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Abstract. Borehole temperature depth profiles are com-
monly used to infer time variations in the ground surface
temperature on centennial time scales. We compare differ-
ent procedures to obtain a regional ground surface tempera-
ture history (GSTH) from an ensemble of borehole temper-
ature depth profiles. We address in particular the question
of selecting profiles that are not contaminated by non cli-
matic surface perturbations and we compare the joint inver-
sion of all the profiles with the average of individual inver-
sions. Very few profiles of the Canadian data set meet the
selection criteria (e.g. only 13 out of 73 profiles in Manitoba
and Saskatchewan were retained). We show that the resolu-
tion and the stability of the inversion of selected profiles are
much improved over those for a complete data set. When
profiles have been selected, the average GSTH of individ-
ual inversions and the GSTH of the joint inversion are al-
most identical. This is not observed when the entire data set
is inverted: the average of individual inversions is different
from the joint inversion. We also show that the joint inver-
sion of very noisy data sets does not improve the resolution
but, on the contrary, causes strong instabilities in the inver-
sion. When the profiles that are affected by noise can not be
eliminated, averaging of the individual inversions yields the
most stable result, but with very poor resolution.

1 Introduction

In recent years, borehole temperature data have been used
to provide additional evidence for recent climatic changes in
several parts of the world (e.g. Cermak, 1971; Vasseur et al.,
1983; Lachenbruch and Marshall, 1986; Nielsen and Beck,
1989; Beltrami et al., 1992; Wang, 1992; Bodri and Cermak,
1997; Pollack et al., 1996). Indeed, transient surface temper-
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ature perturbations propagate downward and, although atten-
uated, are recorded in the Earth’s subsurface as perturbations
of a steady state temperature regime.

Because surface temperature oscillations are damped over
a length scaleδ (skin depth) which depends on their fre-
quencyω and on thermal diffusivityκ (δ=

√
κ/2ω), the earth

acts as a filter and the record of the ground surface tempera-
ture history (GSTH) is blurred. Because of the low thermal
diffusivity of rocks (≈10−6 m2 s−1), the short period oscilla-
tions, such as the diurnal or annual cycles, have skin depth
ranging from a few centimetres to a couple of meters. Varia-
tions of ground surface temperature of the last 200–300 years
are recorded in the first 200 meters, whereas the effect of
the post-glacial warming is observed down to 2500 m. The
interpretation of temperature profiles in terms of the GSTH
presents all the characteristics of ill-posed geophysical inver-
sion problems: their solution is not unique and it is unstable
(e.g. Jackson, 1972; Tikhonov and Arsenin, 1977; Menke,
1989; Parker, 1994).

The first application of inversion techniques to infer the
GSTH from borehole temperature profile was the study by
Vasseur et al. (1983). In the last fifteen years, several papers
have addressed the problem of inversion of borehole tem-
perature data and different methods have been proposed to
invert the GSTH from one or several temperature profiles.
Many other papers deal “empirically” with practical consid-
erations.

The interpretation of borehole temperature profiles is
based on the one dimensional heat equation; it assumes that
a uniform boundary condition is applied on a plane surface
and that physical properties only depend on depth. Although
corrections can be applied to correct heat flow for the effect
of topography (Blackwell et al., 1980), this is rarely done
in climate studies because the amplitude of the climatic sig-
nals is often smaller than the uncertainty on these corrections.
Other variations in surface boundary condition can affect the
temperature measured at depth and need to be accounted for:
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proximity to lakes or large rivers, recent forest fires, changes
in vegetation cover, deforestation. Other perturbations in-
clude refraction by lateral changes in thermal conductivity,
water circulation in the borehole, etc. These effects need
to be well documented since they produce distortions of the
temperature profiles similar to those produced by climate
change and they might overshadow any real climatic signal
in a GSTH. Until recently, borehole temperature depth pro-
files were not logged to infer past climates, but for heat flow
measurements. For heat flow studies, corrections are often
small and can be avoided when boreholes are deep and the
surface effects become negligible. But for climate studies,
the signal is recorded in the shallow part of the profile which
is most affected by noise.

It had been hoped that the problem of noise could be al-
leviated through regional GSTH studies, performed by in-
verting several borehole temperature profiles within a given
region (Beltrami and Mareschal, 1992; Pollack et al., 1996).
Such studies assume that variations of air surface tempera-
ture trends and thus of ground surface temperatures remain
correlated over distances≈500 km (Hansen and Lebedeff,
1987; Jones et al., 1999). Two methods can be used to deter-
mine a regional GSTH: all the borehole temperature profiles
are inverted simultaneously to obtain the common GSTH, or
each profile is inverted separately and the individual GSTHs
are averaged. If noise is random and uncorrelated, the si-
multaneous inversion of a given data-set, either local or re-
gional, should theoretically yield a GSTH with a better signal
to noise ratio than an average of individual inversions. This
assumes that the noise is uncorrelated and that there is no
systematic bias in the perturbations of the temperature pro-
file. This latter condition is unlikely to be met for practical
reasons: for instance, boreholes located on the shore of a lake
can be (and are) logged, but boreholes in the middle of a lake
never are. Boreholes drilled in lakes are normally cemented;
even when they are not, the casing is never left sticking out
of the lake and has been pulled out. Some authors (Lewis,
1998) have thus argued that the error associated to GSTH will
systematically be biased towards a warming of the ground
surface. The argument is that in most cases, human and/or
natural effects on the energy balance at the ground surface
will cause a gain of energy by the ground (clear-cutting of
forested areas, pollution effects on vegetation cover, forest
fires, etc.). Previous studies with poorly documented site
conditions retained all the boreholes and might have over-
estimated the warming trend (Beltrami et al., 1992; Beltrami
and Mareschal, 1992).

When the conditions at the sites are well documented, one
could eliminate the temperature profiles that are perturbed by
surface conditions. In general, very few boreholes meet strict
criteria, and the majority of the logged boreholes in a region
are rejected. For example, in two recent studies only 15 and
50% of the logged boreholes within the study areas were re-
tained (Guillou-Frottier et al., 1998; Gosselin and Mareschal,
2003).

The correlation of individual inversions of temperature
profiles is often weak whether they come from the same re-
gion (Gosselin and Mareschal, 2003) or cover a wide part
of the Earth surface (Harris and Chapman, 2001). Conse-
quently, the GSTH averaging all the individual inversions
has very poor resolution (Pollack et al., 1998). It was hoped
that the simultaneous inversion of profiles from a region that
have recorded the same GSTH would improve resolution be-
cause the signal in the GSTH should be correlated and the
noise is not (Beltrami and Mareschal, 1992, 1995; Clauser
and Mareschal, 1995; Pollack et al., 1996). In practice, this
did not turn out to be true (Huang et al., 2000; Gosselin and
Mareschal, 2003). There are several reasons that joint inver-
sion did not do much to improve the results.

1. The number of temperature profiles remains small and
insufficient to produce a significant improvement in the
signal to noise ratio which is∝

√
N .

2. The assumption that the GSTHs are identical is almost
never verified. One would not expect it to hold when
the data cover a very wide region of the Earth. Even at
the regional scale, visual inspection of the reduced tem-
perature profiles reveals that they have not recorded the
same GSTH. Thus, the joint inversion of real data sel-
dom improves signal/noise ratio; sometimes it decreases
this ratio.

3. Even when the GSTHs are identical at all sites, the
records will be consistent only if the thermal diffusivity
at each site is well determined. The danger of adjusting
physical properties is that the GSTHs may appear well
correlated when they are not.

4. The resolution is limited by the profile with the highest
noise level which determines how much regularization
is required (Beltrami et al., 1997).

5. Beltrami et al. (1997) have emphasized the need to com-
bine profiles with comparable vertical depth in order to
avoid bias. The minimum depth sampled varies much
between boreholes, because measurements above the
water table are extremely noisy and are often discarded.
This is an important bias because temperature perturba-
tions are largest near the surface.

Different authors have calculated the GSTH (local or re-
gional) from the raw or the “reduced” temperature depth pro-
files. The reduced temperature profile is obtained by remov-
ing from the data a reference temperature profile, obtained
by upward continuation of the lowermost part of the profile,
assumed to be near steady state. This preprocessing of data
allows to infer warming or cooling by visual inspection of
these reduced profiles. But it may also be useful to improve
the results of the inversions using the singular value decom-
position algorithm to determine regional GSTH.
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Fig. 1. Location map showing the three regions and the data used in this study. The blue rectangles delimits the three regions. The red
triangles show all the borehole temperature depth profiles available in central and eastern Canada.

So far, there is no consensus among researchers on the best
procedure to obtain a regional GSTH (simultaneous inver-
sion vs. average of individual inversions, selection of bore-
hole temperature profiles unaffected by non-climatic pertur-
bations vs. “indiscriminate” use of all the borehole temper-
ature profiles, reduced vs raw temperature profiles). No
systematic studies were conducted because there were not
enough measurements in a given region to make statisti-
cally relevant comparisons. During the past 20 years, the
GEOTOP-IPGP (Institut de Physique du Globe de Paris) re-
search team has logged 338 boreholes at more than 100 dif-
ferent sites across south-central and south-eastern Canada
(Fig. 1). Because these sites are distributed in three main re-
gions, northern Manitoba and Saskatchewan, north-western
Ontario, and eastern Ontario and Quebec, these borehole
temperature data are appropriate to conduct regional studies,
and the number of data in each region is sufficient to compare
results from the different procedures.

2 Theoretical framework

2.1 General formulation – the direct problem

Usually, the data consist of a few temperature profiles, ther-
mal conductivity, and heat production measurements. Be-
cause the temperature profiles are sparse and the boreholes
where they were obtained are far apart, it is common to
neglect lateral variations in physical properties, and in the
boundary conditions. These assumptions are not always sat-
isfied either because the surface boundary condition can vary
(effect of lakes, vegetation cover, topography, etc.) or be-
cause physical properties vary horizontally and there may be
refraction. This is likely to be the case with mining explo-
ration boreholes that target very local mineralized bodies. In
general, however, there is not enough information on the 3-

D conductivity variations and insufficient data to warrant a
three dimensional model.

For a layered earth, the steady-state temperature profile
can be written as:

Tez = Tref + qrefR(z) − M(z) (1)

R(z) =
∫ z

0

dz′

λ(z′)

M(z) =
∫ z

0

dz′

λ(z′)

∫ z′

0
dz”H(z”)

whereλ is the thermal conductivity,H is the heat genera-
tion, z is depth, positive downward. The heat flowqref is
taken positive upward. If a temperature perturbationT0(t)

is applied uniformly on the surfacez=0, the temperature in
a homogeneous half space is given by (Carslaw and Jaeger,
1959):

Tt (z, t) =
z

2
√

πκ

∫ t

0

T0(t
′)

(t − t ′)3/2
× exp

(

−z2

4κ(t − t ′)

)

dt ′ (2)

where the thermal diffusivityκ is assumed constant.
For a jump1T in surface temperature at timet before

present, the temperature perturbation is given by:

T (z) = 1T × erfc
z

2
√

κt
(3)

If temperature increases linearly from 0 at timet before
present to1T now, the surface temperature perturbation is
given by:

T (z) = 1T

(

(1 +
z2

2κt
) × erfc

z

2
√

κt
+

z

2
√

κt
× exp

z2

4κt

)

(4)

For a constant change in surface heat flux1q starting
at time t before present, the temperature perturbation is
(Carslaw and Jaeger, 1959):

T (z) =
21q

λ

(

(
κt

π
)1/2 × exp

−z2

4κt
−

z

2
× erfc

z

2
√

κt

)

(5)
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Fig. 2. Comparison of temperature profiles corresponding to dif-
ferent surface boundary conditions: Constant temperature, constant
heat flux, and linearly increasing temperature.

and, in particular, the change in surface temperature is given
by:

T (z = 0) =
21q

λ
(
κt

π
)1/2 (6)

Such a boundary condition was used by Beltrami (2001).
Figure 2 shows the temperature profiles for three different

surface boundary conditions leading the same present sur-
face temperature. As one would expect, warming is more
rapid after a jump in surface temperature than after a jump
in surface heat flow. This is well known, but the point is that
the reconstructed history depends on the boundary condition,
which is poorly understood. For instance, using a heat flow
boundary condition might lead to underestimating the time
when the change in surface temperature conditions occurred.

It is possible to account for variations in thermal diffusiv-
ity with depth. Formal solutions for the transient tempera-
ture in a horizontally layered half space are easily obtained
with the Laplace transform (e.g. Carslaw and Jaeger, 1959).
It is thus possible to include the variations in thermal diffu-
sivity in the equations but advantages are too small to war-
rant the additional complications. The “Born approximation”
to the general solution of the heat equation for continuously
varying physical properties with depth is given in Shen and
Beck (1991). Because thermal diffusivity variations are usu-
ally small, their effect on the transient temperature profile is
a second order perturbation that can safely be neglected in
view of all the other sources of error, provided that the av-
erage diffusivity is well determined. This does not hold true
for the effect of conductivity variations on the steady state
temperature profile which must be accounted for.

2.2 The inverse problem

For borehole temperature data, the inverse problem consists
of determining, from the temperature-depth profile, the ref-
erence surface temperature and heat flow, and the ground
surface temperature history. Determining the reference heat
flow requires knowledge of the thermal conductivity vari-
ations, usually measured on core samples. Alternatively,
the thermal conductivity structure can be introduced as free
model parameters through the thermal resistance vs depth in
Eq. (1), but in this case the inverse problem becomes non-
linear.

Generally, the inverse problem can be expressed as an in-
tegral equation:

T (z) =
∫ 0

−∞
1T (t ′)K(z, t ′)dt ′ (7)

where the kernelK(z, t ′) is given in Eq. (2). It turns out that
this type of integral equation always describes an ill-posed
problem. IfT (z) is known approximately, there is no solu-
tion to the inverse problem. Furthermore, an approximate
solution is useless because the inverse operator is not con-
tinuous. The physical meaning of this instability is easy to
understand. We can always add to the solution1T (t) a peri-
odic functionN sin(ωt). Regardless how largeN , the effect
on the temperature profileT (z) can be made arbitrarily small
by increasing the frequencyω. In other words, the difference
between the exact and the approximate surface temperatures
could be arbitrarily large at almost any time. This is paradox-
ical, but we do take advantage of this property because we are
mainly concerned with long period trends. In inverting tem-
perature depth profiles, we can thus safely neglect the daily
or the annual cycles although their amplitudes are at least ten
times larger than those of the long term trends that we are
trying to detect.

2.3 The inverse problem discretized

Because the temperature variations of short duration are fil-
tered out of the temperature profile, any parametrization that
allows to reproduce the gross features of the surface tem-
perature history could be used. Many different parameteri-
zations have been proposed for the GSTH: a discontinuous
function corresponding to the mean surface temperature dur-
ing K time intervals1k (k=1, ....N), a continuous function
varying linearly withinK intervals1k, a Fourier series, etc.

We shall assume that the GSTH is approximated by a dis-
continuous function corresponding to the mean surface tem-
perature duringK intervals of duration1k (where the1k

can be adjusted to the resolution decreasing with time).
For a single temperature profile, the temperature2j mea-

sured at depthzj can be written as:

2j = Aj lXl (8)
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where2j is the measured temperature at depthzj corrected
for the heat production between the surface and that depth,
Xl is a vector containing the unknowns{T0, q0, T1, ...,TK},
andAj l is a matrix containing 1 in the first column and the
thermal resistances to depthzj , R(zj ) in the second column.
In columns 3 toK+2 the elementsAj,k+2 are obtained by
calculating the differences between error functions at times
tk andtk−1 for depthzj :

Aj,k+2 = erfc

(

zj

2
√

κtk

)

− erfc

(

zj

2
√

κtk−1

)

(9)

whereκ is the thermal diffusivity. The other parameteriza-
tions mentioned above would yield a system of equations
with the same structure.

Because the meteorological trends appear correlated over
distances of≈500 km (Jones et al., 1986; Hansen and Lebe-
deff, 1987), boreholes from different sites in the same re-
gion may have recorded identical GSTH. If this is indeed
the case, it is possible to derive this common GSTH from
simultaneous inversion of all the temperature profiles that
have recorded seemingly consistent climatic signals. ForI

boreholes, the unknown parameters are theI surface tem-
peratures and heat flow values and theK parameters of the
ground temperature history. The data are all the temperature
measurements from all the boreholes. IfNi is the number
of temperature measurements at boreholei, the matrix has
N1+N2+...+NI rows andK+2×I columns. The firstN1
elements of the first column equal 1 and all the others equal 0;
the followingN2 elements in the second column are 1 and all
the other elements are 0, and so on. The followingI columns
contain the thermal resistances to depthzj in boreholei. Fi-
nally, theK last rows contain the differences between error
functions at timestk andtk−1 for every depth and every bore-
hole. The resulting equations can be written as (Clauser and
Mareschal, 1995):









θ (1)

θ (2)

...

θ (I )









=









1 0 ... 0 R(1) 0 ... 0 A(1)

0 1 ... 0 0 R(2) ... 0 A(2)

... ... ... ... ... ... ... ... ...

0 0 ... 1 0 0 ... R(I) A(I)









×
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(1)
0

T
(2)
0
...

T
(I )
0

q
(1)
0

q
(2)
0
...

q
(I )
0
T































(10)

whereθ (i) denote the vectors of temperature data for bore-
hole i andR(i) denote the vectors containing thermal resis-
tance to each depth in boreholei; the elements of the matrix
A(i) are the differences between error functions at timetk
and tk−1 for each depth of boreholei. Thermal diffusivity
is usually assumed constant within each borehole but varies
between boreholes. The unknown parameters are theI ref-
erence surface temperaturesT

(i)
0 , theI reference heat flows

q
(i)
0 , and theK parameters of the common ground surface

temperature history contained in the vectorT . The reference

temperature and heat flow determined by this procedure are
only relative to the ground surface temperature history that
is reconstructed. In Canada where the last glaciation and the
glacial retreat are well documented, an adjustment to the heat
flow is always made to account for the glacial interglacial
history (e.g., Jessop, 1971).

2.3.1 Regularization by singular value decomposition

The system ofN linear equations defined by Eqs. (8) and
(10) must be solved for theM=K+2×I unknown param-
eters. In general, the system is both underdetermined and
overdetermined, and it is unstable. If the system of equations
Ax=b is mixed-determined, a generalized solution can be
obtained by the singular value decomposition (SVD) (Lanc-
zos, 1961; Press et al., 1992). It involves the decomposition
of the (N×M) matrixA as follows:

A = U3V T (11)

where superscriptT denotes the transpose of a matrix. The
matrixU is an (N×N) orthonormal matrix (i.e. a rotation ma-
trix) in data space,V is an (M×M ) orthonormal matrix in
parameter space, and3 is an (N×M ) diagonal matrix; the
only nonzero elements are theL “singular values”λl on the
diagonal,L≤min(N, M). The generalized solution is given
by

x = V3−1UT b (12)

where the (M×N) matrix 3−1 is a diagonal matrix with the
L elements 1/λl on the diagonal (forλl 6 =0) completed with
zeros. The instability of the inversion results from the exis-
tence of very small singular values. In practice, this problem
can be alleviated either by retaining only theP≤L singular
values larger than a given “cutoff” or by damping the recip-
rocals of the smaller singular values. The damping is done
by replacing the reciprocals of the smaller singular valuesλl

by

1

λl

→
λl

λ2
l + ǫ2

(13)

whereǫ will be referred to as damping or regularization pa-
rameter. The impact of noise can be reduced by selecting
a higher valueǫ, which, however, decreases the resolution
(Beltrami et al., 1997). For borehole temperature data, the
value of ǫ in joint inversions ranges between 0.1 and 0.3.
The damping parameter is usually slightly higher than the
singular value cutoff (≈0.05). In practice, we make some
assumption on the regularity of the solution and select the
damping parameter accordingly (Parker, 1994). The proce-
dure consists of selecting a relatively low value of the pa-
rameter, and examining the resulting GSTH; if oscillations
of large amplitude appear in the solution, the value of the
damping parameter is increased until these oscillations are
attenuated (Clauser and Mareschal, 1995). Oscillations in the
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very recent past are the result of the structure of the eigenvec-
tors in model space and are difficult to eliminate altogether
with a sharp cutoff. Although there is no compelling argu-
ment to prefer one method over the other, damping usually
gives smoother results than the sharp cutoff. In particular, a
proper selection of the damping parameter for individual in-
versions will reduce the amplitude of the oscillations during
the 20th century to a level comparable to that found in the
meteorological records.

3 Description of the data

The borehole temperature profiles used in this study were
obtained by researchers at GEOTOP and at the Institut de
Physique du Globe de Paris (IPGP) over the past twenty
years. The measurements were made for determining heat
flow in the Canadian Shield and are described in a series of
papers (Pinet et al., 1991; Mareschal et al., 2000, 2005; Perry
et al., 2006).

This study separates in three regions all the borehole tem-
perature depth profiles logged for heat flow determination in
the Canadian Shield by the GEOTOP-IPGP team over the
past 20 years (Fig. 1). In order to give the same weight to
deep boreholes in the simultaneous inversion, all boreholes
deeper than 550 m were truncated to that depth. This proce-
dure avoids biasing the inversion toward the GSTH recorded
by deeper holes (Beltrami and Mareschal, 1995). Because
the LIA affects the temperature profiles to≈400 m depth, the
depth selected allows to detect the variations in ground sur-
face temperature of the past 500 years. Also, since shallow
boreholes are very difficult to reduce with accuracy and to
invert, they could affect the simultaneous inversions. There-
fore, all boreholes shallower than approximately 350 m were
automatically rejected. Between 1100 and 1900 A.D., all
the proxy data indicate that the variations in ground surface
temperature remained relatively small. Their effect on the
temperature profile beneath 300 m is sufficiently small that
the reference heat flow and surface temperature (relative to
that period) are well determined. This does not hold for the
glacial-interglacial cycle which affects the profile to depths
in excess of 2500 m (Hartman and Rath, 2005). In Canada,
an adjustment accounting for this cycle is routinely made to
determine the surface heat flow.

The boreholes located in central Canada between the
provinces of Saskatchewan and Manitoba were logged be-
tween 1993 and 1999. Table 1 shows the location of all these
boreholes with their depth and a remark explaining if it was
retained for inversion or the reason why it was rejected.

The second region selected in this study covers a large part
of north-western Ontario. Most of the boreholes in this re-
gion were logged between 2000 and 2005 and their locations,
depths and remarks are shown in Table 2.

The third region covers the eastern part of Ontario and the
western part Quebec. The temperatures measurements were

made for heat flow determination between 1987 and 1993.
The location, depth and remarks for each borehole are given
in Table 3. Because at that time the objective of the mea-
surement was not the study of climate change, the surface
conditions were not sufficiently documented to select bore-
holes suitable for inversion. Only the shallowest boreholes
have been eliminated from the study. Analysis of this data-
set will allow to compare the trends in three different regions
when all the measured boreholes are retained for inversion.

For all profiles, temperature measurements are made at
10 m intervals using an electrical cable and a probe equipped
with a thermistor. The precision of these measurements is of
the order of 0.002 K and the overall accuracy is better than
0.02 K. The GEOTOP-IPGP research team is equipped with
several cables ranging from 600 m to 2.3 km and with probes
capable of measuring temperatures in the range between−15
to 50 degrees Celsius.

For each borehole, core samples were collected to measure
their thermal conductivity. Usually, the core is sampled ev-
ery 80–100 m, and wherever important changes in lithology
occur. Thermal conductivity is determined by the method of
divided bars (Misener and Beck, 1960). Heat generation is
also determined for the heat flow studies. Heat generation is
usually low in the Canadian Shield and has little effect on the
shallow part of the temperature profiles, and it can be ignored
except for very deep boreholes.

Each profile was carefully examined and when necessary
erratic data points in the shallow part of the profile were re-
moved. These erratic values are caused by the probe not
equilibrating with the groundwater or by water movement
near the ground surface. A test was performed to verify that
this removal does not affect the GSTH. A synthetic temper-
ature depth profile was inverted using first the complete pro-
file, then the same profile without the first 30 m, and finally
the same profile without the first 60 m. The results showed
almost no difference in the GSTH between the complete and
the profile truncated above 30 m, while the resolution of the
recent past decreases for GSTH obtained from the profile
truncated above 60 m. This test shows that the removal of
one or two data points in the topmost 20 m of many bore-
holes does not strongly affect the recent part of the GSTH.

4 Results

4.1 Tests with synthetic data

The SVD method for simultaneous inversions has been thor-
oughly tested for regional GSTH by using multiple se-
ries of 84 synthetic temperature depth profiles containing a
ground surface temperature history signal of 600 years sim-
ilar to those appearing in recent publications for central and
eastern Canada (Guillou-Frottier et al., 1998; Gosselin and
Mareschal, 2003; Beltrami and Mareschal, 1992). Each syn-
thetic temperature depth profile had random noise added to
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Table 1. Saskatchewan-Manitoba temperature profiles. For each borehole deeper than 300 m, we give the location, the log identification
number, the geographic coordinates, the vertical depth measured (1h) and either that it was selected or the identified cause of non climatic
perturbation.

Site Log i.d. Latitude Longitude 1h,m Selection Comment

Wabowden 9301 54◦52′29′′ 98◦38′39′′ 810 Lake
Wabowden 9302 54◦52′29′′ 98◦38′39′′ 810 Lake
Flin Flon 9303 54◦47′00′′ 101◦53′00′′ 507 Steep topography
Flin Flon 9304 54◦47′14′′ 101◦53′10′′ 542 Steep topography
Schist Lake 9305 54◦43′11′′ 101◦49′57′′ 870 Lake
Reed Lake 9306 54◦34′15′′ 100◦22′50′′ 433 Lake
Flin Flon 9307 54◦47′14′′ 101◦53′17′′ 577 Steep topography
Snow Lake 9308 54◦52′04′′ 99◦58′52′′ 645 Selected for GSTH
Snow Lake 9309 54◦51′16′′ 99◦57′15′′ 686 Selected for GSTH
Birchtree Mine 9405 55◦41′59′′ 97◦53′50′′ 521 Refraction
Thompson Station 9407 55◦44′25′′ 97◦49′22′′ 991 Refraction
Moak Lake 9408 55◦54′21′′ 97◦40′06′′ 267 Selected for GSTH
Moak Lake 9409 55◦53′53′′ 97◦40′41′′ 470 Selected for GSTH
Pipe Mine 9410 55◦29′17′′ 98◦07′50′′ 386 Large tree clearing
Pipe Mine 9411 55◦29′10′′ 98◦07′54′′ 840 Large tree clearing
Pipe Mine 9412 55◦29′17′′ 98◦07′50′′ 938 Large tree clearing
Thompson Station 9413 55◦44′46′′ 97◦48′48′′ 555 Refraction
Ruttan Mine 9414 56◦29′07′′ 99◦36′21′′ 415 Water flow
Ruttan Mine 9415 56◦28′50′′ 99◦37′09′′ 821 Water flow
West Arm 9501 54◦38′13′′ 101◦50′51′′ 1180 Steep topography
Cormorant Lake 9502 54◦12′49′′ 100◦13′47′′ 352 Lake, steep topography
Cormorant Lake 9503 54◦13′05′′ 100◦13′32′′ 290 Lake, steep topography
Bigstone Lake 9504 54◦34′31′′ 103◦11′59′′ 244 Lake
Tartan Lake 9505 54◦51′28′′ 101◦44′23′′ 568 Lake, steep topography
Bigstone Lake 9506 54◦34′31′′ 101◦11′59′′ 616 Lake
Wasekwan Lake 9514 56◦44′04′′ 100◦57′01′′ 376 Selected for GSTH
Farley Lake 9516 56◦34′84′′ 100◦26′07′′ 589 Permafrost
Farley Lake 9517 56◦34′84′′ 100◦26′07′′ 558 Permafrost
Fox Mine 9519 56◦37′52′′ 101◦38′02′′ 423 Selected for GSTH
Farley Lake 9520 56◦54′34′′ 100◦26′18′′ 580 Permafrost
Waden Bay 9601 55◦17′31′′ 105◦01′11′′ 880 Steep topography, water flow
Brabant 9603 56◦07′47′′ 103◦42′24′′ 570 Selected for GSTH
Brabant 9604 56◦07′54′′ 103◦42′01′′ 541 Selected for GSTH
Brabant 9605 56◦07′51′′ 103◦42′16′′ 464 Selected for GSTH
McIlvenna Bay 9607 54◦38′16′′ 102◦49′42′′ 947 Lake, steep topography
McIlvenna Bay 9608 54◦38′09′′ 102◦49′42′′ 560 Lake, steep topography
Denare Beach 9609 54◦39′29′′ 102◦03′31′′ 585 Steep topography
Denare Beach 9610 54◦39′28′′ 102◦09′27′′ 534 Steep topography
Frances Lake 9614 56◦49′38′′ 101◦06′08′′ 419 Lake
Frances Lake 9615 56◦49′29′′ 101◦06′25′′ 437 Lake
McWhirter Lake 9616 56◦35′04′′ 101◦39′36′′ 383 Lake
Batty Lake 9617 55◦09′52′′ 100◦45′34′′ 308 Selected
Missinipe 9618 55◦44′55′′ 104◦33′21′′ 282 Steep topography
Missinipe 9619 55◦44′52′′ 104◦33′29′′ 257 Steep topography
Missinipe 9620 55◦44′48′′ 104◦33′25′′ 265 Steep topography
Missinipe 9621 55◦44′42′′ 104◦33′10′′ 188 Steep topography
Missinipe 9622 55◦44′50′′ 104◦33′10′′ 247 Steep topography
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Table 1. Continued.

Site Log i.d. Latitude Longitude 1h,m Selection Comment

Soab Mine 9701 55◦11′30′′ 98◦24′40′′ 568 Shallow part of hole not logged
Soab Mine 9702 55◦10′14′′ 98◦27′28′′ 680 Selected for GSTH
Chisel Lake 9801 54◦50′44′′ 100◦06′35′′ 715
Chisel Lake 9802 54◦50′48′′ 100◦06′24′′ 765 Topography
Mystic Lake 9803 54◦36′57′′ 101◦58′09′′ 291 Lake
Batty Lake (9617) 9804 55◦09′52′′ 100◦45′34′′ 308 Selected for GSTH
Limestone Bay 9805 54◦12′43′′ 100◦13′43′′ 145 Lake
Leo Lake 9806 54◦47′24′′ 101◦34′11′′ 499 Steep topography
Leo Lake 9807 54◦47′24′′ 101◦34′12′′ 447 Steep topography
Knife Lake 9808 55◦52′08′′ 102◦44′25′′ 420 Topography
Knife Lake 9809 55◦52′17′′ 102◦44′13′′ 278 Too shallow
Mystery Lake 9812 55◦49′40′′ 97◦45′40′′ 898 Selected for GSTH
Mystery Lake 9813 55◦49′40′′ 97◦46′36′′ 672 Unstable measurements
Pipe Mine 9814 55◦29′10′′ 98◦07′35′′ 345 Over-representation
Pipe Mine 9815 55◦29′10′′ 98◦07′42′′ 348 Over-representation
Pipe Mine 9816 55◦29′20′′ 98◦07′53′′ 380 Over-representation
Pipe Mine 9817 55◦29′12′′ 98◦07′47′′ 220 Over-representation
Morgan Lake 9818 54◦45′34′′ 100◦12′23′′ 668 Lake
Morgan Lake 9819 54◦45′51′′ 100◦12′53′′ 268 Lake
Callinan Mine 9901 54◦47′00′′ 101◦51′30′′ 606 Clearing near highway
Kississing Lake 9903 55◦12′08′′ 101◦21′25′′ 380 Lake
Kississing Lake 9904 55◦11′58′′ 101◦21′34′′ 280 Lake
Kississing Lake 9905 55◦11′53′′ 101◦21′26′′ 300 Lake
Flin Flon 9906 54◦46’23′′ 101◦50′15′′ 1418 Lake and topography
Loonehead Lake 9907 54◦55′54′′ 100◦33′48′′ 523 Topography
Leo Lake 9909 54◦47′25′′ 101◦34′19′′ 469 Topography
Missinipe (9622) 9912 55◦44′48′′ 104◦33′10′′ 255 Steep topography
Missinipe 9913 55◦44′53′′ 104◦33′97′′ 276 Steep topography
Missinipe 9915 55◦45′26′′ 104◦33′45′′ 255 Steep topography
Missinipe 9916 55◦44′48′′ 104◦33′25′′ 262 Steep topography
McCollum Lake 9917 56◦08′48′′ 103◦08′28′′ 225 Lake, forest fire
McCollum Lake 9918 56◦09′34′′ 103◦06′57′′ 394 Lake, forest fire
McCollum Lake 9919 56◦08′55′′ 103◦08′35′′ 254 Lake, forest fire
Cluff Lake Mine 9920 58◦22′36′′ 109◦32′28′′ 330 Close to open mine pit
Shea Creek 9921 58◦13′46′′ 109◦31′05′′ 250 Water flow
Shea Creek 9922 58◦13′43′′ 109◦31′05′′ 730 Water flow
Shea Creek 9923 58◦13′49′′ 109◦31′12′′ 400 Water flow
Pipe Mine 0015 55◦29′17′′ 98◦07′50′′ 377 Over-representation
Moak Lake 0016 55◦55′32′′ 97◦37′’09′′ 860 Large tree clearing
Owl 0017 55◦40′17′′ 97◦51′35′′ 916 Selected for GSTH
Barbara Lake 0018 56◦53′20′′ 101◦04′16′′ 385 Lake
Barbara Lake 0019 56◦53′26′′ 101◦04′55′′ 672 Lake
Pipe Mine 0020 55◦29′16′′ 98◦08′11′′ 326 Over-representation
Pipe Mine 0021 55◦29′09′′ 98◦07′54′′ 343 Over-representation
Pipe Mine 0022 55◦29′30′′ 98◦07′51′′ 375 Over-representation
Pipe Mine (9815) 0114 55◦29′10′′ 98◦07′42′′ 1610 Over-representation
Pipe Mine 0115 55◦29′20′′ 98◦07′54′′ 335 Over-representation
Owl 0116 55◦40′17′′ 97◦51′35′′ 1568 Same as 0017
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Table 2. Northwestern Ontario Sites. For each borehole deeper than 300 m, we give the location, the log identification number, the geographic
coordinates, the vertical depth measured (1h) and either that it was selected or the identified cause of non climatic perturbation.

Site Log i.d. Longitude Latitude 1h,m Selection Comment

Red Lake 0001 51◦00′47′′ 93◦48′50′′ 805 Selected for GSTH
Balmertown 0002 51◦09′59′′ 93◦42′56′′ 1724 Selected for GSTH
Ben Lake 0003 50◦53′26′′ 93◦06′26′′ 338 Selected for GSTH
Ben Lake 0004 50◦52′43′′ 93◦06′15′′ 496 Selected for GSTH
Garnet Lake 0005 50◦59′49′′ 92◦49′27′′ 925 Lake
Mattabi Mine 0006 49◦52′36′′ 90◦59′45′′ 653 Steep topography, rail road, tree clearing
Mattabi Mine 0007 49◦53′39′′ 90◦59′51′′ 896 Selected for GSTH
Lac des Iles 0008 49◦10′17′′ 89◦36′18′′ 675 Selected for GSTH
Lac des Iles 0009 49◦10′19′′ 89◦36′19′′ 781 Topography
Thunder Bay South 0010 48◦10′40′′ 89◦29′04′′ 480 Steep topography, water flow
Thunder Bay South 0011 48◦11′44′′ 89◦28′58′′ 470 Steep topography, water flow
Geco Mine 0012 49◦10′00′′ 85◦49′29′′ 956 Steep topography
Geco Mine 0013 49◦09′30′′ 85◦48′36′′ 1435 Steep topography
Rainy River 0102 48◦49′54′′ 94◦00′46′′ 723 Selected for GSTH
Cameron Lake 0104 49◦17′35′′ 93◦43′11′′ 638 Selected for GSTH
Rainy River 0106 48◦49′44′′ 94◦00′54′′ 460 Selected for GSTH
Thunder Lake 0107 49◦45′24′′ 92◦36′53′′ 734 Selected for GSTH
Thunder Lake 0108 49◦45′27′′ 92◦36′36′′ 770 Selected for GSTH
Big Whopper 0111 50◦15′49′′ 94◦33′57′′ 304 Too shallow
Seagull 0112 49◦01′39′′ 88◦57′27′′ 800 Water flow
Seagull 0113 49◦01′39′′ 88◦57′30′′ 890 Water flow
Chukuni River 0201 51◦03′03′′ 34◦44′02′′ 2028 Selected for GSTH
Abino Point 0203 51◦06′16′′ 93◦ 575 Lake
Seagull 0206 49◦01′35′′ 88◦57′23′′ 800 Water flow
Pigeon River 0207 48◦03′13′′ 89◦31′36′′ 740 Noisy data
Seagull * 0208 49◦01′39′′ 88◦57′30′′ 890 Water flow
Samuels Lake 0209 48◦37′15′′ 92◦05′43′′ 370 Selected for GSTH
Samuels Lake 0210 48◦37′16′′ 92◦05′47′′ 280 Lake
Lumby Lake 0301 49◦02′09′′ 91◦18′24′′ 573 Water flow
Lumby Lake 0302 49◦02′38′′ 91◦18′23′′ 412 Topography
Ardeen Mine 0303 48◦32′24′′ 90◦46′10′′ 597 Topography
Ardeen Mine 0304 48◦32′35′′ 90◦46′04′′ 587 Topography
Disraeli 0305 49◦07′49′′ 88◦58′01′′ 291 Steep topography
Junior Lake 0306 50◦22′55′′ 87◦56′58′′ 352 Forest fire
Junior Lake 0307 50◦22′51′′ 87◦56′59′′ 370 Forest fire
Junior Lake 0308 50◦22′57′′ 87◦57′09′′ 423 Forest fire
Gull River 0309 49◦45′07′′ 89◦11′16′′ 810 Selected for GSTH
Norwood 0310 50◦03′47′′ 89◦05′22′′ 390 Topography, Lake
Spruce River 0311 49◦11′07′′ 88◦52′23′′ 349 Selected for GSTH
Nipigon Bay 0312 48◦55′11′′ 87◦55′12′′ 423 Lake

* Repeat of 0113.

it; this noise had approximately the same level we observe in
measured data. We verified that varying some parameters of
the synthetics (noise level, sampling interval, total depth of
the profile, reference gradient and surface temperature) does
not affect the GSTH.

Most of the parameters mentioned above had little or no
effect on the simultaneous inversions. However, we noticed
instabilities when the average of all reference temperatures

had a value other than 0. Large oscillations appeared in the
GSTH as well as a jump in surface temperature at the begin-
ning of the history. We carefully examined and interpreted
the resolution matrices as showing a spill-over of the ref-
erence temperatures to the rest of the matrix when a large
number of profiles were simultaneously inverted.

In order to prevent this “spill-over” of the reference tem-
peratures into the solution, it was simply removed by using
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Table 3. Eastern Canada temperature profiles: For each borehole deeper than 300 meters, we give the location, the log identification number,
the geographic coordinates, the vertical depth measured (1h) and the reason for not retaining the profile when it was not used. 59 out of the
127 logged boreholes are included in this table.

Site Log i.d. Longitude Latitude 1h,m Selection Comment

Évain 8706 48◦16′47′′ 79◦05′49′′ 590
Évain 8707 48◦16′53′′ 79◦05′25′′ 590
Val d’Or 8708 48◦05′57′′ 77◦33′33′′ 357
Val d’Or 8709 48◦05′49′′ 77◦33′22′′ 335
Mont Vallières de St-Ŕeal 8719 48◦49′50′′ 65◦57′35′′ 599 Topography
Mont Vallières de St-Ŕeal 8720 48◦49′53′′ 66◦00′48′′ 600 Topography
Mont Vallières de St-Ŕeal 8721 48◦49′17′′ 66◦01′17′′ 500 Topography
Dôme de Lemieux 8723 48◦48′49′′ 66◦07′48′′ 520 Topography
Dôme de Lemieux 8724 48◦47′23′′ 66◦10′54′′ 571 Topography
Dôme de Lemieux 8725 48◦47′08′′ 66◦08′55′′ 350 Topography
Desmaraisville 8736 49◦36′54′′ 75◦50′50′′ 335 Topmost 50m missing
Desmaraisville 8740 49◦37′11′′ 75◦52′12′′ 306
Chapais 8742 49◦47′19′′ 74◦48′34′′ 519
Chapais 8743 49◦47′49′′ 74◦48′33′′ 504
Matagami 8744 49◦42′58′′ 77◦44′03′′ 600
Matagami 8745 49◦42′48′′ 77◦44′03′′ 600
Matagami 8746 49◦42′56′′ 77◦44′20′′ 600
Renfrew 8801 45◦25′23′′ 76◦42′17′′ 372 Noisy
Belleterre 8810 47◦24′03′′ 78◦42′41′′ 420
Belleterre 8811 47◦24′06′′ 78◦42′37′′ 387
Belleterre 8812 47◦24′08′′ 78◦42′43′′ 357
Belleterre 8813 47◦24′08′′ 78◦42′46′′ 389
Madoc 8814 44◦30′14′′ 77◦27′06′′ 330 Measurements in open pit
Cordova Mine 8820 44◦32′00′′ 77◦47′16′′ 377
Darlington 8901 43◦52′05′′ 78◦43′00′′ 300 Industrial site
Snowdon 8905 44◦51′24′′ 78◦30′02′′ 318 Water flow
Snowdon 8907 44◦51′27′′ 78◦30′12′′ 300 Water flow
Limerick 8910 44◦52′15′′ 77◦43′18′′ 340 Noisy
Limerick 8911 44◦52′17′′ 77◦43′25′′ 425 Top 80m missing

the reduced temperature profiles (i.e. the difference between
the observed and reference profiles). When properly reduced,
a profile only shows the perturbations to the steady-state tem-
perature in the borehole without any information on the ref-
erence temperature or gradient. Further tests with series of
synthetic temperature depth profiles showed that GSTHs ob-
tained from reduced profiles accurately recover the input.

Although no problems were identified when using ob-
served temperature profiles for individual inversions or si-
multaneous inversions using a limited number of profiles, it
is recommended to use reduced profiles when inverting si-
multaneously many profiles.

4.2 Study with real data: selection of profiles and interpre-
tation

4.2.1 Manitoba-Saskatchewan

The first data set analyzed was from the Saskatchewan-
Manitoba region (Fig. 1), consisting of 106 boreholes logged

between 1993 and 1999. First, all boreholes shallower than
approximately 200 m were eliminated. This was necessary
because the reference gradient for such shallow profiles is
too poorly constrained for the profiles to be reduced. Also
these shallow profiles do not provide the desired time win-
dow for this study. Another 3 boreholes (9903, 9904 and
9905) from the Kississing Lake site were removed from the
dataset because the lake effect was so overwhelming that it
overshadowed the signal of the other profiles. This limited to
73 the number of usable boreholes for the regional study in
Saskatchewan-Manitoba. From these 73 boreholes, only 13
were considered affected by no other surface condition than a
temporal change in the ground surface temperatures. Table 1
lists all the boreholes in the region with their characteristics
and the non-climatic effects that were noted. The reduced
temperature profiles for the entire data set show a lot of vari-
ability and seem inconsistent; however, the 13 retained pro-
files are much more similar and consistent with each other.
All the profiles are shown in Fig. 3a. Since most of these
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Table 3. Continued.

Site Log i.d. Longitude Latitude 1h,m Selection Comment

Copper Cliff 8925 46◦26′24′′ 81◦03′56′′ 560
Copper Cliff 8926 46◦26′′′ 81◦03′′′ 600
Copper Cliff 8927 46◦26′′′ 81◦03′′′ 473
Bourlamaque 9001 48◦06′54′′ 77◦44′58′′ 417
Selbaie Mine 9005 49◦49′19′′ 78◦57′48′′ 387 Water flow
Selbaie Mine 9006 49◦48′53′′ 78◦57′05′′ 407 Water flow
Selbaie Mine 9007 49◦49′02′′ 78◦56′40′′ 397 Water flow
Ile Marguerite 9008 49◦53′36′′ 74◦10′28′′ 593 Island
Ile Marguerite 9009 49◦53′55′′ 74◦10′12′′ 571 Island
Lac aux Doŕes 9010 49◦52′50′′ 74◦20′00′′ 440
Lac aux Doŕes 9012 49◦52′50′′ 74◦20′01′′ 317
La Malbaie 9013 47◦41′43′′ 70◦05′42′′ 490
LesÉboulements 9014 47◦29′05′′ 70◦19′43′′ 430 Water flow
Mine Belmoral 9101 48◦07′45′′ 77◦34′56′′ 316
Mine Belmoral 9103 48◦08′20′′ 77◦35′57′′ 360
Mine Dumagami 9105 48◦15′04′′ 78◦26′13′′ 430
Holloway Lake 9114 48◦31′11′′ 79◦43′07′′ 420
Holloway Lake 9116 48◦31′13′′ 79◦43′16′′ 374
Lebel-Grevet 9201 49◦14′13′′ 76◦39′12′′ 681
Lebel-Grevet 9202 49◦14′32′′ 76◦39′13′′ 880
Lebel-Grevet 9203 49◦14′40′′ 76◦39′12′′ 880
Boyvinet 9204 49◦36′12′′ 75◦58′49′′ 511
Boyvinet 9205 49◦35′22′′ 75◦59′10′′ 425
Coniagas 9206 49◦29′34′′ 79◦10′22′′ 450
Coniagas 9207 49◦29′40′′ 76◦10′22′′ 610
Gamache 9209 49◦28′46′′ 74◦36′40′′ 486
Gamache 9211 49◦29′02′′ 74◦37′04′′ 480
Barraute 9212 48◦31′50′′ 77◦41′36′′ 370
Barraute 9213 48◦31′45′′ 77◦41′08′′ 640
Barraute 9214 48◦31′50′′ 77◦41′26′′ 620

profiles are affected by non-climatic factors, the variability
is considerable, although an overall warming trend is clearly
visible and can also be inferred from the average GSTH. If
only the 13 unaffected temperature depth profiles are plotted
(Fig. 3b), the variability decreases dramatically and not only
the amplitude of the recent warming, but the onset of the lit-
tle ice age (LIA) is also apparent. However it is also worth
noting that the average of the reduced temperature profiles of
the entire and selected datasets are almost identical.

Unless otherwise noted, the same parametrization was
used for all the inversions in this study (i.e. 20 year time
steps covering 600 years). Thermal conductivity and diffu-
sivity were assumed constant for all inversions in this paper
and heat production values were not taken into consideration.

The 73 temperature depth profiles were inverted simulta-
neously with the same parametrization and a value for regu-
larization parameter,ǫ=0.3. A larger regularization parame-
ter than for the individual inversions is necessary because the
singular values are different and decrease more slowly than
those of individual inversions. In order to obtain comparable

information between individual and simultaneous inversions,
one needs to use approximately the same number of singular
values for both. Thus, the cut-off needs to be higher in si-
multaneous inversions than in individual inversions. The re-
sult from the simultaneous inversion was then compared with
a simultaneous inversion using only the 13 selected profiles
and is shown in Fig. 4.

One of the problems of most inversion techniques is the
occurrence of instabilities due to the inversion. Actually, the
main difficulty is the proper tradeoff between stability and
resolution. In the case of SVD, the instability affects the
larger singular values and thus the recent past in the GSTH;
it is seen as marked oscillation at 20–40 years before present.
In this study, the inconsistencies between the records of var-
ious boreholes are causing these instabilities. It casts serious
doubt that any conclusion concerning the very recent past can
be derived from the simultaneous inversion of noisy records.
In the data space, the corresponding eigen vectors sample
mostly the shallow part of the profile, which is noisiest, i.e.
the most affected by non-climatic surface perturbations.
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Fig. 3. Reduced temperature-depth profiles measured in northern
Manitoba and Saskatchewan:(a) all the profiles recorded;(b) se-
lected profiles not affected by non-climatic surface perturbations.
The thick lines represent the average of all the temperature depth
profiles.

To alleviate the instability problem and to gain perspec-
tive on the resolution of the simultaneous inversions, we cal-
culated the averages of inversion for all the individual pro-
files from the complete and the selected data-sets. Each
profile from the complete data-set of 73 profiles was in-
verted, using the same regularization parameter for all the
profiles(ǫ=0.05), but adapting the parametrization for the
shallow profiles. These individual GSTHs were then aver-
aged in order to obtain a regional GSTH. For the 13 selected
profiles, each inversion was optimized by using the small-
est regularization parameter possible while preserving the
stability of the inversion. There is a major difference be-
tween the results obtained from the entire dataset and those
from the selected profiles. It concerns the LIA minimum
(ca. 1820 A.D.), which is more pronounced in the selected
profiles than with the entire dataset. There are two factors
explaining that difference of amplitude. First, as mentioned
above, the 13 selected profiles were inverted using unique op-
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Fig. 4. Comparison of ground-surface temperature histories ob-
tained using different methods for the Saskatchewan-Manitoba re-
gion.

timized regularization parameters, meaning each individual
inversion was optimized for maximum signal to noise ratio.
This optimization is impossible to perform on the complete
data-set (73 profiles) because the signal is often non-climatic,
and the optimization would amplify the noise. Without even
amplifying the noise, the many profiles (60 out of of 73)
that recorded non-climatic effects will dominate the average
and yield near zero temperature perturbation at the time of
the LIA. It is noteworthy that individual inversions are per-
formed independently and that there is no constraint to fit a
unique model, whereas a simultaneous inversion does have
this constraint. In profiles severely affected by non-climatic
perturbations, the climatic signal can be taken into consider-
ation by the simultaneous inversion. So in the case of a sim-
ple average of individual inversions, the fact that all GSTHs
have the same weight means that random non-climatic per-
turbations will weight heavily on the overall average.

On the other hand, the average of individual inversions has
the advantage of being more stable than a joint inversion.
Since these instabilities are usually not correlated to the cli-
matic signal, the average of several GSTH will ultimately
cancel most of the instabilities and yield a reasonable value
in the interval 20–40 years before present (Fig. 4).

4.2.2 Northwestern Ontario

The second data-set analyzed for this study was from North-
western Ontario (Fig. 1). It consists of 56 boreholes logged
between 2000 and 2003. All boreholes shallower than ap-
proximately 200 m were eliminated. All the profiles in the
dataset are displayed on Fig.5a. Temperature depth pro-
files from two more sites were removed from the data-set
because of the overwhelming effects they had on the inver-
sions. The profiles (0306, 0307 and 0308) from the Junior
Lake site where an important forest fire had occurred a few
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Fig. 5. Reduced temperature-depth profiles measured in northwest-
ern Ontario:(a) all the profiles recorded;(b) selected profiles not
affected by non-climatic surface perturbations. The thick lines are
the averages of all the profiles.

years before measurements were eliminated. We also elimi-
nated the profiles from Seagull (0112 and 0113) because of
the overwhelming effect of water and gas rushing out of an
over-pressured zone at depth. The perturbed Seagull profiles
are easily identifiable on Fig. 5a. Water was still rushing
out of the borehole several weeks after the drilling opera-
tions had stopped. The complete dataset of usable boreholes
for northwestern Ontario contained 35 boreholes. From this
set, 15 were considered unaffected by non-climatic perturba-
tions. The description of the boreholes and the reasons for
eliminating some profiles are listed in Table 2. The resulting
reduced profiles are shown on Fig. 5b. The complete dataset
includes some very noisy profiles. As in central Canada,
the selected profiles exhibit more consistent trends than the
complete data set, but the average reduced profiles of both
datasets are similar.

As for Manitoba-Saskatchewan, we obtained four different
regional GSTHs by inverting jointly and by averaging indi-
vidual inversions of the complete and of the selected datasets
(Fig. 6).
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Fig. 6. Comparison of ground-surface temperature histories ob-
tained using different methods for the northwestern Ontario region.

The inversions were performed with the same temporal
parametrization as for Manitoba-Saskatchewan (20 year time
steps covering 600 years before present). However, because
the northwestern Ontario boreholes were generally noisier
than those in Saskatchewan-Manitoba a higher value was se-
lected for the regularization parameter of individual inver-
sions (ǫ=0.1).

The regional GSTH using the complete dataset of 35 tem-
perature depth profiles and the selected dataset of 15 pro-
files were inverted with a regularization parameterǫ=0.2 and
0.15 respectively. Despite the high noise level, the regular-
ization parameter is smaller than the one used for Manitoba-
Saskatchewan region mainly because there are less temper-
ature depth profiles (and thus lower singular values) in the
complete data set than in Manitoba-Saskatchewan. On Fig. 6,
the GSTHs are reasonably similar until 100 years before
present. But the GSTH for the complete dataset is very unsta-
ble in the most recent 100 years, showing a serious warming
followed by a sudden 1.0 K drop over a 20 year interval and a
1.25 K jump in the last 20 year step. This clear non-climatic
signal is most likely due to the sum of two factors: 1) an ef-
fect of the noisier profiles measured in that region, and 2) the
inversion instability.

The average of the individual inversions for the region
confirms that this oscillation is due to the instability of the in-
version. For the individual inversions, each profile contained
in the complete dataset was inverted with a regularization pa-
rameterǫ=0.1; the profiles contained in the selected dataset
were all optimized using the best signal to noise ratio possi-
ble (smallest regularization parameter). The results are also
plotted against the simultaneous inversions on Fig. 6. This
suggests that the large oscillation in the simultaneous inver-
sion of the complete dataset is non-climatic, since none of
the averages show such a jump.
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Fig. 7. Reduced temperature profiles measured in eastern Ontario
and western Quebec. The thick line represents the average of all
the profiles. Surface conditions were not documented to eliminate
“noisy” profiles.

The study of western Ontario has also shown that simulta-
neous inversion of all boreholes in a given region regardless
of the site conditions is likely to lead to an erroneous GSTH.
A single very perturbed profile has the potential to cause ma-
jor non-climatic shifts in the final GSTH. This happened with
the accidental inclusion of the Seagull site (boreholes #0112
and 0113) in the data set. The resulting GSTH was very
much affected, showing a full degree drop in temperatures
with the minimum occurring at the exact time of the LIA
minimum (1780 A.D.). This apparent LIA signal was due
only to the inclusion of the Seagull site where the tempera-
ture profile was extremely perturbed by the gushing out of
water and gas that persisted years after drilling. The GSTH
without that site contains no LIA signal in western Ontario.

A comparison of the curves obtained by averaging indi-
vidual inversions of both datasets shows similar GSTHs for
the first 300 years and then some divergence in the recent
most past, as was observed in the averages of Manitoba-
Saskatchewan. As was the case in Manitoba-Saskatchewan,
the presence of profiles perturbed by random non-climatic ef-
fects in the complete dataset tends to bring the average near
zero.

The obvious difference between the first two regions is the
absence of any LIA signal from the western Ontario datasets.
Regardless of noise level or depth, we could not see a LIA
cooling period in the GSTH from any of the profiles and are
confident that it is missing in that part of Canada.

4.2.3 Eastern Ontario and Quebec

The third dataset used for this study contains the oldest
measurements taken by the GEOTOP-IPGP research team
in Quebec and in eastern Ontario between 1987 and 1992
(Fig. 1). As mentioned before in this paper, these measure-
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Fig. 8. Comparison of ground-surface temperature histories using
two different methods for the eastern Canada region.

ments were taken solely for heat flow studies and there is
very little documentation on the actual measurement sites.
Because of this lack of information, the analysis of the data
from this region was done only on the complete dataset, as
it was impossible to identify non-perturbed sites with cer-
tainty. Although a total of 137 boreholes had been mea-
sured, the complete dataset consists only of 28 usable bore-
holes because many of these boreholes are too shallow and/or
severely perturbed (Table 3). The reduced profiles are dis-
played on Fig. 7. Like in the other two regions, these pro-
files are quite inconsistent, but the average of all the reduced
profiles is not very different from those obtained in the other
regions. When we revisited some of these sites, we found out
that they were affected by non-climatic perturbations. Some
of these 28 boreholes would thus be rejected if we could ap-
ply the same strict criteria as in the other two regions.

The 28 temperature depth profiles were all individually in-
verted using the same parametrization as for the other regions
andǫ=0.1. The regional GSTH for eastern Canada was per-
formed by simultaneously inverting the complete dataset of
28 temperature depth profiles with a regularization parameter
ǫ=0.3. As for the other two regions, an average of individual
inversions was also performed in order to compare the two
methods as well as the effects of potential instabilities. Both
curves are plotted in Fig.8. The difference in amplitude of
the LIA minimum (1800 A.D.) between the joint inversion
and the average is similar to that observed in central Canada
and has the same explanation, the weight of the random non-
climatic perturbations minimizing the GSTH. Therefore, we
think that the LIA signal detected in eastern Canada is real.
For the recent past (past 60 years), there are differences be-
tween the two curves. The joint inversion yields a very un-
stable GSTH in the very recent past (recent most 60 years).
This is another indication that the shallow section of some of
the profiles is dominated by noise (i.e. non climatic effects).
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The regional GSTH obtained from the average of individual
inversions probably yields the best (i.e. most stable) GSTH
for that period, as the instabilities are canceling out in the
averaging process.

5 Discussion

The study was undertaken to compare different procedures
to process and invert a regional GSTH from borehole tem-
perature depth profiles, in particular: (1) Is it better to select
boreholes that are not affected by non climatic perturbations,
or does the noise from these perturbations cancel out? (2) Is it
better to perform a joint inversion of all the temperature depth
profiles than to average the results individual inversions? The
most important conclusion is that the results obtained by dif-
ferent procedures remain fairly consistent with each other,
and the differences between methods are less than the error
limits. Provided the inversions are carried out with sufficient
care, similar trends will be inferred from all the procedures.
This does not mean that they yield identical results. When
choosing a particular procedure, we are faced with the stan-
dard problem of the tradeoff between resolution and stability
of the inversion.

– Whenever possible, i.e. when the sites are well docu-
mented, it is much better to select temperature profiles
that are not perturbed by non-climatic effects near the
surface. Regardless of the method used (joint inversion
or averaging of individual inversions), the GSTHs have
higher resolution and are more stable than those of the
entire dataset.

– Because selected profiles are less noisy than all the pro-
files from a region and the resolution is determined by
the level of noise in the noisiest of the profiles, it is bet-
ter to invert jointly selected profiles. In other words, the
joint inversion of non selected profiles does not improve
at all the resolution which is degraded by the level of
noise of the noisiest profile. It increases the instability
because the eigen vectors in data space that correspond
to the large singular values sample the shallow part of
the profile that is most affected by the non-climatic per-
turbations. The resolution is improved by selecting pro-
files that are not affected by non-climatic signals.

– The average of all the GSTHs from a region has very
poor resolution. The individual inversions of all the pro-
files from a region always yield GSTHs that are very in-
consistent with each other. This supports the view that
the non-climatic effects are more or less random, but
these effects often overwhelm the climatic signal in the
individual inversions.

– This study comforted us in the opinion that few good
data always yield much better results in terms of resolu-
tion and stability than many low quality data. Whenever

possible, i.e. when there is a sufficient number of pro-
files that are well documented, a selection of profiles
should be made.

– It is worthwhile to compare the GSTH obtained by aver-
aging individual inversions and by joint inversion of the
selected profiles. When profiles are selected, individual
inversions yield consistent results. If each individual
inversion is optimized, the resolution of the average of
the individual inversions is better than that of the joint
inversion of the same profiles. Also, the average of the
inversions of selected profiles does not show large am-
plitude oscillations in the very recent past. It appears
that averaging individual inversions yields more stable
results than the joint inversion of the same profiles. In
particular, the amplitude of the oscillations in the aver-
aged GSTH during the 20th century is comparable to
that in the meteorological records.

– The comparison of GSTHs using complete and selected
temperature depth profiles, show no systematic warm-
ing trend due to non-climatic perturbations. If there
were systematic warming effects on these perturbed
profiles, these would be apparent in the different com-
parisons of GSTH techniques presented in this paper.
However, contrary to the suggestion by Lewis (1998),
there does not seem to be any sign of bias in the data
and no systematic warmer trend in the GSTH obtained
from all the profiles measured in a region than in that
obtained from selected profiles.

Determining the ground surface temperature history from
borehole temperature profiles in south-central and southeast-
ern Canada has been the object of many studies (Nielsen
and Beck, 1989; Beltrami and Mareschal, 1991, 1992; Wang
et al., 1994; Guillou-Frottier et al., 1998; Majorowicz et al.,
1999; Gosselin and Mareschal, 2003). Our results are consis-
tent with previous results, but because different approaches
were used to process the data, our study clarifies the prob-
lems of resolution and robustness of the regional GSTH. Our
results are consistent with each other but differ in resolution
with some trends that are well marked only with some meth-
ods.

– Regardless of the method used, there seems to be a
warming signal ranging between 0.5 and 1.0 K over
the past 500 years with some regions experiencing dif-
ferent warming rates. The LIA signatures obtained in
Manitoba-Saskatchewan and and in eastern Canada are
consistent and appear almost synchronous (with very
limited time resolution). This suggests that the LIA
occurred simultaneously across the central and eastern
parts of Canada.

– On the other hand, the LIA is not found in northwest-
ern Ontario, which is located between these two re-
gions. This point was also discussed by Gosselin and
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Mareschal (2003). Although the Ontario profiles are in
general noisier and shallower than those in Manitoba-
Saskatchewan, we do not believe that this explains the
absence of the LIA. Regardless of the depth or noise
level of the profiles, none of the individual inversions
shows the LIA cooling. Two boreholes (logged by the
Geological Survey of Canada in the early 1980s) located
in northwestern Ontario but more than 500 km to the
north of our study area do show a LIA signal. One pos-
sibility is that the LIA did not occur near Lake Superior
because the local climate is affected by the lake.

– All regional GSTHs performed with selected temper-
ature depth profiles show either a decrease or a stabi-
lization of the warming rate in the recent past (20–40
years ago) before the most recent warming. This is in
agreement with meteorological data from weather sta-
tions located in or near Central Canada, (as shown in
Fig. 10 from Gosselin and Mareschal (2003)). These
mean annual surface air temperature data, smoothed by
averaging over an 11 year window, show a cooling trend
from the 1940s to the 1970s. Despite the 20 year steps
used in the regional GSTHs and the difference between
surface air and ground surface temperatures, the GSTHs
from all three regions appear well correlated with mete-
orological data.

Overall, the best method to obtain a valid GSTH using
temperature depth profiles measured in boreholes seems to
be to 1) Carefully select boreholes for which all external per-
turbations other than climate have been ruled out 2) perform
a simultaneous inversion of the selected temperature depth
profiles selecting a regularization parameter adjusted to the
noise level and number of profiles used in the inversion and
3) in order to confirm the GSTH and remove any instabil-
ity caused by the inversion, also perform an average of in-
dividual inversions done on selected profiles with the lowest
possible regularization parameter.

6 Conclusions

In general, we find that selecting temperature depth profiles
that are not affected by surface conditions yields a GSTH
with the highest resolution. When profiles have been se-
lected, simultaneous inversion of all the profiles and aver-
aging of individual inversions yield almost identical results.

Simultaneous inversion of noisy temperature depth pro-
files usually fails to improve signal to noise ratio and turns
out to be very unstable. When profiles that are affected by
surface conditions can not be eliminated, it is preferable to
average the GSTHs of individual inversions. The resolution
is always poor but the average GSTH is stable.

All the temperature profiles and additional tables are avail-
able on the GEOTOP website at http://www.unites.uqam.ca/
geotop/geophysique/flux/index.htm.
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