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Abstract One-dimensional analytical heat transport equations based on temperature time series data
have become popular tools to quantify groundwater-surface water interactions. The influence of nonideal
field conditions on the use of these equations has been assessed for nonsinusoidal stream temperature sig-
nals, uncertainty in thermal parameters, sensor accuracy and multidimensional flow. Given that streambeds
are often highly heterogeneous, the influence of streambed heterogeneity on flux estimates from tempera-
ture time series requires further investigation. Synthetic streambed temperatures were generated using
two-dimensional numerical models with heterogeneous hydraulic conductivity distributions. Streambed
temperatures were used to calculate fluxes using methods based on amplitude ratios (Ar), phase shifts (D/)
and both (ArD/). Calculated fluxes were compared to known fluxes from the numerical models for flow
fields analogous to losing streams. The influence of streambed structure, degree of heterogeneity, depth of
the sensor pair, and location along a flow path were assessed. Errors in calculated fluxes increased with sen-
sor pair depth, position along a flow path, and with the degree of heterogeneity. These errors were larger
for streambeds with isotropic structures compared with anisotropic structures, and of the three methods
tested; the D/ method produced the largest errors. The simultaneous estimation of strong fluxes using D/,
and an inability to obtain a flux estimate from Ar can suggest the presence of low hydraulic conductivity
zones. Given the large errors and inability to determine flow direction from the D/ method, the Ar and
ArD/ methods are recommended for downwelling fluxes.

1. Introduction

Understanding the interaction between groundwater and surface water is important in the management
of water resources [Brunke and Gonser, 1997; Boulton, 1998]. Quantifying the rates of stream water loss
to groundwater may be important in supporting regional stream depletion assessments, or determining
safe yields of groundwater extraction from nearby wells. The use of heat as a tracer to determine fluid
flux between groundwater and surface water has become a popular technique, with interest demon-
strated through recent reviews by Anderson [2005], Constantz [2008], and Rau et al. [2014], and over 100
citations for each of the Stallman [1965], Hatch et al. [2006], and Keery et al. [2007] papers that outline
methods to estimate water flow from temperature time series data. For example, temperature time
series have been used to determine fluxes between pairs of temperature sensors [e.g., Hatch et al., 2006;
Fanelli and Lautz, 2008; Rau et al., 2010], and to determine continuous profiles of flux with depth
through the use of Distributed Temperature Sensors [e.g., Vogt et al., 2010; Briggs et al., 2012]. Tempera-
ture time series-based approaches for the determination of fluxes between streams and groundwater
offer many benefits, including the fact that temperature sensors are inexpensive, automated, can be
deployed for long periods, and that highly uncertain properties such as hydraulic conductivity (K) are
not required to obtain flux estimates [e.g., Lautz, 2010; Rau et al., 2010]. Also, automatic techniques to
calculate fluxes from temperature time series are freely available [e.g., Swanson and Cardenas, 2011; Gor-
don et al., 2012].

The use of temperature time series to determine groundwater-surface water interactions was proposed by
Stallman [1965]. The Stallman equation was adapted by Hatch et al. [2006], whose solutions must be solved
iteratively, and Keery et al. [2007], whose solutions can be solved directly. More recently, methods have
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been proposed by McCallum et al. [2012], and Luce et al. [2013]. These more recent approaches also allow
for the calculation of thermal diffusivity, and in the case of Luce et al. [2013], streambed scour. All of the
abovementioned methods obtain the vertical component of Darcy flux from a pair of temperature time
series, and are based on the following assumptions: (1) the water flow is vertical and one-dimensional, (2)
the temperature signal at the upper boundary is sinusoidal, (3) there is no thermal gradient with depth in
the streambed, (4) there is thermal equilibrium between the pore water and the streambed materials, and
(5) the streambed thermal and hydraulic properties are homogeneous. Given that streambeds typically
exhibit a large range of K [e.g., Calver, 2001] and that the use of heat tracing is becoming widespread, an
investigation into the influence of heterogeneity in streambed K on the use of temperature time series
methods is required.

The influence of multidimensional flows on errors in fluid flux using the Hatch et al. [2006] equations
have been investigated for longitudinal hyporheic flow conditions [Lautz, 2010; Roshan et al., 2012;
Cuthbert and Mackay, 2013] and for lateral flow through conditions [Roshan et al., 2012; Cuthbert and
Mackay, 2013]. Results from these studies demonstrate that the Hatch et al. [2006] methods perform
better for downwelling compared to upwelling flows, and that generally, equations that use the ratio
of the amplitudes of the temperature signals are less prone to errors than equations that use phase
shift between the time series. Errors in the use of phase shift can be caused by filtering, which can
produce spurious phase shifts [Hatch et al., 2006], by low flow rates, or situations where thermal reso-
lution of temperature sensors makes it difficult to determine the exact time of peaks in the tempera-
ture signal [Lautz, 2010]. A nonsinusoidal stream temperature has been shown to produce variable flux
estimates when fluxes are constant, but this effect can be reduced by calculating average flux over
several days [Lautz, 2010]. The effect of a thermal gradient has been shown to be negligible for losing
conditions [Lautz, 2010]. The effect of the uncertainty of thermal parameters can be reduced by reduc-
ing the spacing of thermal sensors [Shanafield et al., 2011], and the range of fluxes that can be deter-
mined for a given combination of thermal parameters and sensor accuracy can also be computed
[Soto-L�opez et al., 2011]. While the impact of nonideal field conditions on the use of the Hatch et al.
[2006] equations has been widely studied, the implications of nonideal field conditions on the use of
the McCallum et al. [2012] and Luce et al. [2013] approaches are not as well understood.

Heterogeneity of streambed and aquifer K values can have an influence on the spatial patterns of
groundwater-surface water interaction [Kalbus et al., 2009; Irvine et al., 2012]. Quantifying exchange
between groundwater and surface water can be difficult because streambed materials range from relatively
homogeneous, to cases where the range of K exceeds 6 orders of magnitude [Calver, 2001]. Streambed het-
erogeneity in K has been suggested as a potential cause for the mismatch of flow direction estimated by
heat methods and vertical head gradients [Hatch et al., 2010; Rau et al., 2010], although the influence of
streambed heterogeneity in K has not been explicitly tested. The influence of streambed heterogeneity in K
on the estimation of fluxes using point-in-time temperature measurements has been investigated by
Schornberg et al. [2010] and Ferguson and Bense [2011]. These studies tested analytical solutions that assume
steady state temperature boundary conditions [Bredehoeft and Papadopulos, 1965; Turcotte and Schubert,
1982], rather than temperature time series, and only tested these methods for upwelling conditions. There
is no systematic study of the influence of streambed heterogeneity in K on the use of heat as a tracer to
determine downwelling, and no studies on the influence of streambed heterogeneity in K on heat tracing
based on diurnal temperature signals.

The objective of this study is to determine the influence of streambed heterogeneity on groundwater-
surface water exchange fluxes that are estimated from thermal time series methods for losing streams. The
performance of the Hatch et al. [2006], McCallum et al. [2012], and Luce et al. [2013] are assessed for both
deterministically and geostatistically arranged streambed materials, and for a range of sensor pair depths,
and positions along a hyporheic flow path. It should be highlighted that the results from the Hatch et al.
[2006] and Keery et al. [2007] methods are identical when the influence of thermal dispersivity is omitted.
To perform this analysis, synthetic streambed temperature data were generated using a numerical flow and
transport model. To isolate the effect of streambed heterogeneity in K, stream temperatures were restricted
to a purely sinusoidal signal. The synthetically generated streambed temperature data were the input into
the Hatch et al. [2006], McCallum et al. [2012] and Luce et al. [2013] equations, and the output was compared
against the ‘‘known’’ fluxes from the numerical model.
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2. Methods

2.1. Equations of Heat Transfer
The general 1-D form of the conduction-convection equation in homogeneous saturated porous media is
defined as [Stallman, 1965]:

@T
@t

5je
@2T
@z2

2q
qw cw

qcð Þb
@T
@z
; (1)

where T is temperature (�C), t is time (s), je is the effective thermal diffusivity (m2 s21), z is distance (m), q is
the Darcy flux (m s21), qw is the density of water (kg m23), cw is the specific heat capacity of water (J
kg21�C21) and (qc)b is the volumetric heat capacity of the saturated sediments (J m23�C21). The value of
(qc)b is calculated as:

qcð Þb5hqw cw1 12hð Þqscs; (2)

where h is porosity, qs is the density of the solids (kg m23), and cs is the specific heat capacity of the solids
(J kg21�C21). je is calculated as:
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where k0 is the effective thermal conductivity of the saturated medium (W m21�C21), and b is thermal dis-
persivity (m). Recent work by Rau et al. [2012] demonstrates that the fraction in the second term on the
right-hand side of equation (3) is squared, although for most fluxes considered in groundwater-surface
water interaction, the effect of the inclusion of this square relationship is negligible. There is disagreement
in the literature concerning equation (3). The term in the brackets in the second term in equation (3) is the
thermal front velocity. Examples exist where the second term in equation (3) is presented as bjvfj, where vf

is the pore water velocity (i.e., q/h, m s21) [e.g., Hatch et al., 2006; Gordon et al., 2012]. It should be noted
that while equation (3) is written with bjvfj in Gordon et al. [2012], the VFLUX code calculates thermal
diffusivity as presented in equation (3). Also, where b 5 0 (as it is in this study), the second term in equation
(3) becomes zero, and that the output from the Hatch et al. [2006], and Keery et al. [2007] equations
will be equal, as the equations presented in Keery et al. [2007] do not include the effect of thermal
dispersivity.

The analytical approaches outlined in Hatch et al. [2006], McCallum et al. [2012], and Luce et al. [2013] were
used to calculate q between two observation points in a numerical model. A value of q is calculated using
the amplitude ratio (Ar5Ad/As), where Ad is the amplitude of the deep temperature signal and As is the
amplitude of the shallow signal, the phase shift (D/ 5 /d 2 /s) of the temperature signals, or both. The
Hatch et al. [2006] equations are:
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where vth is the thermal front velocity (m s21), and P is the period of the sine temperature wave (i.e.,

86400 s), and a is defined as a5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v4

th1 8pje=Pð Þ2
q

.

Equations (4) and (5) must be solved iteratively as vth appears on both sides of each equation (given that
q 5 vth (qc)b/qwcw). All calculations of q from equations (4) and (5) were performed using VFLUX [Gordon
et al., 2012]. A negative flux denotes downwelling, and a positive flux denotes upwelling. Estimated fluxes
from the use of D/ are absolute values, because the value of vth (second term on the right-hand side of
equation (5)) is a square root. Hydraulic heads at observation points from the numerical model were used
to determine the sign (and hence the vertical direction of flow) of qD/.

In addition to equations (4) and (5), the McCallum et al. [2012] and Luce et al. [2013] equations for q are also
investigated using the Ar and D/ output from VFLUX. The McCallum et al. [2012] equation for flux is:
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and the Luce et al. [2013] equation is:
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where g 5 2ln(Ar/D/r), where in this instance, D/r is the phase shift in radians, and x 5 2p/P.

A key benefit of the McCallum et al. [2012] and Luce et al. [2013] approaches is that thermal conductivity is
not required to calculate fluxes. Initial testing showed that the McCallum et al. [2012] and Luce et al. [2013]
equations produce identical results, hence the results from the simultaneous use of Ar and D/ will be pre-
sented as qArD/.

2.2. Numerical Modeling
Time series of synthetic streambed temperatures were generated using the numerical simulator HydroGeo-
Sphere (HGS) [Therrien et al., 2006], which uses the control volume approach to discretize equations for
flow, and the Galerkin finite element approach for solute and thermal transport. HGS has been used to sim-
ulate a range of thermal transport processes [e.g., Graf and Therrien, 2009; Brookfield et al., 2009; Irvine et al.,
2013]. All simulations in this study were run assuming steady state flow, but with transient heat transport.
Other assumptions include instantaneous change in water temperature and temperature of the medium,
and that the influence of variable fluid density is not included. Assumptions in the numerical modeling are
consistent with previous numerical modeling experiments [e.g., Lautz, 2010; Roshan et al., 2012; Cuthbert
and Mackay, 2013]. It should be acknowledged that the influence of variable fluid density does have an
influence on flow rates (through the temperature dependency of K), e.g., see Lautz [2012]. User defined
parameters are presented in Table 1. All bulk properties are calculated in HGS.

The model domain (Figure 1) is a 2-D section, taken along the length of a stream (x direction), with dimen-
sions of 5 m in the x direction, and 3 m in the z direction. Only the losing part of model is simulated, produc-
ing the downwelling part of a hyporheic flow cell. A uniform, quadrilateral mesh was used to discretize the
domain, with Dx 5 0.02 m and Dz 5 0.01 m, producing 75 000 elements. Time steps of 60 s were used for all
simulations. The temporal and spatial discretization produced stable results, satisfying the grid Peclet and
Courant numbers for thermal transport. For all simulations, 7 days were simulated so that edge effects in fil-
tering the temperature time series did not influence flux estimates. For example, Hatch et al. [2006] demon-
strated that the filtering of temperature time series (to remove signal noise and to identify the diurnal
component of the temperature signal) can produce lower amplitudes in the first 4 days. In their example,
errors in calculated fluxes during the first 4 days ranged between 0.1 and 0.6 m d21 where the actual flux
was 1.0 m d21.

The hydraulic boundary conditions of the model (Figure 1) were no-flow boundaries for the left and bottom
boundaries. The top boundary was represented as a constant head boundary, with a hydraulic gradient of
0.1. This gradient produced fluxes which typically ranged between 6 3.0 m d21 (although the strongest
downwelling flux encountered across the 309 simulations in this study was 27.9 m d21). Examples of strong
downwelling fluxes from field studies include downwelling fluxes of up to 23.5 m d21 reported by Gordon

et al. [2013] and downwelling
fluxes of up to 25.7 m d21

reported by Cranswick et al.
[2014]. The right hand boundary
was also represented as a con-
stant head boundary, with the
minimum head value from the
top boundary. For this study, typ-
ical temperature ranges from the
Haughton River in tropical north-
ern Queensland, Australia were

Table 1. Thermal and Hydraulic Properties

Parameter Unit Symbol Value

Solid thermal conductivity W m21�C21 ks 2.4
Water thermal conductivity W m21�C21 kw 0.6
Solid specific heat capacity J kg21�C21 cs 850.0
Water specific heat capacity J kg21�C21 cw 4184.0
Solid density kg m23 qs 2650.0
Water density kg m23 qw 999.7
Porosity h 0.3
Hydraulic conductivity m s21 K varies
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used [Cranswick et al., 2014]. For a
detailed site description, the reader is
referred to [Cranswick et al., 2014].
The transport boundaries are Dirichlet
boundaries for the top and bottom
boundaries. The bottom boundary
was represented with a constant tem-
perature of 22�C. The top boundary
was represented as a sinusoidal tem-
perature signal with temperature
varying between 22 and 29�C accord-
ing to equation (8).

T tð Þ5T01DT � sin
2p t2 P=4½ �ð Þ

P

� �
;

(8)

where T0 is the average temperature
(25.5�C), DT is the amplitude of the

temperature signal in the stream (3.5�C). The term P/4 (i.e., 86400 s/4) was included so that the starting tem-
perature of the temperature signal was at its minimum value. This variation in stream temperature is rela-
tively high, but is less than stream temperature variations in previous modeling studies (e.g., Lautz [2010]
and Cuthbert and Mackay [2013] used variations in stream temperature of 9�C). In all models, 7 days were
simulated, with fluxes calculated in 4 h intervals using VFLUX [Gordon et al., 2012]. All figures show the first
flux calculation from the last day of the simulation.

Streambed temperatures (with diurnal signals) are typically measured to depths of 1.0 m [e.g., Fanelli and
Lautz, 2008; Rau et al., 2010; Gordon et al., 2012]. However, in highly permeable (e.g., sandy) streambeds,
temperature signals can propagate further into the streambed, making estimates of q at greater depths
possible. For example, Cranswick et al. [2014] estimated q at depths of up to 1.2 m below the streambed sur-
face from temperature time series, and Constantz and Thomas [1996, 1997] show that diurnal signals can
propagate to depths of up to 3.0 m.

To capture a range of flow behavior (including fluxes at depths which exceed 1.0 m), observation points
were positioned at locations along the length of the model (x 5 0.5, 1.0 and 2.5 m), and at a range of depths
(z 5 0.0 2 1.5 m in 0.1 m increments). All calculations of q using either Ar, D/, or both where performed
using Dz 5 0.1 m, using adjacent pairs of observation points, resulting in up to 45 estimates of qAr , qD/ and
qArD/ from each simulation. An alternative approach could have been to use the top sensor, and increas-
ingly deep sensors, to obtain the average vertical flux (as was done in Cranswick et al. [2014]), although this
was not investigated. It was not possible to calculate a value of q for every sensor pair, as equations (4) and
(5) cannot be iteratively solved where Ar> 1, or D/< 0. Because equations (6) and (7) use both Ar and D/,
no fluxes were calculated if Ar> 1, or D/< 0.

As 1-D tracer methods assume vertical flow, but flow paths in natural streambeds are inherently 2-D
or 3-D, it is assumed that 1-D methods estimate the vertical component of flux (qz), which is
representative of the midpoint between the two sensors (e.g., Figure 2b). This is in comparison to
Figure 2a, where the estimate of q will be representative of any point between the temperature sensor
pair.

To compare the q estimates against a ‘‘known’’ flux from the model (which we denote qHGS), the arithmetic
mean qz between a pair of observation points was calculated, an approach also used by Roshan et al.
[2012]. The use of an arithmetic mean was chosen over harmonic or geometric means, as both positive and
negative fluxes were present.

2.3. Representation of Streambed Properties
The values of streambed properties are shown in Table 1. All streambed properties in the model were spa-
tially uniform, with the exception of hydraulic conductivity, K. These properties were used in both HGS and
VFLUX.

Figure 1. HydroGeoSphere model domain. Only the losing part of the model
domain (solid lines) was simulated. No flow boundaries were applied at the left and
bottom boundary. Constant head boundaries were used for the top and right boun-
daries. Thermal boundary conditions were a sinusoidal top boundary condition, and
a constant temperature bottom boundary.

Water Resources Research 10.1002/2014WR015769

IRVINE ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 202



The three arrangements of K con-
sidered in the study are shown in
Figure 3. For the first set of investi-
gations (Figure 3a), the streambed
was represented as a high K mate-
rial (K 5 131024 m s21) with a 0.2
3 0.2 m zone of low K (K 5 131025

m s21). The low K material was
moved to a range of locations in
the model domain to investigate
the influence of heterogeneity on
flux calculations in a manner that
could be easily controlled. The
centre point of the low K zone was
positioned at x 5 0.5, 1.0 and 2.5 m,
and at z 5 20.3, 20.7 and 21.1 m,
producing nine combinations of x
and z.

Later, the streambed was repre-
sented using multi-Gaussian geo-
statistics (see Table 2 for scenario
names). For all geostatistically
arranged streambeds, the geometric
mean K was approximately 1 3

1024 m s21. Figure 3b shows a typi-
cal ln(K) field from a case with iso-
tropic correlation lengths (s, m). In
these simulations the correlation
lengths in the horizontal (sx) and
vertical (sz) direction were both set
at 0.2 m. For example, these K-fields
could represent cobble structured
streambed materials. Constantz
et al. [2001] reported stones up to
0.5 m in diameter in the Abo Arroyo
site in New Mexico. Similarly, these
structures could represent peat
lenses [e.g., Krause et al., 2012]. Fig-
ure 3c shows a K-field with an aniso-
tropic structure, where sx 5 2.0 m,
and sz 5 0.2 m. These elongated
structures resemble the structures
identified in the detailed analysis of
streambed K in Cardenas and Zlotnik
[2003]. For each of the two
streambed structures, three degrees
of heterogeneity were considered,
with variance (r2) of ln(K) values of
0.1, 0.74 and 2.5. This range of
r2ln(K) spans the range from a low
degree of heterogeneity, with an
intermediate value that was taken
from Cardenas and Zlotnik [2003],
and an upper degree of

Figure 3. Heterogeneous structures. (a) Showing deterministic arrangements of
high K (sand colour), and low K (brown colour). Dashed lines denote alternative
locations of low K zone (i.e., only a single low K zone is present in each simulation),
(b) geostatistical distributions of ln(K) with an isotropic structure, and (c) geostatisti-
cal distributions of ln(K) with an anisotropic structure.

Figure 2. The gray lines denote a flow path, and dashed black lines denote the vertical
component of flux. Solid grey circles denote temperature observation points, and
dashed white circle denotes the hypothetical location where the flux estimate applies
when 3-D flow occurs. (a) The assumptions of the 1-D models, with vertical 1-D flow.
The flux at any point between the observation points will be identical. (b) A more real-
istic case with a flow path that is 3-D. It is assumed that flux estimates are representa-
tive of the vertical component of flux (qz), which is applied at the midpoint between
two sensors.
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heterogeneity which is in the range found by
Genereux et al. [2008], who reported a range
of r2ln(K) between 1.8 and 4.18. All ln(K) fields
were generated using the Sequential Gaus-
sian Simulation (SGSIM) tool from the Geostat-
istical Simulation Library (GSLIB) [Deutsch and
Journel, 1998]. For each of the six scenarios
(I1, I2, I3, A1, A2, and A3), 50 realizations were
simulated, which provided a sufficiently large
number of q estimates to calculate average

errors in Section 3.2. The number of flux estimates used to calculate average errors ranged between 61 and
150 (depending on how frequently Ar> 1, or D/< 0).

3. Results and Discussion

3.1. Simulations With a Single Low K zone
The resulting streambed temperature signals from a homogeneous (dotted lines) and heterogeneous simu-
lation with a single low K zone (solid lines) are shown in Figure 4. Figure 4 shows that heterogeneities in the
streambed can cause Ar> 1 (i.e., the amplitude of the signal at z 5 20.5 m is greater than the amplitude at

z 5 20.3 m). It should be mentioned
that instances where Ar> 1 could be
resolved by increasing the sensor
spacing and that filtering of tempera-
ture time series can also cause Ar> 1
[Gordon et al., 2012]. When Ar> 1, flux
estimates cannot be produced, as the
Ar equation (equation (4)) cannot be
iteratively solved. In the simulation
presented in Figure 4, observation
points are located so that they pass
through the low K zone, with obser-
vation points located above, within
and below the low K zone. In the sim-
ulation with a homogeneous
streambed (dotted lines), the signal
amplitude decreases with depth, and
phase shifts increase with depth,
between all sensor pairs.

The results from the simulation with
the low K zone (solid lines, Figure 4b)
show that the temperature signal
from within the low K zone
(z 5 20.3m, shown in red) has a
decreased amplitude and increased
phase relative to the homogeneous
simulation. The reduction in ampli-
tude occurs in such a way that no cal-
culation of qAr is possible using the
z 5 20.3 and 20.5 m sensor pair.
While the phase of the temperature
signal at z 5 20.3 m is also influenced
by the low K zone, the timing of the
temperature peaks increases with
depth between all sensors pairs,

Table 2. Geostatistical Scenario Names, Correlation Structures and
Variance of ln(K)

Scenario Name sx (m) sz (m) r2ln(K)

I1 0.2 0.2 0.1
I2 0.2 0.2 0.74
I3 0.2 0.2 2.5
A1 2.0 0.2 0.1
A2 2.0 0.2 0.74
A3 2.0 0.2 2.5

Figure 4. (a) Representation of the K distribution and location of temperature sen-
sors of a HGS model. For the sand coloured material, K 5 131024 m s21, and for
the brown coloured material K 5 131025 m s21. (b) Synthetic temperatures from
two HGS simulations. Solid lines are from the K distribution in Figure 4a, and dotted
lines are from a homogeneous model where K 5 131024 m s21. The temperature
time series with the low K block resemble the data shown in Figure 5.
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making estimates of qD/ possible
between all sensor pairs. The presence
of the low K zone influences the ampli-
tude and phase of all temperature data
shown in Figure 4b.

Figure 5 shows unfiltered temperature
data from a vertical profile taken from
the Haughton River in north western
Queensland, Australia (see Cranswick
et al. [2014] for details). The temperature
signals in Figure 5 follow the general
pattern as shown in Figure 4, suggesting
that heterogeneities in the streambed
could be a possible explanation for these
temperature signals. Interestingly, the
data presented in Figure 5 could be
used to obtain an estimate of qD/, as D/
increases with depth between all sensor
pairs.

The results in Figure 6 show the influence of the position of a single low K zone on the estimates of qAr , qD/

and qArD/ relative to qHGS (where the element by element qHGS is shown). In all cases shown in Figure 6, the
observation points are positioned so that the points pass through the low K zone. For simulations with the
sensors located at x 5 0.5 and 1.0 m, the sudden increase in qHGS (i.e., q approaches zero, see blue line
where z � 20.25 m in Figure 6a) caused by the low K zone leads to a sudden decrease (i.e., q is more
strongly negative) in the estimate of qAr , qD/ and qArD/. This effect is more pronounced in cases where the
low K zone is closer to the surface (as shown in Figures 6a and 6b), compared to cases where the low K
zone is located deeper in the profile (as shown in Figures 6g and 6h). Flux estimates at locations above the
low K block are typically close to qHGS or estimate stronger downwelling fluxes. For example, at z 5 20.35 m
in Figure 6d, the error (calculated as qHGS 2 qAr , qHGS 2 qD/ or qHGS 2 qArD/) for all methods was on the order
of 0.10 m d21 (i.e., a positive error denotes a more strongly downwelling flux estimate), where
qHGS 5 20.78 m d21. Figure 6 demonstrates that the simultaneous estimate of strong downwelling from
the use of D/ and an inability to obtain an estimate of qAr suggests that streambed heterogeneity is influ-
encing qD/, and that the estimate is not reliable (e.g., Figures 6a and 6b). Figure 6 also shows that generally,
errors are smaller for qD/ compared to qAr and qArD/, except where the low K zone strongly influences flux
estimates. Cases where estimates of qArD/ were possible, but qD/ were not (e.g., in the upper 0.5 m of 6c, 6f
or 6i), was due to failure of the solver in VFLUX, rather than a case where D/> 1.

Errors in flux estimates where one or more observation points were in a low K zone are generally larger for
D/ relative to Ar or ArD/. The strong downwelling estimates of qD/ shown in Figures 6a and 6b (22.95 m
d21 where qHGS was 20.48 m d21 for the x 5 0.5 m, and 22.47 m d21 where qHGS was 20.35 m d21 for the
x 5 1.0 m case) occur where Ar> 1, hence no estimate of qAr or qArD/ was possible.

The nonlinear flow patterns that occur above the low K zone in the upper 1.0 m of the profile (e.g., Figures
6d, 6e, 6g, and 6h), were generally reproduced by all methods, and estimates of q approached qHGS below
the low K zone. There were cases where the D/ method also failed to produce a flux estimate. For the
deterministic scenarios, the failure of the D/ approach was limited to the simulations where the tempera-
ture observations were taken at x 5 2.5 m. It appears that errors are caused by filtering of weak temperature
signals at depth. In general, the performance of all methods was poor when the horizontal component of q
increases relative to qz (e.g., Figures 6c, 6f, and 6i), a finding consistent with Lautz [2010], Roshan et al.
[2012], and Cuthbert and Mackay [2013].

The difference in K of an order of magnitude represents a relatively mild degree of heterogeneity. For exam-
ple, in detailed investigations of streambed hydraulic conductivity, Cardenas and Zlotnik [2003], Ryan and
Boufadel [2007], and Kennedy et al. [2009] recorded K distributions which spanned approximately 3 orders
of magnitude. The influence of streambed heterogeneity for K-fields that include and exceed these ranges
are assessed in section 3.2.

Figure 5. Unfiltered temperature data at four depths from the Haughton River,
Queensland, Australia. Between the 20.4 m and 20.6 m sensors Ar> 1, and a
value of qAr cannot be calculated.
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3.2. Log-Normally Distributed K Values
The results presented in Figure 7 are for isotropic streambeds structures (scenarios I1, I2, I3). In Figure 7, the
degree of heterogeneity increases from left (scenario I1, r2ln(K) 5 0.1) to right (scenario I3, r2ln(K) 5 2.5),
and the x position of the temperature sensors increases from top (x 5 0.5 m) to bottom (x 5 2.5 m). In each
case, a flow field from HGS is presented. In Figures 7 and 8, q estimates are presented for the first realization
of each heterogeneous scenario.

For the I1 scenario (Figure 7, left column), flux estimates are generally in agreement with qHGS for the major-
ity of the vertical profile, with the exception of the range of z 5 20.15 to z 5 20.35 m (top row), and esti-
mates below z 5 20.35 m (bottom row). Errors in estimated fluxes for the I1 scenario typically ranged
between 20.30 and 0.33 m d21 (on the order of 635%). As with the case shown in Figure 6, estimates of
stronger downwelling flows are estimated where rapid changes in flow velocity and direction occur (e.g.,
z 5 20.15 to 20.35 m, for x 5 0.5 m, in the I1 scenario). This effect is shown more clearly for example the I3,
x 5 2.5 m case (Figure 7, right column, bottom row), where an error of qD/ 5 23.34 m d21 occurs where

Figure 6. (top) The location of the low K zones tested. For the sand coloured material, K 5 131024 m s21, and for the brown coloured material K 5 131025 m s21. The dashed lines rep-
resent alternative locations of the low K zone. From left to right, the centroid of the low K zone (in x) is (left) 0.5 m, (middle) 1.0 m, and (right) 2.5 m. From top to bottom the centroid of
the low K zone (in z) is (top) 20.3 m, (middle) 20.7 m, and (bottom) 21.1 m. In Figures 6a–6i, blue line denotes qHGS, circle marker denotes qAr , triangle marker is qD/, and square marker
is qAr D/ .
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qHGS 5 0.33 m d21 at z 5 20.55 m (i.e., an error of 1008%). As with the results shown in Figure 6, errors in
flux estimates become greater as the horizontal component of flux increases relative to the vertical compo-
nent. For the higher r2ln(K) cases (I2 and I3 scenarios) all flux estimates follow the general trends in flow,
even for the highly variable fluxes shown.

The investigation into the effect of streambed heterogeneity with anisotropic structures (scenarios A1, A2,
A3) is presented in Figure 8. The layout of Figure 8 mimics that of Figure 7. Scenario A1 (Figure 8, left col-
umn) shows that all methods perform well for all depths and positions along the flow path. For the A1,
x 5 0.5 m case (left column, top row), the greatest errors for all methods occurred at z 5 20.15 m, with
errors of 0.26 m d21 (222.9%) for qAr , 0.10 m d21 (29.0%) for qD/, and 0.11 m d21 (9.9%) for qArD/, where
qHGS was 21.15 m d21. Errors were larger for the A1, x 5 1.0 m case, where for the depth of z 5 20.65 m,
errors were 0.39 m d21 (56.0%) for qAr , 0.27 m d21 (37.7%) for qD/, and 0.28 m d21 (40.4%) for qArD/, where
qHGS was 20.70 m d21. Within the upper 0.7 m for A1, x 5 2.5 m case (left column, bottom row), errors were
within 0.15 m d21 above z 5 20.85 m for all methods. In A3 scenario (right column), all approaches are able
to reproduce the flow behavior extremely well for the x 5 0.5 m time series, producing estimates of q with

Figure 7. Flow fields and plots of qHGS (blue line), qAr (green triangles), qD/ (purple circles), and qAr D/ (red squares) for isotropic streambeds. For descriptions of scenarios I1, I2, I3, see
Table 2. Top row shows flow the HGS flow field, with r2 ln(K) increasing from left to right column. The first realization is shown.
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errors on the order of 6 0.2 m d21. As with the I3 case presented in Figure 7, flux estimates are generally
erratic for the case where x 5 2.5 m, producing errors in excess of 1.0 m d21 (in excess of 500%).

All approaches typically produced more strongly negative estimates of q (i.e., stronger downwelling). Crans-
wick et al. [2014] highlight that estimates of stronger downwelling can be caused by temperatures at obser-
vation points being influenced by stronger fluxes which occur upstream where the flow path leading to the
observation point originated. However, Figures 7 and 8 also show cases where weaker downwelling fluxes
are predicted. Flux estimates from all methods typically had the correct sign for all methods. Cases where
estimates of q had the incorrect sign occurred for cases where qHGS was close to zero. Flux estimates for
both isotropic structured (Figure 7) and anisotropic structured (Figure 8) streambeds were most accurate in
the upper 0.3 m. The largest errors occurred for cases where the vertical component of flux was small.

3.3. Flux Error Analysis and Generalization
In order to generalize the findings from Figures 7 and 8, average errors across the 50 realizations are calcu-
lated for each geostatistical scenario. Average errors are calculated for the flux profiles at x 5 0.5, 1.0, and

Figure 8. Flow fields and plots of qHGS (blue line), qAr (green triangles), qD/ (purple circles), and qAr Du (red squares) for anisotropic streambeds. For descriptions of scenarios A1, A2, and
A3, see Table 2. Top row shows flow the HGS flow field, with r2 ln(K) increasing from left to right column. The first realization is shown.
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2.5 m in 0.3 m depth increments (for
example, at x 5 0.5m, in the depth
range from 0.0 to 20.3 m, fluxes were
calculated at z 5 20.05, 20.15, and
20.25 m. The average error from these
three depths is calculated for this x-z
combination). This sampling produced
up to 3 estimates of qAr , qD/, or qArD/ in
each x-z range considered, from each
realization. Presenting average errors
presents a challenge. The use of an
arithmetic mean allows the sign of the
error to be maintained; however, the
overall average will be dominated by
large (positive or negative) errors. An
alternative to the arithmetic mean (or
similar approaches such as Root Mean
Square Error) is to calculate a geometric
mean error, which is not dominated by
large values. The geometric mean error
is presented in Figure 9. A drawback of
the use of a geometric mean is that
negative values cannot be used, so the
units of the results presented in Figure
9 are j%j. Errors presented as a percent-
age are more easily generalizable. How-
ever, errors expressed as a percentage
exaggerate errors as fluxes approach
zero (i.e., as x or z increases). By defini-
tion, for qHGS 5 0, any error presented
as a percentage would equal infinity.
For results presented in Figure 9, cases
where no solution was possible from
qAr , qD/, or qArD/, or where estimates
are clearly erroneous (errors of 6 10.0 m
d21) were omitted from calculations.
These large errors only occurred for the
use of D/ where no estimate from Ar

was possible, and were more prevalent
for the isotropic structured scenarios (I1,
I2, I3, Figure 7) compared to the aniso-
tropic structured scenarios (A1, A2, A3,
Figure 8), for higher r2ln(K), and as the x
location of the sensors increased.

Figure 9a shows the results from the
use of the Ar method (equation (4)). The
top row of boxes are for the isotropic
structured streambeds, with the second
row being for the anisotropic structured

streambeds. The columns of boxes represent the increasing r2ln(K) from 0.1 (left), to 2.5 (right). Within each
set of coloured boxes, the x position of the flux estimates increases along the x axis and the depth range
increases down the y axis. For both the isotropic and anisotropic structured streambeds, errors in flux esti-
mates increase with depth and position along the flow path. The results from Figure 9a also show that
errors from the isotropic structured streambeds, where fluxes can change rapidly over short distances, are

Figure 9. Showing geometric mean error in (|%|) for (a) amplitude ratio (Ar)
method, (b) phase shift (D/) method, and (c) method that uses both Ar and D/.
The top row of plots is for isotropic structured streambeds, and the bottom row
of plots is for anisotropic structure streambeds. Columns of plots are for the
range of r2ln(K). In each plot, averaged results for three x positions, and five
depths (in 0.3 m increments) are presented.
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larger than for the anisotropic structured streambeds. For example, in the least favorable conditions
(x 5 2.5 m, z ranged between 21.2 and 21.5 m, r2ln(K) 5 2.5), the average error in the anisotropic struc-
tured streambeds was 65.0%, whereas for the isotropic structured streambeds, for the same properties, the
average error was 176.8%. The largest average errors in the z 5 0.0 to 20.3 m range were 127.1% and
42.3% for the isotropic and anisotropic structured streambeds respectively.

Figure 9b follows the same layout as Figure 9a, except that results are shown for the use of the D/ method (equa-
tion (5)). The results from the D/ method follow the same trends as the Ar method, with errors increasing with
depth and position along the flow path, and that errors were larger for the isotropic structured streambeds relative
to the anisotropic structured streambeds. The error range for all of Figure 9 (i.e., Figures 9a–9c) was restricted to
200% for clarity, however errors which exceed this cut off occurred. For example, the greatest average error from
the D/ method for the isotropic streambeds was 506.9%, whereas the greatest average error for the anisotropic
streambeds was 128.9%. The greatest average errors in the z 5 0.0 to 20.3 m range were 120.6% and 32.5% for
the isotropic and anisotropic structured streambeds respectively. These errors are clearly larger than for the use of
the Ar method, however as shown in Figure 6, estimates of flux from the D/ method are often possible when no
estimate can be obtained from the Ar method. It should also be highlighted that these errors presented as a per-
centage are for cases where the actual flux is small, and that a key drawback of the D/ method is that flow direc-
tion cannot be determined from temperature time series alone [Hatch et al., 2006; Keery et al., 2007].

Finally, the results in Figure 9c are for the ArD/ method (equations (6) and (7)). The average errors from the
ArD/ method resemble the average errors from the Ar method. For example, the greatest average error
from the ArD/ method for the isotropic structured streambed was 264.7%, and the greatest average error
from the anisotropic structured streambed was 66.4%. The greatest average errors in the z 5 0.0 to 20.3 m
range were 127.4% and 32.4% for the isotropic and anisotropic structured streambeds respectively. It is
important to reiterate that an important benefit of the ArD/ methods presented by McCallum et al. [2012]
and Luce et al. [2013] is that no estimate of thermal conductivity is required. All estimates of flux in this
study were made using the known values of the thermal properties from the numerical models (as the focus
was in the influence of heterogeneity on fluxes estimated by thermal time series methods). In situations
where thermal conductivity is unknown or poorly constrained, the McCallum et al. [2012], and Luce et al.
[2013] will likely lead to more accurate flux estimates compared to the Hatch et al. [2006] or Keery et al.
[2007] methods, although this was not assessed in this study.

While the average errors presented in Figure 9 may seem large, it is important to consider alternative
approaches. For example, fluxes calculated using measurements of K and hydraulic gradients are expected to
be highly uncertain, given the potential range in streambed K values. The findings shown in Figure 9 suggest
that the use of heat as a tracer in isotropic structured streambeds (i.e., where cobbles are present) should be
used with caution, where rapid changes (spatially) in flow direction can influence how temperature is distrib-
uted in the streambed. Also, in and around regions of low K, temperature changes will be slower than sur-
rounding regions where thermal transport will be dominated by convection rather than conduction.

4. Summary and Conclusions

This study is the first quantitative and systematic analysis of the influence of streambed heterogeneity on
the interpretation of temperature time series data to estimate the exchange between groundwater and sur-
face water. In both deterministically and geostatistically modeled streambed materials, our investigation
assessed the influence of (1) streambed structure, (2) the degree of streambed heterogeneity, (3) the verti-
cal and horizontal position of sensors along a flow path, and (4) the performance of the use of amplitude
ratios, phase shifts, and the simultaneous use of both to calculate fluxes.

Results show that fluxes typically have the correct sign (direction), but fluxes are generally overestimated
(more strongly downwelling). Results from Figure 6 show that estimates of strong downwelling from phase
shifts are unreliable if no estimate of flux is possible from the amplitude ratio method for the same sensor
pair, and that this phenomenon can be caused by streambed heterogeneity in hydraulic conductivity.

The influence of the key parameters assessed in this study on the estimation of fluxes are as follows:

1. Flux estimates from the thermal time series methods are more reliable for anisotropic structured (i.e., lay-
ered) streambeds compared to isotropic structured streambeds. The isotropic structured streambeds
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have complex flow paths that change direction rapidly over short spatial scales, and small regions where
conduction dominates convection, leading to these regions changing temperature more slowly than sur-
rounding material. This effect decreases the amplitude, and increases the time of the peak of the temper-
ature signal. In the combination of parameters tested here, this effect led to the overestimation of
downwelling from the use of phase shifts, and caused the amplitude ratio equation to fail.

2. Errors in flux estimates increase with the degree of heterogeneity (i.e., r2ln(K)) of the streambed material.
The effect of the degree of streambed heterogeneity was greater on flux estimates using phase shifts
compared to amplitude ratios or combined use of amplitude ratio and phase shift.

3. Errors in flux estimates increased with depth of the sensor pair, and with position along the flow path.
Estimates of fluxes in the upper 0.3 m were generally the most reliable, with the greatest average errors
for the isotropic streambeds ranging between 120.6 2 127.4%, and 32.5 2 42.3% for the anisotropic struc-
ture. It should be highlighted that all of these errors occurred in the most heterogeneous streambeds
(i.e., r2ln(K) 5 2.5), and where the horizontal component of flux was large relative to the vertical compo-
nent (i.e., where x 5 2.5 m).

4. Errors were typically comparable from all methods when fluxes were estimated for shallow sensor pairs,
and where the vertical component of flow dominated the horizontal component. However, the use of the
phase shift equation resulted in much larger errors for the case where vertical velocity was nearly zero
(x 5 2.5 m), and as depth increased.

With the inability of the phase shift method to determine flow direction, and its potential to produce large
errors, the phase shift method was the worst performing method. The average errors for the amplitude
ratio, and combined amplitude ratio and phase shift methods were generally comparable.

The findings of this study have been obtained through the use of synthetic 2-D modeling. More complex
flow paths are expected in 3-D simulations. A key benefit of solutions that simultaneously use phase shift
and amplitude ratios is that they do not require knowledge of thermal conductivity, which will likely lead to
more accurate estimates of flux relative to the Hatch et al. [2006] or Keery et al. [2007] methods. Directions
for further work could include an investigation into the performance of temperature time series methods in
3-D fields, or the upscaling of point estimates of flux.
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