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The interaction between surface and subsurface waters
through hyporheic exchange and baseflow is critical
to maintaining ecological health in streams. During warm
periods, groundwater-surface water interactions have
two primary effects on stream temperature: (1) cool
groundwater discharging as baseflow lowers stream
temperature and (2) hyporheic exchange buffers diurnal
stream temperature variations. We demonstrate, for the first
time, how high-resolution, remotely sensed forwardlooking infrared (FLIR) images and instream temperature
data can be used to quantify detailed spatial patterns of
groundwater discharge to a 1.7 km reach of Cottonwood
Creek in Plumas National Forest, CA. We quantify the individual
effects of baseflow and hyporheic exchange on stream
temperatures by simulating the stream energy budget under
different conceptual models of the stream-aquifer
interaction. Observed spatial and temporal patterns of
stream temperature are consistent with an increase in
baseflow and hyporheic exchange within the middle, restored
stream reach when compared to groundwater fluxes in
the surrounding, unrestored reaches. One implication is that
pond and plug stream restoration may improve the
aquatic habitat by depressing maximum stream temperatures
by >3 °C (K).

Introduction
Hydrologists, stream ecologists, aquatic chemists, and water
resource managers are often unable to quantify water and
thermal fluxes across the streambed interface, even though
these exchanges administer significant control on relevant
physical and chemical processes (1, 2, 3). For instance,
groundwater discharge to streams accumulates throughout
a watershed’s drainage network as baseflow, which supports
river flow during dry periods, maintains aquatic ecosystems,
and is critical to humans for water supply and agriculture.
Hyporheic water flow from the stream into the subsurface
and back to the stream plays important roles in thermal
buffering, nutrient cycling, and stream ecology (1, 4, 5). Direct
measurement of groundwater discharge to a stream at a point
is challenging, and obtaining representative point measurements throughout a watershed is a practical impossibility.
Understanding, protecting, and restoring the hydrologic
function and ecosystem services provided by baseflow and
hyporheic exchanges requires better methods for quantifying
these spatially distributed fluxes.
* Corresponding author phone: (650)725-8070; fax: (650) 7240979; e-mail: sloheide@stanford.edu.
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Commercial availability of forward-looking infrared (FLIR)
cameras has made it feasible to monitor stream temperature
(Ts) from helicopter-based platforms (6). High-resolution
thermal data can be used for the identification and protection
of thermal refugia for fisheries (7) and may provide clues
about surface water-groundwater interactions (8, 9). For
example, stream reaches with high groundwater contributions have lower daily maximum temperatures during the
summer months because groundwater remains cool relative
to the stream. We present a new method to quantify both
groundwater discharge (baseflow) and hyporheic exchange
that relies on the detailed thermal signature in the stream
over space and time.
The method involves collecting airborne thermographic
imagery to obtain longitudinal profiles of Ts at various times
during the day and recording instream temperature at
selected locations. These thermal profiles and histories are
then simulated with a modified version of an existing, onedimensional (1-D) energy budget/transport model (10). Input
parameters such as meteorological conditions, vegetative
shading characteristics, and stream characteristics were
measured on-site, estimated from aerial photographs, and
extracted from existing databases. The rates of groundwater
inflow and hyporheic exchange were systematically varied
until the modeled Ts matched both the in situ and the
remotely sensed observations.
The methodology developed here was applied to a 1.67
km reach of Cottonwood Creek in Plumas National Forest,
CA (Figure 1). This reach runs through Big Flat, a meadow
that was restored in 1995 to reestablish the hydrologic regime
and natural vegetation. The meadow had been adversely
affected by stream incision, which had caused subsequent
meadow dewatering, a change in the hydrologic regime, and
a succession from native wet meadow vegetation to sagebrush
and dryland grasses (11, 12). This is likely a result of increased
erosion caused by land-use practices such as grazing and
logging. The pond-and-plug restoration technique involved
excavating ponds along the incised channel and filling in the
old channel neighboring these ponds (11, 12). The stream
was rerouted from the old, deeply incised channel into a
newly constructed, unincised, Rosgen type “E” (13) channel,
to which pool and riffle treatment was performed in 2004.
The restoration objective of raising the water table (1)
promoted a reestablishment of wet meadow vegetation and
(2) increased groundwater flow to the stream through
baseflow augmentation (14). Groundwater flow into the
stream is from regional aquifers and the seasonal drainage
of meadow sediments. Hyporheic flow is the local scale
exchange of water between the stream and the hyporheic
zone on short time scales. The work presented is being used
to evaluate the effectiveness of baseflow augmentation.

Methodology
On June 3, 2005, thermal imagery was collected over Cottonwood Creek in Big Flat using methods similar to those
used by Torgersen et al. (15). A S65 FLIR camera was held
in a near vertical position with a manually steered mount
beneath a helicopter that flew over the reach, in a downstream
direction, four times throughout the day. The camera has a
spectral range of 7.5-13 µm and a 24 × 18° field of view. The
flight times were 7:43 am, 11:53 am, 4:08 pm, and 7:38 pm.
The helicopter altitude was ∼120-160 m, resulting in image
resolution of 0.16-0.21 m. Longitudinal profiles of Ts for
each flight were created by sampling an approximately
circular footprint of 0.3-1.2 m2 consisting of an average of
9-30 neighboring pixels from the thermal images at intervals
10.1021/es0522074 CCC: $33.50
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FIGURE 1. (A) Location of Big Flat in the Plumas National Forest, CA. (B) Color infrared base map of Big Flat shows healthy vegetation
in pink/red and locations of stream temperature loggers, stream discharge measurements, and the weather station. Stream kilometer is
measured upstream from the road crossing. The ponds on the eastern flank of the meadow were created during the restoration and mark
the position of the former stream channel. (C) FLIR image showing temperature with a spatial resolution of ∼18 cm. Other thermal images
in the literature show springs that discharge cool water as a point source (i.e., Figure 1.7 in ref 10); however, in this study, we are interested
in diffuse groundwater inflow, which is not visible in a single image but affects Ts at the reach scale.
of ∼25 m. Since each flight lasted ∼56 s through this reach,
the resulting longitudinal profiles of Ts represent a nearly
instantaneous snapshot.
Ground-based data served to crosscheck the thermography data, support the stream temperature model, and
validate results. Stream bankfull width was measured at ∼18
m intervals from stream kilometer 0.39 to 1.33 and was
estimated elsewhere from aerial photographs. Streamflow
measurements were taken at three locations using an acoustic
Doppler velocimeter (SonTec). Instream temperature loggers
(HOBO Water Temp Pro v1) recorded Ts at 15-30 min
intervals at six locations (Figure 1).
Stream temperature was modeled using HeatSource V7.0,
which is distributed at www.deq.state.or.us/wq/TMDLs/
WQAnalTools.htm. Except where noted, the procedures
outlined by Boyd and Casper (10) were used. This finitedifference model solves the 1-D, transient advectiondispersion equation. The model was modified to solve a more
general, nonuniform form of this equation:
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In eq 1, Ts is the stream temperature [K]; t is time [s]; x is the
distance downstream [m]; A ) A(x) is the cross sectional
stream area [m2]; Q is the streamflow [m3/s]; D is the
dispersion coefficient [m2/s]; F is the density of water [kg/
m3]; Cp is the specific heat of water [J/K/kg]; W ) W(x) is the
stream width [m]; and Φnet ) Φnet(x) is the net heat flux [J/s/
m2]. The Φnet term accounts for the heat fluxes illustrated in
Figure 2. The incoming shortwave solar loading (Φsolar)

FIGURE 2. Heat exchange mechanisms affecting stream temperature.
reaching the stream surface is calculated based on geographic
location, time of year, time of day, cloudiness, and topographic/vegetative shade. Cloudiness is calculated using the
maximum predicted solar radiation and the actual solar
radiation measured at the weather station (16); because we
back-calculated cloudiness in this manner, the modeled
shortwave radiation is, by definition, equivalent to the
measured values. The longwave radiation (Φlongwave) is based
on the difference between incoming longwave radiation from
the atmosphere and back radiation emitted from the stream.
Streambed conduction (Φstreambed) is driven by the temperature gradient between the stream and the streambed
conduction layer (Figure 2). Similarly, the sensible heat flux
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TABLE 1. Source of Data Required for Stream Temperature
Modeling
data type

data source

vegetation shading
topographic shading
stream slope
bankfull width
stream velocity, width,
and depth
dispersion coefficient
sediment thermal
properties
groundwater
temperature
cloudiness
air temperature
humidity
wind speed
discharge bound.
condition
temperature bound.
condition
groundwater inflow
hyporheic exchange

vegetation mapped from
USGS digital ortho quads
10m USGS digital elevation
models
10m USGS digital elevation
modelsa
measured on the ground and
estimated from aerial photographs
modeled using MuskingumCunge flow routing in HeatSource
estimated from streamflow,
dimensions, and roughness (10)
estimated based on porosity
measured at various locations
within the meadow
recorded at weather station
recorded at weather station
recorded at weather station
recorded at weather station
measured (acoustic Doppler
velocimeter)
measured (HOBO instream
temperature logger)
estimated through calibration
estimated through calibration

FIGURE 3. Distribution of groundwater inflow and hyporheic
exchange, which resulted in the best-fit between the observed and
simulated stream temperatures. Where the hyporheic exchange
rates are 0.05, 0.3, and 0.4 L/s/m, the depths of the hyporheic zone
are 0.25, 0.30, and 0.45 m, respectively. The lower graph shows
measured and modeled stream discharge for the cases that include
groundwater inflow.

a

In heavily vegetated areas, along streams in steep canyons, or
when very fine scale variations in slope are required, digital elevation
model (DEM) data may not provide a sufficiently accurate estimation
of slope. Methods used here to determine slope can be found on pages
140 and 149 of ref 10.

(Φconvection) is driven by air convection above the stream and
is directly related to the stream-air temperature gradient.
The latent heat flux (Φevap) is a result of evaporation from the
stream surface and is calculated with the mass transfer
approach based on the water vapor pressure gradient and
a wind function. To solve eq 1, input data were specified at
2 m intervals, and computations were performed with a 5 m
discretization and a 1 min time step.
We modified the model components that calculate heat
fluxes due to groundwater flow (Φgw) and hyporheic exchanges (Φhyp). We specified the hyporheic flux rate (qhyp) as
a volumetric flux per unit length of stream, [m2/s]. The heat
flux to/from the stream was then calculated as

Φhyp )

(Thyp - Ts)qhypFCp
W

(2)

where Thyp is the hyporheic zone temperature. The hyporheic
zone is assumed to have the same dimensions and temperature as the conductive layer. The hyporheic zone/conductive layer temperature is modeled by summing the
streambed conduction and hyporheic heat fluxes to this zone
and calculating the temperature change based on this zone’s
volume and heat capacity. This modification overcame the
inherent difficulty in estimating mass exchange from hydraulic conductivity and hydraulic head gradient estimates.
In addition, we better accounted for the heat flux of
groundwater inflow (Φgw) as

Φgw )

(Tgw)qgwFCp
W

(3)

where the groundwater inflow (qgw) is the volumetric flux
per unit length of the stream, and Tgw is the groundwater
temperature. This was necessary because the effect of
groundwater inflow on stream temperature was previously
calculated using a simple, flow-weighted mixing model, which
3338
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failed to represent the effect of groundwater inflow when
small time steps were used.
The data requirements and sources are summarized in
Table 1. The rates of groundwater inflow and hyporheic
exchange and the spatial distribution of these fluxes were
varied manually until the best-fit between the modeled and
observed Ts was obtained. To evaluate the goodness of fit,
we simultaneously compared the diurnal temperature patterns (instream HOBO) and the longitudinal temperature
profiles (FLIR) to the model results using both visual
inspection and root-mean-square residuals (RMSRs). Three
additional cases are considered to demonstrate the effect
that groundwater inflow and hyporheic exchanges have on
Ts. The best-fit model will be called the “base case” (Figure
3). The second case (No Hyp) is the base case but with no
hyporheic exchanges. The third case (No GW) is the base
case but neglects all groundwater inflow. The last case (No
GW and No Hyp) assumes that there is neither groundwater
inflow nor hyporheic exchange anywhere within the reach.

Results and Discussion
Data collected from thermal imagery and instream data
loggers are shown in Figures 4 and 5. FLIR-based Ts estimates
correlate well with values recorded instream (R2 ) 0.96). The
mean absolute difference between the two types of data was
0.55 °C (K). The longitudinal profiles demonstrate that heat
exchange processes throughout the reach change quite
rapidly over space.
The average width and depth of this stream reach are 1.6
( 0.7 and 0.23 ( 0.18 m, respectively. For discussion purposes,
the meadow will be separated into three subreaches: the
upper (km 1.67-1.35), middle (km 1.35-0.65), and lower
(km 0.65-0). The middle subreach is the zone most directly
affected by restoration efforts. In the color infrared image
that serves as a base map for Figure 1, riparian vegetation
in the middle subreach appears red because the region is
dominated by lush mesic vegetation such as sedges and
rushes, which indicate a shallow water table. The upper and
lower reaches are outside the direct zone of influence of
restoration and contain a mix of dryland grasses and
sagebrush, which appear blue in the color infrared image.
The upper-reach streambed is often intact bedrock or bedrock
covered with a thin layer of gravel. The lower-reach streambed
is composed of either fine-grained silts or bedrock. Through
the middle subreach, the channel was constructed by

FIGURE 4. Comparison of observed in situ (HOBO) and remotely sensed (FLIR) Ts with simulated longitudinal profiles of Ts. Streamflow
is from stream kilometer 1.67 to 0.0 (left to right). The RMSR for the four cases (Base Case, No Hyp, No GW, and No GW-No Hyp) are
1.1, 1.4, 3.3, and 3.5 K, respectively.
excavating the silty meadow soils, which contain zones of
sand and gravel. Since channel construction in 1995, sand
and gravel have been deposited within the channel both
naturally and during restoration. In addition, riprap riffle
structures have been added to stabilize the channel and create
pools, which raise the elevation of the stream surface. These
coarse-grained materials appear to act as important streamaquifer exchange zones.
Depressed river temperatures indicate streamflow contributions by groundwater (baseflow) and/or hyporheic
exchanges. During early June, Ts (∼7-19 °C) is generally
greater than the relatively constant groundwater temperature
(∼7 ( 0.8 °C). Thus, groundwater inflow within a reach will
have a cooling effect on the longitudinal Ts profile either
causing Ts to decrease through the reach, or causing Ts to
increase to a lesser extent than it would in the absence of
baseflow. The effect of groundwater inflow on the longitudinal
Ts profile is greater in the afternoon since the temperature
difference between the stream and the groundwater is
greatest at this time. Hyporheic flows have a buffering effect
on Ts in that they tend to cool the stream at times when Ts
is rising, but they warm the stream when it is cooling (17).
Hyporheic buffering causes suppressed Ts maxima, increased
minima, and a time lag in the occurrence of stream temperature extrema. The time lag in peak Ts results from the
time needed to heat the water and sediments of the hyporheic
zone, which are engaged in active heat exchange with the
stream.
In both the upper and lower subreaches, Ts increases
rapidly in both space (Figure 4) and time (Figure 5) from
sunrise until early afternoon as water flows through these
reaches. Compared to the upper and lower subreaches, in
the middle subreach Ts is buffered and reaches a lower daily
maximum, which occurs later in the day. In fact, at sites 1,
2, 3, 4, 5, and 6, the maximum stream temperatures are 16.3,

19.2, 19.9, 14.8, 15.8, and 18.1 °C, occurring at 2:15, 3:30,
5:00, 5:15, 5:45, and 3:30 pm, respectively. The timing and
magnitude of these temperature maxima reflect the heat
exchange mechanisms occurring at and upstream of these
sites; these observations suggest increased baseflow and
hyporheic exchange within the middle subreach.
Higher rates of groundwater inflow and hyporheic exchange cause the afternoon dip in the Ts profile (Figure 5)
through the middle subreach. Maximum daily Ts in the upper
reach (sites 1 and 2) and the lower reach (site 6) are fully 2-3
degrees higher than those in the middle reach (sites 4 and
5), a result primarily of the cooling influence of inflowing
groundwater. Yet, hyporheic exchange also contributes to
the lower Ts by moderating daily Ts extremes. A more
diagnostic effect of increased hyporheic exchange is that the
maximum Ts occurs ∼2 h later in the middle subreach versus
the other subreaches. This effect is seen in the temporal data
(Figure 5) by comparing the observed diurnal temperature
records at sites 1, 2, and 6 with the muted and lagged patterns
observed at sites 4 and 5. The diurnal temperature record at
site 3 (just downstream of the transition into the restored
reach) has a high maximum because of the influence of the
upper reach, yet also experiences a significant lag caused by
a high rate of hyporheic exchange immediately upstream.
This hyporheic exchange retards heat advection.
Simulating Ts and heat exchange processes provided
quantitative estimates of groundwater contributions to
streamflow and hyporheic exchange rates. These fluxes were
determined by varying groundwater inflow rates, hyporheic
exchange rates, hyporheic zone depth, and the distribution
of these fluxes until the simulated temperatures matched
the observed spatial and temporal Ts data. The matches were
compared using the RMSR (see captions of Figures 4 and 5).
The best-fit model was obtained using the groundwater inflow
and exchange rates in Figure 3. The RMSR between the
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FIGURE 5. Simulated and observed diurnal records of Ts at the locations of the instream temperature loggers for the four cases. Data
from Site 1 was used as the upstream boundary condition. The RMSR for the data at the other five sites for the Base, No Hyp, No GW,
and No GW-No Hyp cases are 1.1, 1.4, 3.2, and 3.2 K, respectively. The two downward arrows highlight the discrepancy between the
modeled and observed times of maximum Ts when hyporheic flow is neglected. The double-ended arrow emphasizes that Ts is overpredicted
when groundwater inflow is neglected.
simulated Ts and the FLIR longitudinal profiles is 1.1 K. The
These results demonstrate the importance of groundwater
RMSR between the simulated Ts and the HOBO-recorded
inflow and hyporheic exchange in creating stream reaches
diurnal Ts patterns is also 1.1 K. Checking against the
with thermal regimes that are capable of supporting fisheries.
independent measurement of groundwater contributions
In fact, on the day these data were collected, the stream
obtained with synoptic stream gaging (Figure 3), we note
reach from kilometer 0.6 to 1.2 provided good habitat for
that the increase in streamflow attributed to groundwater
rainbow trout (Oncorhynchus mykiss) and other cool water
inflow as determined here agrees with the spatially integrated
species because of the lower daily Ts maximum, whereas the
reaches above and below are of marginal quality (3, 11, 18).
values provided by gaging. Streamflow measured at the upper,
In summary, hyporheic fluxes cause a time lag and a
middle, and lower stream gage sites were 0.0055, 0.0095, and
buffering of Ts, whereas groundwater fluxes result in a
0.0107 m3/s, respectively; modeled values were 0.0055, 0.0099,
and 0.0108 m3/s, respectively.
depression in Ts; the differing responses of these processes
When hyporheic exchange is neglected, less buffering of
reduced the problem of nonuniqueness, which facilitated
Ts occurs, and the RMSR increases by 0.3 °C (K) for both the
manual calibration of the model and determination of these
fluxes. While this manual fitting procedure is subjective, timelongitudinal (Figure 4) and temporal (Figure 5) data sets. A
consuming, and requires a thorough understanding of the
large discrepancy occurs at site 5 in the No Hyp case (Figure
processes affecting Ts, it forces the analyst’s intimate contact
5) because the temperature record at this site is strongly
affected by heat exchange processes occurring immediately
with the model, (1) helping to maintain parameter values
upstream in the middle subreach, where neglecting hyporheic
within reasonable ranges for the stream reach, (2) allowing
exchanges has the greatest impact. Neglecting hyporheic
inclusion of “soft data” (e.g., location of hydric vegetation
exchanges causes the temperature maximum to be overcommunities or seepage faces), that have been observed in
predicted by 2.0 °C (K) and to occur 2.5 h earlier in the day
the field, and (3) providing a clear understanding of the
in the downstream portion of the middle subreach (site 5).
sensitivity of the model to its parameters.
When groundwater inflow is neglected, simulated Ts is
Model-based estimating of hyporheic exchange is confounded by the fact that three separate processes can have
too high in the middle and lower subreaches, with the
a similar buffering effect on Ts. First, heat is carried by water
cumulative error becoming more severe downstream. In this
case, the RMSR increases by over 2 °C or K (200%) compared
flowing between the stream and the hyporheic zone. Second,
to the base case. It is noteworthy that this case also
heat is transferred from the flowing portion of the stream to
demonstrates that Ts maxima at some locations would be
“stagnant zones” of surface water within the stream channel.
Third, heat is conducted between the stream and the
over 4 °C (K) higher without the cooling effect of the inflowing
subsurface sediment. In all three cases, heat is exchanged
groundwater. Similarly, when both groundwater inflow and
between the flowing streamwater and its surroundings
hyporheic exchange are neglected, simulated Ts is too high,
the amplitude of diurnal temperature variations is too large,
(hyporheic zone, stagnant zones, and streambed conduction
and the peak Ts occurs too early. With neither the buffering
layer). In experiments, Gooseff et al. (19) observed differences
effect of hyporheic exchange nor the cooling effect of
in late time tailing of introduced stream tracers. They believe
baseflow, the daily maximum Ts is more than 5 °C (K) higher
that these differences can be used to distinguish between
the first two processes. Runkel (20) and others have sucthan that in the base case.
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cessfully modeled the first two of these processes by
considering them together as a lumped transient storage
mechanism for solutes. For heat transport in streams, the
third process (streambed conduction) also influences Ts in
the same manner as hyporheic and stagnant zone exchange.
Because all of these processes can have nearly equivalent
effects on Ts, differentiating between them using streamtemperature data alone is difficult. Thus, estimated hyporheic
exchange rates may not represent hyporheic exchange alone
and are likely overpredicted because they also represent heat
exchange between the flowing-stream and stagnant-water
zones within the channel. This is a specific example of a
general concern. Error can creep into any approach that
estimates flux magnitudes by simulating a response variable
that is dependent on many processes; conceptual model error
or uncertainty of input parameters may lead to inaccuracies
of fitted parameters.
In Cottonwood Creek, groundwater inflow caused significant cooling in the restored stream reach, which was a
goal of the restoration efforts. Synoptic streamflow measurements verified that groundwater inflow (baseflow) rates
estimated using FLIR thermography were accurate within
10% in this application. Later in the season, streamflow
decreased to zero at the upper end of the reach; however,
for several weeks afterward, streamflow began between
kilometers 1.0 and 1.3, which is consistent with the presence
of the identified groundwater inflow zone. Furthermore,
hyporheic exchange (and perhaps “stagnant zone” exchange)
is shown to increase the buffering effect on Ts within the
restored reach. Much of this exchange is probably a result
of high conductivity riffles made of 10 cm clasts added to
create pools and prevent erosion. The riffles are highly transmissive, and, at lower streamflow, all of the discharge has
been observed to flow through the riffle structure, suggesting
that high exchange rates are realistic. These results indicate
that hydrologic function differs significantly between restored
and adjacent subreaches. The increased baseflow and
hyporheic exchange create a thermal regime that improves
the aquatic habitat potential of the restored subreach.
Remotely sensed profiles of Ts have been combined with
in situ diurnal records of Ts to gain insight into the subsurface
flow system. The spatial coverage provided by the remotely
sensed data enabled pinpointing abrupt changes in heat
exchange and quantifying a spatially continuous baseflow
contribution profile. The instream diurnal records of Ts
validated the remotely sensed data and provided a continuous, temporal dataset that was used to help match the diurnal
temperature cycle. Using a physically based, energy budget
model, these rich data sets were used to quantify subsurface
groundwater inflow and hyporheic exchanges at a restoration
site where exchange rates are high relative to the streamflow.
We feel the largest obstacle to scaling up this method is that
the ratio of groundwater inflow and hyporheic exchange to
streamflow decreases as the scale of the watershed increases.
This reduces the sensitivity of the method but may be
counteracted by collecting data under low-flow conditions
when stream-aquifer interactions are relatively more significant. Future research should address whether this type
of approach can be useful for quantifying stream-aquifer
interactions at larger (watershed) scales.
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