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[1] This work reviews the use of heat as a tracer of shallow groundwater movement and
describes current temperature-based approaches for estimating streambed water
exchanges. Four common hydrologic conditions in stream channels are graphically
depicted with the expected underlying streambed thermal responses, and techniques are
discussed for installing and monitoring temperature and stage equipment for a range of
hydrological environments. These techniques are divided into direct-measurement
techniques in streams and streambeds, groundwater techniques relying on traditional
observation wells, and remote sensing and other large-scale advanced temperature-
acquisition techniques. A review of relevant literature suggests researchers often
graphically visualize temperature data to enhance conceptual models of heat and water
flow in the near-stream environment and to determine site-specific approaches of data
analysis. Common visualizations of stream and streambed temperature patterns include
thermographs, temperature envelopes, and one-, two-, and three-dimensional temperature
contour plots. Heat and water transport governing equations are presented for the case
of transport in streambeds, followed by methods of streambed data analysis, including
simple heat-pulse arrival time and heat-loss procedures, analytical and time series
solutions, and heat and water transport simulation models. A series of applications of these
methods are presented for a variety of stream settings ranging from arid to continental
climates. Progressive successes to quantify both streambed fluxes and the spatial extent of
streambeds indicate heat-tracing tools help define the streambed as a spatially distinct field
(analogous to soil science), rather than simply the lower boundary in stream research
or an amorphous zone beneath the stream channel.
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1. Introduction

[2] Vaux [1968] published a seminal paper on stream
water exchange within streambed materials for gravel bed
streams that qualitatively predicted a diverse assortment of
streambed flowpaths, and formed the foundation for current
knowledge of streambed water exchanges. Comprehensive
expansion of his work on flow in streambed over a broad
class of stream environments has valuable for fields ranging
from fishery biology to water law. Until recently, direct
quantitative verification of his detailed description of pro-
cesses, such as ‘‘intragravel’’ flowpaths and morphology-
induced streambed exchanges, has been inhibited by lack of
robust, automated streambed instrumentation to extensively
examine spatial, and especially, temporal flow patterns. For
those who have followed, advances in quantitative under-
standing of streambed processes often required labor-
intensive stream and streambed sampling, as well as in-stream
spatial surveying [Bencala et al., 1984; Harvey and Wagner,
2000; Gooseff et al., 2006], to advance knowledge in areas
of transient storage, streambed flow paths, and other
characteristics and processes related to conceptual under-

standing of streambed exchange and quantitative modeling
[Packman and Bencala, 2000; Lautz and Siegel, 2006;
Lowry et al., 2007].
[3] Recently, improvements in automated temperature

acquisition and simulation modeling afford the opportunity
to use existing analysis techniques and long-established
expressions for heat and groundwater flow [Suzuki, 1960;
Stallman, 1965], to rapidly expand the use of heat as a tracer
to examine streambed water exchanges. Vaux [1962, 1968]
and numerous more recent researchers [Constantz et al.,
1994; Constantz, 1998; Ronan et al., 1998; Essaid et al.,
2007; Stewart et al., 2007; Duff et al., 2008; Fanelli and
Lautz, 2008] have in essence characterized streambeds as a
distinct sediment type, by defining physical, chemical, or
biologically properties unique to the streambed setting.
Typically this setting results in large spatial and temporal
variations in temperature and hence in exceptional oppor-
tunities to use heat as a tracer for tracking the flow of water
through the streambed. As a result of these opportunities,
researchers are affirming that streambeds represent a spa-
tially quantifiable, distinct sediment type influenced by the
overlying stream conditions, in the same sense that soils
represent a unique sediment type influenced by their over-
lying surface conditions. The present work summarizes the
theoretical development of heat as tracer in the streambed,
describes techniques for measuring and analyzing stream-
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bed temperatures, and concludes with suggestions for future
temperature-based research to advance streambed science.

2. Emergence of Heat as a Hydrologic Tracer

[4] Heat flows continuously between surface water, un-
derlying sediments and adjacent groundwater, and for
centuries, researchers have appreciated that heat not only
travels through stationary water but that heat travels with
moving water as well. On the basis of this appreciation,
quantitative investigations of simultaneous heat and water
flow in porous materials have occurred for at least a century
[Bouyoucos, 1915], in hopes of using heat as a tracer of
water flow. Over the last half century (as summarized in
section 3), examination of temperature patterns has provid-
ed both qualitative and quantitative descriptions of an array
of groundwater flow regimes, ranging from rice paddies to
volcanoes. During this period quantitative analysis of heat
and water flow was introduced via analytical and numerical
solutions to the governing partial differential equations.
These quantitative analyses often relied on field measure-
ments for parameter identification and accurate predictions
of flow rates and directions. However, field measurements
of temperature had to be acquired manually, resulting in
sparse data. Early numerical simulation of heat and mass
groundwater transport required significant computational
resources, which limited modeling to conceptual demon-
strations. As a result of these challenges, the use of heat as a
tracer of groundwater movement was confined to isolated
research projects, which could only demonstrate the feasi-
bility of the method rather than progressing toward routine
application. Recently, measurement of temperature and the
simulation of heat and water transport have benefited from
significant advances in data acquisition and computer
resources. The introduction of miniature, single-channel
data acquisition devices, capable of insertion in piezometers
and other invasive instruments was a key advancement that
resulted in rapid proliferation of heat as a tracer in the near
stream environment.
[5] Heat is particularly well suited for quantitative inves-

tigations of streambed water exchanges for several distinct
reasons. Large, dynamic temperature patterns between the
stream and underlying streambed are common, owing to
large stream surface area to volume ratios relative to many
other surface water bodies. Heat is a naturally occurring
tracer, free from (real or perceived) institutional issues of
contamination associated with the use of chemical tracers in
stream environments. The use of heat as a tracer relies on
the measurement of temperature, which is an extremely
robust parameter to monitor, and now is immediately
available as opposed to chemical tracers requiring labora-
tory analysis. Analysis of streambed temperature data per-
mits augmentation of sophisticated, physically based
models addressing streambed exchange [Lautz and Siegel,
2006], by enhancing process characterization and parameter
identification [Burow et al., 2005; Niswonger and Fogg,
2008]. Finally, heat is an intuitive tracer, leading to creative
approaches of using heat as a tracer in novel investigations
over an expansive range of hydrologic environments.
[6] Both foundation research and broader applications of

heat as a tracer in streambeds are summarized below;
however, please note several related review papers provide
complementary information elsewhere. For a presentation

of heat as a tracer of stream exchanges with shallow
groundwater, including numerous case studies, see
Stonestrom and Constantz [2003] and Blasch et al. [2007].
For work examining the use of heat as a tracer in wetland
environments, with special reference to parameter estimates
in groundwater models, see Hunt et al. [1996] and Bravo et
al. [2002] For a comprehensive review of heat as a tracer of
general groundwater transport, see Anderson [2005].

3. Heat Transfer During Streambed Water
Exchanges

[7] The streambed pore space includes both gas and
liquid; however, when water is present in the stream
channel, heat and water transfer owing to vapor movement
through streambed sediments is generally negligible relative
to heat and water transfer owing to liquid water movement.
This eliminates the need to address the complex processes
of nonisothermal vapor dynamics in porous material when
describing heat and water movement below streams. Within
the streambed, heat is transferred into and through sedi-
ments as a result of four heat-transfer mechanisms, radia-
tion, conduction, convection, and advection, which may act
simultaneously to create dynamic spatial and temporal
streambed-temperature patterns.
[8] Heat conduction occurs as diffusive molecular trans-

fer of thermal energy between the streambed surface and the
underlying sediments. Heat convection and advection are
often used interchangeably in hydrology, as heat transfer
resulting from the movement of water (or air). For the
present work, heat convection is defined as heat transfer
occurring while water (or air) flows above a streambed of
dissimilar temperature. Heat advection is defined as heat
transfer occurring while water (or air) flows through the
streambed sediments. This distinction is useful for applica-
tions of heat as a tracer of streambed water exchange,
because it aids in delineating between heat transfers owing
to water movement in the streambed (advection) versus
water movement above the streambed (convection). Radia-
tive heat transfer occurs while solar radiation is adsorbed by
the stream and/or streambed surface. This adsorption leads
to rapid temperature changes in dry streambeds, but gener-
ally minor changes in streambed-surface temperature be-
neath flowing streams, owing to reflection at the stream
surface and convection of heat adsorbed at the streambed
surface. Thus, conduction, convection, advection, and radi-
ations may all contribute to heat transfer across the stream/
streambed boundary, but determination of heat advection is
the focus for examining heat as a tracer of streambed water
exchanges.
[9] Although all four heat transfer mechanisms may

occur simultaneously within stream environments, often
only one or two mechanisms dominate the resulting stream-
bed temperature patterns. This is because each heat transfer
mechanisms occurs in specific, overlapping regions in the
stream and streambed, and the magnitude of water fluxes in
each region strongly influence heat transfer mechanism
occurring in each region. Figure 1 shows a longitudinal
view of a stream and streambed with the four significant
heat transfer mechanisms depicted passing over or through
the streambed. Bidirectional heat-flow vectors for radiative,
advective, and conductive heat transfer, indicate these
mechanisms transfer heat either into or out of the streambed,
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where as convective heat transfer occurs above the stream-
bed in a downstream direction.
[10] In Figure 1, the cumulative radiative, conductive,

and advective heating at the streambed surface is convec-
tively transported downstream toward the left side of
Figure 1. Heat conduction is ubiquitous from the stream
surface down to any depth in the streambed where a
temperature gradient exists, while heat advection is only
present in the streambed where flowing pore water is
present. Although radiative and convective heat transfers
occur at the stream surface and streambed surface, their
magnitude may vary widely depending upon stream setting
and riparian conditions. For heavy shading over stagnant
water, radiation and convection heat transfer are both
negligible, while both are highly significant for locations
in a flowing stream under full sun. For full sun, streambed-
surface temperatures beneath the active channel are virtually
identical to overlying stream water as heat is convectively
transported downstream, while streambed-surface temper-
atures in a stagnant area may be significantly higher than
temperatures in either the overlying stream or the nearby
active channel streambed surface, as a result of the absence
or presences of convective heat transfer.
[11] The daily and annual stream temperature oscillations

are attenuated and delayed with depth in the streambed
sediments, owing to heat absorption and travel time, re-
spectively. The attenuation of temperature oscillations is
determined by the bulk volumetric heat capacity of the
sediments, as heat is rapidly exchanged at the pore scale.
Delay in temperature oscillations is controlled by the net

rate of heat transfer, which is dependent on the temperature
gradient, thermal conductivity of the sediments and the pore
water velocity through the sediments. A greater rate of heat
transfer results in a greater depth of penetration of the
oscillating thermal surface signal and a shorter delay (lag)
in the damped temperature extremes. For losing stream
reaches, the oscillating surface temperature signal results
in both conductive and advective heat transfer, with higher
infiltration rates resulting in greater advection, deeper
penetration, and shorter lags in temperature extremes at a
given depth [Lapham, 1989; Silliman et al., 1995]. For a
neutral stream reach (neither gaining nor losing), oscillating
surface temperatures result in pure conductive heat transport
as molecular diffusion transfers thermal energy. (Thus, if the
Fourier equation for conductive heat transfer can explain the
temperature patterns within a streambed, there is no stream/
groundwater exchange.) For gaining stream reaches, the
oscillating surface temperature signal is attenuated at shal-
low depths owing to upward advection [Silliman and Booth,
1993], such that the greater the discharge the greater the
attenuation of temperature extremes and the greater the lag
in temperature extremes in the sediments. For the special
case of purely horizontal water flow through the streambed,
vertical conductive heat transfer is often overwhelmed by
horizontal advection, such that temperature oscillations are
negligible within the streambed.
[12] Figure 2 provides a qualitative description of the

thermal and hydraulic responses for four common hydrologic
states of a streambed: a gaining stream, a losing stream, a
hydraulically disconnected channel, and an ephemeral chan-
nel with streamflow [Constantz and Stonestrom, 2003].
Within each panel of Figure 2, a hydrograph is depicted
on the right, while pairs of thermographs are depicted on
the left, representing the diurnal pattern in the stream and
streambed temperatures. For the case of a gaining stream
as depicted in Figure 2a, the hydraulic gradient is upward
as indicated by the positive water pressure in the obser-
vation well, relative to the stream stage. The stream is
shown with a large diurnal variation in water temperature;
however, the sediment temperature has only a slight
diurnal variation in temperature. This is due to the inflow
of groundwater to the stream, which is generally of
constant temperature on a daily basis. Any variation in
sediment temperature is a result of a diurnal variation in
conductive heat transport and upward advective heat
transport. Thus, for a high inflow of groundwater the
sediment temperature will have no diurnal variations,
while for a slight inflow of groundwater the sediment will
have a small diurnal variation in temperature (decreasing
with depth). Consequently, shallow installation of temper-
ature equipment (in the observation well or directly in the
streambed) is desired for a gaining stream reach, in order
to detect significant temperature variations.
[13] Figure 2b depicts a losing stream, in which a

downward hydraulic gradient transports heat from the
stream into the sediments. The combined conductive and
advective heat transport can result in large diurnal fluctua-
tions in sediment temperature. Furthermore, groundwater is
not flowing into the stream, so stream-temperature varia-
tions are generally larger than those for gaining streams
[Constantz, 1998]. Consequently, deeper installation of

Figure 1. Longitudinal view of a stream and streambed
with the four significant heat transfer mechanisms depicted
passing over or through the streambed. Note that the
bidirectional heat-flow vectors for radiative, advective, and
conductive heat transfer indicate these mechanisms transfer
heat either in or out of the streambed (graphic by P. McCrory,
U.S. Geological Survey).
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