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Abstract Sustained ground surface warming on a decadal time scale leads to an inversion of thermal
gradients in the upper tens of meters. The magnitude and direction of vertical groundwater flow should
influence the propagation of this warming signal, but direct field observations of this phenomenon are
rare. Comparison of temperature-depth profiles in boreholes in the Veluwe area, Netherlands, collected
in 1978–1982 and 2016 provided such direct measurement. We used these repeated profiles to track the
downward propagation rate of the depth at which the thermal gradient is zero. Numerical modeling of the
migration of this thermal gradient “inflection point” yielded estimates of downward groundwater flow rates
(0–0.24 m a−1) that generally concurred with known hydrogeological conditions in the area. We conclude
that analysis of inflection point depths in temperature-depth profiles impacted by surface warming provides
a largely untapped opportunity to inform sustainable groundwater management plans that rely on accurate
estimates of long-term vertical groundwater fluxes.

1. Introduction

Subsurface temperature-depth (TD) measurements at a single point in time have been used to infer vertical
groundwater flow rates by estimating advective components of heat flow in the conduction dominated ther-
mal regime of the Earth’s shallow crust (i.e., <1,000 m) (Saar, 2011). Such estimates have often been obtained
using steady state thermal approaches with the inferred groundwater fluxes interpreted to be representa-
tive of long-term averages of groundwater recharge or discharge (Bredehoeft & Papadopulos, 1965; Kurylyk
et al., 2017; Reiter, 2001). Knowledge of time-averaged vertical groundwater flux rates is essential for sustain-
able groundwater management to prevent groundwater depletion in the context of climate change, land
cover change, and increased demand from global population rise (e.g., Scanlon et al., 2006; Wada et al., 2010).
However, it has long been recognized (Ferguson & Woodbury, 2006; Taniguchi et al., 1999) that the ongoing
disturbance of the subsurface thermal regime as a result of climate warming and/or land use change (Bense
& Beltrami, 2007; Bayer et al., 2016; Menberg et al., 2014) will increasingly hamper such long-term groundwa-
ter flux estimates due to a mixing of the thermal disturbances caused by surface warming and groundwater
flow (Irvine et al., 2017; Kurylyk & Irvine, 2016).

Sustained surface warming is eventually manifested in the subsurface at depths below the seasonal zone
(e.g., 15 m), producing an inversion of the thermal gradient. This deviates from an equilibrium situation in
which temperatures generally increase with depth due to upward geothermal heat flow. Hence, in this reverse
setting, a depth exists at which the thermal gradient is zero. In this study, we refer to this as the “inflection
point depth.” Taniguchi et al. (1999) used analytical solutions to a transient equation of fluid and heat flow
to show that the rate at which the inflection point depth increases over time is strongly influenced by ver-
tical groundwater flow. They illustrated their approach by comparing observed inflection point depths to
analytical solution results for scenarios of ground surface warming, geothermal heat flow, and vertical ground-
water flow. However, fundamental shortcomings of the analytical solutions employed by Taniguchi et al.
(1999) have recently been discussed in detail elsewhere (Bense et al., 2017). Moreover, for this approach to
be evaluated more robustly, repeated TD logging over relatively long periods (e.g., decades) are required
to trace the depth propagation of the inflection point in time. Such data were not available to Taniguchi
et al. (1999). Repeated thermal profile measurements have been carried out in a few sites, but these stud-
ies were conducted in areas with very little groundwater flow and focused on climatological processes
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Figure 1. Map of the Veluwe area showing land use and sites of boreholes used in this study. Location of the area is
indicated on the inset map of the Netherlands inside the square (NL = Netherlands; G = Germany; B = Belgium).
Land use information is from the European Environment Agency data portal and represents the 2012 situation
(http://eea.europa.eu). The bottom panel shows a hydrogeological cross section (A-A′) based upon the hydrogeological
model of the Netherlands that is maintained by the Dutch Geological Survey (http://dinoloket.nl). The hydrogeological
base, through which groundwater flow is assumed negligible, is formed by fine-grained marine sediments (green) that
are overlain by a sequence of sandy (yellow) and clayey/silt (bright blue) sediments. General groundwater flow
directions are indicated by arrows (dark blue).

(Davis et al., 2010; Dědeček et al., 2012; Harris & Chapman, 2007) or the effects of urbanization (Ferguson &
Woodbury, 2007) or land use (Kooi, 2008; MacDougall & Beltrami, 2017) on subsurface temperatures.

Here, we interpret a newly collected data set of TD profiles from the Veluwe area, Netherlands, where TD data
were previously recorded in 1978–1982. This unique combined data set illustrates the complex interplay of
land use, climate warming, urbanisation, and groundwater flow on subsurface thermal regimes. However, we
focus here on the analysis of the inflection point propagation at 10 sites with repeated measurements. In con-
trast to Taniguchi et al. (1999), we use a numerical one-dimensional heat and groundwater flow model to show
that analysis of the inflection point propagation enables the quantitative development of plausible vertical
groundwater flow rate estimates. We show that these corroborate with an independent assessment of the
hydrogeological regime at each of the 10 borehole sites based on observed vertical hydraulic head gradients
at each site. We conclude that subsurface warming signals can be tracked to reliably estimate long-term verti-
cal groundwater flow rates. This technique provides a relatively cheap and straightforward means to evaluate
groundwater flow conditions that has to date been largely unexplored.

2. Study Area and Data Collection

Our study area is situated in the Netherlands (Figure 1a) and comprises the topographically elevated Veluwe
zone roughly oriented in a north-south direction as well as flanking lower lying valleys of the Grift and IJssel
rivers in the east and west, respectively. The upper several hundreds of meters of the study area subsur-
face is formed by stacks of unconsolidated siliciclastic sediments dating from the Holocene and Pleistocene
(Figure 1). These overlay marine fine-grained clayey sediments that are of Miocene age. Push moraines, which
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Figure 2. Temperature-depth profiles obtained in (a) 1978–1982 and (b) 2016. For location of sites of observation see
Figure 1. Line colors indicate land use at the site of each borehole as indicated in Figure 1. A subset (10) of the TD profiles
recorded in 1978–1982 and 2016 were obtained in the same boreholes. These are shown in Figure 3.

formed at the terminus of an ice sheet during the penultimate glacial maximum, are responsible for the
current relief in the Veluwe area.

Meteorological records (knmi.nl) representative for the Veluwe area show that annual average air tempera-
ture is currently (1996–2016) on average +10.5∘C, with a seasonal amplitude of about 8∘C. The topographic
gradient between the Veluwe and flanking river plains forces groundwater to be recharged across the Veluwe
area and flow toward the lower lying areas. Environmental isotope studies, hydrological analysis, and ground-
water flow modeling suggest that the long-term average groundwater recharge across the Veluwe area is
∼1⋅10−3 m/d (∼0.36 m a−1) (i.e., Gehrels, 1999, http://nhi.nu) which is derived from approximately 0.9 m a−1 of
precipitation. The shallowest sandy units, extending to a depth of 125–200 m, are aquifers in which ground-
water flow is relatively unhindered, although the ice-pushed sediments can contain a series of lateral barriers
related to glaciotectonic features. Also, in the IJssel valley, clay units occur that limit seepage rates in this
area. Regionally, the top of the Miocene clayey formation (Figure 1), which occurs below the sandy aquifers,
is regarded as the hydrogeological base below which little groundwater flow occurs (Dufour, 2000).

Between 1978 and 1982, a series of TD profiles were obtained in the Veluwe area using piezometer tubes
installed in boreholes. We assume that these TD profiles represent an accurate record of the vertical variation
in subsurface temperatures in the geological formations surrounding the boreholes. Likely, the small diameter
of the piezometer tube (50 ⋅ 10−3 m), in combination with the relatively modest vertical thermal gradients
below the zone of seasonal influence (i.e., at depths larger than ∼15 m), prevents any vertical convection
within the piezometers (Colombani et al., 2016). Twenty-nine of the TD profiles in the 1978–1982 data set are
deeper than ∼100 m, and these are shown in Figure 2a. In the autumn of 2016, several newly constructed
boreholes were profiled for temperature in the same area (Figure 2b). During the latter campaign, 10 of the
boreholes visited in 1978–1982 were revisited to obtain a direct measurement of subsurface temperature
changes at these sites (Figure 3).

The magnitudes of step changes of temperature with depth in the 1978-1982 data indicate that the tem-
perature precision of the thermometer used at the time was on the order of 10−2∘C; however, details on
calibration controlling absolute accuracy are missing. These historic data were collected at 1 m depth intervals.
In 2016, data were collected using a RBR soloT instrument (http://rbr.com) that was calibrated to an accuracy
of 2 ⋅10−3∘C and has a temperature resolution of <5 ⋅10−6∘C and a time constant of 1 s. For the 2016 data col-
lection, the stop-go principle (Harris & Chapman, 2007) was used to collect temperature measurements each
second for 10 s at each 1 m depth interval.

Piezometer tubes reaching to different known depths are located in the boreholes at each site (Figure 3) which
enabled hydraulic head measurements at these depths to be carried out by local authorities on a regular
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Figure 3. (a to j) Repeated temperature-depth profiles (TD profiles) at sites 1–10 combined with geological information. The dashed lines show the TD profile in
the 1978–1982 data set, while the solid lines are TD profiles obtained in 2016. Color of the lines indicates the land use at each site as per Figure 2. Where
identifiable, the position of the inflection point is indicated in the diagram (black = 1978–1982 and red = 2016). (k and l) The average annual vertical hydraulic
head gradient (1990–2001) at each site is obtained from observations in piezometers and plotted against the depth of the inflection point, also indicating the
standard deviation around the mean. Since the downward direction is positive in hydrogeology and flow proceeds in an opposite direction to the hydraulic
gradient, a negative (upward) gradient implies positive (downwelling) flow.

basis (e.g., once every 14 days) from the time these boreholes were constructed, mostly in the 1960s and
1970s. However, monitoring was discontinued at many sites in 2000–2001. We accessed a publicly available
database (http://dinoloket.nl) containing these hydraulic measurements to evaluate long-term average ver-
tical hydraulic gradients at each of our measurement sites for the years 1990–2001. Additionally, we used
a map of average hydraulic head in the shallowest aquifer available for 1995 conditions to evaluate lateral
hydraulic head gradients at each borehole site. Also, a detailed description of the lithologies encountered
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in each borehole that was recorded at the time of their construction is available. A simplified version of this
lithological log is depicted alongside each TD profile in Figure 3.

3. Analysis
3.1. Observed Inflection Point Migration Between 1978 and 2016
For a given depth in each data set of TD profiles (1978–1981 and 2016), there is a substantial range of sub-
surface temperatures observed (Figure 2). For example, at a depth of 150 m, a range of approximately 4∘C
is observed in both data sets. At larger depths, this range remains more or less constant, while at shallower
depths, it becomes smaller for the 1978–1982 data but increases for the 2016 data. At the base of the seasonal
zone, which is estimated to lie at a depth of ∼ 15 m for average climatological conditions in the Netherlands
(Bense & Kooi, 2004), this contrast in temperature is approximately 2.5∘C (1978–1982) and 5.5∘C (2016). How-
ever, we note that the large range in 2016 temperatures is due to only one urban borehole that is possibly
not representative for other urban areas. If this borehole is excluded, the observed temperature range for the
2016 data set is 2.5∘C as in 1978–1982.

We identified the potential effects of contrasting land use on the characteristics of the TD profiles by grouping
them into three categories (urban areas, forest/shrubs, or grassland/agricultural land) based on their location
in the broader region (Figure 1). In both data sets, the relatively cooler TD profiles occur in the forested areas,
the warmer ones are in urban areas, and the intermediate profiles lie in grassland/agricultural land (Figure 2).
Although the 2016 data set contains more TD profiles taken in forested areas (17 versus 8) and fewer in urban
areas (4 versus 8) than the earlier data set, the relationship between the overall temperature of the TD profile
with local land use seems consistent between the two data sets. At depths below ∼200 m, the TD profiles in
both data sets trend toward a thermal gradient of about 2.25 ⋅ 10−2∘C m−1 with a few exceptions. Since the
lithology at these depths for all boreholes consists of the Miocene clay units with presumably similar thermal
properties (see Figure 1), the regional background geothermal heat flow is relatively uniform. Assuming a ther-
mal conductivity of 2 W m−1∘C−1 for these fine marine sediments of Miocene age (Kooi, 2008), the geothermal
heat flux at these depths is estimated at 45 ⋅10−3 W m−2. This is in agreement with other geothermal heat flux
assessments for the Netherlands (e.g., ter Voorde et al., 2014).

Figure 3 presents the temperature-depth data for locations with available measurements in both 1978–1982
and 2016. At depths below which 20th and 21st century climate warming extends (e.g.,>120 m), discrepancies
in the accuracy and precision between the instruments used in 1978–1982 and 2016 can explain the temper-
ature difference between the two repeated TD profiles up to approximately 0.2∘C (sites 1–5 and 10; Figure 3).
At site 7, nearby (i.e.,∼100–300 m) Aquifer Thermal Energy Storage activities that store or extract heat in geo-
logical units cause negative anomalies in the profile below the depth at which the climate warming-related
inflection point is visually identified in the profile. At other locations (sites 6, 8 and 9), nearby groundwater
abstraction likely has an impact on subsurface temperatures resulting in differences between the historical
and current TD profile that cannot be explained from instrumental differences alone. Nevertheless, the ther-
mal inflection point resulting from climate warming was visually identified at all sites in the 2016 data set
(Figure 3). For the 1978–1982 data set, the inflection point depth could not be identified for two sites either
because there was none visible below a depth of 15 m (site 8) or because the profile was only recorded for the
depth interval below which the inflection point was likely located (site 5). Given the precision and accuracy
of the thermometers used in 1978–1981 and 2016 and the sampling depth interval of 1 m, we estimate that
the inflection point is known to within ±2 m for the 1978–1982 data set and ±0.5 m for the 2016 data.

The inflection point depth in 2016 varies by about 43 m, that is, between 76 m (site 1) and 33 m (site 10). For
the 1978–1982 data set a similar range (38 m) exists. The magnitude of the vertical hydraulic head gradient at
each site is within one of two groups (1 and 2). For group 1 (Figure 3k), the vertical hydraulic gradients are rel-
atively small (−8 ⋅ 10−4 to +6 ⋅10−4), while in group 2 (Figure 3l), they are about 2 orders of magnitude larger.
In both groups the hydraulic gradient varies between being indicative of either downward (indicated by neg-
ative gradient values) or upward (positive gradient values) groundwater flow. The lithological logs (Figure 3)
suggest that the larger hydraulic gradients in the second group are probably due to the presence of clayey
units that are generally absent in the first group and function as aquitards when present. At sites 5 and 6,
hydraulic head gradients suggest that vertical groundwater flow is minimal. On the other hand, sites 1–4
and 7–10 are probably areas of groundwater downwelling and upwelling, respectively. The inflection point
depths largely concur with the hydraulic observations in that for decreasing or increasing hydraulic gradients,
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the inflection point depth is relatively deep or shallow, respectively. This relationship seems to be approxi-
mately linear for both subsets of data (Figures 3j and 3k) and consistent between 1978–1982 and 2016. Further
analysis of our data is pursued using a numerical model of subsurface heat flow as outlined below.

3.2. Model Simulation
We used a numerical model to carry out a first-order quantitative analysis of the sensitivity of the inflec-
tion point propagation to the magnitude and direction of vertical groundwater flow. We assumed that the
development of inflection points in the TD profiles is the result of longer-term ground surface warming,
and that the rate at which the inflection point subsequently propagates downward is controlled by sub-
surface heat flow processes described by the conduction-advection equation for subsurface heat transfer
(e.g., Stallman, 1963):

𝜅
𝜕2T
𝜕z2

− qzcw𝜌w
𝜕T
𝜕z

= cb𝜌b
𝜕T
𝜕t

(1)

in which T (∘C) is temperature, z (m) is depth, t is time (s), cw𝜌w is the volumetric heat capacity of water
(J m−3∘C−1), 𝜅 and cb𝜌b are the thermal conductivity (W m−1 ∘C−1) and volumetric heat capacity (J m−3∘C−1)
of the water-saturated aquifer, and qz (m⋅ s−1) is the vertical component of the specific groundwater flow
rate. Here a positive qz implies groundwater downwelling, while a negative qz denotes groundwater seepage.
In the typical topography-driven groundwater flow system of the Veluwe, we assume that the heat trans-
port mediated by groundwater flow can be accurately described without consideration of thermal dispersion
(e.g., see Rau et al., 2012, for a discussion). We used a series of one-dimensional models based upon the
numerical solution of equation (1) to facilitate the analysis of the impact of variable hydrogeological condi-
tions (i.e., variations in qz) on the downward propagation of the inflection point. To this end, we employed the
finite-element coding environment FlexPDE (pdesolutions.com), which has been previously used to describe
transient heat flow in hydrogeological systems (e.g., Bense and Beltrami, 2007). In our modeling approach
(cf. Taniguchi et al., 1999), we evaluate the depth-position of the inflection point under different vertical
groundwater flow conditions for a set of boundary conditions valid for the study area without aiming to fit
the precise shape and temperature of individual TD profiles.

At the base of the model domain, a 45⋅10−3 W m−2 heat flux is imposed, in line with the estimate for the rate of
geothermal heat flow derived from the field data as discussed above. We consider a model domain with a fixed
height of 150 m, which is the approximate depth to which groundwater flow is generally thought to reach in
the study area (Dufour, 2000) (Figure 1). Initially, we assumed that the thermal properties and groundwater
flow were uniform within the domain (scenario I). In a second model evaluation (scenario II), we incorporated
heterogeneity of thermal properties that would arise from the occurrence of clay units in the stratigraphy
as observed in the geological logs (Figure 3). We assume groundwater flow to be purely vertical and invari-
ant with depth. We acknowledge that the vertical components of groundwater flow in a topography-driven
flow system (Figure 1c) will decrease with depth both as a result of the geometry of groundwater circula-
tion patterns (Tóth, 1963) as well as reduction of permeability with depth (Rathod & Rushton, 1980). Taking
into account multidimensionality of flow to represent a vertically variable groundwater flux and associated
heat flow effects would require a more complex multidimensional model which we did not employ in this
study. However, a sensitivity study using numerical models was previously conducted (Irvine et al., 2016) and
revealed that for steady state conditions, the heat flow effects of lateral groundwater flow are negligible if
the horizontal component of groundwater flow does not exceed the vertical flow component by more than
1 order of magnitude. For isotropic hydraulic conductivity, this would result in a ratio between the magni-
tudes of the vertical (iz) and horizontal (ix) head gradients of 0.1. At our sites, this ratio does not fall below
0.2 (Table 1) except where very small vertical head gradients suggest negligible groundwater recharge or dis-
charge (i.e., site 5 and 6). Although Irvine et al. (2016) caution that transient heat flow conditions, such as we
consider in the present study, would lower the threshold at which horizontal heat flow can impact ground-
water flows inferred from TD profiles, we have carried out our analysis under this assumption. Likewise, we
cannot exclude the possibility that the TD profiles in our data set exhibit horizontal conductive effects due
to the lateral variability of land use in combination with lateral groundwater flow as described by Bense and
Beltrami (2007). An evaluation of our data for such effects would require an inventory of historical land use
around each borehole site in combination with an analysis of local groundwater flow paths, which has not
been undertaken in this study.

Carrying forward with the assumptions and model setup as described above, we set a constant ground sur-
face temperature to calculate steady state TD profiles for a range of plausible qz values (−0.1–0.6 m a−1),
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Table 1
Inflection Point Depths (IFD), Hydraulic Gradients (i), and Inferred Vertical Groundwater Fluxes (qz) at Sites 1–10

IFD (m) i (10−4 m m−1) qz (m a−1)

Site 1978–1982 2016 iz ± 𝜎 ix |iz :ix| I II

1. 53 76 −3.95 ± 2.81 19.5 0.20 0.20 0.24

2. 41 73 −515 ± 88.2 4.6 110.88 0.16 0.19

3. 43 70 −2.45 ± 0.85 11.1 0.22 0.16 0.19

4. 27 67 −211 ± 18.1 20.4 10.34 0.11 0.14

5. – 56 0.18 ± 0.89 7.8 0.02 0.09 0.11

6. 33 56 0.67 ± 1.18 29.6 0.02 0.07 0.10

7. 18 47 184 ± 18 7.8 23.51 0.02 0.05

8. – 38 3.72 ± 0.87 7.0 0.53 −0.02 0.02

9. 17 38 158 ± 2 29.9 5.29 0.00 0.03

10. 18 33 3.73 ± 2.23 9.8 0.38 −0.02 −0.01

Note. Vertical hydraulic head gradients (iz) at each site are obtained from piezometer readings (see Figure 3)
and reported as averages of the annual mean between 1990 and 2001 with the standard deviation from the
mean value. Horizontal hydraulic gradients (ix ) in the upper aquifer at each site are representative for the annual
average situation in 1995. Estimates of qz (m a−1) at each site are derived by finding the best fit between field
observations at each site of the inflection point depth in 1978-82 and 2016 with a single theoretical curve. This
was done for the two model scenarios (I and II) as shown in Figure 4.

standard values for cw𝜌w , and for a homogeneous domain (scenario I) representing a fully sandy aquifer as
well as a domain with heterogeneity in the thermal properties (scenario II) that incorporates clay units of lower
thermal diffusivity. Parameter values of thermal properties are based upon values reported by Kooi (2008) for
the sediments in the study area. These values are 𝜅 = 2.0 W m−1∘C−1, cb𝜌b= 2.5 106 J m−3∘C−1 for sand and
𝜅 = 1.2 W m−1∘C−1, cb𝜌b = 2.8 ⋅ 106 J m−3∘C−1 for clay. In our approach to simulate the depth migration
of the inflection point, we do not need to specifically evaluate the offset between surface air temperature
and ground surface temperature as is required in other approaches (e.g., Bense et al., 2017). We do assume,
however, that the long-term rate of increase in surface air temperature as recorded by meteorological sta-
tions in the area (Figure 4a) is congruent with the long-term rise in ground surface temperature. Using each
steady state model as the initial conditions, we induced transience by increasing the ground surface tem-
perature at a rate based on the long-term average trend indicated by the recorded surface air temperature
data (Figure 4a). We acknowledge that in areas of urban development, or other types of land use change, this
regional trend might underestimate the true surface warming. Since the transient model runs were initiated
in 1906 and completed in 2016, we do not consider the effect of any subsurface thermal disturbance that
might have been present resulting from climate warming prior to 1906.

The model results were used to generate a set of curves showing the theoretical progression of the inflection
point in time for a range of groundwater fluxes, one specific ground surface temperature trend (Figure 4a), and
for homogeneous (scenario I; Figure 4b) and heterogeneous thermal properties (scenario II; Figure 4c). These
time continuous model curves are shown alongside the observations of inflection point depth in 1978–1982
and 2016.

4. Discussion and Conclusions

The modeling results (Figures 4b and 4c) illustrate how climate warming and groundwater flow conditions
control both the initial development of an inflection point, as well as its downward propagation into the sub-
surface. When no vertical groundwater flow is considered (qz = 0), the rate of surface warming prior to the
mid-1960s (0.6 ⋅ 10−2∘C a−1; Figure 4a) is not sufficient to generate an inflection point. However, in areas of
groundwater downwelling, an inflection point develops quickly after the onset of warming in 1906 and starts
to propagate downward at a rate strongly coupled to the rate of vertical groundwater flow. Inflection points
develop in areas of little or no downward groundwater flow, but only after surface warming rates accelerate
to a level of ∼ 3.1 ⋅ 10−2∘C a−1 from the late 1970s onward. In areas where groundwater upwelling exceeds
−0.1 m a−1, results from both model domains (I and II) suggest that by 2016, no inflection point would have
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Figure 4. Model results and comparison to observed data. (a) Subsurface
warming is forced by increasing the ground surface temperature (the upper
boundary of the model) in accordance with the long-term trend (red line)
inferred from annual average surface air temperatures representative for the
central part of the Netherlands including the Veluwe area (van der Schrier
et al., 2011; Visser & Petersen, 2012). Model simulations of the sensitivity to
vertical groundwater flow of the inflection point depth in the TD profile
in time for (b) homogeneous thermal properties (scenario I) in an aquifer
composed of sandy material (yellow), and (c) when thermal properties are
heterogeneous as a result of the presence of clayey (blue) units in an
otherwise sand-dominated aquifer (scenario II). In Figures 4b and 4c,
observed inflection point depths (see Figure 3) are indicated by symbols
labeled with numbers corresponding to each sites 1–10. The infill color of
the symbols highlights the relative magnitude of the observed hydraulic
head gradient and the inferred direction of the vertical groundwater flux,
while the shape of the symbol denotes in which hydraulic head gradient
group (1 or 2; see Figures 3k and 3l) each site falls.

penetrated to a depth exceeding that of the seasonal zone (at a depth
of ∼15 m), which would make it practically difficult to detect unless TD
profiles in the seasonal zone are repeated through one seasonal cycle
(e.g., Bense & Kooi, 2004). The inclusion of clay units with a reduced ther-
mal conductivity compared to an otherwise sandy subsurface (model
scenario II) does somewhat retard the propagation of the inflection point
in the model, but not in a significant way as indicated by a comparison of
Figure 4b and Figure 4c.

The increase of the inflection point depth as observed for the sites (1–10)
in our data set is in agreement with the range of modeled inflection
point propagation rates for different values of qz (Figures 4b and 4c). The
model results suggests that qz varies between small rates of groundwa-
ter upwelling (sites 9 and 10) and groundwater downwelling for all other
sites (1–8), up to a maximum of ∼0.2–0.24 m a−1 for site 1 (Table 1). This
is a plausible range of groundwater downwelling rates across the Veluwe
that is in agreement with groundwater recharge estimates for the general
Veluwe area from isotope studies and groundwater model evaluations (i.e.,
Gehrels, 1999, http://nhi.nu). These former studies indicate that recharge
rates rarely exceed ∼0.35 m a−1 and are probably lower at many locations.
Since a uniform vertical groundwater flux is assumed in our 1-D model
as a simplification of a system in which the vertical groundwater flow
component probably decreases with depth, our inferred groundwater
fluxes should be interpreted as a depth-averaged value and hence are an
underestimate of the groundwater recharge flux across the near-surface
water table. Additionally, we compared the independent assessment of
the groundwater fluxes at each site based upon our thermal modeling
exercise with the evaluation of vertical groundwater flow conditions based
upon the analysis of vertical hydraulic head gradients (Figures 3j and 3k).
This yields some discrepancies. For example, at sites 7–9, hydraulic gradi-
ents suggest upward fluxes (Figures 3k and 3l), while the model-derived
qz values (Figure 4b) for 1978 suggest either no flow or a downward flux
that is equal to (site 7) or smaller than 0.1 m a−1. However, by 2016, a com-
parison of the measured inflection point depths and the model results
(Figure 4b) indicates that sites 8-10 are in an upwelling zone, in agreement
with the hydraulic gradient data (Figures 3k and 3l). Such discrepancies are
possibly resolved if in future studies the multidimensionality of groundwa-
ter flow and its impact on the subsurface heat flow regime is considered
in conjunction with, local deviations from the regional trend in surface
temperature warming resulting from land use change, water table fluc-
tuations, or other near-surface environmental variables. Regardless, since
no direct measurements of vertical groundwater flow rates are otherwise
available for any of these sites, it is not possible to truly validate the flow
rates inferred from the inflection point migration analysis. We note that the
same is true for virtually all methods that are independently used to esti-
mate relatively deep vertical groundwater fluxes (Ferguson & Woodbury,
2005; Irvine et al., 2017; Scanlon et al., 2006).

TD data in our study area clearly reflect land use conditions as subsur-
face temperatures in forested areas are several ∘C lower than in flanking
grassland and urban areas (Figure 2). However, additional controls on sub-
surface temperature by vertical groundwater flow have long been known
to hamper the full potential of TD profile data to quantify interactions
between surface environmental change and consequent changes in sub-
surface temperature patterns. We demonstrate here that vertical ground-
water flow rates, in particular groundwater downwelling, can be inferred
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independently from these other thermal disturbances solely by tracking the depth propagation of TD profile
inflection points resulting from sustained ground surface warming. Our results suggest that tracking thermal
inflection points through TD profiling has the potential to be a powerful groundwater tracer technique that
opportunistically exploits the effects of climate warming on subsurface thermal regimes.

References
Bayer, P., Rivera, J. A., Schweizer, D., Schärli, U., Blum, P., & Rybach, L. (2016). Extracting past atmospheric warming and urban heating effects

from borehole temperature profiles. Geothermics, 64, 289–299. https://doi.org/10.1016/j.geothermics.2016.06.011
Bense, V., & Beltrami, H. (2007). Impact of horizontal groundwater flow and localized deforestation on the development of shallow

temperature anomalies. Journal of Geophysical Research, 112, F04015. https://doi.org/10.1029/2006JF000703
Bense, V. F., & Kooi, H. (2004). Temporal and spatial variations of shallow subsurface temperature as a record of lateral variations in

groundwater flow. Journal of Geophysical Research, 109, B04103. https://doi.org/10.1029/2003JB002782
Bense, V. F., Kurylyk, B. L., van der Ploeg, M. J., van Daal, J., & Carey, S. (2017). Interpreting repeated temperature-depth profiles for

groundwater flow. Water Resources Research, 53, 8639–8647. https://doi.org/10.1002/2017WR021496
Bredehoeft, J. D., & Papadopulos, I. S. (1965). Rates of vertical groundwater movement estimated from the Earth’s thermal profile.

Water Resources Research, 1(2), 325–328.
Colombani, N., Giambastiani, B. M. S., & Mastrocicco, M. (2016). Use of shallow groundwater temperature profiles to infer climate and land

use change: Interpretation and measurement challenges. Hydrological Processes, 30, 2512–2524. https://doi.org/10.1002/hyp.10805
Davis, M. G., Harris, R. N., & Chapman, D. S. (2010). Repeat temperature measurements in boreholes from northwestern Utah link ground and

air temperature changes at the decadal time scale. Journal of Geophysical Research, 115, B05203. https://doi.org/10.1029/2009JB006875
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