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[1] In this paper we discuss temperature anomalies that develop in the shallow subsurface
as a result of localized deforestation in combination with shallow horizontal
groundwater flow. Model results show how a patch-wise pattern of deforestation at the
surface induces significant lateral temperature gradients in the subsurface. Results also
indicate that lateral heat transport by advection via horizontal groundwater flow becomes
significant above flow rates of about 10�8 m/s. In a steady state situation,
reached 1750 a after deforestation, an anomaly of 0.1 K is still present at a distance of
�2.5 km downstream of the deforested patch at depths between 200 and 575 m for
horizontal groundwater flow velocities between 10�7 m/s and 10�8 m/s, respectively.
We carried out transient simulations to examine the impact of deforestation on subsurface
temperatures during the last century. These experiments include a study of the
effects of regional surface warming on the thermal regime of the subsurface. In these
scenarios, 100 a after localized deforestation, significant temperature anomalies occur
hundreds of meters downstream of the deforested areas. Results show that ground surface
temperature history reconstructions based upon synthetic temperature versus depth
profiles up- and downstream of the deforested patches fail to recover the timing and
magnitude of the warming event imposed at the surface. Results from our
numerical simulations indicate that lateral heat flow effects should be considered when
using subsurface thermal data for constraining land surface schemes in
general circulation models.
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1. Introduction

[2] The temperature distribution in the upper kilometer of
the continental landmasses is in quasi-equilibrium and is
determined by the long-term surface temperature and the
heat flowing from the Earth’s interior. Under these con-
ditions, subsurface temperature increases in a predictable
way with depth. If the temperature at the Earth’s surface
changes, a quantity of heat flows in or out of the ground in
such a way that the continuity of heat flowing across the
ground surface is maintained. These changes propagate into
the ground and appear as perturbations to the quasi–steady
state thermal regime of the subsurface. Analysis of these
subsurface temperature anomalies allow borehole climatol-
ogists to reconstruct climate-induced ground surface tem-
perature (GST) histories for the last millennium. Indeed,
geothermal data have been widely used at local, regional

and global scales to reconstruct past GST changes [Harris
and Chapman, 1995, 2001; Pollack and Huang, 2000;
Bodri et al., 2001; Beltrami, 2001; Beltrami and Bourlon,
2004], to obtain ground surface heat flux histories, and to
estimate the amount of heat absorbed by the ground over
past centuries [Beltrami et al., 2002, 2006a]. Recent studies
have further confirmed that GST, as recorded in the Earth’s
thermal regime by conduction of heat, can be assumed to be
closely coupled to surface air temperature (SAT) over
periods of the order of centuries [Huang et al., 2000;
González-Rouco et al., 2003, 2006; Beltrami et al., 2005]
and decades [Marshall et al., 2006]. The robustness of
borehole climatology has received increased attention in the
light of several developments: (1) an eventual reconciliation
of borehole and proxy paleoclimatic records for the last five
centuries [Esper et al., 2002; Moberg et al., 2005; Harris
and Chapman, 2005], (2) because borehole climatology
provides an estimate for the magnitude of heat gained by
the subsurface over past centuries which is difficult to
obtain from meteorological data [Beltrami et al., 2002;
Levitus et al., 2005], and (3) the important role this quantity
may play when it is included in general circulation models
(GCMs) for future climate projections [Beltrami et al.,
2006a, 2006b; Smerdon and Stieglitz, 2006; Hansen et al.,
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2006]. However, currently only a fraction of the geothermal
data meets quality control criteria and can be used with
confidence for paleoclimate studies. This is because the
subsurface thermal field reflects disturbances in the near-
surface heat budget that are the result of signals not directly
related to variations in SAT [Pollack et al., 1998; Nitoiu and
Beltrami, 2005]. Groundwater flow [Harris and Chapman,
1995; Taniguchi et al., 1999a; Bense and Kooi, 2004; Bodri
and Cermak, 2005; Ferguson et al., 2006] and land use
changes [Lewis and Wang, 1998; Taniguchi et al., 1999b;
Ferguson and Beltrami, 2006] can produce temperature
anomalies that hamper the interpretation of subsurface
temperature perturbations as records of past climate. Hence
borehole data that may have been affected by these factors
are usually rejected for use in climate reconstructions.
However, attempts have been made to understand the long-
term impact of land use changes [Nitoiu and Beltrami, 2005]
and groundwater flow [Kohl, 1998;Bodri andCermak, 2005]
and to evaluate and potentially correct for their impact on
geothermal data sets [Ferguson et al., 2006; Ferguson and
Beltrami, 2006]. Such studies should ultimately allow a
larger part of the geothermal database to be used for climate
reconstructions, and provide a guideline for future borehole
temperature data collection. Moreover, and possibly even
more significantly, they can potentially improve the under-
standing of subsurface heat distributions in such a way that
geothermal data could be used to better constrain thermal
boundary conditions in the land surface schemes included in
state of the art GCMs, as well as play a role in model output
validation [González-Rouco et al., 2003, 2006; Smerdon and
Stieglitz, 2006; Beltrami et al., 2006a; Stevens et al., 2007].
Moreover, an improved understanding of land-atmosphere
interaction is likely to become crucial in the prediction of
future climate changes [Seneveriatne et al., 2006].
[3] Groundwater flow can alter the subsurface temperature

distribution through advective heat transport [Bredehoeft
and Papadopulos, 1965]. A number of studies have char-
acterized described temperature-depth profiles in areas of
vertical groundwater flow and simultaneous surface warm-
ing [Taniguchi et al., 1999a; Bense and Kooi, 2004]. Lu and
Ge [1996] and Reiter [2001] showed analytically, that
horizontal groundwater flow can cause subsurface temper-
ature anomalies that could be misinterpreted as resulting
from past surface temperature variations [Ferguson, 2005].
Typically, it is just the vertical component of groundwater
flow that is examined to assess whether geothermal data are
suitable for borehole climatology [Ferguson et al., 2006].
[4] Geothermal data collected at sites affected by defores-

tation or forest fires are usually discarded for paleoclimate
analysis [Guillou-Frottier et al., 1998; Beltrami et al., 2003]
since such surface events create transient and persistent
energy imbalances at the air-ground interface [Geiger et al.,
1995]. Post deforestation, more solar radiation reaches the
ground surface. Since the decrease in evapotranspiration is
not compensated by an increase in surface albedo, the ground
gains energy increasing its surface temperature [Lean et al.,
1996]. Observations show that the removal of vegetation
results in a significant increase of surface temperature of the
order of several degrees Celsius [e.g., Bond-Lamberty et al.,
2005]. These effects can be traced back in borehole geother-
mal data [Lewis and Wang, 1998; Taniguchi et al., 1999b]. It
has been shown that localized deforestation can lead to

significant lateral conductive heat flow resulting in temper-
ature anomalies away from the deforested area [Ferguson
and Beltrami, 2006].
[5] Although clear-cutting is often followed by regrowth,

in other locations deforestation has been permanent and was
initiated centuries ago. However, while parts of Europe
were deforested between 1000 and 1500 CE, most defores-
tation of the Amazonian rain forest is confined to the 20th
century [Williams, 2000]. Under the conditions found in
Europe and North America, a steady state temperature
condition may have developed.
[6] In this paper, we first consider the characteristics of

such steady state conditions for different regimes of hori-
zontal groundwater flow. Then we evaluate the evolving
temperature distribution within the shallow (<500 m) sub-
surface over the course of one century under the influence
of localized land use changes in combination with horizon-
tal groundwater flow. In addition to examining the temper-
ature effects of deforestation within patches, we used
numerical models to also examine the effects of a climate-
driven surface temperature increase. These two scenarios of
temperature changes at the surface are evaluated for three
regimes of horizontal groundwater flow. We further tested
how lateral groundwater flow in combination with patchy
deforestation would impact ground surface temperature
history (GSTH) reconstructions if temperature data from
such areas were to be used to estimate recent climate
changes.

2. Modeling Approach

2.1. Model Setup

[7] We use suites of two-dimensional cross-sectional
models to illustrate the combined thermal effects of hori-
zontal groundwater flow, and lateral variations in surface
temperature. The equation for transient heat flow through
conduction and advection as a result of horizontal ground-
water flow is [Bredehoeft and Papadopulos, 1965]:

cbrb
@T

@t
� kr2T þ cwrwqx rT ¼ 0 ð1Þ

in which T [�C] is temperature, k [W/m�C] is thermal
conductivity, cw [J/kg�C] is the specific heat of water, qx [m/
s] is the horizontal component of the Darcy velocity, rw [kg/
m3] is the density of water and cb and rb are the bulk specific
heat and density of the aquifer. It is further assumed that the
aquifer is fully saturated and that, hence, no unsaturated zone
is present near the surface. This is likely to be a reasonable
assumption for topographically flat areas with shallow
groundwater tables. Equation (1) is solved using the generic
finite element code FlexPDE (http://www.pdesolutions.com)
that has been tested and applied in earlier studies to simulate
combined heat and fluid flow [Bense and Kooi, 2004]. For
the parameters summarized above, we use typical literature
values [Stolk, 2000; Bense and Kooi, 2004] representative of
sandy sediments. These are, k = 2.5 [W/m�C], cw = 4190 [J/
kg�C]; rw = 1000 [kg/m3]; cb = 2013 [J/kg�C] and rb = 2105
[kg/m3].
[8] Two patches (I and II) represent areas that are

deforested (Figure 1). These patches are 300 m wide and
are separated by 300 m. The left- and right-hand sides of the
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model domain are open for inflow and outflow of heat as
controlled by the temperature at that boundary and the
horizontal groundwater flux. Basal heat flow was set to
zero to isolate the temperature anomalies resulting from the
variations in surface temperature and groundwater flow
[Lachenbruch and Vaughn Marshall, 1986]. For the steady
state models we used a model domain of 4000 m long and
3000 m deep, and for the set of transient simulations in
which a smaller spatial scale is considered, we used a
domain of 2000 m long and 500 m deep. Results for the
transient simulations are examined for t = 100 a.

2.2. Surface Temperature Scenarios

[9] In the set of steady state models surface temperatures
in the cleared patches were fixed at 2 K higher than in
surrounding areas. These model results show the maximum
subsurface temperature effect that can be expected from a
permanently existing lateral temperature contrast at the
surface as a result of variations in land use. We also
estimated the time the system takes, after patch deforesta-
tion, to reach its steady state.
[10] For the transient simulations, at the surface boundary

in the model, the temperature effects of localized defores-
tation are conceptualized as follows: (1) inside area I and II,
temperature increased stepwise by 2 K at t = 0 and (2)
outside these patches the temperature is fixed at its initial
value. This approach is assumed to realistically represent a
localized clearing of vegetation when no significant re-
growth of vegetation is occurring [Lewis and Wang,
1998]. A scenario like this is typical when forest is trans-
formed into agricultural land.
[11] For the transient models we consider two different

scenarios. One set of numerical experiments was run
considering only the temperature effect of the removal of
vegetation (scenario 1). In a second set of simulations the
additional effect of a regional increase in temperature due to
a warming climate was included (scenario 2). This was done

by adding a linear temperature increase of 1 K per 100 a
over the entire surface boundary. As a result, in scenario 2
the total increase in temperature (after 100 a) in the clear-cut
patches is 3 K, of which 2 K is imposed at t = 0 of the
simulation, while outside of these areas the total increase is
1 K as gradually applied over the course of one century.

2.3. Horizontal Groundwater Flow

[12] For the steady state models as well as for both
surface temperature histories discussed above the impact
of horizontal groundwater flow on the calculated tempera-
ture distributions is evaluated for three different magnitudes
of horizontal groundwater flow. Groundwater flow is con-
sidered to be in a steady state, and flow velocity is
independent of variations in fluid viscosity or density that
might arise from temperature variations. Horizontal ground-
water velocities are varied over a range of one order of
magnitude between 10�8 and 10�7 m/s. We assume ground-
water flow to be purely horizontal and to be directed from
the left- to the right-hand side of the domain. These values
for horizontal flow velocities are reasonable for relatively
flat areas where a generic hydraulic gradient of 10�3 m/m is
a good assumption [e.g., Bense et al., 2003]. For such a
hydraulic gradient the variation in groundwater flow veloc-
ity used here corresponds to a variation in hydraulic
conductivity between 10�5 and 10�4 m/s. Such values of
hydraulic conductivity are typical for shallow sedimentary
aquifers [Freeze and Cherry, 1979].

3. Simulation Results

3.1. Steady State Temperature Distributions

[13] Simulated steady state temperature distributions are
shown in Figure 2. In addition, temperature-depth profiles
extracted from the right-hand side boundary of the model
domain are shown in Figure 3. These plots show that with
increasing horizontal groundwater flow the maximum tem-

Figure 1. Model setup used in the simulations presented in this paper. Patches I and II along the surface
boundary represent the deforested areas where temperature rises at the onset of the simulations. As
indicated in the diagram, for the steady state modeling presented in this paper, a larger modeling domain
was used than for the transient models. To facilitate discussion of the results of the transient modeling,
temperature-depth data are extracted along lines 1, 2, and 3 around patch I. Profiles 1 and 3 are located
30 m from the edge of patch I. For the steady state models, a temperature-depth profile was extracted
along the right-hand boundary of the model domain.

F04015 BENSE AND BELTRAMI: LAND USE CHANGE AND GROUNDWATER FLOW

3 of 10

F04015
















