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Abstract
Infiltrating river water carries the temperature signal of the river into the adjacent aquifer. While the diurnal

temperature fluctuations are strongly dampened, the seasonal fluctuations are much less attenuated and can be
followed into the aquifer over longer distances. In one-dimensional model with uniform properties, this signal
is propagated with a retarded velocity, and its amplitude decreases exponentially with distance. Therefore, time
shifts in seasonal temperature signals between rivers and groundwater observation points may be used to estimate
infiltration rates and near-river groundwater velocities. As demonstrated in this study, however, the interpretation
is nonunique under realistic conditions. We analyze a synthetic test case of a two-dimensional cross section
perpendicular to a losing stream, accounting for multi-dimensional flow due to a partially penetrating channel,
convective-conductive heat transport within the aquifer, and heat exchange with the underlying aquitard and
the land surface. We compare different conceptual simplifications of the domain in order to elaborate on the
importance of different system elements. We find that temperature propagation within the shallow aquifer can
be highly influenced by conduction through the unsaturated zone and into the underlying aquitard. In contrast,
regional groundwater recharge has no major effect on the simulated results. In our setup, multi-dimensionality
of the flow field is important only close to the river. We conclude that over-simplistic analytical models can
introduce substantial errors if vertical heat exchange at the aquifer boundaries is not accounted for. This has to
be considered when using seasonal temperature fluctuations as a natural tracer for bank infiltration.

Introduction
A surface-water body that infiltrates into an aquifer

also influences the subsurface temperature regime. Tem-
poral fluctuations of temperature have been recognized
as a natural tracer that may be used for hydrogeological
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interpretation (Suzuki 1960; Stallman 1965; Lapham
1989; Constantz 1998; Conant 2004; Anderson 2005;
Blasch et al. 2006; Hatch et al. 2006; Hoehn and
Cirpka 2006; Keery et al. 2007; Duque et al. 2010;
Vogt et al. 2010, among others). Natural tempera-
ture variations are attractive tracers, because they are
intrinsic to the system. In contrast to synthetic tracers
in well-to-well or river-to-well applications, no addi-
tional injection campaigns are necessary, thus avoiding
alterations of the natural flow regime and groundwa-
ter chemistry (Constantz et al. 2003). Furthermore, none
of the regulative constraints that may apply for con-
ventional tracers, such as fluorescent dyes, have to be
considered. Finally, groundwater temperature can easily
be measured over long time periods in monitoring wells
by means of relatively inexpensive thermometers, com-
monly included in water-level loggers (Stonestrom and
Blasch 2003; Anderson 2005; Ma and Zheng 2010).
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Variation of radiation and air temperature causes
fluctuation of surface-water temperatures. Typically, the
most pronounced signals are related to diurnal and sea-
sonal changes of short-wave radiation triggered by the
path of the sun. These periodic signals are superim-
posed by variations on the time scale of several days
caused by synoptic weather phenomena. The temperature
signals are transmitted from the surface-water body into
a connected aquifer by conduction and convection. The
latter denotes heat transport by the moving water. Mix-
ing processes due to microscale differential groundwater
velocity and macroscale geological heterogeneities create
thermal dispersion (Bear 1972). Heat transfer by conduc-
tion is governed by the temperature gradient. Accordingly,
the dominant processes are convection at high infiltra-
tion rates, and conduction in parts of the subsurface with
slowly flowing or even stagnant water.

As the temperature signal penetrates into the aquifer,
it is dampened (i.e., the amplitude is attenuated) and
shifted in time. As an illustrative example, Figure 1 shows
the temperature time series measured in the losing River
Thur, Switzerland, and an observation well at about 50 m
distance. Details of the corresponding field study are
described by Cirpka et al. (2007). The river time series
exhibits a seasonal trend, which can be approximated well
by a sinusoidal function with amplitude of about 8 K. The
river signal also includes diurnal variations (amplitude of
about 2 K in the summer), which are graphically not well
resolved in Figure 1. Apparently, the groundwater time
series of the observation well has lost the diurnal sig-
nal, whereas the seasonal variation is hardly dampened
and slightly shifted toward later times. Hence, after some
travel distance the remaining temperature signal is the sea-
sonal one.

Jan 04 Apr 04 Jul 04 Oct 04 Jan 05 Apr 05
0

5

10

15

20

25

30

date

T
 [°

C
]

 

 
River Thur
Observation Well

Figure 1. Temperature time series of 2004 to 2005 measured
in the River Thur, Switzerland, and in an adjacent ground-
water observation well in 50 m distance to the river (Cirpka
et al. 2007).

The time series of Figure 1 are representative for
losing rivers and associated alluvial aquifers in middle
latitudes, with considerable annual temperature variations
and substantial infiltration. The degree of dampening
depends on the groundwater flow velocity, the thermal
diffusivity, and the frequency of the temperature signal
(Stallman 1965). High-frequency (e.g., diurnal) tempera-
ture fluctuations are more dampened than low-frequency
(e.g., seasonal) ones, because the related spatial temper-
ature profiles have larger gradients, even with identical
amplitudes. Typically, diurnal temperature signals become
undetectable at infiltration distances that are consider-
ably larger than 1 m. In recent years, the analysis of
these signals in vertical profiles within river beds has
been used in various studies to estimate local exchange
rates of water in both losing and gaining streams (Hatch
et al. 2006; Keery et al. 2007; Constantz 2008; Vogt et al.
2010). The method requires measurement equipment to
be installed within the river on a mostly temporary basis,
because it would not withstand mechanical stresses during
floods.

In contrast to diurnal fluctuations, seasonal tempera-
ture signals may penetrate to distances of tens to hundreds
of meters and can therefore be detected in standard
piezometers equipped with thermometers in the vicin-
ity of the river, like in the case depicted in Figure 1.
In theory, seasonal temperature fluctuation might there-
fore be used to infer residence times of water and flow
rates in alluvial aquifers, which are required for planning
of freshwater extraction wells close to rivers. However,
Hoehn and Cirpka (2006) warned that the interpretation
of seasonal temperature variations as natural tracers for
bank infiltration may be impeded by interference with
seasonal temperature signals from sources other than the
infiltrating river water. They were mainly arguing that sev-
eral water streams of shallow origin may mix within the
subsurface.

The objective of this study is to examine in detail
how the seasonal temperature signal of a river is propa-
gated into an adjacent aquifer. In particular, we want to
elucidate to what extent a unique interpretation from mea-
surements in individual groundwater observation wells is
possible. A synthetic case is defined with a river that
continuously infiltrates into an aquifer with an overlying
unsaturated zone and an underlying aquitard. The setup
is based on a typical alluvial aquifer with shallow water
table and small aquifer thickness (Hoehn and Cirpka 2006;
Riva et al. 2006). Simulations are performed for an ideal-
ized vertical cross section in the general groundwater flow
direction. While applications of numerical models for tem-
perature transport in aquifers influenced by surface-water
bodies have been presented in several studies (Lapham
1989; Bundschuh 1993; Ronan et al. 1998; Bravo et al.
2002; Constantz et al. 2002; Niswonger and Prudic 2003;
Bense and Kooi 2004; Su et al. 2004; Blasch et al. 2006;
Barlow and Coupe 2009; Duque et al. 2010), the purpose
of the current work is to analyze how conceptual simpli-
fications of the surface and subsurface, such as recharge,
multi-dimensionality of the flow field due to a partially
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penetrating channel, and conduction into the aquitard and
the top layer, impact the accuracy of the simulations of
temperature fluctuations.

Mathematical Model

Governing Equations
In the synthetic case study, we consider steady-state

groundwater flow without internal sources and sinks fol-
lowing the standard groundwater flow equation (Bear
1972; de Marsily 1986):

∇ · (K∇h) = 0 (1)

subject to the following boundary conditions:

h = ĥ on �1 (2)

(K∇h)·n = q̂ on �2 (3)

where h denotes the hydraulic head and K is the hydraulic
conductivity assumed isotropic; ĥ and q̂ are prescribed
values of the hydraulic head at boundary �1 and the
normal inwardly directed flux at boundary �2, respec-
tively; n is the unit normal vector pointing outward.
For the unsaturated zone, the effective saturation and
unsaturated hydraulic conductivity are computed using the
van Genuchten-Mualem parameterization (van Genuchten
1980):

Se(hc) =
�
1+ (αhc)N

�(1−N)/N
(4)

K(hc) = Ksat
�
Se

�
1− �1− SN/(N−1)e

�(N−1)/N�2
(5)

where Se denotes the effective water saturation, α and N
are the van Genuchten parameters depending on the soil
type, and Ksat is the saturated hydraulic conductivity. The
capillary head (hc) is calculated as follows:

hc = min(z− h, 0) (6)

where z is the elevation above a reference datum and h
is the hydraulic head referenced to the same datum.

Heat transport in porous media is expressed by the
convection-dispersion equation, written here in a form that
is formally identical to the advection-dispersion equation
for solute transport (de Marsily 1986; Domenico and
Schwartz 1998):

∂T

∂t
+∇·(vTT )− ∇·(D∇T ) = 0 (7)

where T denotes temperature, t is time, vT is the effective
velocity of convective heat transport, and D is the disper-
sion tensor for conductive-dispersive heat transfer. For
heat transfer, the boundary � of the domain is subdivided
into the inflow section �in and a fixed-temperature section

�fix, both at which we assume a known temperature value,
and the remaining part �/(�in ∪ �fix) across which the
conductive-dispersive heat transport is set to be zero:

T = T̂0(t) on �in ∪ �fix (8)

(D∇T ) · n = 0 on
�

�in ∪ �fix (9)

where T̂0(t) is the temperature at �in ∪ �fix. In our appli-
cation, T̂0(t) varies periodically in time.

The temperature dispersion tensor D is parameterized
as follows (Bear 1972):

Dij = vTivTj�vT� (α1 − αt)+ δij
�
λm

ρmcm
+ αt�vT�

�
(10)

where αl and αt are the longitudinal and transverse thermal
dispersivities, respectively; λm is the thermal conductivity;
ρmcm is the volumetric heat capacity of the porous
medium; and δij is the Kronecker delta function which
is one for i = j and zero otherwise.

The effective thermal velocity of convective heat
transport vT is related to specific discharge q and the
seepage velocity of conservative solute transport va as
follows:

vT = qρwcw
ρmcm

= va θρwcw
ρmcm

= va
RT

(11)

where ρwcw is the volumetric heat capacity of water and
θ is the porosity. RT denotes the ratio of seepage veloc-
ity to effective thermal velocity of heat transport, also
known as retardation factor of temperature, which is given
as the ratio between the volumetric heat capacities of
the porous medium, ρmcm and water 	wρwcw in which
	w is the volumetric water content. The volumetric heat
capacity of the bulk porous medium is computed as the
weighted arithmetic mean of the solids (ρscs) and water
(ρwcw) (Domenico and Schwartz 1998; Anderson 2005).
The contribution of the gas phase is ignored due to its low
density:

ρmcm = 	wρwcw + (1− θ)ρscs (12)

The volumetric water content (	w) can be computed
as follows (van Genuchten 1980):

	w = Se(	s −	r)+	r (13)

where 	r and 	s are the values of residual and saturated
volumetric water content.

The weighted geometric mean of the thermal conduc-
tivity of the solids (λs), water (λw), and gas phase (λg)
is used to calculate the thermal conductivity, λm, of the
bulk porous media in the unsaturated zone (Nield and
Bejan 2006):

λm = λ1−θs λ	ww λ
θ−	w
g (14)
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Analytical Solution in One Spatial Dimension
If possible, it is desirable to use fast and straight-

forward analytical solutions. Most of the analytical
approaches available to determine infiltration rates based
on temperature measurements follow the works by Suzuki
(1960), Stallman (1965), and Bredehoeft and Papaopulos
(1965). Stallman (1965) extended the analytical solution
given by Suzuki (1960) for computing infiltration and
exfiltrating rates under transient conditions and periodic
boundary conditions. Bredehoeft and Papaopulos (1965)
presented a steady-state analytical solution for calculat-
ing vertical rates of groundwater movement. Taniguchi
(1993), Goto et al. (2005), Hatch et al. (2006), and
Keery et al. (2007), among others, used Stallman’s (1965)
analytical expression to calculate vertical groundwater
fluxes based on periodic surface temperature fluctua-
tions. All these one-dimensional (1D) analytical solutions
are restricted to special conditions in which heat trans-
fer between the periodic temperature boundary and the
observation point can be approximated by strictly 1D
convective-dispersive transport.

The Fourier transform (see Appendix) of Equation 7
in a 1D system with uniform properties reads as:

2π ifT̃ + vT ∂T̃
∂x
−D∂

2T̃

∂x2
= 0 (15)

subject to the boundary conditions:

T̃ (x = 0, t) = T̃0(f ) (16)

T̃ (x = ∞, t) = 0 (17)

The solution for Equations 15 through 17 is an
exponential function with complex argument:

T̃ (x, f ) = T̃0(f ) exp(−λx) (18)

where λ denotes a complex decay coefficient:

λ(f ) =
	
v2T + 8π ifD− vT

2D
(19)

Substituting Equation 18 into the back Fourier trans-
form of Equation A1 yields:

T (x, t) =

 ∞

−∞
T̃0(f ) exp

�−λ(f )x� exp(2π ift)df (20)

Splitting λ into its real (λR) and imaginary (λI)
components, results in the following two equations:

T (x, t) =

 ∞

−∞
T̃0(f ) exp(−λRx) (21)

exp


2π if

�
t − x

c

��
df

c = 2πf
λI

(22)

where c is the celerity of the sinusoidal wave propagation.
Finally, considering the specific case of a sinusoidal
temperature signal T0(t) with amplitude aT and the phase
shift ϕ,

T0(t) = aT cos(ϕ + 2πf t) (23)

The solution in the time domain is as follows
(Stallman 1965):

T (x, t) = aT exp(−λRx) cos


ϕ + 2πf

�
t − x

c

��
(24)

Numerical Simulation in a Vertical Cross Section
In order to account for more complex processes and

geometries than realized by standard analytical meth-
ods, numerical simulation is needed. In the present work,
the finite element method is used to solve the govern-
ing equations in two spatial dimensions. A vertical cross
section of an alluvial aquifer adjacent to a river is simu-
lated in detail. The standard Galerkin method is used to
simulate the groundwater flow equation (Equation 1) and
the Streamline-Upwind Petrov-Galerkin method (Brooks
and Hughes 1982) is applied to the heat-transport
equations in the Fourier domain (Equations A6 and A7).
A uniform grid of bilinear rectangular elements of con-
stant coefficients discretizes the cross section. Each grid
element has 0.1 m height and 1 m length. The model
output is the spatial field of the Fourier-transformed tem-
perature T̃ , which is a complex number. The magnitude
and the angle of the complex temperature represent the
amplitude (aT) and the phase shift (ϕ) of the periodic
temperature signal:

aT = �T̃ � (25)

ϕ = tan−1
�����Re(T̃ )Im(T̃ )

����� (26)

Model Setup
The case study represents a straight river with vertical

and lateral infiltration. Seven model variants of different
complexity are set up to examine the role of differ-
ent conceptual assumptions (Figure 2). They are used to
simulate temperature changes in the aquifer due to infil-
tration and hence are all oriented perpendicular to the
river. Note that for strongly meandering rivers and even
for straight rivers with a component of groundwater flow
parallel to the channel, the assumption of essentially
two-dimensional (2D) flow might not be valid (Woessner
2000). We start with a full model (scenario 1) accounting
for conductive/dispersive and convective heat transfer in
the groundwater flow field, conductive heat transfer into
an underlying aquitard, and an unsaturated zone on top.
For the latter, heat parameters depend on the volumet-
ric water content as denoted by Equations 12 and 14.
The full model also simulates convective heat transfer
by groundwater recharge, and seasonal fluctuations of the
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Figure 2. Model setups of different complexity. Scenarios 1 (full model), 2 (without recharge), 3 (fully penetrating channel), 4
(without aquitard), 5 (without unsaturated zone), 6 (only aquifer), and 7 (1D analytical solution). PBC: temperature periodic
boundary conditions; dashed arrow: heat transfer (convection and conduction); solid arrow: water flow.

surface and river temperature. The geothermal heat flux
is not considered because it is constant in time. Each
of the listed processes adds additional complexity to the
model and so the question is which components might
be neglected while still arriving at valid temperature pre-
dictions in the aquifer. To answer this, the full model
is simplified by eliminating groundwater recharge (sce-
nario 2), multi-dimensionality of the flow field and hence
assuming a fully penetrating channel (scenario 3), con-
duction in the aquitard (scenario 4), heat transfer in the
top layer (scenario 5), and also a combination of the

last two (scenario 6). The resultant six different model
conceptualizations are numerically solved in 2D in the
Fourier domain. The simplest model (scenario 7) is the
representation of the aquifer as a 1D column connected to
the river, which is simulated using the analytical expres-
sion by Stallman (1965) (Equation 24).

The full model (scenario 1) is considered the most
accurate and thus serves as a reference to be compared
with the other scenarios. As a criterion, the root mean
square error (RMSE) is selected, which quantifies the
residual error of the temperature evolution in the aquifer

NGWA.org N. Molina-Giraldo et al. GROUND WATER 49, no. 4: 491–502 495



between the full model and the simplified ones. The
RMSE is applied to the complex temperature as follows:

RMSE =
�

1

2Aaq



Aaq

{Re[T1(x)− T2(x)]}2
+ {Im[T1(x)− T2(x)]}2dx

(27)

where Aaq is the cross-sectional area of the aquifer within
the model plane.

Similar boundary conditions to scenarios 1 and 2 were
used by Bundschuh (1993) and Duque et al. (2010). The
latter evaluated the surface water-groundwater interaction
by a heat-tracer test using the heat-transport code VS2DHI
(Healy and Ronan 1996). Bundschuh (1993) applied the
USGS code SUTRA (Voss 1984) to evaluate the influence
of the seasonal temperature fluctuations at the surface on
the temperature of the aquifer.

Boundary Conditions and Aquifer Geometry
Scenario 1 (full model) is built of three horizontal

layers (Figure 2). The upper layer (sandy loam) represents
the unsaturated zone, the middle layer (sandy gravel) the
aquifer, and the bottom layer (clay) the aquitard. Many
alluvial aquifers exhibit a small distance to groundwa-
ter and a small aquifer thickness (Hoehn and Cirpka
2006; Riva et al. 2006). Accordingly, the thickness of the
unsaturated zone is set to 2 m and that of the aquifer
to 5 m. A thickness of 13 m is assigned to the aquitard
to minimize boundary effects by the model bottom while
including heat conduction into the aquitard. A preliminary
analysis showed that for larger aquitard thicknesses the
results do not change considerably. The horizontal length
of the model domain is set to be 400 m. However, dif-
ferent lengths are also inspected in order to evaluate the
effect of the scale of the model domain. No-flow boundary
conditions are applied to the left and bottom boundary.
Half of the river channel (10 m) is implemented at the
upper left boundary. The other half of the river channel
is assumed to be symmetrical.

A constant head in the river is assumed. The ratio-
nale for this assumption is that the fluctuations of the
river stage and infiltration rates average out on the
seasonal time scale considered here. This may be rep-
resentative for rivers where the water level is regulated
(e.g., by reservoirs), or for humid climates where water-
level fluctuations of the river throughout the year are
small. Accordingly, the presented approach may only
yield approximate results for cases with strong variation
of infiltration rates.

In the model, fixed-head boundary conditions are
applied to the river and the right model face. The water
enters the aquifer by infiltration through the river bed
and the groundwater leaves the domain through the right
boundary in the aquifer. A uniform regional recharge rate
of 300 mm per year is allocated to the top boundary,
which is a typical value of groundwater recharge in central
Europe (Langguth and Voigt 2004). Fourier transformation
in time is used to evaluate the periodic boundary condi-
tions at the river and the top boundary. The temperature

Table 1
Hydraulic and Thermal Parameters Used in the
Simulations (de Marsily 1986; Carsel and Parrish

1988; Spitz and Moreno 1996)

Specific heat capacity of solids (J/kg/K) 880
Specific heat capacity of water (J/kg/K) 4190
Density of the solids (kg/m3) 2650
Thermal conductivity of solids (W/m/K) 2.00
Thermal conductivity of water (W/m/K) 0.58
Thermal conductivity of gas phase (W/m/K) 0.025
Total porosity (−) 0.30
Longitudinal dispersivity (m) 1.0
Transverse dispersivity (m) 0.01
Hydraulic gradient (‰) 3
Saturated hydraulic conductivity (m/s)
Aquifer 1.0× 10−3
Aquitard 1.0× 10−10
Unsaturated zone 1.0× 10−6

van Genuchten parameters
α (1/m) 3.6
N 1.56

fluctuations are specified by an amplitude of 8 K and a
frequency of 1/year.

Aquifer Parameters
Hydraulic and thermal aquifer parameters used in

the simulation are typical for sandy aquifers. Values are
listed in Table 1. Due to the low variability of ther-
mal parameters compared with hydraulic parameters, the
same values of the thermal conductivity and heat capac-
ity are used for the three horizontal layers. The hydraulic
conductivity values listed in Table 1 are for saturated sedi-
ments. The resulting groundwater velocity in the aquifer is
almost equal to 1 m/day assuming a hydraulic gradient of
3‰. The aquifer system is assumed to be isotropic with
respect to hydraulic conductivity. The effects of buoy-
ancy and changes in viscosity are neglected. Therefore,
the hydraulic and thermal parameters are assumed to be
independent of the temperature changes. The effect of
density and viscosity in heat-transport problems for shal-
low aquifers is discussed, for example, by Hecht-Méndez
et al. (2010) and Ma and Zheng (2010). The latter stated
that variable density and viscosity due to temperature
changes of less than 15 K seem to be negligible in the
flow model. In the present study, an atmospheric tem-
perature change of 16 K is assumed between winter and
summer. Nevertheless, at any given time, the tempera-
ture variability within the model domain is not larger
than 10 K.

Results and Discussion

Full Model Simulations
Results for the full model (scenario 1) are obtained

numerically in 2D in the Fourier domain. Figure 3
shows the calculated spatial distribution of the seasonal
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Figure 3. Simulated amplitude of the seasonal temperature signal for the full model (scenario 1). The river is located in the
upper left corner. Dashed white lines: top and bottom of the aquifer; solid white line: penetration distance defined by an
amplitude of a0 × exp(−1) ≈ 2.94 K.

temperature amplitude. The temperature signal originating
from the river is propagated over the entire aquifer
thickness close to the river and over a distance of
approximately 90 m. Further away from the river, the
signal originating from the surface is almost completely
dampened in the unsaturated zone and in the first top meter
of the aquifer. The degree of dampening of the tempera-
ture signals is linked to the groundwater flow velocity, the
thermal diffusivity, and the frequency of the temperature
signal. The penetration distance of the temperature signal
is the distance at which the temperature amplitude in the
subsurface has fallen to e−1 (i.e., 37%) compared to that
of the periodic signal at the surface (Goto et al. 2005; Vogt
et al. 2010). From Equation 24, the penetration distance
(xs) of the temperature front in a 1D system is therefore
defined as 1/λR, which can be expressed as follows:

xs = 2D�
(v2T/2)+

	
(v4T/4)+ 16π2f 2D2 − vT

(28)

In case of zero convection Equation 28 simplifies to:

xs(vT = 0) =
�
D

πf
(29)

Assuming the unsaturated zone as a 1D problem in the
vertical direction, the computed penetration depth in the
unsaturated zone for the full model is about 2 m for sea-
sonal fluctuations. In contrast, for diurnal fluctuations the
vertical temperature signal is almost completely damp-
ened in the first 0.20 m. We can conclude that although
the seasonal temperature signal originating from the sur-
face is strongly dampened through the unsaturated zone,
it could still have an effect on the aquifer temperature
depending on the thickness of the unsaturated zone.

Figure 4 shows the time shift or apparent travel time
of temperature. The time shift in Figure 4a is plotted based
on the wrapped phase shift. Therefore, the time shift is

restricted to cycles of 1 year. In comparison, Figure 4b
presents the results after correcting the phase shift by
adding multiples of 2π in order to obtain a continuous
function (unwrapped time shift) of apparent travel times
of temperature.

Evidently, Figure 4a can result in misinterpretations
of the apparent travel times of temperature due to the
wrapped phase shift. A mismatch by multiples of 1 year
can occur depending on the point of view the time
shift profile is observed. Consider the following example:
A hypothetical observation well is located 200 m away
from the river and two measuring points of groundwater
temperature are placed at 3 m (OW-d1) and 5 m (OW-d2)
depth (Figure 4). The time shift observed at the 5 m depth
point can be either 120 or 485 days, depending on the
interpretation. For a vertical profile starting at the ground
surface, the travel time of temperature would be misin-
terpreted as 120 days. For a longitudinal profile starting
at the left boundary of the model, the actual travel time
of temperature is 485 days. At the 3 m depth point, an
apparent temperature travel time of 85 days is identified.
Assuming a retardation factor of 2.2, we get a residence
time of water of 39 days, which is actually a measure of
the signal originating mainly from the surface and not the
river. Thus, interpretation of travel times based on sea-
sonal signals originating from an infiltrating river might
be affected by interference with additional sources of tem-
perature fluctuations.

The black dot in Figure 4a marks a point where the
interfering periodic signals originating from the river and
from the surface cancel out, the amplitude is zero, and the
time shift is not defined. It is intuitively clear that seasonal
temperature time series observed at profiles downgradient
of this point within the aquifer should not be interpreted
by a simple 1D analytical model. Figure 4a, however, also
exemplifies that upstream of that point a substantial verti-
cal profile of apparent travel time can be observed, either
due to multi-dimensionality of the flow field (close to the
river) or due to interference with conduction into the top
and bottom layers (further away from the river).
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Dashed white lines: top and bottom of the aquifer; solid white lines: time shift of 1 and 2 years; black point: location where
the amplitude is zero.

Sensitivity Analysis of Individual Model Elements
In the following, the full model simulation (sce-

nario 1) is compared with predictions from simplified
models (Figure 2). Results based on the RMSE as com-
puted by Equation 27 are listed in Table 2. It should
be mentioned that the calculated error introduced by
simplifying surface and subsurface process simulation is
sensitive to the scale of the model domain. Hence, the
errors are inspected for different lengths of the model
cross section.

First we discuss the results for a model length of
400 m. The value of RMSE = 0.03 K for scenario 2
is small. Considering the amplitude of 8 K, this indi-
cates that regional groundwater recharge is only of minor
importance for the simulation. This is mainly due to the
low velocity of infiltration (10−9 m/s) compared with the
average horizontal flow velocity of the aquifer (10−5 m/s).
However, heat-transport simulation should be done with
the awareness that errors could be introduced when
neglecting groundwater recharge for higher recharge sce-
narios or during extreme hydrologic events depending on
the hydrogeological setup.

Scenario 3 indicates that assuming a fully penetrating
channel has a larger effect, but the RMSE is still below
1 K for a cross-section length of 400 m. Neglecting the
conduction into the aquitard (scenario 4) yields a slightly
higher RMSE of 1.09 K. The aquitard acts as a sink

and source of heat. It stores heat during high-temperature
periods and releases it during cold periods. Apparently, the
aquitard needs much more attention in simulations of heat
transport than in those of solute transport. This is mainly
an effect of high thermal diffusion. Typical values of
solute diffusion coefficients for small molecules are in the
order of 10−9 m2/s, whereas typical values for thermal dif-
fusion coefficient are in the order of 10−7 m2/s (Domenico
and Schwartz 1998). Hence, diffusion into the underly-
ing aquitards is of high relevance for the presented case
study.

Removing the unsaturated zone (scenario 5) means
that conduction into the unsaturated zone and seasonal
temperature fluctuations at the land surface are ignored.
This yields an error of about 1.30 K. In order to
discriminate between these two factors, scenario 5 is also
simulated including the unsaturated zone as the full model
but without seasonal fluctuations at the surface. The result
is an RMSE value of 1.0 K, and hence, the periodic
boundary condition at the land surface significantly
contributes to the error of scenario 5. Since the calculated
errors highly depend on the chosen model geometry,
general conclusions are difficult. For example, it can be
expected that an increased thickness of the unsaturated
zone mitigates the effect of the periodic temperature
fluctuation of the top boundary on the aquifer temperature.
Recall that the penetration depth for the presented model is
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Table 2
RMSE of the Fourier-Transformed Temperature According to Equation 27 (K)

Scenarios

2 3 4 5 6 7

Length (m)
Without
Recharge

Fully
Penetrating
Channel

Without
Aquitard

Without
Unsaturated
Zone

Only
Aquifer

1D
Analytical
Solution

400 0.03 0.60 1.09 1.31 3.12 3.34
200 0.01 0.95 1.45 1.45 3.21 3.41
100 0.01 1.55 1.50 1.13 2.30 2.63
50 0.01 2.25 1.06 0.36 1.16 1.55
20 0.001 2.76 0.51 0.23 0.56 1.18

Note: Residual error of the temperature evolution in the aquifer between the full model and the simplified ones for different model lengths. Refer to Figure 2 for
further details on the scenarios.

about 2 m for seasonal fluctuations and that it is controlled
by flow velocity, thermal diffusivity, and the frequency.

Once more, results for scenarios 6 and 7 highlight
the limited value of model conceptualizations that neglect
processes such as conduction into aquitard and unsaturated
zone as well as temperature fluctuations at the land
surface. Applying the simplified 1D analytical equation
even yields an error of 3.34 K. This is almost half of
the applied amplitude of 8 K, and therefore the analytical
model should be taken with caution for interpretation of
seasonal temperature signals.

For shorter lengths of the model domain, the abso-
lute errors change for each scenario, and the relative
error contribution of the different model elements may
vary. The shorter the model the more important the multi-
dimensional flow component (close to the river) becomes.
Shorter model domains imply a decrease of aquifer inter-
faces to the aquitard and unsaturated zone. Accordingly,
the effects of temperature fluctuations at the surface and
the conduction into the aquitard and unsaturated zone are
less pronounced. For the specific conditions evaluated in
this study, conduction through the top and bottom aquifer
interfaces is only relevant at a distance of the observation
well from the river of more than 50 m.

Figure 5 shows length profiles of the temperature
amplitude and time shift averaged over the aquifer depth
for the scenarios 1, 4, 5, and 7. Scenarios 2 and 3 show
similar behavior to scenario 1, and scenario 6 is equivalent
to scenario 7. Hence they are not shown in the figure. An
extra 1D scenario which only considers convection in the
aquifer is also included. Figure 5a shows the amplitude of
the temperature signal as function of travel distance. After
a threshold, at which the periodic signals originating from
the river and the surface cancel out, the amplitude signal
for scenarios 1 and 4 starts to oscillate due to the inter-
action between the two signals. This is in contrast to the
simulations by scenarios 5 and 7, which do not account
for seasonal temperature fluctuations at the surface. In
these scenarios, the amplitude signal decreases exponen-
tially with the travel distance from the river. Additionally,
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Figure 5. Longitudinal profiles of temperature amplitude
(a) and time shift (b) averaged over the aquifer depth as
function of distance to the river for scenarios 1 (full model),
4 (without aquitard), 5 (without unsaturated zone), and 7 (1D
analytical solution) as well as an extra scenario considering
only convection.

the amplitude signal is more dampened for scenarios 1,
4, and 5 than for scenario 7. This is attributed to the heat
transfer with the underlying and overlying layers, which
is simulated in scenarios 1, 4, and 5 but not in scenario 7.
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Figure 5b shows the apparent travel time of the tem-
perature signal as a function of distance to the river.
Note that an overestimation of the time shift occurs if
heat exchange with the land surface is neglected. The
full model (scenario 1) clearly shows that the observed
time shift between the river and depth-averaged ground-
water signal of temperature is dominated by exchange
with the land surface at large distances. At a sufficient
distance, the apparent time shift does not vary with dis-
tance anymore. Scenario 4, in which the aquitard is
neglected but the unsaturated zone and land surface are
accounted for, shows a similar behavior. The models
neglecting the unsaturated zone, by contrast, result in a
monotonic increase of time shift with distance with the
exception of very close distances to the river where multi-
dimensionality of the flow field is important. Assuming no
influence by temperature fluctuations at the land surface
results in an underestimation of the time shift of temper-
ature signals (not shown in Figure 5) if conduction into
the aquitard and unsaturated zone is neglected. This is in
accordance with the fact that arrival time of the tempera-
ture front is delayed due to conduction processes into the
overlying and underlying layers.

In summary, Figure 5 shows that multi-dimensionality
close to the river is important at distances of up to 10 m
from the bank. In the given setup, the interpretation of
time shifts by essentially all models is acceptable for
distances between 10 and 50 m. At larger distances, the
model results start deviating. Downgradient of the point
at which the two temperature signals cancel out (at about
110 m), interpretation of seasonal temperature signal by
a model neglecting the heat exchange with the land sur-
face is not possible. The exact location of this critical
point depends on groundwater velocity, thickness of the
unsaturated zone, and thermal conductivity. If in a field
survey an almost complete disappearance of the seasonal
temperature signal was observed in a dense transect of
observation wells, there is only a minor chance of inter-
preting the reappearing seasonal signal to infiltrating river
water. In practice, however, such dense transects are rare.
That is, a single observation well at a distance of 150 m
would exhibit a clear seasonal temperature signal with
amplitude of 1 K that might be misinterpreted by mainly
convective 1D transport with too high velocity.

Conclusions
We have presented a modeling study to inspect the

propagation of seasonal temperature signals from an infil-
trating river into an adjacent aquifer. As key measures,
we have considered the amplitude and time shift of the
seasonal temperature signal. In particular the latter would
be used to estimate groundwater velocities from the time
series. We have evaluated simplifications of physical pro-
cesses in the model concept in order to assess which
components of the modeled system have a major impact
on the chosen measures.

In general, we can conclude that heat transfer by
conduction from the aquifer into the unsaturated zone

and into an underlying aquitard significantly influences
the temperature signal distribution in a shallow aquifer.
Arrival times of temperature signals at observation wells
are underestimated when conduction into the overlying
and underlying layers is neglected. The conduction into
the aquitard causes additional attenuation of the seasonal
temperature signal and a distinct vertical profile of the
time shift. Conduction into the unsaturated zone would
have identical effects if there was no influence by temper-
ature fluctuations at the land surface. Interference of the
signal originating from bank infiltration with that from the
land surface leads to complex spatial patterns of ampli-
tude and time shift, including a point at which both signals
cancel out. This implies that a unique interpretation of
apparent travel times from measurements of temperature
time series in individual groundwater observation wells is
often problematic. In the given context, a simple mismatch
by multiples of 1 year may be the simplest cause of confu-
sion, but the interference of different temperature signals
can also cause noninteger offsets between simplistic 1D
simulations and the full model.

In our synthetic case study, the propagation of sea-
sonal temperature fluctuations through the aquifer was
not sensitive to regional groundwater recharge. This
reflects the minor impact of convective heat transfer by
groundwater recharge compared to conduction through
the unsaturated zone and convection within the aquifer.
The relative importance of convection by groundwater
recharge would increase with a larger thickness of the
unsaturated zone and larger distances to the river.

Multi-dimensionality of the flow field was impor-
tant only at small distances to the river. At short travel
distances, time shifts between temperature time series
observed on observation wells to those of the river mainly
reflect convective heat transport along the curvilinear flow
path from the river to the observation point. Besides the
difficulty of identifying this flow path, analyzing time
series from observation points close to the river suffer
from the small time shift. For a seasonal signal, an off-
set of at least 1 month is required to obtain a reasonable
estimate of apparent travel times.

The geothermal heat flux has of course no effect on
seasonal fluctuations because it does not vary on a sea-
sonal time scale. In contrast, heat conduction from the
aquifer into underlying aquitard can be of high relevance.
In our setup, the most simplistic models that ignore the lat-
eral heat-flux components yield significant residual errors
over larger distances, indicating that these models become
invalid for interpretation of measured temperature time
series. There is a certain range of distances (in our setup
between∼10 and 50 m) in which the time shifts computed
by the various models are similar. Only within this range
the simplified models would be valid for interpretation of
measured temperature time series.

Most current conceptualizations for the determina-
tion of bank infiltration and travel times from time series
rely on 1D analytical expressions or simplified numer-
ical models. As pointed out, they are applicable only
over a limited range of distances where assuming strictly
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1D convective-dispersive heat transfer between the river
and the observation well is not introducing a severe bias.
This range depends on groundwater velocity, that is, the
very parameter to be estimated by the analysis, on the
thickness of the aquifer and that of the unsaturated zone.
Our general recommendation for practical applications is
to perform simulations that include conduction into the
overlying and underlying layers as well as fluctuations of
the land-surface temperature, such as our scenario 3, to
test whether the model of an insulated 1D tube is a valid
simplification for the given travel distance. If a signifi-
cant bias becomes evident, the analysis of the time series
requires the more complex model.
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Appendix
Spectral Representation

Usually, state variables are evaluated as function of
space and time. Because we study time-periodic signals
with frequency of 1/year, it is convenient to transform
the governing equations into the frequency domain by
Fourier transformation. The Fourier transform of the time-
dependent temperature T (t) is defined as (Bracewell
2000):

T̃ (f ) =

 ∞

−∞
T (t) exp(−2π itf)dt (A1)

with the frequency f and the imaginary number i = √−1.
In general, T̃ is a complex number. Equation A1 implies
that the Fourier transform of the time derivative is as fol-
lows:

∂T̃

∂t
= 2π ifT̃ (f ) (A2)

Then, we can apply the Fourier transform to
Equation 7 and make use of orthogonality properties,
resulting in a steady-state transport equation of the
Fourier-transformed temperature T̃ , which must be met
for each frequency f (∀f ):

2πif T̃ +∇·(vTT̃ )− ∇·(D∇T̃ ) = 0 ∀f (A3)

subject to the boundary conditions:

T̃ = ˜̂T 0(f )∀f on �in (A4)

(D∇T̃ )·n = 0 ∀f on
�

�in
(A5)

where T̃ depends on frequency f and space.
We may consider the real and imaginary contributions

to Equation A3 as a system of coupled equations:

−2π if lm(T̃ )+ vT∇ · [Re(T̃ )] (A6)

−∇ · [D∇Re(T̃ )] = 0 ∀f
2π if Re(T̃ )+ vT∇ · [lm(T̃ )] (A7)

−∇ · [D∇lm(T̃ )] = 0 ∀f

subject to:

Re(T̃ ) = Re( ˜̂T 0)∀f on �in (A8)

lm(T̃ ) = lm( ˜̂T 0)∀f on �in (A9)�
D∇Re(T̃ )� · n = 0 ∀f on

�

�in
(A10)

�
D∇lm(T̃ )� · n = 0 ∀f on

�

�in
(A11)

Solving the convection-dispersion equation in the
spectral domain provides the benefit of substituting the
transient equation with a system of two steady-state
equations. This can be done if a single sinusoidal signal is
considered and hence T̃ is nonzero for only a single fre-
quency f . In our case, this is f = 1/year. For a boundary
condition with arbitrary inflow temperature T̂0(t), how-
ever, solving the convection-dispersion equation in the
spectral domain provides hardly any benefit, since the
integration in time is replaced by solving the spectral
equation for all frequencies.
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