C-10 0.91 1.73 1.08

C-11 1.54 -0.87 0.08

C-12 -0.04 -0.160 0.120 11.98 -0.165 -0.191 0.026 2.38 -1.96

C-13 -1.78 0.99 1.95

C-14 -0.29 1.26 -0.058 -0.076 0.018 2.07

C-15 0.06 -0.043 -0.063 0.020 5.53 -0.055 -0.071 0.016 5.16

C-16 -0.024 -0.049 0.025 4.87 -0.076 -0.090 0.014 2.82 -0.073 -0.097 0.024 5.33

4-Oct 30-Oct7-Aug
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Table 3.4: Summary of the studentized residual tests given in table 3.3. Piezometers 

C-3 and C-8 were not measured on October 4 or October 30 due to the river stage 

being over the top of the piezometers. Piezometer B-7 was removed on September 15 

when a pressure transducer became lodged in the bottom of the piezometer during the 

pump tests.  

 
 

 

Figure 3.18: Plot of the regression model of the average studentized residual for the 

high-flow measurements (table 3.3) and the average dh of each piezometer in the 

study reach of the Walla Walla River (r2 = 0.11, T-statistic = -2.27, p = 0.028, one 

outlier removed). 

Date Piezo. Set # Stud. Res. > 2 # Stud. Res. > 0 # Stud. Res. < 0 # Stud. Res. < -2 Ave. Stud. Res.

7-Aug A 1 6 10 4 -0.84

4-Oct A 4 4 12 1 -0.02

30-Oct A 4 10 6 2 0.15

7-Aug B 4 12 4 0 1.15

4-Oct B 5 12 3 0 1.65

30-Oct B 3 11 4 1 0.81

7-Aug C 3 9 7 0 1.76

4-Oct C 3 11 3 1 0.31

30-Oct C 4 9 5 1 1.16
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Figure 3.19: Plot of the regression model of the average studentized residual for the 

high-flow measurements (table 3.3) and the average specific flux of each piezometer 

in the study reach of the Walla Walla River (r2 = 0.12, T-statistic = -2.40, p = 0.021). 

Table 3.5: Results of the studentized residual analysis for each piezometer set for the 

high-flow measurement dates of August 7, October 4, and October 30, 2009 in the 

study reach of the Walla Walla River. The studentized residuals for a given date 

represent the calculated Qz values of that date being added to the linear regression of 

the low flow measurements. 

 

Date Piezometer Set Qz observed (m
3
/day) Qz predicted (m

3
/day) Residual Studentized residual

7-Aug A 19 43 -24 -0.56

4-Oct A -188 -186 -2 -0.06

30-Oct A -367 -314 -53 -1.41

7-Aug B -1440 -1642 203 2.87

4-Oct B -2065 -2323 258 3.83

30-Oct B -2596 -2668 71 1.16

7-Aug C -84 -345 262 6.25

4-Oct C -501 -574 73 2.75

30-Oct C -496 -577 81 3.69
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Figure 3.20: The difference between the temperature of the piezometer water and the 

river water vs. the time of day of the measurement in piezometer set A in the study 

reach of the Walla Walla River. 
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Figure 3.21: The difference between the temperature of the piezometer water and the 

river water vs. the time of day of the measurement in piezometer set B in the study 

reach of the Walla Walla River. 
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Figure 3.22: The difference between the temperature of the piezometer water and the 

river water vs. the time of day of the measurement in piezometer set C in the study 

reach of the Walla Walla River. 
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Figure 3.23: Average of the maximum fiber-optic temperature traces for the six-day 

temperature analysis period from July 31 to August 5, 2009 in piezometer set A in the 

study reach of the Walla Walla River with aerial photos taken in 2009. 
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Figure 3.24: Average of the minimum fiber-optic temperature traces for the six-day 

temperature analysis period from July 31 to August 5, 2009 in piezometer set A in the 

study reach of the Walla Walla River with aerial photos taken in 2009. 
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Figure 3.25: Average of the maximum fiber-optic temperature traces for the six-day 

temperature analysis period from July 31 to August 5, 2009 in piezometer set B in the 

study reach of the Walla Walla River with aerial photos taken in 2009. 
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Figure 3.26: Average of the minimum fiber-optic temperature traces for the six-day 

temperature analysis period from July 31 to August 5, 2009 in piezometer set B in the 

study reach of the Walla Walla River with aerial photos taken in 2009. 
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Figure 3.27: Average of the maximum fiber-optic temperature traces for the six-day 

temperature analysis period from July 31 to August 5, 2009 in piezometer set C in the 

study reach of the Walla Walla River with aerial photos taken in 2009. 
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Figure 3.28: Average of the minimum fiber-optic temperature traces for the six-day 

temperature analysis period from July 31 to August 5, 2009 in piezometer set C in the 

study reach of the Walla Walla River with aerial photos taken in 2009. 
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Figure 3.29: Graph of the average of the measured values of dh in piezometer set A in 

the study reach of the Walla Walla River shown by row and position relative to the 

banks. Piezometers A-1 to A-4 represent the upstream row and piezometers A-13 to 

A-16 represent the downstream row. Piezometers A-1, A-5, A-9, and A-13 

correspond to the left bank, and piezometers A-4, A-8, A-12, and A-16 correspond to 

the right bank. 

-0.2

-0.1

0.0

0.1

Left bank Left center Right center Right bank

A
ve

ra
ge

 d
H

 (m
)

Average dH for piezometers in set A given by row and position relative to the banks

A-1 to A-4

A-5 to A-8

A-9 to A-12

A-13 to A-16



 

116 
 

 

Figure 3.30: Graph of the average of the measured values of dh in piezometer set B in 

the study reach of the Walla Walla River shown by row and position relative to the 

banks. Piezometers B-1 to B-4 represent the upstream row and piezometers B-13 to 

B-16 represent the downstream row. Piezometers B-1, B-5, B-9, and B-13 correspond 

to the left bank, and piezometers B-4, B-8, B-12, and B-16 correspond to the right 

bank. 
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Figure 3.31: Graph of the average of the measured values of dh in piezometer set C in 

the study reach of the Walla Walla River shown by row and position relative to the 

banks. Piezometers C-1 to C-4 represent the upstream row and piezometers C-13 to 

C-16 represent the downstream row. Piezometers C-1, C-5, C-9, and C-13 correspond 

to the left bank, and piezometers C-4, C-8, C-12, and C-16 correspond to the right 

bank. 
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Figure 3.32: Plot of the slope of dh vs. time as estimated by linear regression for each 

piezometer in the study reach of the Walla Walla River, shown by piezometer rows.  
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Figure 3.33: Plot of the T-statistic from the slope parameter of the linear regression of 

dh vs. time for each piezometer in the study reach of the Walla Walla River, shown 

by piezometer rows. 
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Figure 3.34: Plot of the p-statistic from the slope parameter of the linear regression of 

dh vs. time for each piezometer in the study reach of the Walla Walla River, shown 

by piezometer rows. 
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Figure 3.35: Representative piezometer measurement data from piezometer set A, 

August 6, 2009 at 16:30, where dh is the water elevation in the piezometer relative to 

the river elevation [m], Tp is the temperature of the water in the piezometer [°C], Tr 

is the temperature of the river water [°C], and SC is the specific conductance of the 

piezometer water [μS cm-1]. Water levels were taken at about 16:30, and temperature 

measurements were taken between 17:00 and 18:30 beginning with piezometer A-1 

and ending with A-16. The temperature measurements correspond to decreasing river 

temperature from the maximum temperature of 20.5 °C at 13:30. The temperatures 

measured in the piezometers were higher than the river temperature for all 

piezometers. The four piezometers closest to the downstream end of the riffle (A-4 

through A-7) all showed positive head differential values, indicating water moving 

upwards from the riverbed to the river. The temperature in these four piezometers 

averaged 20.0 °C, which serves as an estimate of the temperature of the hyporheic 

inflow at this time and location. A few piezometers, especially A-16 showed elevated 

specific conductance readings which could indicate groundwater presence; however, 

the temperature measurements in the piezometers indicate otherwise. 
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Figure 3.36: Piezometer set B, October 10, 2009 at 15:00, where dh is the water 

elevation in the piezometer relative to the river elevation [m], Tp is the temperature of 

the water in the piezometer [°C], Tr is the temperature of the river water [°C], and SC 

is the specific conductance of the piezometer water [μS cm-1]. Water levels were 

measured at 14:00 and temperatures were measured between 14:30 and 15:20, 

beginning with B-1 and ending with B-16. The maximum river temperature in the B 

set on this day was 10.1 °C at 16:45. Aside from a brief time on October 7, river 

temperatures were continuously lower than the groundwater temperature between 

October 3 and October 11. Given these low river temperatures, groundwater inflows 

would show up as warming signals. Within the piezometers, head, temperature, and 

specific conductance were measured, expecting higher conductance and temperatures 

near 12 °C in areas of groundwater upwelling. 

Piezometer grid B, October 10, 2009 @ 1500
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Figure 3.37: Piezometer set C data, October 11, 2009 at 11:00, where dh is the water 

elevation in the piezometer relative to the river elevation [m], Tp is the temperature of 

the water in the piezometer [°C], Tr is the temperature of the river water [°C], and SC 

is the specific conductance of the piezometer water [μS cm-1]. Specific conductance 

values provided are from October 30, as specific conductance was not measured on 

October 11. Water levels were measured at 10:00, temperature measurements for 

piezometers C-1 through C-8 were taken between 10:30 and 10:50, and piezometers 

C-9 through C-16 were measured from 11:40 to 12:00. The minimum river 

temperature of 6.8 °C occurred between 8:00 and 9:00. The river temperature as 

measured was between 7.0 and 7.6 °C, and the only time period previous to the 

measurements when the temperature was lower than 7.6 °C was between 04:00 and 

12:00 on October 11, the day of the measurements. Previous to the measurements, the 

river temperature had been below 12.6 °C since October 2. 

Piezometer grid C, October 11, 2009 @ 1100
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CHAPTER 4: RIVER TEMPERATURE DYNAMICS AND HABITAT 

CHARACTERISTICS AS PREDICTORS OF POOL-SCALE  

SALMONID ABUNDANCE 

Introduction 

Salmonids require cool water for all life stages, including spawning, migration, and 

growth (Bjornn and Reiser, 1991). Fish are ectotherms that cannot regulate their own 

body temperature; therefore, their body temperature is dependent on the temperature 

of their surrounding environment. Rising water temperature above historical norms 

poses a threat to salmonids, and may be caused by such factors as climate change, 

streamflow reductions, or reductions in riparian vegetation that creates shade 

(McCullough et al., 2009). Excessive water temperature causes reduced growth and 

increased disease and mortality (Fryer and Pilcher, 1974, Coutant, 1976, Fryer, 1976, 

McCullough and Inter, 1999). Temperatures below the lethal limit can have negative 

impacts on salmonids; when temperatures are above optimal, the amount of energy 

obtainable through respiration is exceeded by the energy required for maintenance of 

vital functions, and no energy remains for growth or migration (Coutant, 1976). 

Accordingly, salmonids begin to lose the ability to compete for food and other 

resources (Cunjak & Green, 1986; Reeves et al., 1987; McCullough and Inter, 1999; 

Reese and Harvey, 2002).  

During the baseflow period of the summer, river flow in the Walla Walla River is 

mostly provided by groundwater discharge (Newcomb, 1965). Groundwater 

discharge and hyporheic exchange occur in specific locations in the river as shown in 

Chapter 2 and provide localized areas of cooler water temperatures. During the 

summer when river temperatures rise, salmonids seek local zones of cooler water as a 

refuge from elevated temperatures as a means of behavioral thermoregulation 

(Berman and Quinn, 1991; Matthews and Berg, 1997; Torgersen et al., 1999; 

Ebersole et al., 2001; Baird and Krueger, 2003; Goniea et al., 2006). Spawning sites 

are often selected by the presence of hyporheic upwelling (Curry and Noakes, 1995; 

Baxter and Hauer, 2000) and timing of spawning and migration is also affected by 
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temperature (Bjornn and Reiser, 1991; Dunham et al., 2003; Goniea et al., 2006). 

They also prefer specific habitat features such as boulders, woody debris, and 

overhanging vegetation (Bjornn and Reiser, 1991; Rieman and McIntire, 1993).  

The purpose of this study is to determine whether temperature dynamics or 

commonly measured fish habitat metrics best explain pool-scale salmonid abundance. 

Salmonid abundance is largely driven by temperature when viewed at larger scales 

(Keleher and Rahel, 1996; McCullough and Inter, 1999; Welsh et al., 2001; de la Hoz 

Franco and Budy, 2005). However, it remains unknown whether salmonids choose 

pools with more appealing physical habitat features or cold-water refugia.  

Methods 

Snorkel surveys were conducted on July 15 and August 12, 2009 in 23 pools along 

the study reach to enumerate salmonids by species. The river consisted of mainly 

riffle-pool sequences; the riffles were not surveyed because they were too shallow to 

snorkel. The same pools were sampled for each survey and the pool locations and 

bounds were determined by the meter numbers on the fiber-optic cable (figures 4.1, 

4.2, and 4.3). Fish habitat metrics were quantified for each pool by visual estimation. 

These metrics included the presence or abundance (in quartiles of the pool) of 

boulders, large woody debris, turbulence, debris piles, overhanging vegetation, 

canopy cover, undercut banks, and pool depth (table 4.1). A habitat quality metric 

was developed that represents the sum of the quartile values for each habitat variable. 

For those variables that were binomial (presence or absence), a value of two was 

assigned for presence. Pools that were identified as deep were also assigned a value 

of two.  

Additional field surveys were performed in the study reach that provided additional 

habitat-related data (table 4.2). Depth was measured at every meter along the fiber-

optic cable, which was installed in the thalweg along the length of the river, allowing 

for the average maximum depth and the absolute maximum depth to be determined 
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for each pool. The channel width was measured for every river meter using ArcGIS, 

providing a variable for average channel width of each pool. The average river 

velocity was estimated based on the width and depth measurements, along with river 

flow data. Solar radiation values corresponding to the time of maximum river 

temperature and the view-to-sky coefficients were calculated for each river meter 

using the Solar Radiation extension of ArcGIS and the LiDAR data (see Chapter 2). 

The average solar radiation and view-to-sky coefficients were calculated for each 

pool.  

River temperature measurements were obtained along the 2-km study reach of the 

Walla Walla River at one-meter intervals using fiber-optic distributed temperature 

sensing (DTS). The use of DTS in the study reach is described in full in Chapter 2. 

DTS allowed for the quantification of several temperature metrics, including the 

maximum, minimum, and average river temperatures in each pool, the change in 

temperature across each pool, and the proportion of each pool that was identified as 

being hyporheic and groundwater inflows (table 4.3). All temperature data used for 

this part of the study were derived from the averaged minimum and maximum 

temperature traces from the six-day period from July 31 through August 5, 2009.  

Regression analysis was used to determine whether habitat or temperature variables 

better explain pool-scale salmonid abundance in the Walla Walla River. Univariate 

Poisson regressions were used for each variable independently (one independent 

variable and one dependent variable) to explore relationships with salmonid 

abundance. Regressions were performed for the sum of all salmonids per m of pool 

length, as well as for each species. Poisson regression is more appropriate than a basic 

linear regression because it better accounts for count data, such as the number of fish 

in a pool. Additionally, either categorical variables, such as presence or absence, or 

continuous variables, such as temperature can be used. Because of the large number 

of independent variables compared to the sample size (23 pools) and lack of 
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independence between some independent variables, a simple multiple regression 

would not have been appropriate. 

Results 

In the 23 pools that were sampled, 3,370 salmonids were counted during the first 

snorkel survey, and 3,016 salmonids were counted during the second survey (tables 

4.4 and 4.5). Chinook salmon (Oncorhynchus tshawytscha) was the most common 

species observed with 73.0 percent of the total salmonids counted. Steelhead/rainbow 

trout (Oncorhynchus mykiss) was the next most common (26.7 percent). The bull 

trout (Salvelinus confluentus) is a federally-listed threatened species, and 15 

individuals were counted over the two snorkel surveys. Mountain whitefish 

(Prosopium williamsoni) were the scarcest, with seven observed.  

Individual pools showed wide-ranging habitat features (tables 4.6 and 4.7) and 

temperature dynamics (table 4.8) which impacted the number of salmonids in the 

pools. The availability of high-resolution aerial photography and LiDAR imagery 

allowed for the inclusion of valuable habitat metrics to be quantified in ArcGIS in 

addition to the commonly measured fish habitat variables. DTS provided a 

temperature dataset of high spatial and temporal resolution that was used to compare 

pool temperatures and quantify pool-scale measures of hyporheic exchange and 

groundwater discharge. 

Individual Poisson regressions were performed for the 24 independent variables with 

the number of Chinook salmon, steelhead/rainbow trout, and total salmonids per m of 

pool length as dependent variables (72 total regressions). For both bull trout and 

mountain whitefish, fewer individuals were counted than the number of pools 

sampled, so regression analysis was not applied for these species. Analyzing the data 

by species allowed for comparisons to be made between species, and using the total 

number of salmonids allowed for a general description of salmonid behavior to be 

inferred. Averaging the t-values of snorkel samples one and two of each independent 
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and dependent variable pair provided an indication of the reliability of the variables to 

explain fish abundance. The p-value that corresponds to the averaged t-value was 

then determined. The average of the p-values was not used because some variables 

showed opposite correlations to the dependent variable for the two samples, and the 

p-value does not account for positive or negative correlations. Based on the results of 

the regression analysis, the variables were ranked by their ability to explain fish 

abundance, as indicated by the p-values.  

With Chinook salmon per m of pool length for sample one as the dependent variable, 

13 of the variables had a p-value less than 0.10 (table 4.9). Five of the variables—

proportion of hyporheic inflow, boulder-juvenile, canopy cover, average velocity, and 

habitat quality—had p-values less than 0.01, showing a very strong relationship. 

Results for sample two for Chinook salmon identify six variables with p-values less 

than 0.10. The change in temperature across the pool for sample two had the lowest 

observed p-value (p = 0.002, negatively correlated) for all Poisson regressions in the 

study. The average view-to-sky coefficient was the next most significant variable (p = 

0.03, negatively correlated), followed by the average solar radiation (p = 0.057, 

negatively correlated). Of the 13 variables with p-values less than 0.10 in sample one, 

only the change in temperature across the pool, the average view-to-sky coefficient, 

and the average solar radiation had p-values less than 0.10 in sample two. Boulder-

juvenile, canopy cover, and habitat quality showed strong positive correlations for 

sample one, but negative correlations for sample two.  

The change in temperature across the pool had the lowest p-value (p = 0.006) for the 

average t-value of the two samples for Chinook salmon, indicating that this variable is 

very strongly and reliably correlated to the abundance of Chinook salmon at the pool 

scale. The negative correlation shows that those pools with a larger temperature 

decrease had higher numbers of Chinook salmon. The average view-to-sky was the 

next most significant variable for the two samples with a p-value of 0.022 and was 

negatively correlated, indicating that those pools with the lowest view-to-sky 
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coefficient had more Chinook salmon. Average velocity was the third most 

significant variable for the average of samples one and two (p = 0.042, negatively 

correlated). The average solar radiation (p = 0.055, negatively correlated) and the 

proportion of hyporheic inflow (p = 0.086, positively correlated) had p-values 

between 0.05 and 0.10.  

Results of the Poisson regression analysis with the number of steelhead/rainbow trout 

per m of pool length as the dependent variable reveal only one variable with a p-value 

less than 0.10 for either sample—proportion of groundwater inflow for sample one (p 

= 0.067, positively correlated). However, the second sample showed a very weak 

relationship with the proportion of groundwater inflow (p = 0.93), so it cannot be 

stated that groundwater inflows necessarily attract steelhead/rainbow trout.  

When the total salmonids per m of pool length was used as the dependent variable, 

results were similar to that of the Chinook salmon results because the majority of fish 

observed (73 percent) were Chinook salmon and relationships between Chinook 

salmon and the variables investigated were stronger. Six variables had p-values less 

than 0.10 when the t-values of samples one and two were averaged for the total 

salmonids; the relationship between the total salmonids and the change in temperature 

across the pool showed the lowest p-value (p = 0.004). The average view-to-sky, 

average velocity, and average solar radiation had p-values between 0.01 and 0.05 (p = 

0.014, 0.031, and 0.039, respectively) and the proportion of hyporheic inflow and the 

proportion of cold-water inflow each had p-values of 0.062 corresponding to the 

average t-values of samples one and two.  

Discussion 

A large number of variables were strongly correlated to Chinook salmon abundance, 

particularly in sample one, while only one variable in sample two was statistically 

significant for steelhead/rainbow trout. While part of this discrepancy could be caused 

by the lower number of observed steelhead/rainbow trout leading to lower statistical 
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power, it appears as though Chinook salmon are exhibiting stronger preference for 

specific pools, while steelhead/rainbow trout show less discrimination in selecting 

pools. The cause for the different behavior of the two species could be the result of 

interspecies competition whereby the Chinook salmon out-compete the 

steelhead/rainbow trout for prime habitat. Previous research has shown that salmonids 

segregate by species within the channel (Hartman, 1965; Lister and Genoe, 1970; 

Bisson et al., 1988), and that agonistic activity in steelhead is reduced at temperatures 

exceeding 24 °C (Nielsen et al., 1994; Sloat and Osterback, 2012). Contrarily, the 

difference could be attributed to behavior differences independent of the presence of 

the other species. For example, the steelhead/rainbow trout may be more active 

during the times of day of the snorkel samples, causing their abundance to be more 

randomly distributed. Additionally, Chinook salmon have shown stronger affinities 

for pool habitat in general compared to rainbow trout (Bisson et al., 1988; Ebersole et 

al., 2003). Another possible explanation for these behavioral differences may be due 

to Chinook salmon having slightly more sensitivity to temperature compared to 

steelhead/rainbow trout. The prolonged (one-week) lethal temperature for Chinook 

salmon is from 24 to 24.5 °C (Brett, 1952), while the prolonged lethal temperature for 

rainbow trout is approximately 25 °C (Cherry et al., 1977). However, rainbow trout 

individuals have been observed to persist in pools as high as 30 °C (Sloat and 

Osterback, 2012). The temperature threshold at which steelhead/rainbow trout begin 

to seek cooler water may be higher than the threshold for Chinook salmon in this 

system. Water temperatures of greater than approximately 21 °C result in a thermal 

barrier for migration of Chinook salmon, while thermal barriers for steelhead occur at 

temperatures greater than 21 to 22 °C (Richter and Kolmes, 2005). 

The variable that best explained salmonid abundance in the Walla Walla River was 

the change in temperature across the pool. The negative t-value indicates that 

salmonid abundance is negatively correlated to the temperature change; in other 

words, the pools that experience the largest temperature decrease from the upstream 

to downstream extents tend to have a higher density of salmonids. The temperature 



 

131 
 

decrease across a pool is representative of the magnitude of cold-water inflows 

occurring within the bounds of the pool. The proportion of a pool existing within an 

identified cold-water inflow showed positive relationships with salmonid abundance, 

but at lower significance levels than the temperature change, indicating that the 

magnitude of cold-water inflows is more important than the presence of cold-water 

inflows. The results for the maximum, minimum, and average pool temperature were 

similar, which means that it cannot be concluded whether salmonids seek the lowest 

absolute minimum temperatures within a stream reach or if they show a tendency to 

avoid pools with high temperature. Steelhead/rainbow trout abundance was poorly 

explained by pool temperatures, but Chinook salmon abundance was negatively 

correlated with pool temperature metrics (higher Chinook salmon density in cooler 

pools) with sample two showing stronger relationships than sample one; for example, 

the average pool temperature had a p-value of 0.091 for sample two and 0.18 for 

sample one. Because the change in temperature is more important than the actual 

temperature, it can be stated that salmonids are seeking the process of larger amounts 

of cold water entering the river more so than pools that are cooler.  

While previous research has shown that salmonids seek cold-water refuge during 

warm periods (e.g. Berman and Quinn, 1991; Matthews and Berg, 1997; Torgersen et 

al., 1999; Ebersole et al., 2001; Baird and Krueger, 2003; Goniea et al., 2006), this 

study reveals specific cold-water inflow processes that are attracting salmonids to 

certain pools within the study reach of the Walla Walla River. Furthermore, at larger 

scales, it is known that salmonid abundance is largely a function of temperature 

(Keleher and Rahel, 1996; McCullough and Inter, 1999; Welsh et al., 2001; de la Hoz 

Franco and Budy, 2005); at smaller scales, such as the pool scale, salmonids are 

known to seek specific physical habitat attributes (Bjornn and Reiser, 1991; Rieman 

and McIntire, 1993). However, it was previously unknown how pool-scale 

temperature variables related to physical habitat variables in the selection of pools by 

salmonids. The results of this study show that cold-water inflow processes that have a 
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significant effect on local stream temperature are more important than physical 

habitat attributes in a stream with water temperatures approaching lethal thresholds.  

Except for sample one with steelhead/rainbow trout as the dependent variable, the 

proportion of a pool with groundwater discharge showed weak correlations with 

salmonid abundance. Salmonids showed preference for cold-water inflows of 

hyporheic sources. The water quality of groundwater and hyporheic inflows may 

differ significantly, particularly with respect to dissolved oxygen. Because 

groundwater inflows often have lower dissolved oxygen, salmonids may prefer 

hyporheic inflows because of their sensitivity to low-oxygen conditions (Fraser and 

Williams, 1998; Soulsby et al., 2001; Malcolm et al., 2003; Greig et al., 2007). 

The average view-to-sky, average velocity, and average solar radiation were the three 

habitat variables that best explained salmonid abundance, and ranked second, third, 

and fourth, respectively, of all variables based on the averaging of the t-values of 

snorkel samples one and two. The negative t-values for these three variables indicate 

that salmonids prefer shaded pools with slow-moving water. Because stream velocity 

is inversely proportional to stream cross-sectional area, low average velocity can also 

be interpreted as high cross-sectional area of the pool. View-to-sky and solar 

radiation are very similar in that they both reflect the degree of canopy cover, but 

solar radiation only accounts for canopy cover in the path of the sun. These variables 

are related to the change in temperature across the pool because greater solar 

radiation causes temperatures to increase in the downstream direction (Poole and 

Berman, 2001). In another Northeastern Oregon stream, Ebersole et al. (2003) found 

that greater pool area is the most important physical habitat variable for Chinook 

salmon at the reach scale, and rainbow trout preferred canopy cover. 

Temperature variables increased in importance and habitat variables decreased in 

importance from snorkel sample one to two. Several habitat variables that showed a 

strong positive correlation to salmonid abundance in sample one showed weak 
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correlations in sample two, and in some cases, the correlation was negative for 

sample two. The habitat quality variable was created to be interpreted as an all-

encompassing habitat variable. Habitat quality was positively correlated to salmonid 

abundance for snorkel sample one (p = 0.008) and negatively correlated for sample 

two (p = 0.31). The p-value for the change in temperature across the pool for all 

salmonids decreased from 0.008 for sample one to 0.002 for sample two. The 

average, minimum, and maximum pool temperatures also increased in importance 

from sample one to two. The highest river temperatures of the summer occurred 

between the two sample dates (24.7 °C near the upstream extent of the reach on 

August 2, 2009), and this suggests that salmonids may be exhibiting behavioral 

adaptation in response to extreme temperatures by more strongly seeking cold-water 

inflows and refugia. This finding agrees with Nielsen at al. (1994), who demonstrated 

that steelhead employ learned behavioral thermal regulation in thermally stratified 

pools during warm conditions. Environmental conditions for the two sample dates 

were comparable. The water temperature difference between the two samples at their 

respective snorkel sampling times was about 0.1 °C and the river flow during sample 

one was about 0.23 m3/s compared to about 0.28 m3/s for sample two. Sample one 

occurred on a hot, sunny day with a high temperature of 34 °C at nearby College 

Place, Washington, while the afternoon of sample two had partly cloudy conditions 

with a high temperature of 27 °C.  

With only two snorkel sampling events covering 23 different pools, statistical power 

was relatively low. As a result, only minimal analysis techniques could be used. 

Ideally, a multiple regression would be run on the entire data set, but because of the 

large number of variables compared to the number of pools sampled, analysis was 

limited to univariate Poisson regressions using one independent variable at a time and 

repeated for each independent variable. Results and conclusions would be more 

reliable and convincing if more pools were sampled or if the pools were sampled 

more frequently. However, the number of pools could not be increased because of the 

limitations of the length of the study reach. 
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Conclusions 

Salmonids were enumerated in 23 pools in a 2-km reach of the Walla Walla River by 

snorkel sampling on July 15 and August 12, 2009. Habitat metrics were quantified for 

each pool by a combination of field measurements and observations and GIS analysis. 

Fiber-optic distributed temperature sensing provided a high spatial and temporal 

resolution temperature dataset allowing for the quantification of pool-scale 

temperature metrics of importance to salmonids. Univariate regression analysis was 

performed to determine which temperature and habitat variables best explain pool-

scale salmonid abundance.  

Of all the variables investigated, the change in temperature across the pool best 

explained salmonid abundance, followed by the view-to-sky coefficient and average 

velocity, suggesting that salmonids are seeking the process of cold-water inflows and 

that the magnitude of the cold-water inflows is more important than the presence of 

cold-water inflows. Additionally, salmonids prefer shaded pools with slower-moving 

water. Hyporheic inflows were preferred over groundwater inflows. Chinook salmon 

were the most abundant species and showed a stronger preference for specific pools, 

while steelhead/rainbow trout were more randomly distributed. Temperature variables 

increased in importance and habitat variables decreased in importance between 

samples one and two. The highest river temperatures of the year occurred between the 

two sample dates, thereby suggesting that salmonids’ affinity for cold-water refuge 

and/or river cooling processes may be enhanced through behavioral adaptation 

following periods of high temperature approaching the lethal threshold. 
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Figure 4.2: Locations of pools that were snorkel sampled for salmonids with LiDAR 

as the basemap, labeled by pool number with salmonid abundance and salmonids per 

meter of pool length for snorkel sample 1 in parenthesis.  
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Figure 4.3: Locations of pools that were snorkel sampled for salmonids with LiDAR 

as the basemap, labeled by pool number with salmonid abundance and salmonids per 

meter of pool length for snorkel sample 2 in parenthesis.  
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Table 4.1: Habitat variables measured by visual analysis in each pool that was snorkel 

sampled for salmonids in the study reach of the Walla Walla River.  

Habitat variable Description 

Boulder-Juvenile Proportion of the pool in quartiles that consisted of boulders, 

where each boulder provided a sheltered area at least 5 cm deep 

and 10 cm long. 

 

Boulder-Adult Proportion of the pool in quartiles that consisted of boulders, 

where each boulder provided a sheltered area at least 10 cm 

deep and 40 cm long. 

 

Large Woody  

Debris 

Presence or absence of debris at least 10 cm wide and 1 m long 

within 1 meter of the water surface. 

 

Turbulence Proportion of the pool where turbulence was present and 

substrate composition could not be detected. 

 

Debris Pile Presence or absence of an aggregation of 10 or more pieces of 

large woody debris. 

 

Overhanging 

Vegetation 

Proportion of the pool in quartiles where vegetation is within 

0.5 meters from the stream bank and 1 m from the stream 

surface. 

 

Canopy Cover Proportion of the pool in quartiles covered by the canopy. 

 

Undercut Banks Proportion of the stream bank in quartiles where undercut bank 

exists.  

 

Pool Depth 

 

Habitat Quality 

Pools were classified as shallow (<3 feet depth) or deep (>3 feet 

depth) 

The sum of the quartile values of each habitat variable. 

Presence/absence variables were assigned a value of 2 for 

presence, and deep pools were also assigned a value of 2. 
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Table 4.2: Additional habitat variables measured for each pool that was snorkel 

sampled for salmonids in the study reach of the Walla Walla River.  

Habitat variable Description 

Pool length Length of the pool as defined by the upstream and downstream 

extents of the snorkel sample (meters). 

 

Average thalweg 

depth 

Average depth of water in the thalweg as measured at one-meter 

intervals in each pool (meters). 

 

Maximum depth Maximum depth of water in the pool (meters). 

 

Average width Average of the width measurements performed in ArcGIS 

(meters). 

 

Average velocity Average velocity in each pool based on an estimate of the 

average channel depth, the channel width, and river flow 

(meters per second). 

 

Average solar 

radiation 

The average of the direct solar radiation values as calculated for 

each river meter at the time of maximum river temperature 

using ArcGIS (watts per square meter). 

 

Average view-to-

sky 

The average of the view-to-sky coefficient as calculated for 

each river meter using ArcGIS (0 to 1) 
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Table 4.3: Temperature-related variables derived from fiber-optic distributed 

temperature sensing for each pool that was snorkel sampled for salmonids in the 

study reach of the Walla Walla River.  

Temperature 

variable 

Description 

Proportion 

groundwater inflow 

Proportion of the pool identified as a groundwater inflow by the 

analysis of the fiber-optic distributed sensing data. 

 

Proportion 

hyporheic inflow 

Proportion of the pool identified as a hyporheic inflow by the 

analysis of the fiber-optic distributed sensing data. 

 

Proportion cold-

water inflow 

Proportion of the pool identified as a cold-water inflow of either 

type by the analysis of the fiber-optic distributed sensing data. 

 

Change in 

temperature 

The water temperature at the upstream extent of the pool minus 

the water temperature at the downstream extent of the pool 

corresponding to the maximum fiber-optic temperature trace 

(°C). 

 

Average temperature The average water temperature of the pool corresponding to the 

maximum fiber-optic temperature trace (°C). 

 

Highest pool 

temperature 

The highest recorded water temperature in the pool 

corresponding to the maximum fiber-optic temperature trace 

(°C). 

 

Lowest pool 

temperature 

The lowest recorded water temperature in the pool 

corresponding to the maximum fiber-optic temperature trace 

(°C). 
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Table 4.4: Summary of the results of the first snorkel sample in the study reach of the 

Walla Walla River, July 15, 2009. The number of salmonids observed per pool during 

the first snorkel sampling event on July 15, 2009 ranged from 44 (pool 23) to 276 in 

pool 5. Chinook salmon were most prevalent in pools 5 and 11 with 200 individuals 

observed in each pool. Steelhead/rainbow trout were most common in pools 16, 1, 

and 5, with 90, 75, and 75 individuals counted, respectively. Five of the 13 bull trout 

that were enumerated in the first sample were found in pool 7. Only three mountain 

whitefish were observed in sample one. When the fish counts are normalized for fish 

density based on pool length, pool 7 comes out in front with 21 total salmonids per m 

of pool length, nearly 18 of which were Chinook salmon. Steelhead/rainbow trout 

were most dense in pools 8, 1, 5, and 16, with 3.1, 3.0, 2.9, and 2.9 fish per m, 

respectively.  
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Table 4.5: Summary of the results of the second snorkel sample in the study reach of 

the Walla Walla River, August 12, 2009. Pool 6 had the most observed Chinook 

salmon (540), the second most steelhead/rainbow trout (88), and the most total 

salmonids (452) during the second snorkel sampling event on August 12, 2009. Pool 

6 also had the most Chinook salmon and the most total salmonids per m of pool 

length, with 10.8 Chinook salmon and 12.9 total salmonids per m. Pool 19 had the 

highest abundance of steelhead/rainbow trout with 105 counted. The highest densities 

of steelhead/rainbow trout were observed in pools 7 and 14, with 2.5 and 2.3 fish per 

m of pool length, respectively. Pool 23 again had the fewest fish, with only 18 during 

the second sample. The number of bull trout found in the study reach decreased to 

two individuals in the second sample. Three of the four mountain whitefish observed 

in the second sample were in pool 10.  
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Table 4.6: Summary of the visual analysis of habitat variables for each pool that was 

snorkel surveyed in the study reach of the Walla Walla River. Boulders were 

observed in 10 of the 23 pools that were snorkel sampled to enumerate salmonids. All 

but four pools had large woody debris present, and all but one pool had some amount 

of turbulence. Debris piles were present in eight pools and only two pools were not 

observed to have undercut banks. Canopy cover and overhanging vegetation were 

wide-ranging from zero to four quartiles; six pools were observed to have at least half 

of their length with canopy cover or overhanging vegetation. More than two-thirds of 

the pools were classified as deep. Habitat quality indices varied from 5 (pool 18) to 

16 (pool 20) with a median value of 10.   
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Table 4.7: Summary of the additional habitat variables for each pool that was snorkel 

surveyed in the study reach of the Walla Walla River. Pool lengths ranged from 10 to 

68 m long and the average channel width of the pools ranged from 5.8 to 13.4 m. Pool 

21 had the highest average flow velocity of 0.18 m/s and was also the shallowest pool 

with an average thalweg depth of 0.36 m and a maximum depth of 0.52 m. Pool 9 had 

the slowest flow velocity of 0.06 m/s and was the deepest pool with an average 

thalweg depth of 1.15 m and a maximum depth of 2.06 m. The average solar radiation 

for each pool varied significantly from near zero (pool 1) to over 400 W/m2 (pools 4, 

5, 14, and 18). The average view-to-sky ratio ranged from 0.03 (pool 1) to 0.91 (pool 

22). Since the solar radiation values correspond to afternoon calculations for the time 

of maximum river temperature, the amount of riparian shading in the southwest 

direction largely determines the amount of solar radiation. The view-to-sky 

measurement takes into account shading from all directions. This explains why five 

pools had a higher solar radiation than pool 22 which had the highest view-to-sky 

ratio. 
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Table 4.8: Summary of the temperature-related variables for each pool that was 

snorkel surveyed in the study reach of the Walla Walla River. Groundwater discharge 

was detected in 8 of the 23 pools, and varying proportions of hyporheic inflows were 

detected in all but six of the pools. Pool 16 had the highest proportion of the pool 

showing detected groundwater at 0.71. The pools with greater than two-thirds of the 

length showing hyporheic inflows were pools 7, 8, and 22. Pools 4 and 21 had neither 

hyporheic nor groundwater inflows, while pool 8 had all of its length showing cold-

water inflows, about two-thirds of which was hyporheic. The relative magnitude or 

quantity of cold water entering the surface water from the subsurface is expressed by 

the change in temperature across the pool. Ten pools had cooler water at the 

downstream end of the pool, indicating significant amounts of cold water entering the 

river. Another factor in the change in temperature across the pool is the amount of 

shading; those pools that are shaded maintain a relatively constant temperature, even 

with the absence of cold-water inflows. Of the ten furthest upstream pools, nine 

showed a temperature decrease from the upstream to the downstream extents of the 

pools. The average pool temperature from the DTS analysis period from July 31 to 

August 5 ranged from 22.29 °C (pool 10) to 24.17 °C (pool 1).  
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CHAPTER 5: EXPLAINING THE PRESENCE AND MAGNITUDE OF COLD-

WATER INFLOWS WITH GEOMORPHIC AND HYDRAULIC VARIABLES 

Introduction 

Surface water and groundwater interactions are an important component of stream 

ecosystems. Hyporheic zones serve as habitat for aquatic organisms and are important 

for nutrient cycling, stream temperature moderation, and biogeochemical processes 

(e.g., Boulton et al., 1998). The physical mechanisms responsible for driving 

hyporheic exchange can largely be explained by hydraulic and geomorphic variables 

(Tonina and Buffington, 2009). Understanding the processes that induce hyporheic 

exchange will help to provide a better holistic understanding of hyporheic and 

riverine ecosystems.  

A simple approach to investigating hydraulic controls on hyporheic exchange uses a 

form of Darcy’s Law. The three variables affecting the flux of water through a porous 

medium in Darcy’s Law are hydraulic conductivity, energy head gradient, and the 

cross-sectional area of alluvium through which hyporheic exchange can occur. The 

cross-sectional area of alluvium is dependent on the geology of the catchment. When 

the area of alluvium increases, surface water moves downward (downwelling) to fill 

the additional pore volume; a decrease in alluvial area causes upwelling (Stanford and 

Ward, 1993). A decrease in hydraulic conductivity causes flow velocity to decrease, 

thereby causing upwelling of water into the stream. An increase in hydraulic 

conductivity has the opposite effect. Therefore, streambed substrates with higher 

heterogeneity have greater potential for hyporheic exchange (Tonina and Buffington, 

2009). A modeling study showed that hyporheic exchange can only occur because 

alluvial sediments comprising the hyporheic zone have higher permeability than the 

surrounding catchment (Storey et al., 2003). Another modeling study comparing a 

homogeneous substrate to a heterogeneous substrate revealed significantly higher 

hyporheic exchange in the heterogeneous substrate (Cardenas et al., 2004). A study 

performed in a laboratory flume showed the spatial variability and flux of hyporheic 

exchange is enhanced compared to a homogeneous medium (Salehin et al., 2004).  
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The energy head gradient determines the vertical direction in which water moves 

across the streambed interface. The energy head is a function of bed elevation, depth 

of surface water, and flow velocity. A change in any of these variables can cause 

hyporheic exchange. Downwelling occurs when the head gradient is negative, and 

upwelling occurs when the head gradient is positive (Tonina and Buffington, 2009). 

The concavity of the water surface increases the magnitude of head gradients; 

therefore, increasing concavity yields greater hyporheic exchange. Along the river 

continuum from headwater to higher-order streams, concavity of the water surface 

decreases, indicating lower potential for concavity-induced hyporheic exchange in 

higher-order streams (Anderson et al., 2005). Significant changes in bed elevation can 

result from flow obstructions or the geomorphology of the streambed. Larger flow 

obstructions were found to cause greater hyporheic exchange than smaller structures 

(Hester and Doyle, 2008). Woody debris on a streambed causes an increase in 

hyporheic exchange (Mutz et al., 2007; Sawyer et al., 2011). A modeling study based 

on a surveyed stream showed that the removal of wood caused a short-term reduction 

in hyporheic exchange, but after 16 years, development of bars, pools, and riffles 

resulting from the wood removal caused an increase in hyporheic exchange 

(Wondzell et al., 2009). A chloride tracer experiment in a Wyoming stream verified 

the presence of hyporheic exchange resulting from debris dams (Lautz et al., 2006).  

Streambed topography, as with flow obstructions, has a greater influence on 

hyporheic exchange with larger, less submerged bed structures. As stream discharge 

increases, the bedforms become more submerged, thereby reducing the importance of 

streambed topography on hyporheic exchange (Storey et al., 2003). The interactions 

between discharge and streambed topography with respect to hyporheic exchange are 

complex and depend on the geomorphology of both the channel and the greater 

catchment (Tonina and Buffington, 2007). A modeling study of hyporheic exchange 

resulting from streambed topography with varying discharge showed that the amount 

of hyporheic exchange increases during a flood, but the relative increase of hyporheic 
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exchange was less than the relative increase in discharge due to the bed-forms 

exhibiting less effect on hyporheic processes at higher flows (Boano et al., 2007).  

Riffle-pool structures are common in many rivers and are an important type of 

streambed topography for generating hyporheic flows. In riffle-pool sequences, 

energy head gradients are primarily a function of water surface elevation changes. 

Generally, at the top of a riffle, downwelling occurs, followed by upwelling in riffle-

pool transitions, creating hyporheic circulation cells (Harvey and Bencala, 1993; Hill 

et al., 1998; Anderson et al., 2005; Buffington and Tonina, 2009; Tonina and 

Buffington, 2009). The depths of these circulation cells are dependent on the relative 

size of the riffle-pool bedforms and the length is dependent on the distance between 

riffle-pool features (Anderson et al., 2005; Tonina and Buffington, 2009). Riffle-pool 

sequences with higher amplitude have greater variations in energy head and create 

deeper hyporheic flow paths (Tonina and Buffington, 2009). As the spacing between 

riffle-pool bedforms increases, the length of the hyporheic flow path increases, so it 

can be deduced that hyporheic flow paths increase in length along the river 

continuum (Anderson et al., 2005).  

While riffle-pool sequences produce vertical hyporheic exchange, they also can 

produce lateral hyporheic exchange. As with vertical water movement, stream water 

enters the floodplain alluvium laterally at the top of riffles, and returns to the surface 

water at riffle-pool transitions (Harvey and Bencala, 1993; Hill et al., 1998). Episodic 

geomorphic processes such as floods create patterns of erosion and deposition, often 

times leading to the development of stratified layers comprising the streambed 

(Marion et al., 2008). This horizontal layered geometry causes water to flow in a 

dominantly horizontal direction (Salehin et al., 2004; Marion et al., 2008). 

Additionally, the depth of hyporheic exchange is reduced compared to a 

homogeneous substrate (Salehin et al., 2004). Paleochannels and secondary channels 

also provide lateral hyporheic exchange by creating preferential pathways for the 
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lateral movement of water (Kasahara and Wondzell, 2003; Buffington and Tonina, 

2009).  

The curvature and meandering of streams causes hyporheic flows along the banks of 

streams and through the floodplain and meander necks (Boano et al., 2006; Peterson 

and Sickbert, 2006; Revelli et al., 2008; Cardenas, 2009). Subsurface flow paths 

generally flow in a direction parallel to the valley axis; therefore when the stream 

meanders and flows in a direction other than parallel to the axis, hyporheic flow paths 

moving down-valley can occur (Wondzell, 2006). Increasing sinuosity causes 

increasing potential for lateral hyporheic flow through the floodplain (Boano et al., 

2006). The hydraulic gradient across meander necks is greater than the stream water 

surface gradient between two points (before and after a meander), which drives the 

lateral hyporheic exchange though the substrate in meander necks (Peterson and 

Sickbert, 2006). The more developed the meander, the greater potential for flux of 

hyporheic flow (Boano et al., 2006). Vegetation in the floodplains has the potential to 

significantly affect how hyporheic flow moves laterally through the floodplain 

(Revelli et al., 2008).  

The extent of lateral water movement from the surface water into the floodplain 

depends on the local groundwater gradients. Hyporheic exchange is reduced in a 

gaining reach of stream due to groundwater flow paths and gradients moving in the 

direction of the stream, preventing potential hyporheic flow paths that would 

otherwise be flowing in the opposite direction (Wroblicky et al., 1998; Storey et al., 

2003; Lautz et al., 2006; Boano et al., 2008; Cardenas, 2009). A modeling study of 

streams with various sinuosity revealed that the condition in which hyporheic 

exchange is maximized is when the groundwater gradient is zero. Deviations in either 

direction caused exponential decreases in both area of hyporheic exchange and 

hyporheic flux. Streams with higher sinuosity are able to better maintain hyporheic 

exchange under variable groundwater gradient conditions (Cardenas, 2009). A study 

of the effects of debris dams on hyporheic exchange concluded that in a losing reach 
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with negative groundwater gradients, surface water flowed into the subsurface and 

was then transported by near-stream flow paths (Lautz et al., 2006). In the case of 

hyporheic exchange resulting from streambed topography, upwelling groundwater to 

the stream resulting from positive groundwater gradients significantly reduced 

hyporheic exchange (Boano et al., 2008). Stream discharge also affects the extent of 

lateral flow. A study of two streams showed a reduction of the size of the lateral 

hyporheic zone by about 50 percent during high flows (Wroblicky et al., 1998).  

Inertial effects, such as non-Darcy flow and turbulence near the streambed interface 

also drive hyporheic exchange (Packman et al., 2004; Tonina and Buffington, 2009). 

A laboratory study found hyporheic exchange to be proportional to the square of the 

Reynolds Number as well as the square of the sediment size (Packman et al., 2004). 

Sediment transport can also generate hyporheic exchange by releasing pore water 

when sediments are eroded (Tonina and Buffington, 2009). 

As has been demonstrated by the numerous aforementioned studies, the structure of 

the subsurface is an important regulator of hyporheic exchange processes. Mapping 

and quantifying subsurface properties through geophysical methods can therefore 

provide insight into hyporheic processes. Electrical resistivity is a non-invasive 

geophysical method for exploring the shallow subsurface by applying current at the 

ground surface and measuring the potential difference between two points. A 

resistivity array or profile provides a two or three-dimensional image of the resistivity 

distribution in the subsurface. Variations in resistance to current flow at depth cause 

distinctive variations in potential difference, allowing for the interpretation of 

subsurface materials and structure. Induced polarization is similar to resistivity, but it 

measures the decay of the electrical pulse, which is a measurement of the 

interconnected pore-space surface area of the subsurface. Another way of interpreting 

resistivity and induced polarization is the normalized chargeability, which is 

chargeability from induced polarization measurements divided by resistivity (Slater 

and Lesmes, 2002a). Recent technological advances in electrical resistivity equipment 
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and data analysis software have expanded the use and applicability of electrical 

resistivity surveys to hydrologic studies and investigations (Robinson et al., 2008). 

Among some of the identified uses of continuous resistivity profiling data include 

mapping freshwater seeps and imaging the saltwater/freshwater interface (Belaval et 

al., 2003; Johnson and White, 2007), developing a hydrogeologic framework 

(Mastrocicco et al., 2010), imaging and delineating substream sediment types and 

geometry (Crook et al., 2008), mapping contamination plumes (Benson et al., 1997; 

Chambers et al., 2010), and tracer studies (Slater and Sandberg, 2000; Kemna et al., 

2002; Singha and Gorelick, 2005). Several studies have specifically used resistivity 

surveys to investigate surface water and groundwater interactions and hyporheic 

exchange to better understand river processes (Freyer et al., 2006; Day-Lewis et al., 

2006; Zarnetsky et al., 2006; Crook et al., 2008; Slater et al., 2010). Additionally, 

resistivity can help in identifying preferential flow paths, historical channels, areas of 

varying infiltration potential, and specific locations of increased potential flux of 

water through the streambed (Miller et al., 2014). For a thorough discussion of 

electrical resistivity and applications to hydrology, see Binley and Kemna (2005). 

Resistivity surveys can provide indications of relative grain sizes and porosity of 

alluvial subsurface materials which are key components in hydraulic conductivity—

finer materials generally have greater bound ions, and therefore higher conductivity. 

Several studies have found relationships between hydraulic conductivity and 

electrical resistivity, and especially induced polarization. The main limitation in 

relating hydraulic conductivity to resistivity is that pore volume and pore surface area 

properties cannot be separated. Because induced polarization focuses on the pore-

space surface area properties, these factors are separated and stronger relationships 

with hydraulic conductivity have been discovered (Slater and Lesmes, 2002b; Slater, 

2007).  

A major advantage of resistivity is the ability to gain information and produce images 

on subsurface materials, geometry, and lithology at high resolution, while non-
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geophysical methods such as subsurface material sampling or groundwater pump tests 

rely on spatially-limited measurements in a well or trench (Slater, 2007; Crook et al., 

2008). While this method can effectively determine the continuity, characteristics, 

and dimensions of the hyporheic zone, the static nature still limits the applicability of 

this method to the reach scale. Static resistivity methods involve the insertion of 

electrodes into the subsurface in a linear array. Smaller electrode spacing provides 

higher data resolution. Typically, a single array will extend 20 to 100 m, requiring a 

large number of arrays to collect enough data for a reach-scale study. Continuous 

resistivity profiling involves the towing of floating electrodes behind a boat, allowing 

the collection of ten to 20 km of two-dimensional data per day. While this method 

produces lower-quality data, the advantage of high spatial resolution and fast data 

collection allows for the subsurface information derived from continuous resistivity 

profiling to be applied to reach-scale studies. For a thorough discussion of continuous 

resistivity profiling, see Ball et al. (2006), and Day-Lewis et al. (2006). 

The complex relationships and interactions between the variables and the unique 

characteristics of every river system leave many questions relating to hyporheic 

exchange unknown. For example, no definite answer exists for the most significant 

variable, or for a hierarchy of importance. At this time, every system must be 

individually investigated in order to reveal the dominant processes contributing to 

hyporheic exchange. Furthermore, many of the studies that have looked at multiple 

processes are modeling studies involving the adjustment of the values of each 

variable. While modeling studies can be helpful in understanding hydrologic 

processes, field studies are needed to verify the accuracy of model results.  

The purpose of this study was to determine which geomorphic and hydraulic 

variables best explain the presence and magnitude of cold-water inflows in a 2-km 

reach of the Walla Walla River. A secondary purpose was to demonstrate the 

combined application of several recent technological advances to the investigation of 

surface water and groundwater interactions. In addition to fiber-optic distributed 
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temperature sensing (DTS), continuous electrical resistivity/induced polarization 

surveys and LiDAR surveys were performed. Numerous field-measured parameters 

were also collected.  

Methods – Data Collection and Variable Derivation 

A summary of the variables that are known or hypothesized to contribute to 

hyporheic exchange and explored in this study is shown in table 5.1. A high-

resolution GPS unit was used to obtain coordinates for every meter of the fiber-optic 

cable (see Chapter 2), allowing the temperature data to be analyzed in a geospatial 

context and for the creation of precise maps. Since the fiber-optic cable was laid 

along the thalweg, the location of the thalweg in the channel was mapped. The GPS 

antenna was held at each point for 15 s, providing a median error in the horizontal 

direction of 0.38 m. Concomitant with the GPS survey, the water depth was measured 

at every meter. A water surface elevation survey was performed with auto-leveling 

laser surveying equipment. Along the study reach, 126 water surface elevations were 

obtained, with more frequent measurements in the proximity of riffles. The water 

surface elevation for each meter was calculated by linear interpolation between 

individual measurements. Subtracting the water depth measurements from the water 

surface elevation measurements provided the streambed elevation at every meter. 

From the elevation data, a profile map of the water surface and streambed elevation 

accurately shows locations of riffles, runs, and pools (figure 2.5). The average 

channel depth was determined by using a regression equation based on thalweg depth 

and channel width from six cross-sectional river depth surveys. Bed slopes and water 

surface slopes were calculated by averaging the slope values for the five m upstream 

of a given cable meter. At each river meter, bank characteristics were noted for the 

right and left banks and in-stream observations were also noted (table 5.2).  

A LiDAR flight and aerial photography of the study reach were performed by 

Watershed Sciences, Corvallis, Oregon on August 17, 2009, providing imagery with 

one-meter resolution. This imagery served as the foundation for the geospatial 
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analysis (figure 2.6), such as per-meter metrics of bankfull and floodplain widths and 

azimuths, and sinuosity. River channel, bankfull, and floodplain widths were hand-

measured every 4 m in ArcGIS. Widths at locations between the measured locations 

were linearly interpolated to provide width values at every river meter. Wetted width 

was determined by subtracting the width of gravel bars or small islands within the 

channel. Also measured were the distances from the right and left edges of the river to 

the right and left extents of the bankfull channel and floodplain, respectively. For 

each line drawn for the river, bankfull, and floodplain widths, the line perpendicular 

represents the azimuth of each feature. Azimuth values ranged from 0 to 180 degrees 

for east of north and 0 to -180 degrees for west of north. Thalweg azimuth was also 

calculated. Maps showing the delineation of the river, thalweg, bankfull extent, and 

floodplain extent are given in figures 5.1 and 5.2. Sinuosity for a given river meter 

was determined by dividing the straight line distance between the fiber-optic cable 

meter numbers 16 m upstream and 16 m downstream by the thalweg length between 

the same locations. This process was repeated for 32 m upstream and downstream of 

a given river meter. The 16-m calculation investigates a length of 33 m, comparable 

to bankfull width, while the 32-m calculation investigates a length of double the 

bankfull width.  

In October, 2009, electrical resistivity and induced polarization surveys were 

performed. These surveys provided information about the geometry and materials of 

the streambed, such as grain size, porosity, and layering, and were used to provide a 

continuous surrogate for hydraulic conductivity and also to delineate the effective 

depth of the hyporheic zone. In total, 40 explanatory variables were computed from 

these data (table 5.3). Continuous resistivity profiling (CRP) measurements were 

collected using a marine resistivity cable with 13 graphite electrodes along the bottom 

of the stream. Data were collected using a small raft equipped with GPS, an 

acquisition computer, and a Syscal Pro resistivity meter (IRIS Instruments, Orléans, 

France). Surveys employed cables with 1.5-m and 5-m spacing between electrodes. 

Surveys were completed with both a floating electrode cable and with the cable 
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drawn along the bottom of the stream although only the data collected on the bottom 

of the stream were used due to difficulties maintaining a straight cable with floating 

electrodes in a rapidly flowing stream. Both resistivity and induced polarization 

measurements were collected. In total, 17,690 measurements were collected which 

were filtered to remove those with abnormal GPS (including duplicates), current 

injection, and potential measurements, yielding 10,850 usable measurements. GPS 

coordinates were used to transform the electrode locations into linear stream distance 

and the measured water depth along the survey length was determined using manual 

measurements collected along the length of the fiber-optic cable installed along the 

thalweg of the stream. 

A model of the subsurface electrical properties was developed from the filtered CRP 

measurements using the commercial inversion package RES2DINV (Geotomo 

Software, Penang, Malaysia). RES2DINV uses a smoothness-constrained least 

squares inversion technique, with a smoothness disconnect at the bottom of the water 

layer and the water layer set to a resistivity measured with a water quality meter 

during data collection. The model used in this analysis combines the data from the 

1.5-m and the 5-m electrode spacing surveys, allowing the higher-resolution data in 

the upper portions of the subsurface provided by the 1.5-m spacing to be assimilated 

with the deeper penetration provided by the 5-m cable. For this stream, the generally 

sharp interface between the upper gravel layer and the deeper cemented silt layer is 

assumed to delineate the vertical extent of the hyporheic zone, since flow through the 

cemented layer is expected to be orders of magnitude less than the flow through the 

upper gravel layer. A resistivity cut-off value of 300 ohm-m was used to delineate the 

boundary. The delineated boundary was then smoothed by averaging the values 2 m 

upstream and downstream of each point. The lateral extent of the hyporheic zone was 

assumed to be the bankfull width. The hyporheic cross-sectional area is therefore the 

thickness of the upper gravel layer multiplied by the bankfull width.  
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Changes over distance for most of the variables were quantified. These “change” 

variables were calculated by averaging the change in a given variable over the 5 m 

upstream of a given river meter. For example, the change in river width would 

indicate whether the river is widening or narrowing.  

Methods – Statistical Analysis 

To statistically determine which variable best explains the locations and magnitudes 

of cold water inflows an attribute table was created for every meter of the fiber-optic 

cable within the study reach. Whether a particular river meter is part of a groundwater 

inflow or a hyporheic inflow was determined as described in Chapter 2. The change 

in temperature at a given meter was calculated by subtracting the temperature value 

of the previous meter for the maximum averaged trace from the temperature value of 

the meter of interest. Changes in temperature were only calculated for those meters 

within a cold water inflow. Other river meters, as well as all positive values were 

assigned a value of zero.  

Multinomial logistic regression was used to determine which variables best explain 

the presence of hyporheic exchange and groundwater inflows. The reference 

condition was no inflow, and tests were run one variable at a time due to inherent 

multicollinearity between many of the variables being investigated. Variables were 

then ranked by z-value. To determine which variables best explain all cold-water 

inflows (both groundwater and hyporheic), binomial logistic regression was used. 

Simple univariate log-linear regression models were used to determine which 

variables best explain the magnitude of cold-water inflows. Temperature drop at each 

meter was the response variable, and zeros were included. Because the temperature 

drop variable was non-normally distributed (figure 5.3), the log of the temperature 

drop was used, which created a distribution of values that was approximately normal 

(figures 5.4 and 5.5). The resulting z-values for each variable were ranked and 

graphed. The variables with the highest z-values were then selected for inclusion in 

the final multiple regression models. Variable reduction in the multiple regression 
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models was performed by removing the least significant variable in the model, re-

running the model, and repeating the procedure until all variables were significant at 

the p<0.05 level. When selected variables to be included in the multiple regression 

model had a correlation of greater than 0.5, the lowest ranking variable was thrown 

out. For example, the multiple regression for hyporheic inflows initially included ten 

variables, three of which were measurements of river curvature/sinuosity. The two 

curvature/sinuosity variables with the lowest p-value were removed. In some 

instances, two models were created to see the effect of swapping correlated variables 

on the final model. The statistical program R (version 3.0.2) was used for all analysis 

in this chapter.  

Results 

Results from the fiber-optic distributed sensing and the LiDAR imagery are described 

in full in Chapter 2. The resistivity and induced polarization inversion shows 

evidence of a more resistive and less chargeable layer overlying a more conductive 

and more chargeable layer (figure 5.6). There is considerable variation in the 

thickness of the upper layer along the survey line. Most notably, this upper layer thins 

between river meters 800 and 1300. The average depth to the boundary between the 

two layers was 3.0 m with a standard deviation of 1.1 m. Figure 5.7 focuses on a 

section of the reach to illustrate the delineation between the two identified layers.  

Separate analyses were performed for the presence and magnitudes of stream-

subsurface exchanges (figures 5.8 to 5.13). Highest-ranked variables that plotted 

above the linear trend were identified. A “plus” sign following the variable names 

indicates a positive relationship between the variable and a cold-water inflow process, 

and a “minus” sign indicates a negative relationship. For example, water surface slope 

and sinuosity both had positive z-values in each analysis result, so higher water 

surface slope and higher sinuosity were positive contributing factors for both 

hyporheic and groundwater inflows. Discussion will be focused on the 16-m sinuosity 



 

161 
 

because the 32-m calculation of sinuosity was less significant in every analysis 

performed.  

Water surface slope and sinuosity best explained the presence of hyporheic exchange, 

with near-equal importance (figure 5.8). The next two variables that best predicted the 

presence of hyporheic exchange were the change in the depth of gravel and the 

change in hyporheic cross-sectional area. Both the change in the depth of gravel and 

the change in hyporheic cross-sectional area, which are naturally highly correlated, 

had negative z-values, indicating decreasing gravel depth and/or hyporheic cross-

sectional area led to increased hyporheic inflows. Decreasing bankfull width was the 

eighth most important variable. Because the hyporheic cross-sectional area is 

estimated by the bankfull width multiplied by the depth of the upper gravel layer, it 

can be concluded that constriction in the hyporheic zone can lead to the occurrence of 

hyporheic discharge from the streambed to the surface water. The absence of woody 

debris showed up as highly significant as the sixth most important variable for 

hyporheic presence, but since the negative relationship between hyporheic presence 

and woody debris is not hypothesized to impact hyporheic exchange, this result will 

be ignored. Larger differences in thalweg and floodplain azimuth came up among the 

most important variables explaining hyporheic presence. This result is intuitive 

because subsurface flow within the bounds of the floodplain is generally in the 

downstream direction parallel to the direction of the floodplain valley. When the 

stream direction differs from the primary subsurface flow direction, the subsurface 

flow paths can be intercepted by the stream. A similar variable—increasing difference 

between thalweg and bankfull azimuth—came up as important as well.  

The analysis of the magnitude of hyporheic inflows based on rate of temperature 

change shows that sinuosity is definitively the most important variable (figure 5.9). 

Another sinuosity/curvature-related variable—greater change in river azimuth—

ranked seventh. Decreasing depth of the upper gravel layer and decreasing hyporheic 

cross-sectional area were the third and fifth most important variables that explained 
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the magnitude of hyporheic inflows. Grass, shrubs, and trees on the left bank and 

absence of woody debris were ranked fourth and sixth, respectively; however, these 

variables are not interpreted as being important.  

High width-to-depth ratio best explained the presence of groundwater inflows (figure 

5.10). This variable was not hypothesized to show up among the most important 

variables, but it is presumed that it reflects geological transitions. The second most 

important variable was decreasing hyporheic cross-sectional area, and greater water 

surface slope was third. The next two most important variables were decreasing 

distance from bank to floodplain extent and decreasing distance from bank to bankfull 

extent. These two variables mean that when the river gets closer to the bankfull extent 

and/or floodplain extent, groundwater inflows become more likely. This is intuitive 

because it is expected that lateral hyporheic flow paths mostly stay relegated within 

the margins of the bankfull width, and groundwater flow paths are found beyond this 

extent.  

Sixteen variables showed up as having higher z-values than the linear trend in the 

analysis of the magnitude of groundwater inflows (figure 5.11). Four of these 

variables were grouped distinctively above the rest of the group: decreasing minimum 

distance from bank to bankfull, decreasing hyporheic cross-sectional area, greater 

width-to-depth ratio, and decreasing minimum distance from bank to floodplain 

extent. Important channel geometry variables included greater channel width, 

decreasing flow velocity, increasing hydraulic radius, shallower water depth, and low 

hydraulic radius with ranks of fifth, seventh, eighth, ninth, and thirteenth, 

respectively. Higher water surface slope and bed slope were the sixth and sixteenth 

most important variables. Increasing sinuosity was the tenth most important variable 

explaining the magnitude of groundwater inflows. Increasing normalized 

chargeability in the top three cells of the electrical resistivity/induced polarization 

survey was the fifteenth most important variable. This variable may be indicative of 

changing hydraulic conductivity of the subsurface in the longitudinal direction.  
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The top-ranked non-correlated variables that best explained the magnitude of each 

type of cold-water inflow were applied in multiple regression models. Results of the 

multiple regression models for the magnitude of hyporheic inflows, groundwater 

inflows, and either cold-water inflow process are presented in table 5.4. In these 

analyses, the sign of the t-value indicates a positive or negative relationship with 

temperature drop. Two separate models for hyporheic inflow magnitude were used in 

order to incorporate both the change in gravel depth and the change in hyporheic 

cross-sectional area variables. The first model used sinuosity (16-m calculation), 

change in the depth of gravel, water surface slope, and the change in the difference 

between the thalweg and bankfull azimuth. The second model replaced the change in 

depth of gravel with the change in hyporheic cross-sectional area. The order of 

importance for these variables remained the same for the multiple as were for the 

univariate regressions.  

For the groundwater analysis, two separate models were used in order to incorporate 

both the change in minimum distance from bank to bankfull and the change minimum 

distance from bank to floodplain extent variables. The first model used the change in 

minimum distance from bank to bankfull, the change in hyporheic cross-sectional 

area, width-to-depth ratio, water surface slope, and the change in flow velocity. The 

second model replaced the change in minimum distance from bank to bankfull with 

the change in minimum distance from bank to floodplain extent. The results of the 

multiple regression differed from the univariate regressions for the groundwater 

inflow analysis with the width-to-depth ratio as the most important variable in the 

multiple regression models.  

When combining hyporheic and groundwater inflow types into one analysis, three 

variables distinctly emerged as the most important for both the presence and 

magnitude univariate tests: decrease in hyporheic cross-sectional area, decrease in the 

depth of the upper gravel layer, and greater water surface slope (figures 5.12 and 

5.13). The top ten magnitude variables were considered for the multiple regression 
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analysis. After removing correlated variables and iteratively removing non-significant 

variables, the final model included just three variables. Decreasing hyporheic cross-

sectional area was the most important variable explaining the magnitude of cold-

water inflows, followed by greater water surface slope and sinuosity.  

Discussion 

The statistical analysis results appear to be reliable, given that the variables identified 

as important are shown or suspected to be important based on previous research. 

Moreover, the positive or negative correlations (negative z-value or t-value) between 

the most important variables and the occurrence of cold-water inflows are as 

expected. For example, there was a positive correlation with water surface slope for 

all statistical tests, which indicates a higher probability of a cold-water inflow where 

water surface slope is higher, such as riffles. Because there were over 2,000 

observations of temperature change, the statistical results showed very high levels of 

significance (low p-values). For this reason, it is stressed that just because a variable 

may show statistical significance, it may not have physical significance. Additionally, 

there was no replication in this study, so the significance of a variable due to random 

chance must be considered. The main focus of performing the statistical analysis was 

to obtain a relative ranking of variables, rather than to determine which variables are 

significant.  

The most powerful statistical analysis technique used in this study was the multiple 

regression, and the results from the multiple regression tests serve as the best answer 

to the question of which variables best explain the presence and magnitude of cold-

water inflows in the Walla Walla River. Because zeros were used in the multiple 

regression model for the temperature change variable when there was no cold-water 

inflow detected, both the presence and magnitude portion of the research question 

was essentially answered with one statistical test. However, the univariate regression 

models for explaining the presence of cold-water inflows is still valuable as these 

results provide additional insight. For example, water surface slope was more 
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important than sinuosity for hyporheic presence, but sinuosity was more important for 

hyporheic magnitude. This indicates that hyporheic inflows caused by riffle-pool 

sequences may be more frequent but have less of a thermal effect. This is intuitive 

because hyporheic flow paths through a riffle are generally shorter in length and 

duration than hyporheic flow paths through a meander neck. Therefore, the 

temperature of the hyporheic water through a riffle sequence is closer to the river 

temperature whereas the temperature of the hyporheic water through a meander neck 

will likely be closer to groundwater temperature. This hypothesis was verified by 

piezometer measurements described in Chapter 3. 

Interestingly, the results of the cold-water inflow magnitude multiple regression 

analysis include one variable corresponding to vertical processes such as upwelling 

(water surface slope), one variable corresponding to lateral processes such as 

hyporheic flow through a meander neck (sinuosity), and one variable corresponding 

to subsurface geometry (hyporheic cross-sectional area). Previous research has put a 

larger emphasis on vertical upwelling processes, perhaps because it is the easiest to 

measure with devices such as piezometers. The results of this study show that lateral 

processes are comparable in importance to vertical processes in the Walla Walla 

River. Both the hyporheic and groundwater inflow analysis suggest that lateral and 

vertical exchange processes are of similar importance relative to the presence of 

inflows, but lateral processes better explain larger decreases in stream temperature. 

This may be because the subsurface flow paths of lateral exchange processes are 

longer in length and duration, causing greater temperature change along the flow 

path. The most important variables that indicate lateral processes were different 

between hyporheic and groundwater inflows. For the hyporheic analysis, sinuosity 

was the lateral variable, whereas for the groundwater analysis, decreasing distance 

between the river edge to the lateral extent of bankfull and the floodplain extent 

showed up as important. This is a measure of the location of the stream within the 

floodplain and indicates that stream meandering closer to the center of the river valley 

tends to cause hyporheic exchange, whereas when the river approaches the margins of 
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the active hyporheic zone, it begins to encounter subsurface flow paths of regional 

groundwater or long-flow-path hyporheic processes. Recall from the discussion in 

Chapter 2 that the fiber-optic DTS method cannot reliably distinguish long-flow-path 

hyporheic inflows from regional groundwater inflows because long-flow-path 

hyporheic inflows take on a temperature signature more similar to groundwater as the 

flow path length increases (Evans and Petts, 1997). While several examples from the 

literature reference the importance of bedforms driving hyporheic exchange (e.g. 

Harvey and Bencala, 1993; Storey et al., 2003; Cardenas et al., 2004; Boano et al., 

2007; Boano et al., 2013), the bed slope metrics were consistently less important than 

water slope. 

Channel geometry variables often showed up among the group of identified important 

variables. Width-to-depth ratio was the most important variable explaining 

groundwater presence and magnitude. The reason for this is not intuitively clear and 

may somehow be correlated to geologic factors not fully accounted for in the 

methodology. Alternatively, this result may be due to random chance since width-to-

depth ratio did not explain hyporheic magnitude (p = 0.22). Other analyses show 

channel geometry having secondary importance, showing up occasionally in the most 

important variables. Correlated to channel geometry are flow velocity and turbulence 

(Reynolds number). Decreasing flow velocity was included in the process for the 

multiple regression for all inflows, but was removed in the process due to lack of 

significance. The observational binomial variables did not produce results indicating 

significant variables.  

The variable that best explains the presence and magnitude of cold-water inflows in 

the Walla Walla River is decreasing hyporheic cross-sectional area. This variable was 

consistently among the most important for all analyses. Accomplished for the first 

time, the cross-sectional area of the hyporheic zone was estimated at very high 

resolution at the reach scale using a combination of continuous electrical resistivity 

surveys, LiDAR, and GIS. Previous studies have quantified hyporheic zone geometry 
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at smaller scales using electrical resistivity methods combined with salt tracers and 

found strong connections between subsurface geometry and hyporheic flow (Ward et 

al., 2010; Ward et al., 2012; Ward, 2013). While it is generally accepted that a 

decrease in hyporheic cross-sectional area can force water from the hyporheic zone 

into the surface water (e.g. Boulton et al., 1998), the theory had not previously been 

tested and verified in the field at the reach scale. This variable is a function of 

subsurface geometry and materials. The subsurface beneath the Walla Walla River 

consists of a layer of gravel with a silt matrix underlain by a cemented layer that is 

much less permeable (Newcomb, 1965). The interface between these two layers was 

assumed to correspond to the depth of the hyporheic zone, and was quantified using 

the data from the continuous electrical resistivity surveys. The limitation to the 

resistivity surveys is that it only provides one depth reading per cross-section, so it 

requires the assumption that this one depth remains constant throughout the cross-

section. The width of the hyporheic zone was assumed to be the bankfull width as 

determined using LiDAR imagery in GIS. Despite the estimations in both 

dimensions, the method still produced strong results. Improving the methodology in 

quantifying the hyporheic cross-sectional area is encouraged to further explore the 

role of this variable in surface water and groundwater interactions.  

Flow through porous media can be represented by Darcy’s Law, which is a function 

of hydraulic conductivity, energy head gradient, and the cross-sectional area of 

alluvium through which hyporheic exchange can occur. The statistical results clearly 

identify the importance of the energy head gradient (water slope), and the hyporheic 

cross-sectional area. Surprisingly, hydraulic conductivity variables are missing from 

the results. Previous research has identified hydraulic conductivity as being a primary 

driver for hyporheic exchange (e.g. Storey et al., 2003; Cardenas et al., 2004; Salehin 

et al., 2004; Tonina and Buffington, 2009). Given the experimental methodology of 

using electrical resistivity and induced polarization as a predictor of hydraulic 

conductivity and the lack of validation in this study that these data actually are closely 

related to hydraulic conductivity, it cannot be concluded that hydraulic conductivity is 
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not important. It could be that the methods used here are not sufficiently accurate to 

provide meter-scale values indicative of hydraulic conductivity, and should be used in 

a more qualitative way. In a review of the use of electrical geophysical methods for 

determining hydraulic conductivity, Slater (2007) found only marginal success. Static 

methods of collecting the resistivity/induced polarization data would provide higher-

quality data; however, the time required to acquire two km of static resistivity data 

would not have been feasible in this project. Further research in the use of electrical 

methods for quantifying hydraulic conductivity is therefore recommended.  

While the theoretical geomorphic and hydraulic processes responsible for driving 

hyporheic exchange and surface water and groundwater interactions are largely 

known (Wondzell and Gooseff, 2013; Boano et al., 2014), the uncertainties in which 

variables were most important led to the development of this study. Most current 

research on surface water and groundwater interactions relies on modeling studies. 

Several modeling studies have investigated multiple hyporheic processes in one 

system to compare the relative importance of different variables that induce 

hyporheic exchange. A modeling sensitivity analysis revealed that changes in 

hydraulic conductivity and recharge rates (groundwater gradients) have the greatest 

impact on hyporheic exchange (Wroblicky et al., 1998). Another study found vertical 

hyporheic exchange to be more persistent under variable conditions compared to 

lateral flow paths (Storey et al., 2003). Results of a stream simulation indicated that 

streambed heterogeneity, stream curvature, and bed topography combine to determine 

the dynamics of hyporheic exchange (Cardenas et al., 2004). A study by Hester and 

Doyle (2008) indicated that the size of in-stream structures, the rate groundwater 

discharge from the aquifer to the stream, and the hydraulic conductivity of the bed 

sediment are the most important variables explaining hyporheic exchange, while the 

type of geomorphic structure, the depth to bedrock, and channel slope showed less of 

an influence. A study of four different stream reaches revealed that the effects of 

channel geomorphology on hyporheic exchange varied with stream size and the 

degree of geologic constraint. In the two second-order sites, pool-step features were 
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the dominating factor generating hyporheic exchange. Many features, including bed 

topography, split channels, and secondary channels produced hyporheic exchange in 

the unconstrained fifth-order site, while little hyporheic exchange was seen in the 

fifth-order bedrock-constrained site (Kasahara and Wondzell, 2003). While modeling 

studies are useful in understanding exchange processes, they are inherently limited by 

the number of input parameters used, potential over-simplification of the system 

being modeled, and by the need for field validation.  

Field studies that have been performed to investigate multiple variables in a 

hyporheic context have only considered a few variables at a time, often combining 

geomorphic features into one “geomorphology” conceptual variable. Additionally, 

most field studies at high spatial resolution involve a small-scale study of a single 

feature, such as a riffle or a pool. Reach-scale tracer experiments are limited by the 

number of measurements of the tracer throughout the reach. Nonetheless, previous 

field studies of hyporheic processes and drivers have provided valuable insight. 

Stream-tracer injection experiments in mountain streams showed that a few log-jam 

structures produced more significant hyporheic exchange than many small step 

features, and that the geomorphology of the stream channel controlled hyporheic 

exchange (Wondzell, 2006). An analysis of stream restoration techniques involving 

constructed meanders and gravel bars showed that lateral hyporheic exchange was 

greater near the gravel bars than the meanders due to lower hydraulic conductivity in 

the meander bend substrate (Kasahara and Hill, 2007). A field experiment studying a 

long pool in an urban stream showed that groundwater gradients and the 

geomorphology of the stream played a larger role in hyporheic exchange than 

streambed heterogeneity (Ryan and Boufadel, 2007). An investigation of gaining 

reaches of a stream showed that hyporheic exchange resulting from debris dams was 

similar in magnitude to hyporheic exchange resulting from significant meanders 

(Lautz et al., 2006). This study presents a unique, complete field-based analysis of 

most measurable variables known or hypothesized to contribute to hyporheic 

exchange and ranked them in order of importance. Furthermore, this study was 
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performed at one-meter resolution at the reach scale, which is an improvement over 

previous field-based hyporheic studies.  

These results are scientifically unique, powerful, and groundbreaking by virtue of the 

use of multiple complementary technologies that enabled quantification of key 

variables. First, without quantifying temperature change at high resolution, the 

research questions posed here would not be answered. Fiber-optic distributed 

temperature sensing has proven to be effective at developing the response variable of 

temperature change at the meter scale. Continuous resistivity and induced 

polarization surveys were used to estimate hydraulic conductivity of the streambed at 

multiple depths with one-meter resolution, which traditional methods are unable to 

do. While the hydraulic conductivity-related variables did not show up as particularly 

important, hydraulic conductivity is undoubtedly a key driver of flow through the 

streambed. Additionally, the streambed lithology and the effective depth of the 

hyporheic zone were mapped. This is the first time that such datasets have been 

directly related to high-resolution stream temperature data. Slater et al. (2010) 

combined fiber-optic distributed temperature sensing with continuous resistivity 

profiling and found that these methods are highly complementary and allowed for a 

unique, spatially-rich dataset that created a focused picture of surface water and 

groundwater interactions at a contaminated site. The main difference in these two 

studies is the way in which the data were combined and used. Slater et al. (2010) had 

more of an exploratory focus and relied on using the resulting images for site 

interpretation. This study used the geophysical data to quantify variables that explain 

processes controlled by geomorphology. The combination of LiDAR and GIS 

analysis tools facilitated quantification of a number of other explanatory variables, the 

collection of which would have been impractically time-consuming in the absence of 

these technologies. The combination of these technologies was synergistic, providing 

much more information than any method alone and has clearly opened windows to a 

reasonable method of obtaining detailed, high resolution data to characterize and 

investigate complex river processes.  
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Conclusions 

The question of which geomorphic variables are most responsible for driving surface 

water and groundwater interactions has long been of interest. While numerous 

modeling studies have been performed on this topic, this study is the first to answer 

this question with multiple high-resolution sets of field data taken at the reach scale. 

The combined use of fiber-optic distributed temperature sensing, continuous electrical 

resistivity profiling, LiDAR, and field surveys provided for quantification of most of 

the important variables known to contribute to surface water and groundwater 

exchange processes. Hyporheic cross-sectional area was quantified for the first time 

at the reach scale, and it was determined that decreasing hyporheic cross-sectional 

area is the most important driver for cold-water inflows in this river system. 

Comparisons between lateral and vertical exchange processes were also made. This 

study was performed without replication in one 2-km reach of the Walla Walla River. 

Using methodologies introduced here, additional studies are encouraged in other river 

systems to extrapolate these results outside of this reach and compare surface water 

and groundwater exchange processes in different systems, landscapes, and contexts.  
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Table 5.1: Variables that are known or hypothesized to contribute to hyporheic 

exchange and quantified and analyzed for the study reach of the Walla Walla River. 

1. River depth 

2. Channel width 

3. Change in channel width 

4. Wetted width 

5. Change in wetted width 

6. Gravel bar width 

7. Hydraulic radius 

8. Change in hydraulic radius 

9. Width-to-depth ratio 

10. Change in width-to-depth ratio 

11. Bankfull width 

12. Change in bankfull width 

13. Floodplain width 

14. Change in floodplain width 

15. Bed slope 

16. Change in bed slope 

17. Water surface slope 

18. Change in water surface slope 

19. Reynolds number 

20. Change in Reynolds number 

21. Flow velocity 

22. Change in flow velocity 

23. Change in thalweg azimuth (abs) 

24. Change in river azimuth (abs) 

25. Change in bankfull azimuth 

(abs) 

26. Change in floodplain azimuth 

(abs) 

27. Difference between thalweg and 

river azimuth (abs) 

28. Change in difference between 

thalweg and river azimuth (abs) 

29. Difference between thalweg and 

bankfull azimuth (abs) 

30. Change in difference between 

thalweg and bankfull azimuth 

(abs) 

31. Difference between thalweg and 

floodplain azimuth (abs) 

32. Change in difference between 

thalweg and floodplain azimuth 

(abs) 

33. Difference between river and 

bankfull azimuth (abs) 

34. Change in difference between 

river and bankfull azimuth (abs) 

35. Difference between river and 

floodplain azimuth (abs) 

36. Change in difference between 

river and floodplain azimuth 

(abs) 

37. Sinuosity +/- 16 meters 

38. Change in sinuosity +/- 16 

meters 

39. Sinuosity +/- 32 meters 

40. Change in sinuosity +/- 32 

meters 

41. Minimum distance from bank to 

bankfull 

42. Change in minimum distance 

from bank to bankfull 

43. Minimum distance from bank to 

floodplain 

44. Change in minimum distance 

from bank to floodplain 
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Table 5.2: Variables that were quantified and analyzed for the study reach of the 

Walla Walla River that were derived from observations of bank and in-stream 

characteristics. 

Bank characteristics 

1. Gravel bar 

2. Gravel and grass 

3. Gravel, grass, and shrubs 

4. Grass 

5. Grass and shrubs 

6. Grass, shrubs, and trees 

7. Shrubs and trees 

8. Tall trees 

9. Eroding silt bank 

In-stream characteristics 

1. Surface water inflow right bank  

2. Surface water inflow left bank 

3. Woody debris presence 

4. Split channel 

5. Visible hyporheic exchange 
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Figure 5.1: Map of the delineation of the river, thalweg, bankfull extent, and 

floodplain extent for the upstream half of the study reach of the Walla Walla River 

with LiDAR imagery as a basemap. 
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Figure 5.2: Map of the delineation of the river, thalweg, bankfull extent, and 

floodplain extent for the downstream half of the study reach of the Walla Walla River 

with LiDAR imagery as a basemap. 
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Table 5.3: Variables that were quantified and analyzed for the study reach of the 

Walla Walla River that were derived from the continuous resistivity and induced 

polarization surveys. 

1. Depth of gravel layer 

2. Change in depth of gravel layer 

3. Electrical conductivity, top cell 

4. Change in electrical conductivity, top cell 

5. Electrical conductivity, top 2 cells 

6. Change in electrical conductivity, top 2 cells 

7. Electrical conductivity, top 3 cells 

8. Change in electrical conductivity, top 3 cells 

9. Standard deviation in electrical conductivity, top 3 cells 

10. Standard deviation in electrical conductivity, top 4 cells 

11. Standard deviation in electrical conductivity, top 5 cells 

12. Chargeability, top cell 

13. Change in chargeability, top cell 

14. Chargeability, top 2 cells 

15. Change in chargeability, top 2 cells 

16. Chargeability, top 3 cells 

17. Change in chargeability, top 3 cells 

18. Standard deviation in chargeability, top 3 cells 

19. Standard deviation in chargeability, top 4 cells 

20. Standard deviation in chargeability, top 5 cells 

21. Normalized chargeability, top cell 

22. Change in normalized chargeability, top cell 

23. Log of normalized chargeability, top cell 

24. Change in log of normalized chargeability, top cell 

25. Normalized chargeability, top 2 cells 

26. Change in normalized chargeability, top 2 cells 

27. Log of normalized chargeability, top 2 cells 

28. Change in log of normalized chargeability, top 2 cells 

29. Normalized chargeability, top 3 cells 

30. Change in normalized chargeability, top 3 cells 

31. Log of normalized chargeability, top 3 cells 

32. Change in log of normalized chargeability, top 3 cells 

33. Standard deviation in normalized chargeability, top 3 cells 

34. Standard deviation in log of normalized chargeability, top 3 cells 

35. Standard deviation in normalized chargeability, top 4 cells 

36. Standard deviation in log of normalized chargeability, top 4 cells 

37. Standard deviation in normalized chargeability, top 5 cells 

38. Standard deviation in log of normalized chargeability, top 5 cells 

39. Hyporheic cross-sectional area 

40. Change in hyporheic cross-sectional area 
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Figure 5.3: Distribution of temperature drop per meter for areas with no inflow, 

hyporheic inflow, and groundwater inflow in the study reach of the Walla Walla 

River. Note the non-normal distribution of values. 
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Figure 5.4: Distribution of the log transformation of temperature drop per meter for 

areas with no inflow, hyporheic inflow, and groundwater inflow in the study reach of 

the Walla Walla River. Note the approximately normal distribution of values. 
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Figure 5.5: Histogram of the values of the log transformation of temperature drop per 

meter for areas with cold-water inflows in the study reach of the Walla Walla River. 

Note the approximately normal distribution of values. 

 

Figure 5.6: Electrical imaging results from the continuous resistivity profiling of the 

study reach of the Walla Walla River. 
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Figure 5.7: Example of the delineation of the upper gravel layer in a portion of the 

study reach of the Walla Walla River using data from continuous resistivity surveys. 

 

Figure 5.8: Results of the univariate logistic regression analysis for the presence of 

hyporheic inflows in the study reach of the Walla Walla River. Each data point 

represents a variable and its corresponding z-value. Values are ranked by highest 

z-value. A plus sign indicates a positive relationship between the variable and 

hyporheic inflow presence, and a negative sign indicates a negative relationship. 
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Figure 5.9: Results of the univariate log-linear regression analysis for the magnitude 

of hyporheic inflows in the study reach of the Walla Walla River. Each data point 

represents a variable and its corresponding z-value. Values are ranked by highest 

z-value. A plus sign indicates a positive relationship between the variable and 

hyporheic inflow presence, and a negative sign indicates a negative relationship. 
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Figure 5.10: Results of the univariate logistic regression analysis for the presence of 

groundwater inflows in the study reach of the Walla Walla River. Each data point 

represents a variable and its corresponding z-value. Values are ranked by highest 

z-value. A plus sign indicates a positive relationship between the variable and 

groundwater inflow presence, and a negative sign indicates a negative relationship. 
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Figure 5.11: Results of the univariate log-linear regression analysis for the magnitude 

of groundwater inflows in the study reach of the Walla Walla River. Each data point 

represents a variable and its corresponding z-value. Values are ranked by highest 

z-value. A plus sign indicates a positive relationship between the variable and 

hyporheic inflow presence, and a negative sign indicates a negative relationship. 
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Figure 5.12: Results of the univariate logistic regression analysis for the presence of 

all cold-water inflows in the study reach of the Walla Walla River. Each data point 

represents a variable and its corresponding z-value. Values are ranked by highest 

z-value. A plus sign indicates a positive relationship between the variable and cold-

water inflow presence, and a negative sign indicates a negative relationship. 
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Figure 5.13: Results of the univariate log-linear regression analysis for the magnitude 

of all cold-water inflows in the study reach of the Walla Walla River. Each data point 

represents a variable and its corresponding z-value. Values are ranked by highest 

z-value. A plus sign indicates a positive relationship between the variable and 

hyporheic inflow presence, and a negative sign indicates a negative relationship. 
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Table 5.4: Results of the multiple regression analysis explaining which variables best 

explain the magnitude of hyporheic, groundwater, and all cold-water inflows in the 

study reach of the Walla Walla River. 

Multiple regression: temperature drop, hyporheic inflows, model 1

Estimate Std. Error t value Pr(>|t|)

Sinuosity 3.87 0.59 6.53 8.54E-11

Change in depth of gravel layer 1.32 0.32 4.15 3.40E-05

Water surface slope 10.38 4.02 2.58 0.0099

Change in difference in thalweg and bankfull azimuth 0.0040 0.0018 2.22 0.026

Multiple regression: temperature drop, hyporheic inflows, model 2

Estimate Std. Error t value Pr(>|t|)

Sinuosity 3.85 0.60 6.46 1.31E-10

Change in hyporheic cross-sectional area -0.028 0.0089 -3.10 0.0020

Water surface slope 11.59 4.01 2.89 0.0039

Change in difference in thalweg and bankfull azimuth 0.0038 0.0018 2.12 0.035

Multiple regression: temperature drop, groundwater inflows, model 1

Estimate Std. Error t value Pr(>|t|)

Width to depth ratio 0.0051 0.00069 7.34 3.10E-13

Change in minimum distance from bank to bankfull -0.67 0.12 -5.86 5.46E-09

Change in flow velocity -8.26 1.81 -4.56 5.35E-06

Change in hyporheic cross-sectional area -0.035 0.0081 -4.29 1.86E-05

Change in sinuosity 13.92 4.53 3.07 0.0022

Water surface slope 7.44 3.59 2.07 0.038

Multiple regression: temperature drop, groundwater inflows, model 2

Estimate Std. Error t value Pr(>|t|)

Width to depth ratio 0.0050 0.00069 7.29 4.59E-13

Change in minimum distance from bank to floodplain -0.35 0.064 -5.39 7.72E-08

Change in flow velocity -8.76 1.81 -4.84 1.38E-06

Change in hyporheic cross-sectional area -0.034 0.0082 -4.12 3.90E-05

Change in sinuosity 13.74 4.54 3.03 0.0025

Water surface slope 8.39 3.61 2.32 0.020

Multiple regression: temperature drop, all inflows

Estimate Std. Error t value Pr(>|t|)

Change in hyporheic cross-sectional area -0.072 0.011 -6.74 2.14E-11

Water surface slope 26.06 4.84 5.39 7.89E-08

Sinuosity 3.20 0.70 4.56 5.43E-06  



 

187 
 

CHAPTER 6: CONCLUSION 

Surface water and groundwater interactions in a 2-km reach of the Walla Walla River 

in Northeast Oregon were thoroughly investigated in this study. Cold-water inflows 

were mapped and quantified at the meter scale using fiber-optic distributed 

temperature sensing (DTS), and each cold-water inflow was categorized as either 

hyporheic or groundwater-derived. Piezometers were used to quantify vertical 

exchange flux with focus on spatial and temporal exchange dynamics as well as the 

effects of high-flow events and geomorphic features. Fish snorkel surveys along with 

the DTS data and measured habitat metrics allowed the investigation of whether 

salmonids prefer pools influenced by cold-water inflows or by certain habitat 

characteristics. Finally, with DTS data as the response variable and the quantification 

of numerous geomorphic and hydraulic explanatory variables, the variables that best 

explain the presence and magnitude of both hyporheic and groundwater inflows were 

determined. Addressing these multiple objectives with a diverse approach yielded 

unique results with scientific, ecological, and management implications.  

A key component to this study that advances the science of surface water and 

groundwater interactions is the field application of the concomitant use of multiple 

emerging technologies along with traditional methods. This provided a more 

complete picture of hydrologic processes occurring, increased the certainty of the 

findings, and provided validation of the findings within the study reach. First, the 

emerging technology of DTS provided the overall framework for temperature-based 

analysis of surface water and groundwater exchange processes. While other studies 

have used DTS to identify hyporheic and groundwater inflows, this study takes DTS 

results and incorporates them into further research. Using piezometers with DTS 

allowed for validation of DTS conclusions and the ability to explain processes that 

are responsible for the DTS-based observations. For example, downstream of a 

meander bend, DTS identified a groundwater inflow. Piezometer data verified that 

this groundwater inflow was actually a long-flow-path hyporheic inflow caused by 

lateral flow through the meander neck. The meter-scale resolution of DTS data also 
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allowed for the temperature dynamics to be quantified for 23 pools that were snorkel 

sampled for salmonids. Using this temperature data along with quantified traditional 

habitat metrics helped to understand the behavioral ecology of salmonids within this 

river system. Finally, the DTS data were used as the dependent variable in a detailed 

statistical analysis to identify the hydraulic and geomorphic variables responsible for 

surface water and groundwater exchange processes. A combination of continuous 

electrical resistivity/induced polarization, GIS-based analysis of LiDAR and aerial 

imagery, and field-based measurements provided the explanatory variables. 

Combining these technologies and methods yielded a unique and powerful dataset 

that created a detailed and complete field investigation into surface water and 

groundwater exchange processes. Previous research involving this objective primarily 

used modeling techniques, which require field studies for verification.  

The linkage between surface water and groundwater exchange and stream ecology 

has been well-documented in previous research. By mapping, quantifying, exploring 

spatial and temporal trends, and explaining the presence and magnitude of exchange 

processes in this study reach, the understanding of the functioning of this ecosystem 

is improved. While this study is focused on temperature as an ecological parameter, 

exchange processes are also important for biogeochemical processes. In this reach of 

the Walla Walla River, temperature is an ecologically limiting parameter for 

salmonids. With stream temperature exceeding key ecological thresholds, it is 

important to study the controls on stream temperature. Cold-water inflows were found 

to significantly contribute to river cooling within this reach and also supply localized 

areas of cold-water refugia which helps temperature-sensitive species survive during 

extreme conditions. The results of this study suggest that temperature-related 

variables are more important than habitat-related variables in the selection of pools by 

salmonids during summer baseflow conditions. This finding represents valuable 

insight into the behavioral ecology of salmonids and will ultimately aid resource 

managers in the maintenance of this and similar stream ecosystems.  
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In order to properly and effectively manage stream ecosystems, it is imperative to 

understand the ecology of the species present. The Walla Walla River is home to 

several salmonid species, including the federally-listed bull trout. Anadromous 

species (Chinook salmon and steelhead) use this reach for spawning migration. 

Because these species are sensitive to water quality conditions, managers must be 

aware of water quality and how these species relate to the conditions and habitat 

present. With the information provided by this study on surface water and 

groundwater interactions, the ability to manage stream habitat conditions to maintain 

salmonid populations is improved. In addition to temperature moderation, surface 

water and groundwater exchange serves as a control on streamflow gains and losses. 

Streamflow in this reach is controlled by upstream diversions. Therefore, managers 

must be aware of in-stream flow requirements to maintain necessary thermal and 

physical habitat. Without the knowledge of exchange processes, this task becomes 

increasingly difficult. Other salmonid-bearing streams in the Western United States 

have similar management challenges, so the topics explored here may be extrapolated 

to other streams. Results from this study and other studies on surface water and 

groundwater exchange can be applied to restoration actions to improve habitat for 

cold-water depended species. For example, this study found that hyporheic exchange 

is positively correlated to sinuosity. In comparable stream systems, sinuosity can be 

increased to enhance hyporheic exchange. However, as sinuosity increases, stream 

velocity generally decreases and surface area generally increases, which can cause 

increased heating of the surface water. As such, any temperature-focused restoration 

project should consider all variables in the heat budget to predict the overall 

temperature effects of the restoration work. 

This reach of the Walla Walla River is unique in that a typical winter flood event 

actively reworks the stream bed and alters the geomorphology of the system. 

Locations of riffles and pools can vary from year to year. This process causes the 

erosion and deposition of gravels and cobbles while flushing out finer sediments. 

Deposition zones on the insides of meander bends consist of these gravels and 
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cobbles, while many other river systems deposit finer materials on the insides of 

meander bends. These processes result in a very active hyporheic zone with high 

hydraulic conductivity and hyporheic flux. For this reason, caution should be 

exercised when extrapolating the results of this study to a stream with much lower 

hydraulic conductivity substrates. For example, because of the high hydraulic 

conductivity on the inside of meander bends of this study reach, significant hyporheic 

exchange through these meander necks was observed. In a system with vegetated 

areas and finer sediments on the insides of meander bends, hydraulic conductivity 

would be orders of magnitude lower, and therefore the potential for hyporheic flux 

would also be orders of magnitude lower. 

This study provides an example of how advancing technologies can be used to 

improve scientific understanding of river processes and stream ecology, and how 

scientific understanding can be used to improve the management of stream 

ecosystems. The unique integrative datasets resulting from this study allowed many 

objectives to be addressed. Moreover, this study was almost entirely field-based, 

helping to fill a void in the current science of surface water and groundwater 

interactions, which has seen recent developments from detailed modeling studies, and 

to a lesser extent, laboratory studies. While many aspects of surface water and 

groundwater exchange were explored, there remains a lot to learn. Findings and 

conclusions presented here are only directly applicable to the 2-km reach of the Walla 

Walla River. While these findings may also apply to other systems, future studies are 

encouraged to find commonalities in exchange processes between the study reach and 

other stream systems. 
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