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Table I. Field and model data for representative Clackamas gravel bars 

Feldheimer bar 
Parameter RKM30 

Bar type Lateral 
Geomorphic feature Back-bar channel 
Gradient (mlm) 0·010 
Dso surface (cm) 6-4 
Dso subsurface (cm) 1·2 
Hyporheic area (m2) 34 
Geometric mean K (mls) 1·99 x IO-s 
In(K) variance 0·09 
Residence time (d) "-'1040 
Discharge (m3/s) 6·73 x 10-6 

Table I. Changes in piezometer head elevations from 
upper to lower ends of the gravel bars varied, with 
about 0·1-0·2-m change across Eagle Creek and Barton 
bars and 0·682-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 }·1 x 10-6 to 7·7 X 10-5 mls. 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 MOD FLOW models to 
travel time measured in offset temperature fluctuations. 
Hydraulic-conductivity estimates average 6·3 x 10-2 mls 
from the calibrated Eagle Creek bar model and 1·9 x 
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 11·5-11·8 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, 
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Eagle Creek bar Barton bar 
RKM26 RKM20 

Point Bar Mid-channel 
Bar head Remnant channel 

0·012 0·015 
5·8 6·9 
3·4 2·2 
66 8 

6·19 X 10- 2 1·93 X 10-3 

0·37 5·77 
0-49 "-'12 

4·28 X 10- 2 1·85 X 10-4 

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 (6·19 x 10-2 m/s) and largest hyporheic 
area (66 m2), has the greatest calculated discharge 
of 42·5 LIs (0·0425 m3/s), or 0·002% of the main­
stem discharge. Feldheimer bar, with the lowest aver­
age K (1·99 x 10- 5 m/s) and relatively large hyporheic 
area (34 m2), has the lowest discharge of 0·00673 Lis 
(6·73 x 10-6 m3/s), almost four orders of magnitude 
lower than Eagle Creek. Barton bar, with an intermedi­
ate K (1·93 x 10-3 m/s) but small hyporheic area (8 m2) 

has an anomaly discharge of 1·85 LIs (1·85 x 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 6·19 x 10-2 m/s to new bars or bars that were 
extensively reworked, a Barton K value of 1·93 x 
10-3 m/s to bars that showed some degree of reworking, 
and a Feldheimer K value of 1·99 x 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 

QmT m + L(QhTh) 
Tc = -------------

Qc 
(1) 

where Qm is mainstem discharge (L 3 IT), T m is mainstem 
temperature CC), Qh is hyporheic discharge (L3 IT), Th 
is hyporheic temperature CC), Qc is combined discharge 
(L3 IT), and Tc is combined river temperature CC). 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 T c and subtracting it from main stem temperature, 
T m, 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, 
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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 0·16°C. Using the mixing model, we 
estimated the cooling associated with the Eagle Creek 
anomaly (0·006°C) and to simulate gravel augmentation, 
multiplied that effect by 40. This gives a river-cooling 
estimate of 0·24 °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 (0·07% of total mainstem discharge) 
provides a local cooling of the summer-time maximum 
daily temperature in lower Clackamas River by 0.012 0c. 

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 0·021 0c. If all 
gravel bars are assigned the minimum measured value of 
K (Feldheimer), the mixing model estimates a reduction 
in maximum daily temperatures of7·14 x 10-6oC. 

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 

Qrn 22·547 m3/s Qc - Qh 
Trn 19·20°C Mean temperature for August 

13, 2006 
Qh 0·153 m3/s Sum of all temperature anomaly 

discharges 
Th Depends T rn -magnitude of cooling for 

each anomaly 
~(QhTh) 2·660 
Qc 22·7 m 3/s USGS River Gauge at Estacada 
Tc 19·187°C QrnT rn + ~(QhTh)/Qc 
Cooling 0·0l2°C Trn - Tc 
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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 a!., 1993; Boulton et ai., 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 ai., 2006 and Arscott 
et ai., 2001). 

Similar to previous studies (e.g. Kasahara and 
Wondzell, 2003; Poole et ai., 2006), we found that 
channel-scale morphology controls hyporheic exchange 
in the Clackamas River, which in turn influences ther­
mal heterogeneity (Arscott et ai., 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 ai., 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 
dramatical1y 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
Iowa 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. 

Copyright © 2008 John Wiley & Sons, Ltd. 

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 (0·012 °C) because of the fact that hyporheic 
discharge emerging from these anomalies is only a small 
fraction ( <0·07%) 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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