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Abstract Steady state 1-D analytical solutions to estimate groundwater fluxes from temperature profiles
are an attractive option because they are simple to apply, with no complex boundary or initial conditions.
Steady state solutions have been applied to estimate both aquifer scale fluxes as well as to estimate
groundwater discharge to streams. This study explores the sources of uncertainty in flux estimates from
regional scale aquifers caused by sensor precision, aquifer heterogeneity, multidimensional flow and varia-
tions in surface temperature due to climate change. Synthetic temperature profiles were generated using
2-D groundwater flow and heat transport models with homogeneous and heterogeneous hydraulic and
thermal properties. Temperature profiles were analyzed assuming temperature can be determined with a
precision between 0.18C and 0.0018C. Analysis of synthetic temperature profiles show that the Bredehoeft
and Papadopulos (1965) method can provide good estimates of the mean vertical Darcy flux over the
length of the temperature profile. Reliable flux estimates were obtained when the ratio of vertical to hori-
zontal flux was as low as 0.1, and in heterogeneous media, providing that temperature at the upper bound-
ary was constant in time. However, temporal increases in surface temperature led to over-estimation of
fluxes. Overestimates increased with time since the onset of, and with the rate of surface warming. Overall,
the Bredehoeft and Papadopulos (1965) method may be more robust for the conditions with constant tem-
perature distributions than previously thought, but that transient methods that account for surface warming
should be used to determine fluxes in shallow aquifers.

1. Introduction

Quantifying vertical fluxes and recharge are fundamental to understanding groundwater flow and calculat-
ing the water balance. A range of methods are available to quantify vertical fluxes, including methods based
on Darcy’s law, as well as the use of chemical tracers or temperature profiles [e.g., Scanlon et al., 2002; Ander-
son, 2005]. Techniques to estimate vertical groundwater fluxes from profiles of temperature with depth
have been available since the 1960s [e.g., Suzuki, 1960; Stallman, 1963, 1965; Bredehoeft and Papadopulos,
1965], however, they are not as widely used as methods based on heads or water chemistry. The use of
heat as a tracer can be advantageous because water temperature can be measured without expensive and
time-consuming laboratory analysis. Temperature can also be measured continuously over time which is
much more difficult for chemical constituents. In addition, Woodbury et al. [1991] and Ferguson et al. [2003]
highlight that while water level or chemical data are only representative for conditions at the well screen,
temperature measurements taken in a borehole provide information about the adjacent aquifer at any
depth, providing that free convection does not occur within the borehole.

Bredehoeft and Papadopulos [1965] provided a straightforward analytical approach to determine the magni-
tude and direction of vertical fluxes from temperature profiles, assuming steady state conditions. Their
method (hereafter referred to as the BP method) assumes vertical, 1-D flow in homogeneous media, and
constant temperature boundary conditions. While the BP method was intended to determine vertical flow
through semi-confining layers, it has also been used to investigate the discharge of groundwater to streams
on sub metre scales [e.g., Schmidt et al., 2006, 2007; Anibas et al., 2009, 2011], and on the regional scale to
identify recharge and discharge zones [e.g., Cartwright, 1970; Sorey, 1971]. However, the assumptions of the
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BP method are rarely met in field conditions (on either the aquifer or streambed scale). For example, porous
media are heterogeneous, flows in aquifers are multidimensional, and variations in surface temperature
also occur on multiple timescales (e.g., daily, yearly, and decadal). Further investigations into the applicabil-
ity of the BP method are thus required to assess the robustness of the model to nonideal conditions.

Schornberg et al. [2010] and Ferguson and Bense [2011] used 2-D synthetic streambed materials to investi-
gage the influence of heterogeneities in the porous medium on flux estimates from the BP method. How-
ever, the flow fields used by Schornberg et al. [2010] and Ferguson and Bense [2011] only included horizontal
flows caused by heterogeneities, rather than from the boundary conditions considered. Chang and Yeh
[2012] used stochastic analyses to determine the influence of variance and structure of the hydraulic con-
ductivity field. However, the influence of heterogeneity in hydraulic conductivity has not been investigated
with more complex flow paths (i.e., flow paths that are influenced by both boundary conditions and hetero-
geneity in hydraulic conductivity) like those expected on the aquifer scale.

Seasonal temperature signals typically propagate to �15 m below the land surface. Due to this effect,
the upper section of a temperature profile is generally omitted from analyses to determine steady state
fluxes [Bense and Kooi, 2004]. However, changes in land surface temperature over timescales of decades
to centuries (e.g., due to climate or land use change) can also lead to transient temperatures in aquifers.
This effect can be utilized to perform paleoclimate reconstructions [e.g., Chisholm and Chapman, 1992;
Huang et al., 2000; Pollack and Huang, 2000]. The influence of changing surface temperatures on esti-
mates of groundwater flux for a range of different aquifer thicknesses (40–140 m) was investigated by
Ferguson and Woodbury [2005]. They showed that yearly to decadal variations in land surface tempera-
ture of 628C can produce errors of up to �70% from the BP method, and that errors reduce as deeper
sections of the temperature profile were assessed. However, Ferguson and Woodbury [2005] drew their
conclusions from simulations that used a constant temperature boundary at the bottom of their simu-
lated aquifer, which may be an over simplification, and their simulations were restricted to cases with
purely 1-D flow.

A detailed analysis of the influence of conditions that depart from the assumptions of the BP method will
provide guidance on when this technique is applicable, and indicate when more complex solutions that
account for multidimensional flow [e.g., Lu and Ge, 1996, Reiter, 2001], or transient temperature boundaries
[e.g., Taniguchi et al, 1999; Kurylyk and MacQuarrie, 2014; Kurylyk and Irvine 2016] should be considered.
Using synthetic temperature output from 2-D numerical model simulations, we provide vertical flux esti-
mates from multidimensional groundwater flow fields that include regions where a strong horizontal flow
component exists. The study also assesses the influence of aquifer heterogeneity, recharge rate, the preci-
sion of temperature measurements, and influence of land surface warming on the use of temperature pro-
files to determine vertical groundwater fluxes.

2. Methods

2.1. Equations of Heat Transfer
The 1-D heat transport and fluid flow equation for homogeneous media can be written as:

k0
@2T
@z2

2qz Cw
@T
@z

5C
@T
@t
; (1)

[e.g., Suzuki, 1960; Stallman, 1965] where k0 is bulk thermal conductivity (W m218C21), T is temperature (8C),
z is distance in the vertical direction (m), qz is the Darcy flux in the z direction (positive downward, m s21),
Cw is the volumetric heat capacity of water (J m238C21), C is the volumetric heat capacity of the saturated
medium (J m238C21), and t is time (s).

Assuming steady state flow and temperature boundary conditions, equation (1) reduces to:

k0
@2T
@z2

2qz Cw
@T
@z

50: (2)

Bredehoeft and Papadopulos [1965] provided an analytical solution of equation (2) to calculate qz based on
normalized temperature-depth profiles:
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Tz2T0

TL2T0
5

exp Pez z=Lð Þ21
exp Pezð Þ21

; (3)

where Tz is the temperature at depth z, T0 is the temperature at the top of the temperature profile (depth
z0), TL is the temperature at the bottom of the temperature profile (depth zL), L is the length of the tempera-
ture profile (zL2z0), and Pez is the Peclet number which is given by:

Pez5
Cw qz L

k0
: (4)

Using a type-curve approach, equations (3) and (4) provide a straightforward method to estimate qz using
only the 1-D temperature profile measured in a bore (e.g., Figure 1a), an estimate of k0, and Cw which is
known (�4.2 3 106 J m238C21). Irvine [2015] produced a library of functions in the Python programming
language to solve several of the temperature-based analytical solutions for qz, including the BP method.
The Python functions use a curve fitting method to determine qz by minimizing the difference between the
measured and modeled Tz2T0ð Þ= TL2T0ð Þ values using a weighted sum of square errors (see Figure 1b). Esti-
mates of qz from the BP method were determined using the Irvine [2015] Python functions, and are denoted
as qzBP.

Lu and Ge [1996] provided a two-dimensional extension of the BP method. The Lu and Ge [1996] method
requires additional terms including the average vertical thermal gradient ((TL2T0)/L, 8C m21), which can be
calculated from the temperature profile, and the horizontal thermal gradient. The Lu and Ge [1996] method
simultaneously estimates nonunique combinations of the horizontal and vertical components of Darcy flux
(i.e., qx and qz). Given the added complexity of the use of the Lu and Ge [1996] method, including the
requirement of the uncertain horizontal thermal gradient, and the fact that nonunique estimates of qz are
provided, our analyses focused on the BP method. It should be highlighted that it is advisable to use multi-
ple methods in recharge or vertical flux estimation. For example, it has been shown that a number of differ-
ent models with different assumptions can be used to fit a temperature-depth profile [Reiter, 2005].

2.2. Synthetic Heat and Fluid Flow Modeling
The numerical simulator FEFLOW [Diersch, 2014] was used to generate synthetic temperature profiles in a 2-
D cross-sectional model (Figure 2). The model domain was 400 m long (x direction), and 80 m high (z direc-
tion) with a discretization of Dx 5 0.5 m and Dz 5 0.25 m, producing 256,000 elements. Time steps of 10
days were used for all simulations. Simulations were either run until a steady state temperature distribution
was reached, or model output were assessed at multiple output times (see section 2.3 for details). For
qx� 1825 mm yr21 and qz� 912.5 mm yr21 the spatial and temporal discretization of the model produced
grid Peclet and Courant numbers in the x and z directions that were� 1, ensuring numerically stable
results.

Figure 1. (a) Temperature profile from well S3-3 in the Willunga Basin, near Aldinga in South Australia, data from Chude [2013]. (b) Normal-
ized depth (z/L) against normalized temperature (Tz2T0)/(TL2T0) for the grey box in Figure 1a. Assuming k0 5 2.3 W m218C21,
qzBP 5 269 mm yr21.
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The left and bottom boundaries of the model were no flow boundaries, the top boundary was a constant
flux boundary to simulate recharge (R), and the right boundary was a constant head boundary (Figure 2a).
These boundary conditions created a flow system (see Figures 2c and 2e for example flow paths), with the
vertical component of flux decreasing with depth (z), and the horizontal component of flux increasing with
distance (x). In later experiments, a step change in R was simulated to investigate the influence of non-
steady flows on qzBP estimates.

Intitally, a constant temperature boundary of 208C was used for the upper boundary to isolate the effects of
the multidimensional flow field and heterogeneity on estimates of flux (in later experiments the surface
temperature varied with time, see section 2.3 for details). At the bottom boundary, a constant heat flux of
68.85 mW m21 was applied. This heat flux was based on k0 � 2.3 W m218C21 and a geothermal gradient of
0.038C m21, and was close to the mean value (65 mW m21) of heat flux for continental crust [Pollack et al.,
1993]. The geothermal gradient represents an intermediate value of the range quoted by Anderson [2005]
of between 0.025 and 0.058C m21. The thermal properties of the models were as follows: specific heat
capacity of the solid, Cs 5 2.3 3 106 J m238C21, Cw 5 4.2 3 106 J m238C21, k0 5 2.3 W m218C21. Thermal dis-
persivity (m) was neglected because diffusion will dominate over the range of fluxes considered in this
study (<1000 mm yr 21) [Rau et al., 2012]. Porosity (n) was set as 0.3 for most simulations. In later experi-
ments, the influence of heterogeneity in thermal properties was assessed by allowing n to vary with K such
that material with low K also has low n, and therefore high k0. Details on the heterogeneous porosity field
and calculation of k0 are presented in the supporting information.

The performance of the BP method was assessed in both homogeneous (Figures 2b and 2c) and heteroge-
neous simulations (Figures 2d and 2e). The homogeneous simulations had a hydraulic conductivity (K) of
1.16 3 1025 m s21 (1.0 m d21), although this value is somewhat arbitrary as fluxes are dictated by the
hydraulic boundary conditions (i.e., changing K will change the magnitudes of hydraulic heads, but not the
fluxes in the model). Heterogeneous K-fields were generated using SGSIM [Deutsch and Journel, 1998] with
an exponential variogram. The stationary heterogeneous K-fields had a mean K of 1.16 3 1025 m s21, a var-
iance (r2) of ln(K) of 2.0, and correlation lengths of 50.0 m in the x direction, and 2.0 m in the z direction.
The ratio of horizontal to vertical correlation lengths was similar to the North Bay [e.g., Sudicky et al., 2010]
and Cape Cod [e.g., Hess et al., 1992] aquifer studies. In later simulations, the r2 of ln(K) was increased to 4.5.
While the use of several realizations of the ln(K) fields and different aquifer structures could have been
investigated, the goal was to assess estimates of qzBP in multidimensional flow fields in both homogeneous
and heterogeneous porous media, rather than an explicit study of the influence of heterogeneity in K. The
reader is directed to Schornberg et al. [2010], Ferguson and Bense [2011], or Chang and Yeh [2012] who dis-
cussed the influence of different heterogeneous structures on the use of the BP method, although it should
be noted that these investigations are in different settings than those considered here.

The BP method requires a value of k0. In a field setting, thermal properties are often estimated rather than
measured. However, thermal properties have a much smaller range than hydraulic properties [Anderson,

Figure 2. (a) Conceptual model with boundary conditions and dimensions, (b) homogeneous K-field (ln(K) shown), (c) hydraulic head distribution for homogeneous K-field, (d) heteroge-
neous ln(K) field, and (e) hydraulic head distribution for heterogeneous ln(K) field. All dimensions are in metres. Note 32 vertical exaggeration.
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2005; Saar, 2011]. For example, ks (thermal conductivity of the solid) of sandstone ranges between 2.0 and
4.5 W m218C21 [Anderson, 2005], whereas K for sandstone ranges from �10210 to 1023 m s21 [Fitts, 2013]
and therefore, an understanding of the material type is sufficient to obtain a reasonable estimate of k0. For
all cases considered here, the BP method was used with k0 5 2.3 W m218C21, and an arbitrarily selected
uncertainty in k0 of 620%. This was also used to account for uncertainties in n and ks that would occur with
measured temperature profiles where k0 is unknown. All comparisons are made between the known qz

from the model (qzF) and qzBP. With the formulation of equations (3) and (4), a 620% uncertainty in k0 pro-
duces a 620% uncertainty in qzBP.

Temperature profiles are typically measured with field equipment with a resolution of �0.0018C [Saar,
2011]. However due to issues with data collection (including stretching of the cable, or random measure-
ment noise), the accuracy of the measured temperatures may be less than the measurement precision. To
investigate the influence of sensor accuracy, temperature profiles from the FEFLOW simulations were ana-
lyzed using the BP method assuming that the resolution of the temperature data (Tr) was 0.1, 0.01, or
0.0018C.

2.3. Model Scenarios
The performance of the BP method was assessed for a range of recharge, length of temperature profile,
combination of different thermal and hydraulic properties, and variations in either temperature or recharge
at the upper boundary across 16 numerical modeling simulations (Table 1). Experiments were divided into
two groups; first where flux estimates were produced from simulations that had been run until the tempera-
ture distribution reached a steady state (Scenarios S1-S10), second where transience in either the upper
temperature boundary (Scenarios T1-T5) or in recharge (Scenario T6) was considered, and model output
was assessed at a number of times. Temperature output from the numerical models was used to estimate
qzBP along with qzF every 1 m along the x axis (from x 5 1 to 399 m).

Five experiments were conducted to investigate the influence of surface warming on the qzBP estimates
(Scenarios T1-T5). In each of these models a yearly variation in surface temperature of 60.258C was applied
to simulate seasonal variations. This value was based on unpublished temperature variations at the water
table measured in the Willunga Basin, in South Australia. However temperatures in the upper 15 m of these
simulations was omitted from flux calculations. This annual temperature signal was superimposed onto
longer-term linear surface warming rates (DT z50 100 yr21) of 0.0–1.08C 100 yr21. Temperature profiles were
assessed after 50, 100 and 200 years since the onset of the warming trend.

Finally, a scenario was simulated to identify the influence of transience (a step change) in R (Scenario T6). In
this scenario, the surface temperature was held constant to isolate the influence of the variation in R. Flux

Table 1. Details of Model Scenariosa

Scenario Name R (mm yr21) Aquifer K Other Factors Assessed Figure Number

S1 10 Homogeneous 4
S2 50 Homogeneous 4
S3 200 Homogeneous 4
S4 10 r2 ln(K) 5 2.0 5, 6
S5 50 r2 ln(K) 5 2.0 5, 6, 7
S6 200 r2 ln(K) 5 2.0 5, 6, 7, 8, 9
S7 50 r2 ln(K) 5 2.0 Heterogeneous thermal properties 7
S8 200 r2 ln(K) 5 2.0 Heterogeneous thermal properties 7
S9 50 r2 ln(K) 5 4.5 7
S10 200 r2 ln(K) 5 4.5 7
T1 200 r2 ln(K) 5 2.0 Annual T z50 1 DT z50 100 yr21 5 0.008C 8, 9
T2 200 r2 ln(K) 5 2.0 Annual T z50 1 DT z50 100 yr21 5 0.258C 8, 9
T3 200 r2 ln(K) 5 2.0 Annual T z50 1DT z50 100 yr21 5 0.508C 8, 9
T4 200 r2 ln(K) 5 2.0 Annual T z50 1DT z50 100 yr21 5 0.758C 8, 9
T5 200 r2 ln(K) 5 2.0 Annual T z50 1DT z50 100 yr21 5 1.008C 8, 9
T6 50! 100 Homogeneous Step change in recharge 10

aScenario names containing an ‘‘S’’ were simulations with a constant upper temperature boundary, and were run until a steady state
temperature distribution was reached, with model output assessed for the final time step. Scenario names containing a ‘‘T’’ were tran-
sient simulations, with model output assessed at multiple time steps.
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estimates were obtained in 20 year intervals from the onset of the step change in R from 20 to 200 years
after the step change.

3. Results and Discussion

The experiments were divided into two sections. In section 3.1, the scenarios with steady state temperature
output and constant boundary conditions (Scenarios S1-S10) were assessed to identify the influence of sen-
sor precision, R, heterogeneity and the influence of multidimensional flow. In section 3.2, simulations with
surface warming (Scenarios T12T5) or step change in R (Scenario T6) were assessed to determine the uncer-
tainties in qzBP caused by transience at the land surface.

The qz and qx values in the synthetic aquifers varied depending on location and the R applied at the top of
the model flow fields in both sections 3.1 and 3.2. Generally, qz:qx was greater toward the left hand side,
and top of the model (Figure 3). It is important to note for the simulations considered in this study, that
while the absolute values of qz and qx varied as R was varied, qz:qx at any point in the model remained con-
stant. Lu and Ge [1996] state that neglecting horizontal flow when qz:qx 5 10 can lead to qz estimates with
1% error, and that a decrease of qz:qx to 3.33 will increase the error in qz estimates to 9%. For example, for
the flow fields with homogeneous K considered in this study, for L 5 20 m (from the top of the model to
zL 5 20 m, Figure 3a), qz:qx falls below 3.33 at x 5 21 m, and at x 5 12 m for L 5 80 m (Figure 3b). Therefore,
following Lu and Ge [1996], we can expect the majority of the errors in qz estimates from the BP method to
exceed 9% along the 400 m long domain.

3.1. Estimates of Flux in 2-D Homogeneous and Heterogeneous Porous Media in Steady State
Temperature Distributions
Estimated qzBP values for scenarios S1-S3 (homogeneous aquifer) are shown in Figure 4 for Tr ranging from
0.18C (Figures 4a, 4d, and 4g) to 0.0018C (Figures 4c, 4f, and 4i). In Figure 4, qzF ranges between the R rate
applied at the top of the model, and 0 mm yr 21 at the no flow boundary at the base of the model. As a
result, the mean vertical component of flux from the FEFLOW simulations (�qzF ) was approximately half of
the R value for the majority of the model (i.e., from x 5 0 to x � 300 m). Figure 4i shows that the BP method
provides a good estimate of the mean vertical flux when the full 80 m temperature profile was used. It is
important to note that mean vertical flux is not the same as R (i.e., the rate of the addition of water at the
water table). These terms have been used interchangeably in the literature [e.g., Ferguson and Woodbury,
2005]. While these terms can be used interchangeably for steady 1-D flow, in a 2-D or 3-D flow field, these
terms are not equivalent.

As expected, overall errors (here displayed as normalized root mean square error, nRMSE) generally declined
as Tr is reduced and as �qzF is increased. Errors of qzBP estimates generally increased beyond x 5 250 m for all
combinations of R and Tr, due to the very small qz:qx (ranging from 0.16 to 0.01 between x 5 250 and

Figure 3. The ratio of vertical flux (qz) to horizontal flux (qx) from the FEFLOW simulations. (a) z0 5 0, zL 5 20, and L 5 20 m, and (b) z0 5 0,
zL 5 80, and L 5 80 m. Black and grey lines denote qz: qx for homogeneous K, and r2 ln(K) 5 2.0, respectively.
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399 m). These errors are typically over-estimates (e.g., Figures 4f and 4i) due to the lateral transport of cooler
water which causes the T-z profile to become concave downward (e.g., see Figure 1a); this is interpreted as
vertical flow in the BP method. However, errors from x 5 0 to x 5 200 m (qz:qx ranging from 40 to 0.2) were
generally small. For example, qzBP estimates were within 3% of �qzF for x 5 0 to x 5 200 m (Figure 4e), much
lower than expected following Lu and Ge [1996]. The oscillations in qzBP estimates with distance along the x
axis (which typically occurred where x> 250 m, e.g., Figures 4b, 4c, 4e, and 4h) were due to the resolution
of the T output, and this effect was less prevalent as either R increased, or T could be obtained at a higher
precision (e.g., Figures 4f and 4i).

An examination of the qzBP estimates from the Tr 5 0.18C model output (Figures 4a, 4d, and 4g) shows that
the lowest Tr considered here is insufficient to provide reasonable qzBP estimates for very low fluxes
(nRMSE 5 175.6% for �qzF � 5 mm yr 21 in this case), however as �qzF increased, qzBP estimates improved,
with nRMSE reducing to 22.9% (Figure 4d) and 15.8% (Figure 4g). When higher resolution temperature data
were assessed, (i.e., 0.0018C), reasonable qzBP estimates were possible for the R 5 10 mm yr21 case, with
nRMSE 5 8.0% (Figure 4c) and that errors of this magnitude are less than 1 mm yr21. It is important to note
that issues with field data collection, including stretching of the cable or random noise from the tempera-
ture sensor, will likely provide additional sources of uncertainty in the temperature data.

The output from the simulations with the heterogeneous ln(K) fields (Scenarios S4-S6, Table 1) are shown
in Figure 5. The nRMSE values in Figure 5 are generally larger than for the homogeneous simulations
(Figure 4), however, the BP method produces qzBP estimates that follow the general trend of the known
�qzF in all but the low R, coarse Tr case (Figure 5a). For example, �qzF increases from x 5 250–275 m and
decreases from x 5 275–300 m. The same behavior (increase, then decrease) in qzBP is also observed in all
subplots in Figure 5 (except Figure 5a), however not all of the detailed variations in �qzF were captured
along the length of the simulated aquifers.

Another important observation in Figure 5, is that in cases where qz:qx< 0.1 (i.e., where x is> 350 m), errors
in qzBP increase as R increases. For example, the over-estimation of qz at x 5 399 m in the R 5 10 mm yr21

Figure 4. qz as a function of the x location (1� x� 399 m) in the model domain for different R (10, 50 and 200 mm yr21) and Tr (0.1, 0.01
and 0.0018C) in homogeneous K fields. Black is �qzF between z0 5 0 m and zL 5 80 m, red is the estimate of qzBP with k0 5 2.3 W m218C21,
blue is range of qzBP estimates assuming k0 5 2.3 W m218C21 6 20%.
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case (Figure 5c) is 1.7 mm yr21 (626%), and the error at the same location for the R 5 200 mm yr21 case
(Figure 5i) is 54.6 mm yr21 (1006%). As was the case with the homogeneous simulations, this behavior is
caused by horizontal flow which results in cooler water that enters the aquifer at an upgradient location
being transported horizontally and altering the temperature profile. Since the horizontal flux increases as R
increases, the effect is more pronounced in the models where R is high. This represents a limitation of the
use of a 1-D method in a 2-D (or 3-D) flow field.

The results in Figures 4 and 5 suggest that the BP method can produce reliable flux estimates in multidi-
mensional fields provided that the temperature distribution is at steady state, that resolution of the temper-
ature data is sufficient, and that the qz:qx ratio is greater than 0.1. For cases where stronger horizontal flows
occur, methods that account for horizontal flow [e.g., Lu and Ge, 1996] should be considered.

The complex �qzF patterns can be better reproduced by using a shorter section of the T-z profile, but only if
the Tr is high enough to resolve the variations in T from the linear temperature gradient (Figure 6). For
example, qzBP estimates with L 5 40 m (from z0 5 0 to zL 5 40 m), and Tr 5 0.18C, and R 5 10 mm yr21

(Figure 6a) produced larger errors than shown in Figure 4a or Figure 5a (where R and Tr were the same)
with a nRMSE of 201.7%. However, for a larger �qzF , or for higher Tr, qzBP estimates improved with the use of
shorter sections of the total temperature profile. For example the nRMSE decreased from 12.0% (Figure 5f)
to 9.4% (Figure 6f) for the 50 mm yr21 case. The fact that the BP method assesses the flux over the length
of the temperature profile used, could allow the analysis of subsections of a temperature profile to provide
estimates of flux with depth profiles, which could provide a significant increase in the understanding of
fluxes within the aquifer.

The results presented in Figures 4–6 are from model simulations with homogeneous thermal parameters,
and for a moderate degree of aquifer heterogeneity (r2ln(K) 5 2.0). In Figure 7, Scenarios S5 and S6 (hetero-
geneous K-fields, with R 5 50 and 200 mm yr21) are represented for Tr 5 0.0018C, as a reference to assess
the influence of heterogeneities in thermal properties (Figures 7b and 7e), and the influence of a higher
degree of heterogeneity in K (Figures 7c and 7f). The simulations in Figures 7c and 7f have heterogeneous n

Figure 5. qz as a function of the x location (1� x� 399 m) in the model domain for different R (10, 50 100 mm yr21) and Tr (0.1, 0.01 and
0.0018C) in heterogeneous K fields. Black is �q zF between z0 5 0 m and zL 5 80 m, red is the estimate of qzBP with k0 5 2.3 W m218C21, blue
is range of qzBP estimates assuming k0 5 2.3 W m218C21 6 20%.
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generated from the spatial variation in ln(K) (Figure 2d); assuming that n is low in regions of low K results in
a heterogeneous distribution of k0 (for more information on the calculation of the n distribution, see sup-
porting information). It should be noted that assuming a relationship between K and n likely leads to a
greater variation in k0, than would be expected in an aquifer compared to a case where a relationship

Figure 6. qz as a function of the x location (1� x� 399 m) in the model domain for different R (10, 50 100 mm yr21) and Tr (0.1, 0.01 and
0.0018C) in heterogeneous K fields. Black is �q zF between z0 5 0 m and zL 5 40 m, red is the estimate of qzBP with k0 5 2.3 W m218C21, blue
is range of qzBP estimates assuming k0 5 2.3 W m218C21 6 20%.

Figure 7. (a, d) qz as a function of the x location (1� x� 399 m) in the model domain for r2 ln(K) 5 2.0, (b, e) r2 ln(K) 5 2.0 with heteroge-
neous thermal properties, and (c, f) r2 ln(K) 5 4.5. R 5 50 (top row) and 200 (bottom row) mm yr21. Black is �qzF between z0 5 0 m and
zL 5 40 m, red is the estimate of qzBP with k0 5 2.3 W m218C21, blue is range of qzBP estimates assuming k0 5 2.3 W m218C21 6 20%. All
qzBP calculated assuming Tr 5 0.0018C.
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between K and effective (i.e., connected) porosity was assumed. As a result, the variations in thermal proper-
ties considered here may be greater than would be considered in a field setting.

The inclusion of heterogeneous thermal properties increases the errors in qzBP estimates for the R 5 50 mm
yr21 case, with an increase in nRMSE from 9.4 to 21.8% (compare Figures 7a and 7b). In particular, the inclu-
sion of heterogeneous thermal properties led to under-estimates of qzBP between x 5 0 and x � 100 m, and
over-estimates between x � 200 and x � 250 m. The increase in errors caused by heterogeneous thermal
properties was not as significant for the R 5 200 mm yr21 case (Figure 7e), with a small increase in nRMSE
from 10.1 (Figure 7d) to 10.8% (Figure 7e). The fact that the errors were larger for the lower R considered
here suggest that these errors are caused by conductive transport of heat from low K regions, which has
been shown in other studies of heat transport in heterogeneous porous media [Ferguson and Bense, 2011;
Irvine et al., 2015]. The increase in r2ln(K) from 2.0 to 4.5 did not lead to a significant increase in nRMSE for
either the R 5 50 mm yr21 case (Figure 7c), or the R 5 200 mm yr21 case (Figure 7f), suggesting that reason-
able qzBP estimates are possible from highly heterogeneous flow fields, with steady state temperature
distributions.

3.2. Estimates of Flux With Transience in Temperature or Recharge at the Land Surface
3.2.1. Influence of Nonsteady Temperatures at the Land Surface
The BP method assumes that the groundwater temperature at the top of a temperature profile does not
vary in time, and that any variation from a linear T-z profile can be attributed to flowing groundwater. In
section 3.1, all T-z profiles were from numerical model simulations that had been run until a steady state
was reached. The simulations assessed in section 3.2 include either variable temperature at the upper
model boundary (Scenarios T1-T5), or a step change in R (Scenario T6).

Temperatures at the land surface vary daily, annually, and over decades to centuries due to climate change.
The depth that a sinusoidal temperature signal can propagate into the subsurface is dependent on its
period. Thus, diurnal signals can be largely ignored, and the influence of annual temperature can be
ignored if the upper 10-15 m of the profile are omitted from the analysis of calculating vertical groundwater
flux [e.g., Bense and Kooi, 2004]. However, over the past century, many regions have experienced warming
at the land surface, and both air and land surface temperatures are expected to increase [e.g., Kirtman et al.,
2013]. The range of DTz50 100 yr21 considered here represents a similar range of surface warming projected
by the IPCC [Kirtman et al., 2013]. For areas that have become urbanized, the rate of surface temperature
increase can exceed the range considered here, due to the loss of vegetation and increase in impervious
surfaces.

As DTz50 100 yr21 increased (i.e., from Scenario T1 to T5), the T-z profiles show increased nonlinearity (e.g.,
compare scenario T1 to T5, Figure 8c). Given the assumptions of the BP method, where any deviation from
a linear T-z profile are attributed to fluid flow, propagation of the T signal due to surface warming leads to
over-estimates of qzBP. Over-estimates of qzBP increased both as DTz50 100 yr21 increased (e.g., see Figure
9a) and with time since the onset of warming began (Figures 9a–9c). These over-estimates occurred at all x
positions in the model domain, with the largest over-estimates occurring for with the largest DTz50 100
yr21 increase (scenario T5, purple lines) after 200 years of warming (Figure 9c).

The results from Figure 9 clearly demonstrate the limitation of the BP method in the estimation of vertical
groundwater fluxes in shallow aquifer systems. With future surface warming expected to continue, the
results shown in Figure 9 suggest that the BP method is not suitable for shallow aquifers, and transient solu-
tions such as those by Taniguchi et al. [1999], Kurylyk and MacQuarrie [2014], or Kurylyk and Irvine [2016]
should be considered.

The over-estimated fluxes in Figure 9, offer a likely explanation for the very high flux estimate shown in
Figure 1, from the Willunga Basin in South Australia. The average rainfall at the nearby Noarlunga weather
station for the decade leading up to the measurement of the T-z profile (in 2013) was 442 mm yr21, making
the qzBP estimate using the T-z profile from Figure 1 (269 mm yr21) unrealistically high. With average warm-
ing at the land surface on the order of 18C over the last century (e.g., Bureau of Meteorology), assuming
that errors are on the order of 3002400% as in Figure 9c, flux estimates from the Willunga Basin profile
would be on the order of 53–67 mm yr21 which seems much more likely. It is important to note that the
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findings from Figure 9 are applicable to an aquifer that is relatively thin, and that over-estimates from the
BP method may not be as significant in thicker aquifers [Ferguson and Woodbury, 2005].
3.2.2. Influence of Variation in Recharge Rate
Variations in surface temperature are not the only source of uncertainty in qz estimates from the BP method
due to transience. Since the widespread land clearing for agriculture or for towns and cities, many regions
have experienced large changes in R. For example, after native vegetation clearing, recharge is expected to
increase. The influence of a step increase in R is shown in Figure 10.

In the simple case presented in Figure 10, including constant surface temperatures, and a homogeneous K
field, 180 years are required for the qzBP estimates to approach the �qzF (Figure 10c). This lag time before
accurate flux estimates are obtained are due to the time taken for the temperature signal to propagate into
the aquifer (Figure 10b). We do not attempt to generalize the findings from Figure 10, as the time for a tem-
perature profile to reach a steady state (which may never occur) will depend on several factors including
the thermal properties and dimensions of the system or the degree of change in R. Nonetheless, variations
in R may be problematic in the use of borehole temperatures to produce vertical flux estimates, as transi-
ence in qz is not accounted for in current analytical solutions based on T-z profiles.

Figure 9. Showing qzF (black) and the resulting qzBP values estimated for different linear increases in temperature at the land surface per
century (DTz50 100 yr21, coloured lines) calculated using z0 5 15 and zL 5 80 m. Estimated qzBP are shown after (a) 50, (b) 100, and (c) 200
years of warming. Scenario names are marked on 9c, for further details on scenarios, see Table 1.

Figure 8. (a) Annual T signals from 140 to 144 years since the onset of warming, (b) range in T for six scenarios, (c) resulting T-z profiles at
x 5 10 m after 199.25 – 200.00 years of warming (in 3 month intervals) from the scenarios shown in Figure 8b. The dashed line in Figure 8c
denotes the depth of the surficial zone, where temperatures above this depth are ignored in the analyses. For further details on each
model scenario, see Table 1.
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4. Summary and Conclusions

Temperature depth profiles can be used to provide estimates of vertical groundwater movement. This study
assessed factors that influence the reliability of Darcy flux estimates from the Bredehoeft and Papadopulos
[1965] method using synthetic temperature observations. Specifically, the influence of multidimensional
flow fields, aquifer heterogeneity, and transience at the upper boundary, were tested. The influence of the
recharge rate (at the top of the model domain), position of the temperature profile along a flow path,
length of the temperature profile and precision of the temperature data were also assessed.

The main findings of the study are as follows:

1. While the Bredehoeft and Papadopulos [1965] method was intended to be used to estimate fluxes in
semi-confining layers, where fluxes are predominantly vertical, we show that the method can perform
well in multidimensional flow fields and in stationary heterogeneous media, provided that the tempera-
ture distribution is in a steady state. In multidimensional flow fields, the Bredehoeft and Papadopulos
method provides an estimate of the mean vertical flux over the length of the temperature profile
assessed.

2. Reasonable vertical flux estimates were obtained from the steady state temperature fields, even when
the horizontal component of flux exceeded the vertical component (e.g., qz:qx 5 0.1) which was not
expected following Lu and Ge [1996]. However, accuracy in the vertical flux estimates also depended on
the precision at which temperatures can be measured.

3. When high precision temperature data are available, subsections of the temperature profile could be
analyzed. This could significantly increase the amount of information on groundwater fluxes that can be
determined from temperature data.

4. Long-term variations in surface temperature, such as those due to climate change lead to over-estimates
of vertical flux. The over-estimates of flux increased with the time since the onset of warming, and the
rate at which it occurred. It is likely that the Bredehoeft and Papadopulos [1965] method is not appropri-
ate in many shallow aquifer systems, and analytical solutions that account for surface warming should
be used.

5. Significant long-term variations in recharge may pose an issue in the interpretation of vertical ground-
water fluxes from temperature-depth profiles. In the example shown here, it took well over a century for
the new temperature regime to establish, leading to under-estimates of fluxes. Transience in ground-
water flow is not considered in existing analytical solutions.

This study demonstrates that the use of 1-D steady state analytical solutions can provide reliable information
on vertical groundwater fluxes in multidimensional flow fields from steady temperature profiles. However,

Figure 10. (a) Considered step change in R, (b) difference in T-z relative to Tz,t5 0 at x 5 10 m, and (c) qzBP estimates over time. Dotted line
in Figure 10c is �qzF before and dashed line is �qzF after the step change in R.
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variations in temperature at the land surface prevents the use of steady-state solutions for aquifers that are
near the surface, and that transient analytical solutions that account for variations in surface temperature
should be considered. While our model domain did not allow the study of thicker aquifers (e.g., 100s of
metres), it is likely that the influence of surface warming will reduce for deeper aquifer systems.
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