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ABSTRACT

Borehole temperature logs have been inverted to infer ground
temperature histories (GTH) in eastern and central Canada. Regional
ground temperature histories were obtained by simultaneous inversion
of several temperature profiles from the same areas. Simultaneous
inversion of 21 temperature logs sampled across all of eastern and
central Canada yielded an average solution for this region. Allbut three
of the studied sites show signs of warming in the last 150 years. This
period of warming, which started after 1800 Ap, was found throughout
this part of Canada. The warming followed a cooler period
corresponding to the little Ice Age. The inferred ground temperature
histories exhibit long-term trends similar to those obtained from tree-
ring growth indices in nearby regions and stable isotope data in the
southern hemisphere. The modern warming appears correlated with
the atmospheric concentration of CO, as measured in ice cores.

Terra Nova, 5, 21-28, 1992,

INTRODUCTION

Analyses of meteorological records
(Hansen and Lebedeoff, 1987; Jones et
al., 1986) indicate that global surface air
temperatures have been rising steadily
in the last century. The evaluation of
possible effects of anthropogenically
induced changes of the Earth’s climate
has been hampered by a lack of long-
term records of climatic variations and
by problems with the existing meteoro-
logical data (Karl et al., 1989; Elsner and
Tsonis, 1991; Ghil and Vautard, 1991;
Willmott ef al., 1991). Itis possible, how-
ever, to determine long-term changes of
the ground surface temperature by
studying the perturbations to the equi-
librium temperature profiles commonly
measured for heat flow density deter-
mination (e.g. Beck, 1977; Shen and
Beck, 1983; Lachenbruch and Marshall,
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1986; Beltrami and Mareschal, 1991;
Wang, 1992).

This note summarizes the results of
analysis of a large set of geothermal data
in central and eastern Canada. Evidence
was found for the existence of the Little
Ice Age in these regions and a deeper
borehole indicates the existence of an
earlier warm period that might be as-
sociated with the climatic optimum re-
ported by several historical and proxy
data in Europe (Lamb, 1972, 1977). H-
nally, these results are compared with
an 802-year long tree-ring index time
series in Québec, a tree-ring temper-
ature reconstruction for the northern
part of the North American continent,
the 8%0 ratios measured in the
Quelccaya summit ice core and the at-
mospheric CO, concentration as de-
termined in a Greenland ice core. It
appears that ground temperature histor-
ies (GTH) inferred by inversion of geo-

thermal data provide a good estimate of
the long-term trends in past climatic
variations and their spatial variability.

DATA

Borehole temperature data, covering
an irregular extension of about 2000
by 500 km in southeastern and central
Canada, have been assembled. The dis-
tribution of the data in this region,
which extends from Saskatchewan to
Newfoundland, is displayed in Fig. 1.

The data set consists of more than
200 temperature profiles, distributed
among 53 sites. Temperature measure-
ments were carried out using calibrated
thermistors with a precision of about
2 mK. Thermal conductivity measure-
ments are available for most of the
boreholes, although not always in the
upper-most section, where the temper-
ature perturbations are largest. When
thermal conductivity measurements are
not sufficient, the lithological logs have
been consulted in order to check for
variations of thermal conductivity; if
such variations do not appear likely, an
average value of the thermal conduct-
ivity has been assumed for this temper-
ature log.

Several criteria have been used to
select the final data-set to be analysed
and interpreted. First, the temperature
profiles were examined to visually
identify obvious disturbances due to
ground-water flow. The boreholes loc-
ated in or near urban centres have also
been discarded since it is expected that
the ‘natural’ recent climatic signals
would be masked by the urban heat is-
land effect or by man-made disruptions
of the surface environment, which can
result in 1-2°C surface temperature in-
crease. Secondly effects of topography
have been taken into account in order to
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Fig. 1. Locations of sites and data used in this study. Solid lines surround the regions for which an average ground temperature history was

calculated.

avoid biasing the results; care has been
taken to discard boreholes located in S-
facing and N-facing slopes (Blackwell
et al., 1980), which can give rise to dif-
ferent snow-cover regimes. Boreholes
located near or under bodies of water
have not been used in the analysis since
the effects of lateral heat conductions
are not easily eliminated and often ex-
ceed the effect of recent surface warm-
ing. Finally, care has been taken to
identify and avoid temperature logs
from boreholes located near mining
shafts since they are usually affected
by ground water flow and drop of the
water table level resulting from mine
water pumping. A total of 120 temper-
ature logs have been retained for
analysis.

The geothermal data have been pub-
lished elsewhere (see Jessop et al., 1984;
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Mareschal et al., 1989 and Pinet et al.,
1991 and references therein).

INVERSION

The temperature at depth z, T(z), can be
written as the superposition of the equi-
librium temperature and the perturbation
Tyz) included by the time-dependent
surface temperature condition:

T(z) = TotqoR(2)+Td2) V)

where Ty is the equilibrium surface tem-
perature, gpis the surface heat flow dens-
ity and R(z) is the thermal depth between
the surface and depth z, given by:

[ dz
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where k(z) is the thermal conductivity.

The present subsurface temperature
perturbation Ty(z) in a semi-infinite solid
with surface temperature history Ty(f),
where ¢ is time before present, is given
by (Vasseur et al., 1983):
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where x is the thermal diffusivity.
Equation 3 can be evaluated for vari-
ous surface temperature history model
functions. A series of instantaneous
changes of the surface temperature AT
at times k, before present yields the ex-
pression (Carslaw and Jaeger, 1959):

Z

N
T(2) = ; AT erfe 77— @




GROUND TEMPERATURE CHANGES

IN EASTERN CANADA

where erfc is the complementary error
function. Such perturbations are at-
tenuated with depth and their depth of
penetration depends on the duration of
the temperature change. For the daily
and annual temperature cycles, the sub-
surface perturbation decays to 1/e of the
surface amplitude in about 0.2 and 3 m,
respectively.

Because short-period variations are
filtered out by the Earth, the surface
temperature can be approximated by
the average surface temperature over K
time intervals of equal duration A, i.e.

To(t) = Th(k-DA =t < kA, k=1,....K
Equation 1 can then be written as:
0; = ApXi ©)

where ), is the measured temperature
at depth z;, X; is a vector containing the
unknowns {Ty, go, T1,. . ., Tiland Ajisa
matrix each row of which contains 1 in
the first column, the thermal resistance
to depth z;in the second column, and K
elements formed by evaluating the dif-
ference between complementary error
functions at times I, ; = (k~1) A and
t)( = kA:

3 3 )
Ajk+2 = erfc { Zwt—k:} — erfc [ 2@}

The system of linear equations ob-
tained is usually ill-conditioned. It can-
not be solved for all the unknowns and
some of the unknowns are too sensitive
to small variations in the data (i.e. noise
and errors). One of the standard solu-
tion techniques is the singular value
decomposition (SVD) (Lanczos, 1961;
Jackson, 1972; Menke, 1989) which con-
sists of determining the linear combina-
tions of unknown parameters most
sensitive to the data. The application of
SVD to the analysis of climatic signals
in borehole temperature data is de-
scribed by Mareschal and Beltrami
(1992).

The inversion scheme used in this
analysis performs well for the quality
of the existing data. Figure 2 shows a
simple example of the robustness of the
inversion. The solid line shows an arti-
ficial GTH consisting of a 1 K ground
surface temperature increase occurring
300 yr Bp. The dashed line represents
the GTH recovered by inversion for a
model of fifty 10-yr constant temper-
ature intervals with noise-free data and
the dotted line represents the GTH re-
covered from the same artificial surface
history with a 0.02 K noise level added
to the subsurface temperature profile.
Tests of the robustness of this inversion
and comparison with other methods
are reported by Wang et al. (1991), Shen

(6)  etal (1992) and Beck et al. (1992).
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Fig. 2. Reconstructed GTH (long dash line) from artificial noise-free and artificial noisy
(dotted line) and true (solid line) ground temperature history consisting of 1°C
temperature increase 300 yr before present. The absolute value of the cutoff for singular
values was set at 0.000001 and 0.01 for the noise-free and noisy data, respectively.

RESULTS FROM INVERSION

The model chosen for reconstructing
ground temperature histories by inver-
sion of single and multiple temperature
logs consists of 50 equally spaced 20-yr
time intervals. The absolute value of
the singular-value cutoff has been set
at 0.025. A high singular-value cutoff
reduces the resolution (Jackson, 1972).
The singular value cutoff was selected
by finding the optimal variance-resolu-
tion trade-off.

The great majority of the boreholes
deeper than 500 metres analysed in this
area show a clear signal interpreted as a
cold period with a minimum at c. 1800
AD, commonly identified as the Little Ice
Age (Grove, 1988). Temperature logs
from individual boreholes were analysed
and site-average solutions were ob-
tained by Beltrami et al. (1992). From the
25 sites with deep boreholes that were
analysed, 20 contain a signal of the Little
Ice Age and 5 remain inconclusive.

Since all these sites yielded qualitat-
ively and quantitatively similar solu-
tions, it can then be assumed that the
same forcing factors were responsible
for similar behaviour over wide areas.
That is, the region as a whole has been
under the influence of similar climatic
conditions for at least the last five cen-
turies. Therefore, it is appropriate to
invert the temperature perturbations
from several boreholes, over a large
area, simultaneously. This procedure is
equivalent to averaging the temper-
ature perturbation at each depth. If the
noise is not coherent, this approach
improves the signal-to-noise ratio and
thus the stability of the solution.

The results of several such regional
averages are shown in Fig. 3. The aver-
age solution for Newfoundland was ob-
tained by the simultaneous inversion of
two temperature logs; Québec, 8 logs;
western Ontario, 8 logs; northwestern
Ontario, 3 logs; and northern Manitoba
6 logs. The solution for Nova Scotia was
calculated from the inversion of the
single available deep temperature log
in that area. Although shallower Nova
Scotia boreholes indicate the same re-
cent warming as that inferred from the
deep boreholes, they are not sufficiently
deep to reveal temperature variations
before the last 200 years and are not
included in the regional average.

These solutions appear similar, with
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Fig. 3. Average ground temperature histories for several regions of Canada. (a) Newfoundland (2 logs), (b) Nova Scotia (1 log), (c) Québec
(8 logs), (d) Western Ontario (7 logs), (e) Northwestern Ontario (3 logs), (f) Northern Manitoba (6 logs).

the exception of northern Manitoba.
These similarities suggest that a com-
mon forcing has acted upon a large area
of southeastern Canada. Accordingly,
21 temperature logs from all regions ex-

cept northern Manitoba were inverted
simultaneously to yield an estimate of
the average ground temperature history
for a wider area. The resulting average
GTH for southeastern Canada is shown
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Fig. 4. Average ground temperature history for all regions of eastern Canada below
50°N latitude. This solution was obtained from the simultaneous inversion of 21

temperature logs.
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in Fig. 4.

The approximate timing (beginning
of the 20 year period) and magnitude
of the temperature at the minimum of
the Little Ice Age and the ‘modern’
maximum as inferred from each re-
gional inversion are shown in Table 1.
The temperature change ranges are
about 3°C for most regions and 1°C in
northern Manitoba. Most of these
changes occurred within 140 years; only
Newfoundland and northern Manitoba
show a temporal interval between
minimum and maximum of 100 years.
While the cooling at the beginning of
the Little Ice Age appears to have been
gradual (this is, in part, due to decreas-
ing resolution of geothermal data) the
warming after recovery from the Little
Ice Age minimum shows an amplitude
much larger than the former. This
leaves pending the question of the role
of anthropogenic activities after this
time.

All solutions shown above have in
common a significant warming during
the last 200 years. This is confirmed by
all but three of the 54 (shallow and deep)
sites analysed in Canada, which show a
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Table 1. Timing of maxima and minima for the regional and total
average ground temperature histories as inferred from inversion.
Times given indicate the beginning of the 20-yr time interval.

Region Minimum Maximum Range

t T t T AT  Ayr

yn O yn O (O
Newfoundland 1822 -1.8 1922 0.8 2.6 100
NovaScotia 1757 -1.1 1897 1.8 29 140
Québec 1797 -1.3 1937 2.7 4.0 140
Western Ontario 1790 -0.9 1930 1.8 2.7 140
N. West Ontario 1810 -1.2 1950 2.1 3.3 140
N. Manitoba 1830 0.3 1930 0.8 1.1 100
Eastern Canada 1816 -1.0 1950 1.9 29 140

clear indication of warming starting
some 150-200 yr P (Beltrami and
Mareschal, 1991, 1992; Beltrami et al.,
1992). It should be borne in mind, how-
ever, some of the inferred warming,
from boreholes of various depths,
corresponds to a ‘recovery’ from the
earlier cold period.

DISCUSSION

The different GTH for northern Manitoba
has been confirmed by the solutions
found by inverting each temperature

log individually (Beltrami et al., 1992). It
is clear that the cold period c. 1850 D is
less pronounced in magnitude and in
temporal length than are the other re-
gional averages. Thus, this regional so-
lution appears unmistakably different
from the rest of the regional GTHs. The
gross features of this curve are in agree-
ment with temperature reconstruction
carried out by Jacoby and D’Arrigo
(1989) and D’Arrigo and Jacoby (1992)
from dendrochronological data in
northern North America. Figure 5a
shows the regional solution for north-
ern Manitoba from the period 1600 AD to
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Fig. 5. (a) GTH for northern Manitoba; part of the GTH in Fig. 3f. (b) Air temperature

reconstruction for northern North America from 7 dendrochronological series (D" Arrigo and

Jacoby, 1992).

the present, together with air temper-
ature reconstruction for the northern
part of North America (Fig. 5b) from
seven dendrochronological series by
D¥Arrigo and Jacoby (1992). The gross
features of the temperature record are
recovered by the GTH although the
comparison cannot at this point be car-
ried out further since the quantities rep-
resented by this curve are different
(i.e. reconstructed air temperature and
inferred ground temperature). Other
single-site air temperature reconstruc-
tions from tree-rings in lower latitudes
in Canada or northern United States
show rather different histories in agree-
ment with the ground surface temper-
ature histories found here for near-by re-
gions. For example, Fig. 6 shows part of
the regional solution for northwestern
Ontario (a) and two single-site annual
air temperature reconstructions from
tree-rings (Fritts, 1991) for (b) Marquette
and {c) Alpena. Although these temper-
ature reconstructions show differences
among themselves, they are clearly
closer to each other than to the northern
North America temperature reconstruc-
tion. These relations point to different
kinds of air temperature histories —and
maybe climate — for different areas as in-
dicated by the ground temperature his-
tories inferred here. Ground tempera-
tures are (in regions with snow cover)
determined mainly by the number of
days with snow on the ground in Spring
and Fall and by the air temperature re-
gime (Beltrami and Mareschal, 1991);
ground temperature is a climatic change
indicator since it integrates the effects of
the surface air temperature and the pre-
cipitation regime. Thus the comparison
suggested in Fig. 5 and Fig. 6 must be
made with caution, particularly where
single-site air temperature reconstruc-
tion is concerned since its representativ-
ity might be local.

Figure 7 shows the average ground
temperature history for eastern Canada
(7a), the tree-ring indices 20-year run-
ning mean with 10-year shifts for a 802-
year time series from southern Québec
(7b) (Archambault and Bergeron, 1992),
the atmospheric CO, concentration as
determined by Wahlen et al. (1991) from
a Greenland ice core (7c), and the bi-de-
cadal 8'80 ratios found by Thompson et
al. (1986) in a southern hemisphere ice
core (7d).

The agreement between the growth
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index and the average GTH for the last
five centuries is good; both curves show
similar trends for long-term changes.
Earlier features and short-term varia-
tions recorded in the tree-ring data, are
not expected to be resolved by the
geothermal data because of their de-
creasing resolving power. This agree-
ment is not surprising since ground
temperatures might have an important
effect on tree-ring widths (Archambault
and Bergeron, 1992). Dendrochrono-
logy would thus provide an appropriate
tool for verification of the gross features
of GTHs determined from the geo-
thermal measurements.

The ground temperature changes in-
ferred by this study appear to be cor-
related with the atmospheric CO,
concentration (Beltrami and Mareschal,
1992). Measurements of methane con-
centration in an antarctic ice core follow
the carbon dioxide trends (Etheridge et
al., 1988). The timing of the temperature
minimum during the Little Ice Age (c.
1800 AD) coincides with the increase in
the concentration of atmospheric CO,
(c. 1810 aD). The causality relation can-
not be clarified at present, but it is clear

that the atmospheric CO, before 1800 Ab
was lower than present. The apparent
lack of significant change in the atmo-
spheric concentration of this greenhouse
gas before 1800 Ap, if confirmed by new
ice core data could imply that global tem-
perature changes can occur without a
change in the atmospheric content of
this gas. If atmospheric CO, concen-
tration variations have accompanied the
Little Ice Age one would expect this phe-
nomenon to have had a worldwide
character, as suggested by climatic data
(Lamb, 1977; Thompson et al., 1986) (i.e.
changes would occur simultaneously)
and would significantly complicate the
quantitative identification of anthro-
pogenic influences on climate. More
data are needed to verify whether atmo-
spheric CO, was higher before 1500 AD.
Finally, the increase in ground tem-
perature in northern Manitoba lags the
atmospheric CO, increase.

The GTH for eastern Canada also
appears to be correlated with the 80
record in the southern hemisphere.
Although this proxy indicator does not
directly translate into air-temperature
variations since it represents the tem-
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Fig. 6. (a) GTH for western Ontario; part of the GTH in Fig. 3d. (b) Single-site air
temperature reconstruction from tree rings at Marquette (46°33N, 87°24W). (c) Single-site
air temperature reconstruction from tree rings at Alpena (45°04N, 83°26W).
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perature at the time that precipitation
actually occurred (Grootes and Steig,
1992), the similarities of these curves is
surprising and furthermore, they
suggest that the factors affecting the
temperature changes have acted
worldwide.

The results shown here have not been
compared with meteorological records of
air temperature, since the ground tem-
perature cannot be readily translated into
air temperature variations, and since
the meteorological records in these
areas hardly covers 100 years. Nonethe-
less, the western Ontario GTH obtained
from geothermal data recovers the mag-
nitude of this century’s warming in
eastern Canada (= 1°C) according to the
only rural station with a long, usable
record (Parry Sound) (data from Envir-
onment Canada).

A solution from a deeper borehole in-
dicates, in addition to the Little Ice Age,
that a warm period existed around 1000
AD (Fig. 8). Such a warm period, the
Climatic Optimum, has been extens-
ively documented in Europe (Lamb,
1977). The timing and magnitude of the
warm event remains uncertain since
this GTH was obtained from the inver-
sion of data from a single, isolated bore-
hole temperature log with no thermal
conductivity measurements in the first
200 m, but a similar warm event has been
inferred from two deep boreholes in
France (Mareschal and Vasseur, 1992),
and in a deep borehole in Canada
(Wang, 1992).

CONCLUSIONS

The regional ground temperature his-
tories presented here and their agree-
ment with nearby tree-ring indices,
stable isotope records from the south-
ern hemisphere and the atmospheric
concentration of CO,, give support to
the use of geothermal data for the infer-
ence of past climatic changes.

The agreement between two ‘types’
of GTH obtained in this work with tree-
ring temperature reconstruction and
tree-ring indices indicate that GTH are
also useful for recovering the spatial
variation of past climate and confirm the
regional variation in timing of the Little
Ice Age.

The period of warming that started
in the early 1800s (1830 AD in northern
Manitoba) appears correlated with the



GROUND TEMPERATURE CHANGES IN EASTERN CANADA
S 1000 1200 1400 1800 1800 2000 Years ap
o T T T T T 1174 1374 1574 1774 1974
s B[ (a) 1 2 4 Y T T y
g 3 T
< 1+ 1 1 2k 4
4 I+ J
3 | .
g 0 0 ok _
[

g -t} -1 e .
K L 1 L L L 2 (a) -
v r v 1 r p— 1 1 L 1

1000 800 600 400 200 o]
b4
° 26. a74 974 1474
£ o 4 T T T T
o e AD
£ © 3 T
3 g 2
2
] 1
. 9:‘3 0
320 , ‘ , . , sz0 § |
3
sto | (c) iT {310 ¢ 1
’é §g 2 L L I L
& 800 43800 2500 2000 1500 1000 500 o]
g\. 290 | i . 4 200
[ b 2028 1026 CH
© gs0} L i i;ﬁ l | 280 4 : , 2 = L
270 L | L | L 270 3
-18 T T T T T ~-18 2|
(d)
-1} H4-17 0
)
@ -18 | 1-18
7]
‘ _3 i L L L
-19 1-19 5000 4000 3000 2000 1000 o]
—20 ) , ’ l ) -20 Time (yr 8p)
1000 1200 lYADD 1600 1800 2000 Fig. 8. Ground temperature history from a deep borehole in Gaspé
eqars Ap

Fig. 7. (a) Ground temperature history for Canada. This solution
was obtained by simultaneous inversion of twenty-one (21)
temperature logs in the area. The standard deviations of the
estimated parameters for an assumed data standard deviation of 0.02

(Québec) with different parameterizations and time scales. The
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borehole. Note that the timing of the temperature minimum is not
affected by the parameterization.
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10-year shifts. (c) Atmospheric CO, concentrations as obtained from
a Greenland ice core. (d) Radio of 80 (bi-decadal averages) in an ice

core from the Quelccaya summit ice core.

atmospheric concentrations of car-
bon dioxide and methane. Resuits also
indicate that the climate has been sub-
jected in the past to natural oscillations;
whether or not these variations have al-
ways been accompanied by changes in
the atmospheric CO, concentration re-
mains to be determined. This question
could be answered by measurements of
atmospheric CO, before 1500 AD. This
would open the door for the investiga-
tion of the role of the ocean in short-
term (1001000 yr) climatic change and
could reconcile biotic CO, sources
with ice-core data (Enting, 1992).

Results suggest that temperature
measurements in  well-located drill
holes could be used to complement the
information on recent climatic changes.
Continuous monitoring with perman-
ent facilities would improve resolution,
as well as remove transient effects
from surface temperature changes and
promote further understanding of
air-ground temperature relations. A
worldwide record of thermal his-
tory of the ground could be useful for
the validation of general circulation
models predicting climatic evolution
and as a complement to the meteorolo-

gical record and other proxy climatic
indicators.
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