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Abstract:

The hyporheic zone influences the thermal regime of rivers, buffering temperature by storing and releasing heat over a range
of timescales. We examined the relationship between hyporheic exchange and temperature along a 24-km reach of the lower
Clackamas River, a large gravel-bed river in northwestern Oregon (median discharge D 75Ð7 m3/s; minimum mean monthly
discharge D 22Ð7 m3/s in August 2006). With a simple mixing model, we estimated how much hyporheic exchange cools the
river during hot summer months. Hyporheic exchange was primarily identified by temperature anomalies, which are patches
of water that demonstrate at least a 1 °C temperature difference from the main channel. Forty hyporheic temperature anomalies
were identified through field investigations and thermal-infrared-radiometry (TIR) in summer 2006. The location of anomalies
was associated with specific geomorphic features, primarily bar channels and bar heads that act as preferential pathways for
hyporheic flow. Detailed field characterization and groundwater modelling on three Clackamas gravel bars indicate residence
times of hyporheic water can vary from hours to weeks and months. This was largely determined by hydraulic conductivity,
which is affected by how recently the gravel bar formed or was reworked. Upscaling of modelled discharges and hydrologic
parameters from these bars to other anomalies on the Clackamas network shows that hyporheic discharge from anomalies
comprises a small fraction (−1%) of mainstem discharge, resulting in small river-cooling effects (0Ð012 °C). However, the
presence of cooler patches of water within rivers can act as thermal refugia for fish and other aquatic organisms, making the
creation or enhancement of hyporheic exchange an attractive method in restoring the thermal regime of rivers. Copyright 
2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Understanding heat fluxes within rivers is increasingly
important as anthropogenic influences and changing cli-
mate alter river thermal regimes, which can lead to
shifts in aquatic species composition and changing rates
of biogeochemical processes (Evans et al., 1998; Poole
and Berman, 2001). Numerous and inter-related physical
mechanisms influence stream temperature, making it dif-
ficult to distinguish the magnitude or impact of individual
drivers (Johnson, 2004).

Solar radiation (and shade), air temperature, groundwa-
ter inputs, and wind speed are the primary external drivers
in most rivers that determine how much heat is added
to or removed from the system (Sullivan and Adams,
1991). Internal drivers, which include bed conduction and
hyporheic exchange, do not remove heat from the river
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channel but redistribute it temporally and spatially (Poole
and Berman, 2001). Hyporheic exchange, where surface
water enters the shallow subsurface (channel bed, banks
or morphological features) and then reemerges back into
the main channel, has previously been thought to have
little impact on river temperature (Brown, 1969), but a
number of recent studies show that hyporheic exchange
plays an important role in the thermal dynamics of some
streams (Story et al., 2003; Johnson, 2004; Loheide and
Gorelick, 2006).

The hyporheic zone serves as transient storage within a
river, where river water and heat can be retained for peri-
ods of time before being released back into the river (Ben-
cala and Walters, 1983; Bencala, 2005). As surface water
downwells into and is transported through the hyporheic
zone, the heat within that water is transported and
exchanged by several processes (Figure 1). Advection via
fluid flow dominates heat transfer (Stallman, 1965; Sil-
liman and Booth, 1993; Silliman et al., 1995; Anderson,
2005; Keery et al., 2006), although heat exchange may
also influence hyporheic heat transfer. Along hyporheic
flow paths, heat exchanges with sediment by conduction.
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Figure 1. Conceptual diagram showing the different processes that influence hyporheic water temperatures in a gravel bar (white). Advection (large
dashed/solid black arrow) transports heat via fluid flow, conduction (small black arrows) transfers heat between sediment and hyporheic water,
dispersion and conduction (shaded zone within gravel bar) occur as hyporheic water and groundwater interact, and incoming solar radiation indirectly

warms hyporheic water via conduction and transfer of latent and sensible heat

This exchange is fast—dimensional analysis for cob-
bles of typical properties indicate thermal equilibrium
is achieved within 1 or 2 h. Heat also exchanges with
groundwater by dispersion and conduction, and with the
atmosphere by conduction and movement of latent and
sensible heat. If the water table is high, solar heating of
surface sediments may increase hyporheic water temper-
atures (Silliman et al., 1995; Arrigoni et al., in press).
Collectively, these processes generally lead to a combi-
nation of ‘buffering, cooling and lagging’ (Arrigoni et al.,
in press) of temperatures within the hyporheic zone.

Emergent hyporheic temperature may be different
from the mainstem temperature. Transport through the
hyporheic zone may result in a temporal phase shift
between hyporheic and mainstem temperatures, where
cooler hyporheic water reemerges back into a warmer
mainstem and vice versa. However, the mixing of emerg-
ing hyporheic water and mainstem water does not ‘cool’
a river—mean temperature may stay constant—but it
does dampen diurnal temperature fluctuations in the river
by decreasing maximum temperatures and increasing
minimum temperatures (Johnson, 2004; Arrigoni et al.,
in press). This dampening results from shielding of
hyporheic water from changes in solar radiation and air
temperature that influence mainstem surface water tem-
perature.

Hyporheic exchange can occur across several spa-
tial scales, from roughness elements on the stream bed
to channel-scale riffles and bars to reach-scale mean-
der necks and floodplains (Edwards, 1998; Harvey and
Wagner, 2000). Most hyporheic temperature studies to
date have focused on examining the relationship between
hyporheic exchange and channel-scale morphology. In

smaller catchments, several studies report finding cooler
water emerging from the bottom of riffles or step-pool
structures (Evans and Petts, 1997; Brown et al., 2005;
Hancock and Boulton, 2005; Moore et al., 2005; Sliva
and Williams, 2005; Hunt et al., 2006). Peterson and
Sickbert (2006) studied hyporheic exchange across a
meander neck of a 3rd-order stream and found that
hyporheic temperatures correlate with seasonal tempera-
ture variations, suggesting seasonal residence times. Fer-
nald et al. (2000, 2006) reported on a larger river (8th
order) that cooler water emerges from gravel bars into
‘alcoves’, or off-channel lentic water connected at the
downstream end to the mainstem. Additionally, hyporheic
flows were more pronounced and had a greater impact
on river temperature where gravel had been recently
reworked by river flows. Arscott et al. (2001) found
that hyporheic exchange generated significant tempera-
ture heterogeneity in higher-order reaches (2–7th).

In reach-scale temperature studies, longitudinal trends
in temperature demonstrate spatial and temporal ther-
mal heterogeneity. Johnson (2004) compared bedrock
and alluvial reaches along the same reach of 1st- and
2nd-order streams and found maximum daily temper-
atures were buffered by as much as 8Ð7 °C. Torgersen
et al. (1999) used thermal imagery along a river reach
and found that the general increase in temperature down-
stream contained several peaks and troughs, reflecting
bedrock and alluvial reaches respectively.

There are few hyporheic temperature studies for
larger, lower-gradient rivers, and none have quantified
the effect of hyporheic exchange on overall longitu-
dinal river temperature. In this study, we sought to:
(1) identify areas of hyporheic exchange on a large,
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gravel-bed river and investigate their relationship with
channel morphological features, (2) quantify the amount
of hyporheic exchange occurring, and (3) estimate how
much hyporheic exchange affects overall river tempera-
tures.

METHODS

Study area

The Clackamas River is a 6th-order, gravel-bed river
in northwestern Oregon, USA that drains approximately
2430 km2 from its headwaters in the Cascade Range
to its confluence with the Willamette River in Oregon
City. Our study focussed on a 24-km reach on the lower
Clackamas River, stretching from River Mill Dam (River
km (RKM) 37) to Carver, Oregon (RKM 13) (Figure 2).
The dam location marks a change of topography within
the drainage basin, with the river moving from a confined
canyon into a broad valley. Longitudinal gradients below
the dam along the study reach average 0Ð0029 (Wampler,
2004). The median annual flow is 75Ð7 m3/s and the
median summer flow is 25Ð9 m3/s.

Sediment supply to the lower river is generated primar-
ily from periglacial sediment in the Cascade Range. Dam
infrastructure on the Clackamas has cut off this supply
for almost 100 years, and sediment inputs into the reach
are limited to periodic erosion of alluvial Holocene ter-
races (Wampler, 2004). However, an extensive gravel bar
population (>50 bars) is distributed throughout the study
reach, with median grain-size of 7Ð5 cm (Wampler, 2004).

The population is composed primarily of mid-channel
bars (55% of bars by area), with lateral bars (34%) and
point bars (11%) making up the rest of the network. The
bar alluvium, which can range up to 6 m in thickness,
rests on cemented, fine-grained Miocene volcanoclastics
and mudstones. The Sandy River Mudstone, which under-
lies the lower 21 km of the study reach, is easily eroded,
leading to rapid formation of flutes and potholes when
bedrock surfaces are exposed (Wampler, 2004).

Gravel bar stability decreases downstream, with well-
vegetated, coarse-grained, skeletal bars, bars without finer
sediments (median grain-size (D50) surface: 15–30 cm),
in the upper 3 km of the reach grading into unvegetated
bars with smaller grain sizes (D50 surface D 5–7 cm).
Wampler (2004) points out that the presence of the
dam most likely causes this effect, as winter flows
(850–1130 m3/s) winnow out fines and smaller particles
from the upper reaches and transport them downstream.
Winter flows influence bar morphology throughout the
reach, with most gravel reworking occurring between
Feldheimer (RKM 30) and Carver (RKM 13).

The dam also affects the river temperature regime,
especially during low flows in the summer months. The
magnitude of this change has been modelled with CE-
QUAL-W2, a hydrodynamic 2D water quality model,
which shows that the Clackamas River currently exceeds
state temperature standards by 1–3 °C from July to
September (Portland General Electric, 2005). Current
research in association with dam relicensing efforts are
exploring natural mechanisms of thermal mitigation,
including potential thermal benefits of adding gravel to

Figure 2. Site location and study reach, lower Clackamas River, Oregon, USA
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the river to increase the amount of hyporheic exchange
and hyporheic buffering.

Field measurements and data collection

Our field campaign from July to September 2006
investigated the gravel bars within the study reach, the
hypothesized primary location of hyporheic flow that
could influence mainstem river temperature. Owing to
the length of the study reach, hyporheic exchange was
identified using techniques that were easy to conduct and
replicate over 24 km of river. During early reconnais-
sance, we identified locations with visually observable
flow from gravel bars and used a handheld YSI 63 electri-
cal conductivity and temperature probe (Yellow Springs,
Ohio, USA) to identify temperature anomalies, which
we defined as patches of water that deviate from main-
stem water temperatures by at least 1 °C. The handheld
probe was used to conduct temperature surveys around
bar perimeters and identify anomaly locations. Reference
mainstem temperatures were taken during temperature
surveys at each site to account for diurnal heating of the
river. Once an anomaly was identified, we also recorded
its electrical conductivity and width and depth along
gravel bar edges. Groundwater inputs were distinguished
from hyporheic flow by: (1) water emerging from channel
edges rather than gravel bars; (2) higher specific con-
ductance (>80 µS/cm compared to river 55–65 µS/cm);
(3) iron-stained sediment resulting from groundwater oxi-
dation; and/or (4) consistent temperatures representative
of groundwater (10–12 °C (well logs obtained from Ore-
gon Water Resources Department (OWRD))). River dis-
charge decreased throughout the summer (from 28 to
21 m3/s), and to capture how this impacted the hyporheic
zone, most identified anomaly sites were revisited sev-
eral times over the summer to take more temperature
measurements and re-measure anomaly dimensions.

Two thermal infrared radiometry (TIR) surveys were
flown over the study reach on August 13th, 2006, one
at 6 a.m. and the other at 3 p.m. (Watershed Sciences,
Inc., Corvallis, Oregon, USA). This provided a complete
2D map of daily maximum and minimum river surface
temperatures, as well as an additional visual method
to observe and detect temperature anomalies. Longitu-
dinal temperature profiles were constructed by taking
the median temperature for each sampled image per
river kilometre. In-stream temperature loggers, deployed
throughout the study reach before the flights, were used
to calibrate and verify the accuracy of TIR data. Pixel
resolution of imagery is 0Ð9 m.

Three gravel bars with temperature anomalies were
selected for detailed field characterization and modelling.
These three representative bars exhibited geomorphic fea-
tures and sedimentological textures characteristic of the
majority of the gravel bar population on the lower Clacka-
mas River. Field characterization included examination
of bar type, location within the reach, sediment size,
presence of vegetation, and bar history. On the basis of
comparison of aerial photos from July 2005 (discharge,

Q D 29Ð3 m3/s) and August 2006 (Q D 23 m3/s), gravel
features that did not appear in 2005 photos but were
mapped in 2006 are considered ‘new’ features. We refer
to all other features as older, but recognize that these bars
also have a distribution of ages. Figure 3 shows basic
bar morphology and interpreted hyporheic flow paths for
each bar. Feldheimer bar (RKM 30) is an older, large
lateral bar that is well-vegetated except for a 350-m long
unvegetated back-bar channel that becomes active during
high flow. Eagle Creek bar (RKM 26) is a new gravel
feature that formed along an older bar edge during 2005
winter flows (Figure 4). Barton bar is a mid-channel bar
(RKM 20) that has new infillings of gravel among older
bar deposits (Figure 4).

Each bar was instrumented with several 3Ð4-cm inner
diameter (1Ð33-in) galvanized steel piezometers (Maas
Midwest Manufacturing, Huntley, Illinois, USA) with
17Ð8-cm (7-in) screens immediately above a conical drive
point (three piezometers in Feldheimer bar, three in Eagle

Figure 3. Summer 2006 aerial imagery and schematic diagram for
(a) Feldheimer, (b) Eagle Creek, and (c) Barton gravel bars (see Figure 2
for locations). Piezometer locations (black dots) and interpreted subsur-
face flow paths (dashed grey lines) are overlain on open gravel (white)
and vegetated areas (dark grey). Mainstem (light grey) flow direction

given by solid black arrows. Riffles represented by zigzag pattern
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Figure 4. Aerial imagery showing gravel reworking between summers 2005 (left) and 2006 (right) for (a) Eagle Creek and (b) Barton bars. Dashed
black lines follows outline of 2005 gravel bars and solid black arrows indicate flow direction of temperature anomalies

Creek bar, five in Barton bar). Given the large diameter of
the sediment composing the gravel bars, it was not feasi-
ble to install the piezometers by hand-driven methods. A
gas-powered jackhammer was used to drive the piezome-
ters into the gravel bars, usually through at least 1 m
of sediment to a depth of approximately 0Ð5 m beneath
the water table. We assumed that flow across the gravel
bars in the hyporheic zone is predominantly horizon-
tal, which is hydrogeologically reasonable. Consequently,
hydraulic head would have negligible changes with depth.
Therefore, we put highest priority on horizontal separa-
tion of piezometers and did not install any multilevel
piezometers. Alexander and MacQuarrie (2005) showed
that temperature measurements within steel piezometers
have less than 0Ð1 °C error and are perfectly correlated to
in situ measurements.

Topographic surveys were conducted at each bar,
using both a Leica TCRP 1201 total station (Heer-
brugg, Switzerland) and a Trimble 4700 RTK GPS
(Sunnyvale, California, USA). We mapped water edges,
notable topographic features, and piezometer locations.
Heads within piezometers were obtained through sur-
veying the elevation of the top of the piezometer and

subtracting the distance to the water table (2 cm verti-
cal accuracy). Tidbit Stowaway thermistors (0Ð2 °C accu-
racy, Onset, Bourne, Massachusetts, USA) were checked
against a 0Ð1 °C resolution NIST-traceable thermometer
(Cole-Parmer, Vernon Hills, Illinois, USA) and placed
within the screened section of the piezometers where
they recorded temperature every 15 min for 7–10 days.
Tidbits were also placed at head of the bar to record
mainstem temperatures of water entering the bar and also
placed in areas of emerging hyporheic flow. Slug tests
were conducted within each piezometer, and results were
analysed using methods outlined by Bouwer and Rice
(1976) and Butler and Garnett (2000).

Model simulations of hyporheic exchange within gravel
bars

Topographic surveys, slug tests, and temperature map-
ping from the selected gravel bars were used to build and
parameterize steady-state groundwater flow models using
MODFLOW (McDonald and Harbaugh, 1988) imple-
mented via the GMS interface (Environmental Moni-
toring Systems, Inc., South Jordan, Utah, USA). Model
domains were one-layer thick finite difference grids with
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square cells, generally ranging between 0Ð2 and 0Ð5 m
(depending on the size of the bar being modelled). Mod-
els were calibrated to water table elevations in piezome-
ters and anomaly outflow dimensions. On two bars, resi-
dence time distributions from detailed Tidbit temperature
surveys, simulated with the particle tracking package
MODPATH (Pollack, 1994), were also used to calibrate
the models. A flow-budget module within MODFLOW
was used to calculate the hyporheic discharge emerging
from the anomalies, and MODPATH provided a distribu-
tion of water residence times.

Upscaling hyporheic exchange to the reach scale

To assess how hyporheic exchange from gravel bars
affects overall river temperatures, we calculated dis-
charges for all anomalies interpreted to be driven by pri-
marily hyporheic flow. We intentionally excluded anoma-
lies that were interpreted to be because of groundwater.
We estimated flux through each representative anomaly
using Darcy’s law (Qh D �Krh Ah). While technically
valid at a point, we applied Darcy’s law across tem-
perature anomalies by assuming uniform parameters; the
accuracy of this is discussed below. Qh is hyporheic dis-
charge (L3/T) (as defined, it is a vector but we used
only the magnitude), Ah is the cross-sectional area of the
hyporheic discharge (L2), K is the hydraulic conductiv-
ity of the sediment (L/T), and rh is hydraulic gradient
(L/L). Ah was calculated by field measurement of the
length across the edge of a gravel bar where we could
detect a temperature difference and an estimate of the
depth of gravel contributing to hyporheic flow. Hydraulic
gradient across bars, in most cases, was measured in the
field (N D 27). On bars, where hydraulic gradient was
not directly measured (N D 13), we used the average of
the field measurements of cross-bar gradients.

Using aerial photographs from 2005 and 2006, we
estimated K for each anomaly based on how recently
a gravel bar has been created or significantly reworked.
From our observations, we assumed that new gravel
bars or portions of pre-existing bars that formed during
the previous year’s high flows were likely to have a
higher K than older bars, inferring that these deposits
would not have been substantially infiltrated by fines.
Older gravel bars, on the other hand, were interpreted as
more likely to have had finer sediments infiltrating the
sediment matrix, leading to lower K values (Packman
and Salehin, 2003). Some bars are a combination of
both older and newer gravel deposits, which can lead
to large differences in K over a limited area. Model data
from our three representative bars helped us constrain
hydraulic conductivities by giving us a K estimate for
newer and older bars, as well as bars with both newer
and older deposits. The limitations of this approach will
be discussed in the ‘Results Section’.

We checked the accuracy of the Darcy’s law discharge
estimates against the discharge calculated by the ground-
water flow models. We estimated parameters for Darcy’s
law using field estimates of average hydraulic gradient

and hyporheic area. We also used a spatially-averaged K
value from the groundwater models. Darcy’s law and a
full groundwater flow model yield nearly the same dis-
charges: the relationship is approximately 1 : 1 and the
mean difference between them is 25% (Figure 5). The
discharges are nearly the same for the following rea-
sons: changes in gradient (both direction and magnitude)
along the flow paths are small; we assumed K and cross-
sectional area of hyporheic discharge to be homogeneous
along flow paths in both the Darcy’s law and groundwater
flow model calculations; and no sources or sinks of water
exist along the flow paths. While there are significant het-
erogeneities in K within and between gravel bars, these
within bar heterogeneities are at a large scale in com-
parison to the gravel bar, meaning that individual flow
paths have relatively homogeneous K. Consequently, the
Darcy’s law approach provides a reasonable and feasi-
ble estimate of hyporheic discharge, and we confidently
employ it for the other temperature anomalies on the
Clackamas. All field and model data can be obtained from
the appendices in Burkholder (2008).

RESULTS

Thermal infrared radiometry (TIR)

TIR was used to construct a reach-scale longitudi-
nal profile of stream temperatures as recorded at two
points in time (Figure 6). Comparison between thermal
images and in-stream temperature loggers suggests that
thermal images are within 0Ð5 °C of directly measured
mainstem temperatures. Water released from the dam had
a constant temperature of approximately 17Ð4 °C. Water
warmed downstream during the day and cooled during
the night, with rates of warming and cooling decreasing
downstream, presumably because stream temperatures
are closer to thermal equilibrium with the atmosphere
and/or because increased discharge downstream (from
groundwater and tributary inputs) creates a larger volume
of water to be heated/cooled. Consequently, the warmest
point in the reach during the day was near Barton (RKM
21), which approximately corresponds to the distance

Figure 5. Comparison of calculated (Darcy’s law) and modelled (MOD-
FLOW) hyporheic discharge for temperature anomalies on gravel bars.

For reference, 1 : 1 line is shown
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Figure 6. Longitudinal temperature profiles of the lower Clackamas River from River Mill Dam (RKM 37) to Carver, Oregon (RKM 13) recorded
by TIR on August 13th, 2006. In-stream data loggers (black circles) indicate river temperature with measurement error

water travelled in daylight hours from the dam (16 km)
(see analysis in Khangaonkar and Yang, in press). Fur-
ther downstream, water was cooler because this water
travelled some distance downstream from the dam during
the night. An inverse pattern was observable in the early
morning, with minimum temperatures recorded at Barton
(Figure 6). This modulation of temperature amplitudes
below a dam is well documented (Polehn and Kinsel,
1997; Lowney, 2000) and was recently revisited for the
Clackamas River by Khangaonkar and Yang (in press).

TIR demonstrates that significant spatial and tempo-
ral thermal heterogeneity exists within the study reach.
TIR morning imagery detected 34 temperature anoma-
lies using the 1 °C rule, 16 of which were not previ-
ously identified in the field. These warmer patches of
water emerged from gravel bars into a cooler mainstem
(Figures 7, 8). Anomalies with temperatures cooler than
the mainstem were also detected in morning imagery,
suggestive of groundwater influx rather than hyporheic
exchange. Afternoon flight imagery was not useful in
identifying cooler hyporheic patches. TIR measures tem-
peratures at the surface, which masked the denser, cooler
water that emerged below the warmer surface water sur-
face. The resolution of the imagery may also play a role in
masking anomalies by averaging the much warmer gravel
shoreline with cooler water temperatures in a single pixel.

Bar geomorphology controls on hyporheic exchange

A total of 52 temperature anomalies were identified by
a combination of field investigations and TIR imagery
over summer 2006. Depending on the time of the day,
these features discharged water that generally ranged
from 1 to 4 °C different than the mainstem. The anomalies
were distributed along the entire 24-km study reach,
with the greatest anomaly density (3Ð0 anomalies/km) in
the 6Ð4-km reach between the Eagle Creek confluence

to just below Barton (RKM 26Ð4 to RKM 20). The
lowest density (1Ð4 anomalies/km) was in the 8-km reach
immediately below River Mill Dam. This is consistent
with previously interpreted levels of bar activity and
presence of skeletal bars (bars without finer gravel) in the
reaches immediately below the dam (Wampler, 2004).

Twelve anomalies were interpreted as primarily to
be due to groundwater seepage rather than hyporheic
exchange, based on the criteria outlined in methods. The
remaining 40 anomalies are interpreted to be primarily
driven by downwelling of river water, although we
recognize they may also be influenced by some heat
exchange with groundwater. This is supported by the
fact that groundwater and hyporheic anomalies tended
to occur adjacent to one another on individual gravel
bars (6 of 12 identified groundwater seeps). One anomaly
demonstrated warmer temperatures in the late afternoon,
but the water table was near the uppermost gravel surface
and was likely influenced by the heat of the gravel.

All hyporheic temperature anomalies occur on the
edges of gravel bars. However, in most cases, they
do not extend across the entire downstream edge of a
gravel bar. Instead, they occur in association with specific
geomorphic features present on gravel bars, features
whose hydraulic gradient and hydraulic conductivity
promote hyporheic residence times that result in offset
hyporheic and mainstem temperature signals.

Twenty-four hyporheic anomalies (60%) occur at the
downstream end of bar channels, which are unvege-
tated pathways that are active during high flows (e.g.
Feldheimer and Barton bars). These channels occurred
along the back margin of bars (i.e. away from the main-
stem), across bars, or as paleochannels that have been
infilled by new gravel. Gradients along bar channels
were higher than the longitudinal river gradient (mean
cross-bar gradient 0Ð007, compared to mean longitudinal

Copyright  2008 John Wiley & Sons, Ltd. Hydrol. Process. 22, 941–953 (2008)
DOI: 10.1002/hyp



948 B. K. BURKHOLDER ET AL.

(a) (b)

Figure 7. Hyporheic exchange across a mid-channel bar (RKM 27). (a) Dashed arrows on 2006 aerial photography indicate likely hyporheic flow
paths through cross-bar channel feature. (b) Small, discrete temperature anomaly identified on 6 a.m. TIR photography

(a) (b)

Figure 8. Hyporheic exchange across unvegetated section of mid-channel bar (RKM 15). (a) Dashed arrows indicate likely hyporheic flow paths
through bar head feature. (b) Laterally extensive temperature anomaly identified on TIR 6 a.m. photography

gradient 0Ð0029). Temperature anomalies associated with
bar channels formed discrete, small patches (<0Ð5 to 1 m
in length as measured along the bar margin) due to the
more defined structure of the feature (Figure 7).

Sixteen hyporheic anomalies (40%) were located
downstream from bar heads, where hyporheic exchange
follows a cross-bar gradient from hydraulically pooled
water at the bar head to upwelling at the bar tail. (e.g.
Eagle Creek bar) (Figure 8). Unlike bar channels, we
interpret hyporheic flow through this geomorphic feature
as not being confined to discrete subsurface channels, but
occurring across riffle structures, large sections of bars,
or entire bars. Downstream temperature anomalies associ-
ated with this feature were laterally extensive (up to 25 m
along gravel bar edges). Bar heads were primarily found

on mid-channel bars, where branching of the mainstem
creates higher hydraulic gradients (0Ð005–0Ð012) because
of elevation differences between channels.

Decreases in river discharge throughout the summer,
particularly from July to August, did influence the
size of temperature anomalies. Generally, as discharge
decreased, the width of several temperature anomalies
along gravel bar edges also decreased (up to 1–2 m).
However, all except two hyporheic anomalies persisted
through late July and August when river temperatures
were highest in the channel.

Bar-scale data and model analysis

We summarize field and model data for each of
the gravel bars selected for further characterization in
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Table I. Field and model data for representative Clackamas gravel bars

Feldheimer bar Eagle Creek bar Barton bar
Parameter RKM 30 RKM 26 RKM 20

Bar type Lateral Point Bar Mid-channel
Geomorphic feature Back-bar channel Bar head Remnant channel
Gradient (m/m) 0Ð010 0Ð012 0Ð015
D50 surface (cm) 6Ð4 5Ð8 6Ð9
D50 subsurface (cm) 1Ð2 3Ð4 2Ð2
Hyporheic area (m2) 34 66 8
Geometric mean K (m/s) 1Ð99 ð 10�5 6Ð19 ð 10�2 1Ð93 ð 10�3

ln�K� variance 0Ð09 0Ð37 5Ð77
Residence time (d) ¾1040 0Ð49 ¾12
Discharge (m3/s) 6Ð73 ð 10�6 4Ð28 ð 10�2 1Ð85 ð 10�4

Table I. Changes in piezometer head elevations from
upper to lower ends of the gravel bars varied, with
about 0Ð1–0Ð2-m change across Eagle Creek and Barton
bars and 0Ð682-m across the larger Feldheimer bar.
Slug tests within piezometers demonstrated different
behaviours between new and older gravel bars. In older
bars (Feldheimer bar and sections of Barton bar), K
ranges from 1Ð1 ð 10�6 to 7Ð7 ð 10�5 m/s. In gravel
that had been recently reworked (Eagle Creek bar and
sections of Barton bar), 5–10 s recovery to static water
levels with atypical recovery curves made it difficult to
assess hydraulic conductivity using established high-K
slug test analysis methods. Estimates of K were obtained
by calibrating the appropriate MODFLOW models to
travel time measured in offset temperature fluctuations.
Hydraulic-conductivity estimates average 6Ð3 ð 10�2 m/s
from the calibrated Eagle Creek bar model and 1Ð9 ð
10�3 m/s from the calibrated Barton bar model.

Week-long temperature surveys also showed impor-
tant differences between the older and newer gravel bars
(Figure 9). Temperatures in Eagle Creek bar showed a
diurnal variation in temperature. As water from the main-
stem moves through the bar, diurnal peaks in temperature
were reduced to 20% of their original peak height when
they emerged back into the main channel, reflective of
advective and conductive heat transfer. The phase lag in
emerging hyporheic temperature indicates a 11Ð5–11Ð8 h
water residence time, which approaches the maximum
phase shift possible.

Temperature surveys from within Feldheimer and Bar-
ton bars did not fluctuate diurnally, but temperatures
measured in down-gradient piezometers were cooler than
in up-gradient piezometers (Figure 9). The lack of diurnal
temperature fluctuations is more indicative of ground-
water rather than hyporheic exchange, but water tem-
peratures within the piezometers are well above ambi-
ent groundwater temperatures, suggesting that the water
originated from the river channel. The loss of diur-
nal fluctuation is likely due to longer residence times
(weeks to months), which is consistent with the much
lower K values within the bars as estimated from slug
tests and MODFLOW. Longer residence time can buffer
and lag temperatures on a seasonal basis. For example,

the temperature of emerging hyporheic water at Bar-
ton was consistently warmer than the mainstem chan-
nel in mid-September (Figure 9) because cloudy, cooler
weather reduced the amount of heat gained by the main-
stem. Groundwater contributions may still be significant
in emerging hyporheic temperatures, especially on Feld-
heimer bar which is connected to the channel edge.

Estimates of discharge emerging from each tem-
perature anomaly are dependent on hydraulic gradi-
ent, hyporheic cross-sectional area, and K (Table I).
Of these variables, K has the most influence over
hyporheic discharge. Eagle Creek bar, with the high-
est average K �6Ð19 ð 10�2 m/s) and largest hyporheic
area (66 m2), has the greatest calculated discharge
of 42Ð5 L/s (0Ð0425 m3/s), or 0Ð002% of the main-
stem discharge. Feldheimer bar, with the lowest aver-
age K �1Ð99 ð 10�5 m/s) and relatively large hyporheic
area (34 m2), has the lowest discharge of 0Ð00673 L/s
(6Ð73 ð 10�6 m3/s), almost four orders of magnitude
lower than Eagle Creek. Barton bar, with an intermedi-
ate K �1Ð93 ð 10�3 m/s) but small hyporheic area (8 m2)
has an anomaly discharge of 1Ð85 L/s (1Ð85 ð 10�4 m3/s),
which is two orders of magnitude lower than Eagle Creek.

Effect of hyporheic anomalies on river temperature

Estimates of K for the three representative bars were
used to estimate K values for the larger population
of hyporheic temperature anomalies, using an inferred
association between recent gravel reworking and K.
Using aerial photo analysis to assess the degree of gravel
reworking that occurred on bars during 2005–2006
winter flows, we assigned an Eagle Creek K value
of 6Ð19 ð 10�2 m/s to new bars or bars that were
extensively reworked, a Barton K value of 1Ð93 ð
10�3 m/s to bars that showed some degree of reworking,
and a Feldheimer K value of 1Ð99 ð 10�5 m/s to older
bars with little to no gravel reworking. We recognize
that K is a highly variable and sensitive parameter, and
our approach does not address downstream fining of
sediments and changes in sediment packing. We view
this approach as providing a rough estimate of the overall
order-of-magnitude effect of anomaly-based hyporheic
flow on stream temperatures that is consistent with the
limited data available.
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Figure 9. Week-long temperature profiles for (a) Feldheimer, (b) Eagle Creek, and (c) Barton bars. Surface mainstem temperatures (solid black lines)
show dampening of diurnal fluctuations in emerging hyporheic flow (solid grey lines). Dashed grey lines represent within bar well temperatures

The change in river temperature because of hyporheic
discharge can be approximated using a mixing equation

Tc D
QmTm C

∑
�QhTh�

Qc
�1�

where Qm is mainstem discharge (L3/T), Tm is mainstem
temperature (°C), Qh is hyporheic discharge (L3/T), Th

is hyporheic temperature (°C), Qc is combined discharge
(L3/T), and Tc is combined river temperature (°C). This
equation neglects other sources and sinks of heat, offsets
in time due to travel time from one anomaly to the next,
and dispersion. These effects are discussed below. We
emphasize that we investigated only hyporheic exchange,
and not the effects of groundwater inputs on river temper-
ature, so groundwater seeps were not included. Solving
for Tc and subtracting it from mainstem temperature,
Tm, gives the amount of river cooling expected from
hyporheic exchange. To check the accuracy of the mixing
equation approach, we compared it to results from a 2D
hydrodynamic temperature model of the lower Clacka-
mas River. We used CE-QUAL-W2 (Cole and Wells,

2004), a 2D hydrodynamic model which incorporates the
full spectrum of heat sources and sinks, to estimate river
temperature sensitivity to hyporheic exchange. The CE-
QUAL-W2 model was parameterized with a network of
meteorological sensors that provided air temperature (two
points), short- and long-wave radiation (one point), cloud
cover (one point), wind speed (four points), and humid-
ity (three points). Other details on the model are pro-
vided by Battelle (2004) and Khangaonkar and Yang (in
press). We used anomaly discharge, residence time, and
temperature from the Eagle Creek bar and added 40 addi-
tional Eagle Creek-like anomalies throughout the river (in
effect, doubling the number of current hyporheic anoma-
lies), maintaining the same degree of anomaly density
between different stretches of river. The model estimates
river cooling of 0Ð16 °C. Using the mixing model, we
estimated the cooling associated with the Eagle Creek
anomaly (0Ð006 °C) and to simulate gravel augmentation,
multiplied that effect by 40. This gives a river-cooling
estimate of 0Ð24 °C, an overestimate of 50%.

Using parameters shown in Table II, the mixing
equation estimates that existing hyporheic anomaly-based
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hyporheic discharge (0Ð07% of total mainstem discharge)
provides a local cooling of the summer-time maximum
daily temperature in lower Clackamas River by 0Ð012 °C.

DISCUSSION

We estimate that existing hyporheic flow in the Clacka-
mas has a minimal impact on daily maximum tempera-
ture. This estimate is subject to three significant sources
of uncertainty detailed below: the estimate of K; the
calculation of discharge; and unaccounted for hyporheic
exchange.

First, determining K for each of the gravel bars with
temperature anomalies is difficult. We assigned K values
using data from our three intensively studied bars to all
anomalies in the study reach based on whether a bar was
new, older, or a combination of new and older deposits.
We do not know if this approach over- or underpredicts
K values, but overall temperature effects in the mainstem
are very sensitive to the assignment of K values. By way
of sensitivity analysis, if all gravel bars are assigned the
maximum measured value of K (Eagle Creek), the mixing
model estimates an overall reduction in maximum daily
temperatures in the summer of 2006 as 0Ð021 °C. If all
gravel bars are assigned the minimum measured value of
K (Feldheimer), the mixing model estimates a reduction
in maximum daily temperatures of 7Ð14 ð 10�6 °C.

Secondly, we used a simple mixing equation to esti-
mate the effect of hyporheic discharge on mainstem tem-
perature. The steady state simplification assumes that
the cooling over multiple anomalies is cumulative and
neglects decay and phase effects due to travel time
(i.e. temperature is treated conservatively). This model
may overestimate the temperature effect. Our compari-
son with CE-QUAL-W2, which accounts for longitudinal
heat loss/gain, demonstrates that if we added 40 Eagle
Creek bars on the lower Clackamas by gravel augmen-
tation and make the same calculation with the mixing
model as outlined above, the mixing model overestimates
the cooling effect by 50%.

Finally, our study has focussed on quantifying hyp-
orheic exchange over summer 2006 on gravel bars that
consistently demonstrated different temperatures from
the mainstem, because of buffering and lagging of

Table II. Numbers entered into mixing calculation

Parameter Value Source

Qm 22Ð547 m3/s Qc � Qh

Tm 19Ð20 °C Mean temperature for August
13, 2006

Qh 0Ð153 m3/s Sum of all temperature anomaly
discharges

Th Depends Tm –magnitude of cooling for
each anomaly

�QhTh� 2Ð660
Qc 22Ð7 m3/s USGS River Gauge at Estacada
Tc 19Ð187 °C QmTm C �QhTh�/Qc

Cooling 0Ð012 °C Tm � Tc

heat resulting from advection and conduction. We did
not quantify the thermal effects of diffuse hyporheic
discharge through gravel bars where we did not detect
a temperature difference, nor did we attempt to assign
cooling associated with the simple downwelling of water
into gravel bars (where water is not exposed to solar
radiation or ambient air temperature). Also, we did
not take other hyporheic spatial scales into account,
including flow through submerged gravel bedforms (e.g.
bed roughness elements), meander necks or floodplains.
Exclusion of these effects underestimates the total amount
of hyporheic cooling.

Reconciling these sources of error, which point in
different directions, is difficult. Obtaining more refined
estimates of K and hyporheic anomaly discharge would
require building additional groundwater models for many
more gravel bars on the lower Clackamas. Additional
field studies and modelling exercises would examine
other spatial scales of hyporheic flow and the thermal
benefit afforded by water simply being shielded from
solar radiation as it downwells into gravel.

Even within the constraints imposed by the uncertain-
ties in our study, however, we believe our estimate of
cooling is not likely to change drastically. Unlike smaller
streams that may see several degrees of cooling from
hyporheic buffering (Johnson, 2004), our results sug-
gest that hyporheic exchange will cool larger rivers only
a fraction of a degree. This is likely due to diminish-
ing opportunities for hyporheic exchange as channel size
increases (D’Angelo et al., 1993; Boulton et al., 1998).
We found that in the Clackamas River, hyporheic dis-
charge comprised only a fraction of mainstem summer
discharge (−1%). It is therefore difficult for hyporheic
exchange to exert significant effect on stream tempera-
ture, because any hyporheic buffering present is diluted
by large mainstem discharges.

Although hyporheic discharge may not have a large
effect on overall river temperature in a large river, we
found that it can effectively create localized patches of
water that have different temperatures from the mainstem.
These patches increase thermal heterogeneity within the
river channel and can provide thermal refugia (up to 4 °C
cooler) for aquatic species that are stressed by conditions
in the mainstem channel (Fernald et al., 2006 and Arscott
et al., 2001).

Similar to previous studies (e.g. Kasahara and
Wondzell, 2003; Poole et al., 2006), we found that
channel-scale morphology controls hyporheic exchange
in the Clackamas River, which in turn influences ther-
mal heterogeneity (Arscott et al., 2001; Fernald et al.,
2006). All anomalies were associated with gravel bars,
with the largest discharges emerging from anomalies
located downstream from bar heads. The largest num-
ber of anomalies were associated with bar channels, but
these produced only modest hyporheic discharges.

In most cases, the link between channel morphology
and hyporheic flow reflects morphologic control on the
distribution and hydraulic properties of preferential flow
paths in bars. Temperature anomalies were consistently
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located downstream from observed or inferred flow
paths, which are assumed to feed subsurface channels.
Although these geomorphic features usually comprise
only a fraction of a gravel bar’s area, they generally
have higher K values than other parts of the same bar
(Wondzell and Swanson, 1999; Fernald et al., 2006). The
bar channels and heads that had associated anomalies
with the greatest hyporheic discharges had been reworked
recently during recent high winter flows and presumably
had fewer fines than older and less reworked parts of the
bar. These older bar surfaces tended to be well-vegetated
and have likely accumulated fines for longer periods of
time. Our slug tests also suggested that K values can vary
dramatically between newer and older bar features.

Bar channels and bar heads also have hydraulic gradi-
ents greater than the longitudinal river gradient because
of downstream hydraulic controls and backwater effects.
The slope transition at the head of the bar in effect acts as
a broad-crested weir, slowing upstream flows. The water
that does infiltrate the head of the bar will generally fol-
low a shorter flow path directly through the bar; this will
be the steepest gradient across the bar. Together, higher
K and steeper hydraulic gradient create preferential flow
paths, concentrating hyporheic flow. At Eagle Creek, we
estimate that 76% of the total hyporheic flow in the bar
was focused along a preferential flow path, giving rise to
the downstream temperature anomaly.

On some bars, we found recently reworked bar chan-
nels and bar heads that appeared ideal candidates for
preferential hyporheic flow, but no temperature anomaly
was found. We speculate that in these cases hyporheic
flow was present but in phase with mainstem tempera-
ture. For a maximum temperature difference to occur, the
travel time across the bar must be 24(N � 1/2) h where
N is a positive integer. A minimum temperature differ-
ence occurs, regardless of hyporheic discharge, at 24 N
h. This means that certain bar sizes and K values can pro-
duce significant hyporheic flow but have no appreciable
effect on the river temperature.

This study reveals the close coupling among channel
morphology, hyporheic flow, and thermal heterogeneity.
The relationship among these processes will be affected
by channel dynamics in both natural rivers and those
located downstream from dams or other anthropogenic
influences. In the case of the Clackamas, long-term reduc-
tion in sediment supply and transport due to upstream
dams has resulted in at least some reaches with limited
gravel and skeletal coarse bars. The proposed artificial
introduction of gravel to the river below the lowest dam
has the potential to increase sediment transport, thereby
affecting rates of bar construction, reworking, and chan-
nel migration. As per the results presented here, there
should be at least some local effects on stream tem-
peratures because of this increased channel activity. It
remains to be seen what the magnitude and location of
this effect is likely to be, but the opportunity to exam-
ine the relationships among channel morphology, stream
temperature, and hyporheic flow represents an ideal field
experiment.

CONCLUSIONS

Our field investigation identified 40 temperature anoma-
lies over a 24-km reach on the lower Clackamas River,
a low gradient, gravel-bed river. Temperature anomalies
are the result of hyporheic exchange deviating from main-
stem temperatures throughout the day, largely because of
buffering and lagging of advected heat. The occurrence
of temperature anomalies depends strongly on the pres-
ence of bar morphology. More specifically, hyporheic
exchange that directly influences river temperature is
associated with geomorphic features on bars like bar
channels and bar heads that exhibit higher gradients (vs
river gradient) and higher hydraulic conductivities. The
flow emerging from these anomalies is largely controlled
by the hydraulic conductivity of the sediments, mean-
ing that gravel bars that have recently formed or been
reworked will have greater hyporheic discharges.

A simple mixing model demonstrates that the overall
cooling effect associated with these temperature anoma-
lies is small (0Ð012 °C) because of the fact that hyporheic
discharge emerging from these anomalies is only a small
fraction (<0Ð07%) of mainstem discharge in a large river.
However, these patches of cooler water can benefit cold-
water species such as salmon, providing local habitat
and refugia from warmer mainstem temperatures. With
emerging interest in river restoration and incorporating
natural river processes into restoration projects (Boulton,
2007), the creation or enhancement of cool patches result-
ing from hyporheic exchange is a viable method that
could be used to offset the harmful effects of thermal
degradation.
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