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Abstract Estimates of ground surface temperature changes and continental energy storage from
geothermal data have become well-accepted indicators of climatic changes. These estimates are
independent contributions to the ensemble of paleoclimatic reconstructions and have been used for the
validation of general circulation models, and as a component of the energy budget accounting of the global
climate system. Recent global and hemispheric analyses of geothermal data were based on data available in
the borehole paleoclimatology database, which contains subsurface temperature profiles from a minimum
depth of 200 m to about 600 m. Because of the nature of heat conduction, different depth ranges
contain the record of past and persistent changes in the energy balance between the lower atmosphere
and the ground for different time periods. Here we examine the dependency of estimated ground
surface temperature histories and the magnitude of the subsurface heat content on the depth of borehole
temperature profiles. Our results show that uncertainties in the estimates of the long-term surface
temperature are in the range of ±0.5 K. We conclude that previous estimates of ground surface temperature
change remain valid for the period since industrialization, but longer-term estimates are subject to
considerable uncertainties. The subsurface heat content shows a larger range of variability arising from
differences in depth of the borehole temperature profiles, as well as from differences in the time of data
acquisition, spanning four decades. These results indicate that estimates of subsurface heat should be
carried out with caution to decrease cumulative errors in any spatial analysis.

1. Introduction

Global mean temperature increases and associated climate changes observed over the last 150 years, in
addition to future projections of wide-ranging impacts due to continued human-induced climate change,
underscore the urgency of concerted research efforts directed at understanding, quantifying, and explaining
the mechanisms that drive climate variability and change over multiple timescales [Beltrami, 2002a; Solomon,
2007; Jones et al., 2009; Hansen et al., 2005, 2011, 2013; Stocker et al., 2013; Rhein et al., 2013]. General circu-
lation models (GCMs) have become fundamental tools for exploring how and why the climate system has
varied and changed in the past, as well as for quantifying the possible evolution of the climate system in
the future under natural and anthropogenic pressures due to increasing concentrations of greenhouse gases
[Le Quéré et al., 2014]. Exploring GCM performance across a wide range of timescales and mean states is
therefore a critical means of validating projected climate change risks in the future and understanding the
dynamics of climate variability.

Recent attention on the so called “global warming hiatus” or the slowdown of the rate of increases in the
global mean surface air temperature (SAT) has focused on the reasons underlying the inability of GCMs to
more accurately represent SAT observations over the last two decades, which include explanations rooted in
either climate variability or changes in radiative forcings. Some have argued that the explanation is associated
with deficient parameterizations of thermally relevant processes that redistribute heat among the various
climate energy reservoirs, such as those governing the rates at which heat is sequestered into the oceans
[Goddard, 2014; Balmaseda et al., 2013; Kosaka and Xie, 2013; Trenberth and Fasullo, 2013]. Another body of
recent literature indicates that the discrepancies arise from a combination of uncertainties in the external
forcing and model response—namely, the simulated states of the tropical Pacific may be out of phase with
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observations and the internal variability of the climate system [Santer et al., 2014; Schmidt et al., 2014a; Fyfe
and Gillett, 2014; Palmer and McNeall, 2014]. Assessing the performance of GCMs, particularly on timescales of
decades or more, therefore continues to be a task of major importance [Jansen et al., 2007; Randall et al., 2007;
González-Rouco et al., 2009; Braconnot et al., 2012].

Because meteorological records rarely exceed 100–200 years in duration, evaluating GCMs on decadal to cen-
tennial timescales must be accomplished using paleoclimatic data. Paleoclimate records are mainly indirect
recorders of climate, most often representing responses within a complex biological, chemical, or physical
system. Such records are available heterogeneously within the Earth system and have varying degrees of
spatial and temporal uncertainties. Nevertheless, paleoclimate data during the Common Era (C.E.) provide
multiple reconstructions of past conditions against which GCMs can be evaluated on decadal and centennial
timescales [e.g., Jansen et al., 2007; Randall et al., 2007; González-Rouco et al., 2009; Schmidt et al., 2014b, 2013;
Phipps et al., 2013; Fernández-Donado et al., 2013; Coats et al., 2013].

Among the collection of paleoclimatic proxies that span the C.E., geothermal data from terrestrial borehole
temperature profiles (BTPs) provide a unique estimate of past changes in the Earth’s surface energy balance.
Interpretations of ground surface temperature (GST) reconstructions from geothermal data often assume that
long-term surface air temperature (SAT) changes are coupled to long-term GST changes. Inversion of BTPs
also apply the assumption that the long-term variability of the surface energy balance propagate by thermal
conduction into the subsurface where these transients are recorded as temperature anomalies with respect
to the quasi steady state geothermal field.

Subsurface temperature anomalies can also be used to estimate past energy fluxes at the land surface, as well
as the magnitude and rate of change of the energy stored in the continental subsurface. These latter recon-
structions are less dependent on assumptions about the coupling of SATs and GSTs, an issue that has been
discussed extensively in the literature [e.g., Beltrami, 1996; Schmidt et al., 2001; Beltrami and Kellman, 2003;
Stieglitz et al., 2003; Bartlett et al., 2004, 2005; Smerdon et al., 2003, 2004, 2006, 2009; Demetrescu et al., 2007]. In
other words, the magnitude of the subsurface heat storage Qs is independent of any surface temperature rela-
tion between SATs and GSTs. Estimating Qs does not require the assumption of a surface temperature model
or the introduction of a priori information to solve an ill-posed problem as it is the case for GST histories, but
instead, Qs is determined from direct measurement of the temperature changes at depth in response to the
integrated energy balance at the ground surface. BTPs have already been used to estimate continental heat
storage over the last half of the twentieth century and have shown that the continental subsurface was sec-
ond only to the oceans in terms of the total amount of heat absorbed [Beltrami, 2002b; Beltrami et al., 2002].
This continental energy calculation has thus been an important component in estimating the overall energy
changes in the climate system [Levitus et al., 2005; Bindoff et al., 2007; Davin et al., 2007; Murphy et al., 2009;
Church et al., 2011; Levitus et al., 2012; Rhein et al., 2013].

As with all other climate reconstruction methods, climatic inferences from borehole geothermal data have
several limitations. For instance, the spatial distribution of data is unevenly distributed across locations
of opportunity. Other uncertainties relate to the complex relationship between SAT and GST at various
timescales. Coupling between SAT and GST can be altered over multiple timescales by surface conditions such
as snow cover trends, land use change and long-term soil moisture changes [Baker and Ruschy, 1993; Pollack
et al., 2005; Smerdon et al., 2003, 2004, Hu and Feng, 2005; Smerdon et al., 2006, 2009; Sushama et al., 2006,
2007]. However, González-Rouco et al. [2009] have used a GCM simulation of the last millennium to show that
the spatial sampling in the current International Heat Flow Commission borehole temperature database is
sufficient to represent a robust global GST reconstruction and that within this simulation period SAT and GST
exhibit robust long-term coupling. Additionally, studies estimating the subsurface heat storage in the later
half of the twentieth century from borehole temperature data [Beltrami, 2002a, 2002b; Beltrami et al., 2006]
and indirect estimates of subsurface heat storage from meteorological records [Huang, 2006] yield very sim-
ilar magnitudes for Qs, implying that the ground and the lower atmosphere are thermodynamically coupled
at least during this time period.

One recognized uncertainty in the interpretations of BTPs that has not been explored in terms of the impact
on derived GST reconstructions at large spatial scales is the degree to which these reconstructions are affected
by the maximum depth of the BTP. Because BTP data are acquired from boreholes of opportunity, the maxi-
mum measurement depth varies from 100 m to more than 1 km. The importance of the borehole depth stems
from the fact that the downwelling climatic signal must be separated from the quasi steady state thermal field
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Figure 1. Dots and their colors indicate the site locations and depths, respectively, of the borehole temperature-depth profiles used in this analysis. Sites are
unevenly distributed because measurements are conducted in holes of opportunity.

associated with the heat from the Earth’s interior. This latter component of the signal is estimated from the
lower section of a BTP, which is assumed to be unperturbed by the downwelling component of the surface
signal. The validity of this assumption is dependent on the thermophysical properties of the subsurface and
the character of the downwelling climatic signal, giving rise to multiple sources of uncertainty. Such uncer-
tainties can significantly influence the magnitude of the temperature anomaly interpreted as a climatically
induced signal. Until recently, there was no conclusive quantitative assessments of borehole depth impact on
climate reconstructions derived from terrestrial borehole data. Beltrami et al. [2011] quantitatively illustrated
the effects and uncertainties that arise from the analysis of a synthetic BTP truncated at different depths thus
demonstrating that different GST histories can be derived from BTPs of different depths, even when the BTPs
are generated under the identical surface and subsurface conditions.

In the present study, we perform a systematic analysis of terrestrial boreholes in the Northern Hemisphere
(NH) as a function of borehole depth. We derive spatial GST reconstructions and estimate subsurface energy
changes across available data in the NH based on BTP inversions using singular value decomposition (SVD)
[e.g., Wiggins, 1972; Lanczos, 1961; Beltrami and Mareschal, 1991; Mareschal and Beltrami, 1992; Clauser and
Mareschal, 1995; Beltrami et al., 1997]. Our results represent an important real-world assessment of the degree
to which borehole depths may influence temperature and energy reconstructions from borehole data and
provide important empirical guidelines for depth requirements in future borehole paleoclimatic studies.

2. Theoretical Considerations

Calculations of past ground surface temperature variations from geothermal data are based on the assump-
tion that the changes in energy imbalance at the ground surface propagate by conduction into the subsurface.
Such surface energy fluctuations are recorded as perturbations of the quasi steady state thermal regime of
the subsurface. That is, the subsurface thermal regime is assumed to be in a long-term equilibrium resulting
from the balance of the energy contributions from the interior of the Earth and the long-term climatic con-
ditions at the surface. As the contribution from the interior of the Earth is constant on the scale of millions
of years, any perturbation in the shallow subsurface is interpreted as a record of recent changes in climate
at the ground surface. Because of the nature of heat diffusion, seasonal fluctuations typically do not pene-
trate more than 15 m, centennial-scale surface changes are recorded in the upper 120 m, and millennial-scale
GST changes are preferentially recorded in the upper 500 m of the subsurface although all contributions are
integrated as subsurface heat content in the subsurface [Bodri and Cermak, 2007]. Thus, the analysis of the
subsurface temperature perturbation, Tt(z), as a function of depth from measurements in a borehole allows
an estimate of the energy balance history at the ground surface.

In this framework, the temperature at depth z, T(z), is then given by [Carslaw and Jaeger, 1959]:

T(z) = T0 + q0R(z) + Tt(z) (1)
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Figure 2. Spatial distribution of the long-term surface temperature estimated from the semiequilibrium steady state
temperature versus depth profiles. (a) T0 spatial distribution for all profiles without depth selection, (b) T0 spatial dis-
tribution from the analysis of temperature profiles truncated at 200 m, (c) ΔT0 spatial distribution for the difference
between Figure 2a and Figure 2b. This represents a potential uncertainty in the determination of T0 as a function of
depth [Beltrami et al., 2011].

where T0 is a long-term temperature reference at the ground surface, q0 is the surface heat flow density, and
R(z) is the thermal depth. In other words T0 + q0R(z) is the quasi steady state geothermal profile from which
subsurface temperature anomalies, T(t)(z), are estimated [e.g., Lewis, 1992; Bodri and Cermak, 2007].

For a given borehole temperature versus depth profile, the set of n temperature-depth data forms a system
of n linear equations. Together with the assumption of a model consisting of a series of k surface temperature
step variations in time, these n linear equations form a system of linear equations with k unknowns that can be
inverted to obtain a series of ground surface temperature estimates, representing the GST histories at the site.
The inversion used here is singular value decomposition (SVD) [e.g., Mareschal and Beltrami, 1992; Clauser and
Mareschal, 1995; Beltrami et al., 1997]. The spatial analysis performed in this work follows the same procedure
as in Beltrami and Bourlon [2004] for consistency.
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Figure 3. Spatial distribution of the semiequilibrium heat flow density from the interior of the Earth, i.e., the long-term
lower boundary condition. (a) q0 spatial distribution for the complete temperature profile data set, (b) q0 spatial dis-
tribution for temperature profiles truncated at 200 m, and (c) Δq0 spatial distribution for the difference between
Figure 3a and Figure 3b. This represents a potential uncertainty in the determination of q0 as a function of depth
[Beltrami et al., 2011].

Unlike the inversion procedure that requires the assumption of a model as well as a priori information, the
estimate of the subsurface heat content is more robust as it can be determined by minimal assumptions.
Changes in the energy balance (imbalance) at the Earth’s surface propagate and are recorded as temperature
anomalies as described above; these can also be interpreted as superimposing changes in energy accumu-
lation in the subsurface. To estimate the change in subsurface energy Qs, no surface model assumption is
needed and only the BTP and the thermal properties are required. The subsurface heat content can be written
as follows:

Qs = 𝜌c ∫
zmax

zmin

Tt(z)dz, (2)

where 𝜌c is the volumetric heat capacity, zmin and zmax represent the integration depth range, and Tt is the
temperature perturbation as a function of depth. That is, the subsurface heat content is proportional to the
area under the curve defined by the estimated subsurface temperature anomaly profile. This characteristic
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Figure 4. Mean ground surface temperature histories
for North America estimated for temperature profiles
of varying depths as indicated in legend. (a) All
boreholes in North America; (b) subset of 35 deep
boreholes GST histories to eliminate the masking
effect of the spatial variability and depth-related data
depopulation of the larger data set.

therefore makes the estimate of Qs dependent on the

depth of the subsurface temperature anomaly range, the

choice of fitting range for the determination of the quasi

steady state geothermal regime and thus the depth of

the BTP.

3. Methods and Data

For consistency with Beltrami and Bourlon [2004] and

Beltrami et al. [2006], the GST model for each individual

SVD inversion is a series of 10 time steps of 50 year dura-

tion. The value of thermal diffusivity is set at 10−6 m2 s−1.

The choice of thermal diffusivity and its impact on the

subsurface anomalies have been previously explored [e.g.,

see Beltrami et al., 2011, Figure 3]. Thermal diffusivity also

affects the model time span used for GST histories recon-

structions; however, data for the thermal properties of the

subsurface are not available for the great majority of the

sites in the International Heat Flow Commission (IHFC)

database. Thus, a requirement for data inclusion in the

IHFC database is that if lithological changes are system-

atic for a data set, corrections must be applied using data

from thermal properties as a condition for inclusion in the

database. If there are no systematic variations in the lithol-

ogy as determined from each borehole’s lithological log,

then a constant value of the thermal properties is used.

After such corrections, it is customary in the borehole climatology literature to use a value of 10−6 m2 s−1 for

the thermal diffusivity, 𝜅, which depends on the ratio of the volumetric heat capacity, 𝜌C, and thermal con-

ductivity, 𝜆 (𝜅= 𝜆

𝜌C
) of the materials in the subsurface. 𝜆 and 𝜌C can change in the subsurface and over a wide

range, but they do so in compensating directions yielding a relatively narrow range (±10%) of values for their

ratio, i.e., the thermal diffusivity. Thus, for a subsurface temperature log exhibiting high-frequency variability

of the thermal properties about a mean value, the assumption of constant thermal diffusivity properties is

reasonable.

For the SVD inversions, the singular value cutoff was set to 0.3, keeping five principal components for all of the

temperature-depth profiles included in the reconstruction. This choice of the same eigenvalue cutoff, retained

number of principal components, and sampling rate, i.e., the same problem geometry, for each BTP data,

ensures that the resolution of the individual inversions is the same, allowing spatial analysis to be performed.

Each SVD inversion yields the long-term surface temperature T0, semiequilibrium steady state geothermal

heat flow density q0, and the recent transient surface temperature changes Tt from the data. These GST

changes are expressed throughout this paper as departures from the long-term mean T0. The geothermal

reconstructions of recent past surface temperatures assume that there is no significant climate variation on

scales longer than 500 years. We note here that the time of data acquisition, which is taken into account in

the inversion for the determination of GST histories, also adds to the sources of uncertainties, but it is not a

part of the analyses of the present work. BTPs for 611 sites in the NH are used for our analysis. Three hun-

dred seventy-two of these sites are located in North America, 120 sites are in Europe, and 119 sites are in

Asia. Most of the data for these sites were obtained and selected from the IHFC database, available at the

National Climate Data Center for Paleoclimatology (NOAA). We point out, however, that not all data listed in

the database are available. Data from India [Roy et al., 2002] and Russia [Pollack et al., 2003] remain inacces-

sible to the scientific community. The rest of the database was obtained from the BTP database for Canada

at Center for Research in Isotopic Geochemistry and Geochronology, Université du Québec á Montréal.
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Figure 5. Spatial distribution of the ground surface temperature history for the most recent 50 years before present
using progressively deeper depths of borehole truncations. Spatial distribution for temperature profiles truncated at
(a) 200 m, (b) 300 m, (c) 600 m and, (d) all profiles without depth selection. The figure is constructed from inversion of
611 temperature-depth profiles in the Northern Hemisphere between 30◦N and 60◦N. All inversions included in the
analysis are performed with the same eigenvalue cutoff. The same number of principal components were included in
the reconstruction of each GST history.

The spatial distribution of the data set is shown in Figure 1. (For details on the gridding procedure see Beltrami
and Bourlon [2004].)

4. Results and Discussion
4.1. Semiequilibrium Geothermics: Depth Dependence
Determining the semiequilibrium surface temperature T0 from a BTP has been shown to be depth depen-
dent [e.g., see Beltrami et al., 2011, Figures 4 and 10]. In all large-scale analyses to date, however, the effects
of differences in BTP depths on the results have remained unquantified. Recall that due to the rate of propa-
gation of the surface energy imbalances and because the timing of the propagation of energy perturbations
at the surface are related to the square of the depth (i.e., t ∝ z2) [Carslaw and Jaeger, 1959], BTPs of differ-
ent depths reflect the energy imbalance history at the surface over a different time period, assuming that the
thermal properties are the same. That is, given two BTPs of different depths subjected to the same history of
energy imbalance at the surface, two different long-term surface temperatures T0 would be retrieved, indi-
cating different states of semiequilibrium or initial conditions. Thus, a joint analysis of such two BTPs would
yield results that would not reproduce the exact same GST history because the reference against which each
analysis is performed would be different. This in turn would affect the timing of the resolved events and their
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Figure 6. Spatial distribution of the ground surface temperature history for the most recent 100 years before present
using progressively deeper depths of borehole truncation. Spatial distribution for temperature profiles truncated at
(a) 200 m, (b) 300 m, (c) 600 m and, (d) all profiles without depth selection. The figure is constructed from inversion of
611 temperature-depth profiles in the Northern Hemisphere between 30◦N and 60◦N. All inversions included in the
analysis are performed with the same eigenvalue cutoff. The same number of principal components were included in
the reconstruction of each GST history.

magnitudes in a unique manner dependent on their specific depth differences, the climate-induced
surface energy imbalance history at the surface, and the subsurface thermal properties. The exception to the
above is the case in which the depth differences occur below the penetration depth of the recent surface
energy imbalances.

4.2. Determining T0 and q0

Figure 2 shows the spatial distribution of the semiequilibrium surface temperature T0 for the complete data
set in Figure 1. In Figure 2a, T0 is determined from the analysis of all BTPs regardless of their depths. That is,
T0 is determined from the extrapolation to the surface of the least squares fit to the bottom most 100 m of
each profile without regard to their depths. There are special cases where BTPs exhibit large recent records of
climate change where the method of Roy et al. [2002] can be used to estimate the local minimum of variation
for the geothermal gradient and thus better constrain the quasi steady state profile. For cases in which spatial
analyses are performed that rely on deep BTP or BTPs recording a variety of climatic histories, such method
cannot be applied. Figure 2b shows the estimate of T0, but for the case in which all BTPs have been truncated
at 200 m. Both sets of surface temperatures show a steady increase with decreasing latitudes as expected.
Figure 2c maps the difference between Figures 2a and 2b and thus represents the potential uncertainty asso-
ciated with estimates of T0 from BTPs of different depths. Differences are in the range of 1 K (± 0.5◦K), which
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are less than 4% if the data for T0 in the spatial distribution map is considered at face value. This temperature
difference is, however, on the same order of magnitude as surface temperature changes during the twentieth
century and therefore represents a potentially significant source of uncertainty.

Similar to Figure 2, Figure 3a displays the estimates of q0 from the complete data set of BTPs, regardless of
depth, and Figure 3b shows q0 estimated from all BTPs truncated at 200 m. Heat flow density, q = −𝜆 dT(z)

dz
, as

a function of depth was estimated from the linear fit described above and from the semiequilibrium gradient
(Γ = dT(z)

dz
, assuming a homogeneous subsurface with constant thermal conductivity 𝜆 = 3.0 W K−1 m−1).

The differences are in the range of 10 mW/m2 which correspond to uncertainties in q0 as high as 20%
of the typical values of heat flow density found in the literature at some of these locations [Jaupart and

Marechal, 2011].

4.3. GST Histories as a Function of Depth
Determining GST histories from BTPs involves solving an imperfect problem with nonunique solutions. Select-
ing the optimal solution requires a priori information and other assumptions determining the character
of the model being evaluated. These analyses have been customary in borehole climatology [Huang et al.,
2000a; Harris and Chapman, 2001; Beltrami and Bourlon, 2004]. Here we carry out individual inversions for
each BTP used in the previously cited works assuming the same GST model and identical eigenvalue cut-
off for the data set with well-defined depth ranges. We then obtain the mean GST history for a variety
of chosen truncation depths. The resulting mean GST histories are shown in Figure 4a. These results are
consistent with those of Beltrami et al. [2011] and indicate that differences in maximum borehole depths
introduce uncertainties in the magnitude and shape of the subsurface temperature anomaly. These biases
consequently influence the estimated magnitude and temporal characteristics of recovered mean GST his-
tories. Results in Figure 4a imply that the comparison of reconstructed GST histories from temperature
profiles with different maximum depths should be done with caution as they do not contain the same pro-
portion of climatic information from the change in upper boundary condition over the same time interval
[see, for example, Vasseur et al., 1983], and the magnitudes of reconstructed temperatures at the surface
are not referenced to the same initial conditions. Note that the number of deep BTPs is small; thus, the
number of BTPs available for analysis decreases rapidly with increasing maximum depth requirements (i.e.,
372 and 35 BTPs at 200 and 600 m, respectively). Thus, an important caveat of these and subsequent
results that show depth dependencies is that the results are influenced by sampling differences in the num-
ber of boreholes that are available to the specified depth ranges. Figure 4b illustrates a similar analysis as
shown in Figure 4a, but for a subset of 35 deep (600 m) borehole temperature profiles in a small region
of Canada (see Figure 1 for site locations). Results are similar of those in Figure 4a; however, the result-
ing GST histories are not representative of North America and are not comparable to the case in Figure
4a. The climate variability recorded in these BTPs is specific to this region, which was subject to a cooling
period between approximately 1600 and 1800 C.E. associated with the Little Ice Age in North America
[Beltrami et al., 1992]. The largest component of the signal for this large event is recorded below a depth of
200 m; thus, the depth dependency effect appears much more accentuated than the hemispheric means in
Figure 4a.
4.3.1. Spatial Distribution of GST as a Function of Depth
Figures 5a–5c and 6a–6c show the respective spatial distribution of the mean GST change between 1950
and 2000 C.E. (i.e., the first model step at 50 a B.P.) and 1900 to 2000 C.E. (i.e., the first two model steps
at 100 a B.P.), based on inversions of the BTPs available to the indicated depths listed in the figures.
The spatial distribution of the 1950–2000 temperature change does not significantly differ for the depth
ranges of 200 and 300 m other than showing differences due to the depletion of data, as compared with
the results from analyses for which all data, regardless of BTP depth, were included (Figure 5d). These
results are consistent because the most recent temperature step change would be recorded within the
upper 80 m of the subsurface. On the other hand, large differences appear for the spatial distribution
for the same time interval in the case of the 600 m depth range. This is expected because deeper BTPs
contain remnants of previous climate events that have left their energy contributions distributed over a
wide depth range in the subsurface. The spatial averaging in Figure 5c is also altered because of grid cell
population change.
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Figure 7. Spatial distribution of the cumulative heat stored in the subsurface Qs (MJ m−2) as estimated from (a) the com-
plete temperature profile data set, (b) from the set of temperature profiles truncated at 200 m, and (c) spatial distribution
of ΔQs for the difference between Figure 7a and Figure 7b.

Figure 6a shows the 1900–2000 temperature change for an analysis of BTPs in the range of 200 m. The
differences here, unlike in the 1950–2000 case, are larger because the detectable thermal signal over the last

Table 1. Mean Subsurface Heat Content for Canada for Various
Depth Rangesa

Depth Range (m) Qs (× 1021 J)

0–200 0.3157

0–300 0.5829

0–400 0.2542

0–500 −1.3502

0–600 −1.9752

aEstimates are an extrapolation from only 35 available
borehole temperature-depth profiles over a relatively small
region in Central and Eastern Canada.

100 years would be expected to reach depths
of about 150 m. When considering 200 m
deep BTPs, the lower most 100 m of the BTP
is used to determine the reference tempera-
ture T0, and thus, some of the perturbation
associated with the last 100 year period is
lost in this procedure. However, BTPs to a
depth of 300 m, shown in Figure 6b, retain
most of the 100 year changes, and therefore,
the differences between Figures 6b and 6d
are smaller. Again, larger differences appear
in the spatial distribution for the case of the
600 m depth range for the same reasons as
discussed above for the results in Figure 5.
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Figure 8. Spatial distribution of total terrestrial heat gain, Qs (MJ m−2), as a function of the maximum BTP depth in the
Northern Hemisphere between 30◦N and 60◦N. Spatial distribution for temperature profiles truncated at (a) 200 m,
(b) 300 m, (c) 400 m, (d) 500 m, and (e) 600 m.

4.4. Continental Heat

We also examine the dependency of continental heat storage estimates on the maximum depth of the BTPs.

The subsurface thermal anomalies are proportional to the total heat absorbed or released by the ground, such

that the integral of the temperature anomalies versus depth is directly proportional to the heat stored in the

subsurface as described in equation (2). Figure 7 shows the spatial distribution of subsurface heat defined in

equation (2) for an assumed constant value of volumetric heat capacity, 𝜌c, set at 3× 106 J m−3 K−1 after
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Figure 9. Spatial distribution of total terrestrial heat gain, Qs (MJ m−2), as a function of maximum BTP depth for the 35
profiles reaching a depth of 600 m in Canada. Most of this area of Canada was affected by a cold period during the Little
Ice Age interval. Spatial distribution for temperature profiles truncated at (a) 200 m, (b) 300 m, (c) 400 m, (d) 500 m, and
(e) 600 m.

Čermák and Rybach [1982]. Figure 7a shows the spatial distribution of the subsurface heat content, Qs, esti-
mated from the complete BTP database with the full range of depths. Figure 7b shows Qs, but for the case
where all BTPs have been truncated at 200 m. For this case there is less spatial variability in subsurface energy
than for the case of the full data set, which can be considered evidence of a recent generalized energy increase
in the region’s subsurface. The differences between Figure 7a and Figure 7b are large as illustrated in Figure 7c,
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because the integral defining Qs spans the entire subsurface temperature anomaly depth range; Qs is there-
fore expected to be different as greater depths include a larger temperature anomaly and thus include the
thermal response of the ground to older events. Some of these older events have contributed negative sub-
surface anomalies (i.e., colder events; see Table 1) as is the case for most areas of Canada and northern Europe
where the existence of the Little Ice Age (LIA) has been documented from boreholes ranging from 400 to
600 m in depth [e.g., Beltrami et al., 1992; Lewis, 1992; Luterbacher et al., 2006]. These subsurface heat content
differences are expected to also vary spatially and with depth depending on the previous specific climatic his-
tory at the surface for each BTP site, e.g., the areas affected by the last glacial cycle in high northern latitudes
[e.g., Rath et al., 2012; Beltrami et al., 2014].

Figure 8 shows the details of the spatial distribution of changes in subsurface heat content for a range of
depths of BTP truncation. The signals of the LIA are clearly visible in Central and Eastern Canada [Shen and
Beck, 1992; Beltrami et al., 1992; Beltrami and Mareschal, 1992; Beltrami et al., 1997, 2011]. Some sites show
positive heat gains with increasing depth in parts of Europe; some of this warming signal at depth could be
the result of land use changes that started several centuries in the past [Nitoiu and Beltrami, 2005; Ferguson
and Beltrami, 2006].

In order to eliminate the effects of decreasing spatial sampling as the maximum borehole depth truncation
is increased, we estimated Qs from only the subset of 35 BTPs reaching 600 m (see Table 1). Although these
sites in Figure 9 are all located in Central and Eastern Canada and are not to be taken as representative of
all of Canada, they provide an opportunity to illustrate the effects of past events on the subsurface energy
balance and show that the energy gain is restricted to the shallow subsurface or temporally recent events.
The numerical values for subsurface heat have been extrapolated to the area of Canada assuming an area of
9.985 × 1012 m2 (Table 1).

5. Conclusions
5.1. Implications for GST Histories
The maximum depth of BTPs used in borehole climatology has been shown, in a synthetic experiment, to
have an impact on the determination of the initial conditions, on the calculated subsurface climatic signal,
and therefore on the results of GST inversion [Beltrami et al., 2011]. Here we have performed an analysis for
the complete data set of the Northern Hemisphere taking into account depth differences and comparing
them with previous analyses of the unfiltered data set. We confirm that the origin of the uncertainties due
to the maximum depth of BTPs arise because downward propagation of past surface temperature changes
(> 1000 years before present (B.P.)) continue to have a nonnegligible contribution to the thermal state of
the subsurface at the depth range where the determination of the equilibrium surface temperature, T0, and
geothermal gradient, Γ0, are carried out [Rath et al., 2012; Beltrami et al., 2014]. This quasi steady state acts
as the reference and initial conditions that allows retrieval of the historically driven energy balance changes
at the surface. For the comparisons between the spatial analysis of the complete data set and one limited
by a common depth of 200 m, our results show that uncertainties in the estimates of the long-term surface
temperature, extrapolated from the quasi steady geothermal gradient, are in the range of ±0.5 K for the com-
plete Northern Hemisphere data set. The variability at individual sites is generally much smaller. Similarly,
the uncertainties in the estimates of the heat flow density, inferred from the quasi steady state geothermal
gradient, are ±5 mW m−2. Since previous global analyses required BTPs to a minimum depth of 200 m or
deeper [Huang et al., 2000b; Harris and Chapman, 2001; Beltrami, 2002b; Beltrami and Bourlon, 2004; Pollack
and Smerdon, 2004], our ensemble spatial results show that recent GST changes are robust for 200 m deep
BTPs, as compared to results from the unfiltered database. However, GST histories estimated for time periods
further back into the past with the unfiltered data set should be revised to take into account the depth of the
BTPs. As discussed above, this effect is clearly visible in Figure 6, where the choice of BTP depth, and the spatial
distribution of the temperature change for the time interval in question (1900–2000) is significantly different
from the unfiltered database results.

We demonstrate above that the effect of borehole depth on the spatial distribution of the ground temper-
ature estimates from subsurface temperatures becomes visible even for the most recent 100 year interval.
Future GST history spatial analysis should be done using only borehole temperature profiles of the same
thermal depth; that is, ground temperature history models should be evaluated for data sets that cover the
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same depth range (i.e., recording the same temporal extent of climatic variations at the surface) and
have the same initial conditions, such that the subsurface temperature anomalies as a function of depth
are comparable. Individual inversions can be done for any borehole depth, but such results should only be
compared with inferences from other boreholes when the depth ranges analyzed are the same. Where this
is not done, discrepancies induced by depth difference could be significant, as illustrated in Figure 7c.

5.2. Implications for Subsurface Heat Content
For the comparison between the spatial analysis of the complete data set and that limited to a common
depth of 200 m, the spatial distribution of the subsurface heat content shows considerable variability. Some
of this variability arises because the IHFC database comprises borehole temperature logs acquired since the
late 1960s spanning a 40 year period; thus, there is a component of the variability on Qs arising from the dif-
ferences in dates of measurement. Additionally, because Qs is proportional to the magnitude of the depth of
the subsurface temperature anomaly, borehole depth differences are also a source of variability. Furthermore,
deep boreholes may contain signals of previous major climatic events such as the last glacial cycle, while such
signals are not detectable in shallow boreholes [Beltrami et al., 2014].

The uncertainties described above explain the differences between a corrected and an uncorrected analysis.
However, our new corrected estimates of the subsurface heat content spatial distribution, Qs, for a common
depth of 200 m provide important information for use in land surface model schemes, i.e., initial condi-
tions (T0), bottom boundary conditions (q0), and an independent estimate of subsurface energy content Qs.
Our corrected results therefore should be collectively useful for assessments of energy exchanges between
the atmosphere and the ground by land surface components of GCMs and regional climate models for
century-scale simulations, in particular those with deep bottom boundaries in their land surface components
that include comprehensive aboveground and belowground thermodynamical processes.
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