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Abstract

Hyporheic zones contribute to lower temperatures in many rivers, creating a longitudinal 

heterogeneous array of thermal refuges. In this study, we had the unique opportunity to show 

temperature reduction along actual hyporheic zone pathlines in a large river system that contribute 

to the maintenance of refuges through discharge into off-channel habitats. Temperature was 

monitored in a dense network of wells that were located along pathlines in small islands, from a 

calibrated ground-water flow model. Temperature along one 600-m pathline was reduced about 7 

°C. Among three islands that were adjacent to the river, the northern two showed exponential 

decrease in temperature with distance, with fitted thermal Péclet numbers of 2.7 and 6.5, while the 

southern island showed no significant decrease. We suggest this is due to the higher infiltration 

rate in the wet season in this larger, more mature island, which suppresses hyporheic flow in the 

wet season.

Stable isotope sampling showed that values of δ2H were higher in areas where we observed lower 

temperatures. The overall relationship of δ2H versus temperature was significant with a slope of 

−0.329. This implies that lower temperatures are associated with water that has had contact with 

deeper groundwater or that lower temperatures have been affected by local rainfall infiltration, or 

water that has entered the hyporheic zone in winter. These findings are important because they 

allow estimation of the temperature benefit that may be achieved in similar geomorphic settings, 

providing implications for riparian restoration.

1 Introduction

The Clean Water Act (33 U.S.C. §§1251–1387) calls for the restoration and maintenance of 

the “chemical, physical, and biological integrity of the Nation’s waters.” This manifests 

itself in the Pacific Northwest through the goal to protect fresh water habitat of salmon and 

trout. Key to meeting this is protecting and restoring the thermal regime that provides the 
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cold water critical to the survival of these fish. The summer period when rivers and streams 

warm is when sources of cold water are most critical to the support of salmon and trout. The 

temperature thresholds for salmonids are well known (U.S Environmental Protection 

Agency, 2003, and references therein). Salmonids are cold water species which can 

thermoregulate by moving to cooler areas to maintain temperature requirements.

The influence of groundwater mixing with discharge back to rivers (hyporheic flow) 

contributes to a spatially heterogeneous thermal regime, buffering temperature changes 

along large river riparian corridors. This creates local cool water refuges for anadromous fish 

(Ligon et al., 1999; Ebersole et al., 2001, 2003; McCullough et al., 2009; Krause et al., 

2011b; Ebersole et al., 2015). Somewhat analogous patterns have been observed with regard 

to interstitial invertebrate habitat (Krause et al., 2011a). Some studies have related the lower 

temperature habitats to geomorphological features and longitudinal profiles (e.g., Ebersole et 

al., 2015; Fullerton et al., 2015; Neumann and Curtis, 2016; Ouellet et al., 2017, and 

references therein).

For large rivers, the cooling benefit is not thought to have a dramatic effect on the 

temperature of the entire river, but the localized benefits in areas that can serve as cold water 

refuges in an otherwise warmer river are an important ecological resource (Nielsen et al., 

1994; Burkholder et al., 2008; Arrigoni et al., 2008; Torgersen et al., 2012). Restoration 

efforts have been shown to enhance this effect (Poole and Berman, 2001; Stanford et al., 

2002; Singh et al., 2018).

Our goal in this paper was to examine temperature reduction along a typical corridor of the 

Willamette River at Green Island. This “island” actually consists of numerous small islands 

and their associated cutoffs and alcoves that have been shown to induce hyporheic flow due 

to the natural geomorphic evolution of this dynamic anastomosing system (Faulkner et al., 

2012). Other rivers exist which have these characteristics, and are shown to have 

temperature controls strongly related to groundwater-surface water interactions (e.g., see 

Mosley, 1983; Uehlinger et al., 2003; Shope et al., 2012). Arscott et al. (2001) studied 

thermal characteristics of five study reaches, and noted the importance of groundwater 

upwelling in maintaining lower temperatures in summertime in certain reaches. Our study 

site on the Willamette River is similar to their lowland meandering floodplain. It is 

indicative of the natural geomorphic evolution of the entire lower river system with cutoffs 

developing due to avulsion of meanders which create small islands (Dykaar and Wigington, 

2000; Wallick et al., 2007).

The river itself supports several runs of salmon. It flows through the most populous part of 

Oregon, with pressures from growth, industry, agriculture and forestry having significantly 

altered the natural thermal regime. The Willamette is impaired for water temperature in the 

summer when the temperatures were high enough to threaten the survival of salmonids 

(Oregon Department of Environmental Quality, 2006).

Historically, geologists and geophysicists have regarded temperature variation in 

groundwater with interest to the combined effects of geothermal gradient and heat 

conduction and diffusion (Bredehoeft and Papadopulos, 1965; Domenico and Schwartz, 
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1990). Here, we adapt these ideas to predict cooling in the hyporheic zone (e.g., see 

Anderson, 2005; Caissie et al., 2014). In this article, we present the results of monitoring 

temperature along hyporheic pathlines in a section of the Willamette River riparian corridor. 

We examine how temperature reduction by dissipation of heat during heat transfer processes 

in the hyporheic zone may play a substantial role in the development of potential thermal 

refuges, as described above. Our findings are unique among similar studies in that we were 

able to monitor temperature within the hyporheic zones along relatively long pathlines.

2 Methods

2.1 Study Site

In 2008, we installed 50 monitoring wells in the Green Island area along the Willamette 

River, 33 of the wells were concentrated along three islands, currently or previously isolated 

lands in the braided floodplain of the riparian zone (Fig. 1).

The name “Green Island” refers, as locally defined, to an area that has multiple islands, as 

mentioned in the Introduction. The north island is now connected by land along its southeast 

side, but the connected area consists of recently deposited coarse gravels and cobbles which 

have a hydraulic conductivity about four times higher, on average, than the rest of the area 

(Faulkner et al., 2012). The area was an island in the 1950’s in aerial photographs, so we 

retain the name. The other two are still true islands.

Alcoves often form when upstream flow in a cutoff is blocked by bar deposits, leaving off-

channel remnants connected to the main channel at the original downstream end as the bar 

takes over and expands (Fernald et al., 2006). The north and south islands of our site are 

lenticular, and the middle island is irregular in shape (Wyrick and Klingeman, 2011). The 

south island is mature (pre-1936, as determined with aerial photographs) with mature/mixed 

vegetation. The north island is much younger (formed beginning 1951), and still is 

dominated by pioneer vegetation. The middle island was mostly vegetation bare in 1951, and 

is a remnant of a larger island that was avulsed between 1951 and 1979. It is still undergoing 

active avulsion, the most recent of which occurred in the winter of 2012, as seen by aerial 

photography. Most of the wells used for this study on the island were destroyed in this event. 

Unconsolidated cobbles and gravels of fluvial origin are ubiquitous throughout the 

sedimentary environment.

The Willamette Valley lowlands normally experience a cool wet season, lasting from about 

October through about May, and a warm, dry season during the summer. From December 

1892 through June, 1945, the annual average total precipitation in Eugene was 969 mm, with 

75% of this occurring in November through April (Western Regional Climate Center, 2018). 

During the winter, continuous rainfall events are common, while evaporation is essentially 

zero, creating ideal conditions for substantial rainfall interception in areas with dense, tall 

tree canopy.

2.2 Instrumentation and Data Collection

Because location and elevation data were critical for calibration head measurements, this 

information was carefully determined. Each well was precisely located using a combination 
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of a GPS receiver (Trimble Model 4700, micro-centered L1/L2 geodetic ground plane 

antenna, Trimble Navigation Ltd., Sunnyvale, CA, USA) which was used for areas free of 

dense tree canopy, and an electronic total station (Topcon GTS 211D, Topcon Corporation, 

Tokyo, Japan) for areas located in the riparian forested areas, where forest canopy was too 

dense for accurate GPS reception. Each monitoring well was instrumented with a self-

contained data logger (Solinst Model 3001 LT (F30/M10), Solinst Canada, Ltd., 

Georgetown, ON). The technical specifications list a temperature accuracy of ± 0.1°C, and a 

resolution of 0.1°C. Wells were placed at depths averaging 3.58 m below ground surface 

(range 3.00 to 4.52 m). They were screened to 1.52 m (5 ft) above the bottom, and the 

loggers were placed at approximately 0.6 m above the bottom in the screened interval. 

Twenty-seven of the wells were completed in poorly to well-graded gravels, with minor 

amounts of silt, and six wells were completed in poorly graded sands. The data loggers 

recorded pressure and temperature at 10 minute intervals continuously from March, 2009 

through April, 2013.

Numerical groundwater flow modeling was done using MODFLOW (Harbaugh et al., 2000), 

and this is documented in Faulkner et al. (2012). Since that work, we have noted that three 

of the hyporheic pathlines closely intersected several of the monitoring wells (Fig 1) in each 

of the islands mentioned mentioned above. In this paper, we consider three different scales 

of observation; 1) the three pathlines separately, 2) all of the mean pathlines presented in 

Faulkner et al. (2012) lumped together in each of the islands, and 3) all observations in all 

three islands as a whole.

2.3 Analysis of Data

Under near-surface conditions the geothermal gradient can be regarded as negligible, and 

heat dissipation follows forced convection in porous media flow. For a temperature T in a 

flow velocity field v = i(dx/dt) + j(dy/dt) + k(dz/dt), with i, j, and k being unit vectors along 

the easting, northing, and elevation directions respectively, a fairly general governing 

equation for heat transfer in porous media is (Bejan, 1995):

σ∂T
∂t = α∇2T − v ⋅ ∇T (1)

where σ is the capacity ratio, defined by

σ =
θ ρcp f + (1 − θ) ρcp s

ρcp f
(2)

where θ is the aquifer porosity, ρ is the density, cp is the specific heat, and the subscripts f, 
and s indicate the parameters are for the fluid versus solid phases. and α is the aggregate 

thermal diffusivity of the aquifer, defined by

α = k
ρcp f

(3)

and k is the effective thermal conductivity of the aggregate fluid and aquifer matrix.

Faulkner et al. Page 4

Ecohydrology. Author manuscript; available in PMC 2021 January 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



If we consider flow on a pathline along distance s in meters (see Fig. 2), assume the velocity 

along it is constant, and assume that θ is also constant, then σ becomes an aggregate term 

for the fluid combined with the aquifer matrix. Then Eq. 1 simplifies to

ρcp fs
∂T
∂t = ∂2T (s)

∂s2 − vs
kα

∂T (s)
∂s (4)

where vs is the effective water velocity along the pathline, and (ρcp)fs is the aggregate term 

for the density times the specific heat capacity of the fluid and aquifer matrix. If we further 

assume that T(t) is constant, (i.e., T is a function of s only), the left side of Eq. 4 is zero.

For a distance traveled from s = 0 to s = L, Bredehoeft and Papadopulos (1965) offered the 

following useful solution to this equation which incorporates effective measures of 

convection heat transfer that are commonly reported for porous media:

T (s) = T0 + TL − T0
exp sPes/L − 1

exp Pes − 1 (5)

where T0 and TL are the estimated temperatures at the entry and exit points of the hyporheic 

zone, Pes is the thermal Péclet number, equal to vsL/α. This dimensionless number affects 

the convexity of the temperature profile T(s) (Fig. 3). We also use tL (T0 < tL < TL) to 

represent the mean total time of travel (days) along each of the three pathlines.

The pressure transducer data from the data loggers was used to calibrate two steady-state 

stochastic flow models for groundwater in both the wet and dry seasons. The MODPATH 

code (Pollock, 1994) was used with the MODFLOW (Harbaugh et al., 2000) steady-state 

simulations to develop mean pathlines for flow in each of the wet and dry seasons. This 

work is documented in Faulkner et al. (2012). Here we report only the mean pathlines from 

that study.

For each computational cell in MODFLOW that intersects a pathline, MODPATH computes 

the exit point. The exit points can be exported to a text file containing the three-dimensional 

locations of each point, to create a pathline map (Fig. 4) and for other uses. We wrote an 

awk program (Aho et al., 1988) to find the nearest pathline to the midpoint of each well 

screen. This allowed us to calculate the distances along the pathline nearest to each well in 

each of the three geomorphic areas of interest (Figs 1 and 4). Note that we are presenting all 

the dry-season pathlines for the Green Island region (Fig. 4) as well as the three that 

intersected closely with monitoring wells (Fig. 1). The black borders indicate the three 

islands as identified above (Fig. 4). They are shown here for spatial reference.

The nearest pathline distance was used with the temperature data to obtain a least squares fit 

for Eq. 5 to the data. The least squares fits were obtained using SAS software (Copyright 

©SAS Institute, Cary, NC) PROC NLIN. Since T0 and TL were also uncertain parameters, 

these were estimated along with Pes. The upper and lower 95% confidence limits for all 

parameters were computed by SAS using β i ± stderri × t(n − p, 1 − α/2) , where t(n - p, 1 – 

α/2) is the t-statistic, n is the number of mean temperature observations, p is the number of 

parameters (3), n – p is the number of degrees of freedom, α is set to 0.05, β i = T 0, T L, Pes
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are the parameter estimates, and stderri is the approximate standard error, estimated for each 

parameter.

Temperature measurements were made quarterly at the large north alcove to the northeast of 

the north island using a YSI Model 6920 data sonde from 8/8/2008 through 4/14/2010, 

resulting in seven measurements. Data from the USGS gage at Harrisburg, Oregon (USGS 

gage 14166000) included water temperature measurements. Several additional temperature 

measurements were made in surface water sites in the Willamette River, the north alcove, 

and the slough along the east side of the south island using iButton® temperature loggers, 

which list a temperature resolution of 0.5 °C.

2.4 Stable Isotope Sampling (δ2H)

Water samples were collected quarterly for analysis of δ2H using a peristaltic pump. Wells 

were purged at least three casing volumes and then monitored for stabilization of pH, 

specific conductance, dissolved oxygen, and oxidation reduction potential, prior to 

collecting the samples in 20 mL glass vials fitted with polyseal conical caps to prevent 

evaporation. The value of δ2H is expressed as a ratio to “Vienna standard mean ocean water” 

as follows:

δ2H =
2H/1H sample 

2H/1H standard 
− 1 × 1000.

The value δ2H is reported as parts per thousand (‰). Samples were analyzed on a Laser 

Absorption Water-Vapor Isotope Spectrometer (Model 908–0004, Los Gatos Research, 

Mountain View, CA) located at the Integrated Stable Isotope Research Facility at the 

Western Ecology Division of the EPA, Corvallis, Oregon. Measurement precision was 

determined on repeated measures of study samples, and was 0.3‰. Since the samples were 

collected quarterly, we used the dates nearest to the dry and wet season dates of August 24, 

2009 and December 20, 2010. These dates were selected based on measured river stages at 

the nearby USGS Harrisburg gage when sustained periods of steady river level occurred at 

the dry and wet periods during 2009 and 2010 (Faulkner et al., 2012). When replicates were 

done, the means of the two were used.

Quarterly sampling analysis results for stable isotopes were reported when sampling fell 

within one month of the August 25, 2009 dry season date and the December 20, 2010 wet 

season date. In some cases samples were not taken during those quarters (i.e., MW18, 

MW23 (wet), MW34–36 (wet), and Willamette River (wet)).

3 Results and Discussion

The calibrated MODFLOW/MODPATH models suggest that during the dry season, the 

simulated average steady state pathlines that were seeded in the river nodes essentially 

follow along the water table surface until they reach a cutoff or alcove where hyporheic 

water is discharged (Figs. 4 and 5). The flows are driven by the gradients in the 

Faulkner et al. Page 6

Ecohydrology. Author manuscript; available in PMC 2021 January 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



potentiometric surfaces caused by elevation changes between the Willamette River and the 

various cutoffs and alcoves (Fig. 1).

During the wet season (November through April, six months recharge), river stage and the 

water table rise substantially, causing the pathlines seeded at the river to be driven with a 

downward component where they pass below the screened monitoring wells (Fig. 5). We 

therefore focus our discussion on the dry season pathlines (May through Oct.) which were 

repeatedly in contact with the temperature sensors.

The models were run in steady-state mode, so that the pathlines as depicted (Fig. 5) 

represent the two end members of flow, and during much of the year, flow of water can be 

expected to be oscillating between these end member pathlines. The pathlines for the vertical 

cross section A-A’ represent a total travel distance of about 600 m, with a mean travel time 

of about 3.8 years (approx. four seasons), from 26 Monte Carlo runs (Faulkner et al., 2012). 

The travel time from B-B’ has a mean of about 0.75 years (one season), C-C’ has a mean of 

about 4.9 years, covering five seasons (Table 1). During wet season, recharge is contributing 

to the subsurface system as the hyporheic water moves from the river to the alcove.

In the north and middle islands, we can see a dramatic rise in the water table in the wet 

season accompanied by a downward component of flow due to the increased vertical 

hydraulic gradient (Fig. 5, A-A’, B-B’). But this downward component of flow does not 

eliminate flow from the mainstem river to the alcove, but merely drives the wet season 

pathline deeper, to eventually re-emerge in the alcove or cutoff. However, in the south island, 

wet season flow from the river to its cutoff is turned away due to the higher groundwater 

mounding there (Fig. 5, C-C’). This pathline is the southernmost one which is captured by 

the slough along the east side of the island. There is an accumulation of temperature 

buffering, mostly as a result of recharge through the vadose zone, which happens season 

after season, resulting in a final decrease in temperature in the wells farthest from the river 

entry point. This buffering effect has been described in Arrigoni et al. (2008) who concluded 

that one of the components of temperature patterns in hyporheic flow is a reduction in the 

variation of temperature. Our study suggests that this effect may be present, as the result of 

the maintenance of hyporheic flow in those islands. In the south island, there is no 

maintenance of hyporheic flow season-to-season because recharge in the winter is great 

enough to prevent it each wet season. In some parts of the south island, the pathlines are 

driven deeper and often penetrate into a flow system that does not return to the river (Fig. 4, 

right half). They pass under the cutoffs into a larger flow system. So the south island mostly 

shows the effect of precipitation dominantly, and not an accumulative effect of recharge 

during the shift from one season to the next. Because of this, temperature and δ2H do not 

show a pattern along the C-C’ dry season pathline. However, temperature measurements in 

the slough along the south island show a pattern similar to that of the north island alcove 

(ranging 13.0 °C to 19.6 °C). It indicates a cooler environment, apparently brought by 

hyporheic discharge at a more local level than that induced through the distance between the 

mainstem river and the slough. It suggests that there is a dry season pattern of hyporheic 

flow, most likely in the southern part of the south island, which is not captured by our 

temperature model, because it enters near the southernmost part of the island (Fig. 4), has a 
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shorter residence time, and contributes hyporheic discharge in the “headwater” (south) end 

of the slough.

For the quarterly period representing the dry season, 2009, Willamette River temperature 

was 18.4 °C. Sampling done in the north alcove had temperatures at the bottom of the water 

column ranging systematically from 13.9 to 18.2 °C (R. C. Wildman and S. V. Gregory, 

Unpublished data), with the lower temperature occurring in the upstream end, strongly 

influenced by hyporheic discharge, and the higher temperature in the downstream end, 

where mixing with ambient surface water near the connection with the Willamette River was 

greatest. In the same period, sampling done in the slough near the hyporheic discharge 

location C’ had temperatures ranging from 13.0 °C at the upgradient end to 19.6 °C at the 

downstream end, which was, again, closest to ambient surface water connected with water of 

the mainstem Willamette River (R. C. Wildman and S. V. Gregory, Unpublished data). These 

data indicate a temperature reduction associated with hyporheic discharge (Fig. 5).

We can consider not only the wells which fell along a single pathline, but also all of the 

wells within each “island” for which we have calculated the distance along any pathline they 

intersected that was computed by the awk program, as described in Section 2.2. These are 

the wells which fell within the polygons representing islands (Fig. 4), and the estimated fits 

to Eq. 5, as described in Section 2.2 are shown (Fig. 6).

We see good fits of Eq. 5 to the data for the north island (Pr > F: 0.0024) and middle island 

(Pr > F: 0.0004). However, for the south island the attempt to minimize the function to the 

data resulted in the matrix of second derivatives being singular, meaning the optimization 

algorithms in SAS could not find a robust minimum for the objective function. It suggests 

that any hyporheic flow contributing to the lower temperatures observed in the slough to the 

east of the south island, was not captured by our monitoring wells. This is supported by 

examining the flow pathlines (Fig. 4). The south island results do not converge to a reliable 

estimate of Pes, or indicate that it is approximately zero (straight line).

For the north and middle islands, noting the different scales (Fig. 6), it can be seen that the 

higher the Péclet number the more convex the relationship between temperature and distance 

becomes. The middle island temperatures showed a much better fit (MSE ≈ 0.0). For the 

middle island, the higher Péclet number indicates that advection is more dominant over 

diffusive processes than for north or south islands.

The estimates of Pes were 2.7 for the north island and 6.5 for the middle island, although 

there is considerable uncertainty (Table 1). They suggest that temperature reduction in the 

north island is controlled more by diffusion processes than by advection, as compared to the 

middle island. However it should be noted that the temperature range for the middle island is 

considerably smaller, and therefore error may be greater than model results indicate.

It is interesting to consider stable isotope data for the south island. Overall δ2H, which 

includes south island, indicates a significant relationship to temperature which suggests that 

conditions during precipitation, flooding, and river recharge (of the hyporheic) are important 

factors in temperature regulation in the hyporheic zone (Fig. 7).
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Just as with the cross sections (Fig. 5), we see that south island shows the effect of recharge 

accumulation in the wet season, and therefore does not display a clear effect of hyporheic 

cooling. Locally, waters which have relatively high values of δ2H are typically derived from 

rainfall-recharged groundwater, while relatively lower values are typically derived from the 

main Willamette River (Brooks et al., 2012). Brooks et al. (2012) reported that local 

rainwater had a mean of −63‰, while the Willamette River varied from a high of −70 during 

the winter to a low of −84 during the summer. We see this effect in the cross sections A-A’ 

and B-B’, where wet season δ2H values (shown in blue) are consistently higher than dry 

season values (shown in red) due to the influence of rainfall infiltration and recharge to the 

shallow groundwater. However, all δ2H values indicate a high contribution of river water as 

a source.

The δ2H values do not show the increasing pattern along the pathline of the middle and 

south island (Fig. 5, C-C’) that is seen in the north island. However if we simply plot δ2H 

versus mean daily temperature for all island wells (Fig. 7) we can see that when the 

temperature is lower, we see higher values of δ2H. This indicates lower temperatures are 

generally associated with water that has had more contact with deeper groundwater, or 

groundwater that has been affected more by local rainfall infiltration. Another factor is that 

the Willamette River isotopes shift seasonally as well, so higher isotope values correspond to 

either a greater contribution of local groundwater or were associated with river flow in the 

winter. Summer river δ2H values are more negative (Brooks et al., 2012). Thus, more 

enriched values measured in wells during the summer indicate either longer transit time 

(winter river water) or more mixing with local groundwater.

The middle island experiences shorter distance of flow through it from the river (Figs. 4 and 

5) which probably explains the fairly consistently low isotope values from our groundwater 

samples from it (Fig. 5). It experiences less of an effect of rainfall recharge. This is in 

contrast to the north island, which shows δ2H values with a relatively wide range, in 

accordance with the longer distances of flow from the river (Fig. 4). The lack of hyporheic 

flow in the south island is most likely due to its larger size and mature vegetation, including 

a well-established forest of older tall trees capable of considerable interception during the 

long-duration rainfall events of the Willamette Valley winters (Fig. 8).

4 Conclusions

The goals of the Clean Water Act call for the maintenance of the physical, chemical, and 

biological integrity of the nation’s waters for the protection of aquatic life (and human 

health). In the Pacific Northwest, the Clean Water Act is implemented through protecting 

and restoring the thermal regime of rivers and streams for the protection of salmonids. 

Protecting thermal regimes includes identifying and understanding the physical features that 

provide cold water that is critical for the survival of salmonids in freshwater. In this study, 

we had the unique opportunity to observe temperature reduction along three hyporheic 

pathlines in the summer along a portion of the Willamette River corridor in Oregon. Results 

of numerical flow modeling indicated that in areas where hyporheic flow is maintained 

throughout the year, temperature reduction can be achieved. In areas where hyporheic flow 

is interrupted by seasonally high rainfall and forest canopy interception, the temperature 
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reduction is less apparent, due to suppression of winter time hyporheic flow in the greater 

part of the island. Nevertheless, lower temperatures, as compared to the mainstem 

Willamette River, were observed in the slough to the east of the island, most likely due to 

hyporheic flow with a shorter residence time (less than one season) in the southernmost 

portion of the island.

Our monitoring wells which had temperature sensors with data recorders showed substantial 

temperature reductions of up to 7 °C. Combining temperature data along the nearest 

hyporheic pathlines allowed fitting of an analytical model which provided estimates of 

thermal Péclet numbers from less than zero to about 12. The thermal Péclet number is a 

useful metric. Its value indicates the strength of advection versus diffusive processes (albeit 

semiempirical) and provides some information about which of these processes is dominant.

We used stable isotope sampling (δ2H) from water in the wells to provide additional 

information regarding the origin of this water. We observed that lower temperatures were 

associated with higher values of δ2H and vice versa, which follows with our observations 

along the modeled pathlines. This supports our conclusion that river water penetration into 

the hyporheic zone and the associated temperature conduction have a beneficial effect, 

regardless of the specific physical mechanism that causes it.

This study has demonstrated substantial evidence that hyporheic zones, heterogeneously 

distributed along large river corridors provide a cooling effect. It indicates that hyporheic 

flows can provide an important source of cold water and thus important cold water refuge 

habitat for salmonids. Federal, state and local agencies charged with the protection and 

restoration of water quality and salmonids, can use this information to better prioritize 

protection and restoration efforts.
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Figure 1: 
Map of Green Island, with the base map in the form of a bare earth LiDAR image. LiDAR is 

essentially radar which has been adapted to use light rather than radio frequencies. This map 

shows locations of our study wells along transects and the selected steady-state pathlines for 

the dry season. Black dots indicate locations of all constructed wells. The labeled red dots 

indicate wells whhich were located along the pathlines.
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Figure 2: 
Schematic of a typical hyporheic pathline following s from 0 to L.
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Figure 3: 
Effect of Pes on the temperature profile along s from 0 to L.

Faulkner et al. Page 15

Ecohydrology. Author manuscript; available in PMC 2021 January 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 4: 
Mean dry season MODFLOW/MODPATH pathlines for modeled area east of the Willamette 

River. Red dots indicate locations of all of the installed wells, for reference.
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Figure 5: 
Schematic of hyporheic pathlines traversing distance 0 to L through islands along river 

riparian zones. Cross-sections (Fig. 1) are A-A’ (north), B-B’ (middle), and C-C’ (south). 

The flow pathlines and water levels are derived from the MODFLOW/MODPATH results 

along each cross-section. Pathlines and values shown in blue represent the wet season 

observations versus red, for the dry season. Note magnification of vertical scale.
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Figure 6: 
Plot of all pathline distances intersecting a well, and their mean temperatures on Aug. 24, 

2009.
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Figure 7: 
Stable isotope values as a function of temperature for all of the wells inside the hyporheic 

zone (the areas outlined in Fig. 4). Only data from dry-season quarterly sampling were used. 

Symbols are North island, Middle island, South island. The p-value is the approximate 

probability, based on the F-distribution. Note that the color scheme used here has nothing to 

do with those of previous figures.
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Figure 8: 
Raster image of a portion of the study site, generated by subtracting bare earth LiDAR from 

highest hit LiDAR, in order to show height of forested areas and other vegetation. Areas 

shown in white had heights less than about 0.25 meter.
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Table 1:

Estimated parameters with their lower and upper 95% confidence limits. Note that South Island optimization 

failed to yield asymptotic statistics for Pes and T0. The parameters which are italicized indicate that no good fit 

was found. The values for the mean of L and tL are for 26 Monte Carlo runs for each pathline (Faulkner et al., 

2012).

T0 (°C) Tl (°C) Pes L (m) tL(days)

Island Estimate L95 U95 Estimate L95 U95 Estimate L95 U95 Mean Mean

North 18.2 15.8 20.5 11.1 8.6 13.5 2.7 −0.9 6.4 599 1400

Middle 17.2 17.1 17.3 16.6 16.4 16.7 6.5 1.3 11.6 260 275

South 10.8 - - 11.3 10.6 12.0 0.0 - - 554 1793
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