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Deriving century-long trends of surface temperature

change from borehole temperatures

Shaopeng Huang', Po Yu Shen’, and Henry N. Pollack'

Abstract. We have employed a few-parameter estimation
(FPE) technique to derive information on past surface tempera-
ture variations from present-day borehole temperatures. Syn-
thetic experiments show that the FPE technique can separate
reasonably well information on century-long trends of surface
temperature change from borehole temperatures wnhu_n a wide
range of noise levels. The technique also allows a simple illus-
tration and comparison of the inversion results, both spatially
and temporally. We illustrate this technique by analyzing
seventeen borehole temperature profilés from eleven sites in
northeast USA and southeast Canada, utiliiing a ground surface
temperature model of five ramps of century-long duration.

Introduction

Many recent efforts in deriving climate information from
borehole temperatures have been focused on reconstructing a
ground surface temperature history as a smooth arbitrary
function over the whole time window of interest [e.g.,
Beltrami and Mareschal, 1991, MacAyeal et al., 1991, Shen
and Beck, 1991, 1992; Wang, 1992; Wang ef al., 1992; Wang
and Lewis, 1992; Beltrami et al., 1992; Harris and Chapman,
1995; Shen et al., 1995a,b; Clauser and Mareschal, 1995]. We
call such an approach an arbitrary function reconstruction
(AFR). Here we present our experiments with a simplified
approach, an estimation technique in which we characterize a
general pattern of surface temperature variation with only a few
parameters. These parameters ' include a reference baseline
temperature (the long-term mean surface temperature existing
prior to recent temperature excursions) and the average rate of
temperature change over a few pre-selected time intervals. The
true ground surface temperature history is thus approximated
by several ramps of temperature change. ‘

The main considerations which lead us to utilize this few-
parameter estimation (FPE) technique include:

1. The resolving power of a borehole temperature profile for
ground surface temperature reconstruction. Because of the
amplitude attenuation of thermal diffusion and the inevitable
presence of observational and representational noise in
borehole data [e.g., Lewis and Wang, 1992; Shen et al.,
1995a], a robust estimation can often be made for only a few
parameters such as the trend, duration and the overall amplitude
of the ground surface temperature change in the past [Clow,
1992; Chisholm and Chapman, 199_2; Shen et al, 1995a;
Beltrami and Mareschal, 1995].
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2. The need to simplify and standardize the procedures for
the reconstructwn of ground surface temperature history. The
problem of inverting borehole temperatures to yield a ground
surface temperature history is an ill-posed problem, and
therefore some constraints are required for a stable solution to
emerge from data processing. As a consequence of this,
inversion results are to some degree technique and researcher
dependent [Beck et al., 1992; Shen et al.,, 1992; Shen et al.,
1995a,b]. To allow a more consistent compariéon of
geothermally derived climate information, some kind of
standardization of surface temperature reconstruction is
desirable. But the standardization has not been an easy task in
an AFR [Shen et al., 1995a, 1995b], partly because of the high
degrees of freedom in representing a ground surface temperature
history. We hope that the FPE technique will serve as a step
towards the standardization of reconstruction, by identifying
and estimating fewer parameters for comparison.

3. Convenience in comparing results. An AFR technique
attempts to reconstruct a ground surface temperature history at
time scales and degrees of detail that vary with time. But in
many cases, particularly in a continent-wide or global study,
one wishes to compare only general features instead of the
details of ground surface temperature histories obtained from
different areas. The FPE technique, which seeks only a few
century-long trends of temperature change, will allow an easier
comparison and illustration of the results.

A special case of a ground surface temperature model with
few parameters is that of a simple power function given by
Carslaw and Jaeger [1959] and applied by Cermak [1971] and
Lachenbruch and Marshall [1986]. It is of course possible to
make any of the AFR techniques an FPE technique by
employing only a few time intervals in a time domain method,
or a few frequencies in a spectral approach. Our algorithm
combines the simplicity of specifying the functional form of
the surface temperature history (century-long linear trends)
while retaining the power of the Bayesian estimation
incorporated in several of the AFR methods. It allows for (a)
several ramps of temperature change with different amplitudes
and trend directions, ' (b) representation of the subsurface as a
layered medium, and (c) simultaneous estimates of the steady-
state heat flow and the long-term mean surface temperature,
along with the interval trends.

Theoretical Framework

The formulation of the FPE problem is both a simplifica-
tion and an extension of the functional space inverse formula-
tion of Shen and Beck [1991]): In addition to representing the
ground surface temperature history with a sequence of fixed
interval ramp changes, we make two further simplifications:
First, we treat the specific heat capacity and the heat produc-
tion rate of the subsurface rocks as known quantities. This
greatly reduces the size of the model to be estimated without
much sacrifice, because heat capacity and heat production play
only minor roles in the inverse problem [Shen and Beck,

257



258

1992; Shen et al., 1992]. Second, although in computing the
steady-state the subsurface is taken as an arbitrarily layered
medium with depth-dependent thermal conductivity and heat
production rate, in computing the perturbation to the borehole
temperature profile due to ground surface temperature changes
the thermal diffusivity of the rocks is taken as a constant,
determined by the mean thermal conductivity and mean
volumetric heat capacity. This approximation allows analyti-
cal expressions in the forward calculation, without significant
impact on the estimation of century-long trends.

For ramp changes in ground surface temperature, model
parameters to be estimated are the ramp amplitudes and
durations, the long-term mean surface temperature, the steady
state basal heat flow density, and the thermal conductivities.
The inverse formulation is a straightforward application of the
nonlinear least squares inverse theory of Tarantola and Valette
[1982a,b] and Tarantola [1988]. To avoid the trade-off between
the ramp amplitude and the ramp duration [Chisholm and
Chapman, 1992] and for the convenience in comparing the
results, we fix the starting times of the ramps at the turning of
the centuriés. In so doing, we explicitly focus only on century-
long trends of the surface temperature variation. To be sure,
there are other time intervals of climatologic interest, such as
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decadal or millennial, that one might argue are equally
important. However, at the decadal scale the geothermal
approach can offer little insight into climatic variability that
is not already present in the meteorologic record, while for the
millennial scale many boreholes are not deep enough to
provide robust estimates. We feel that century-long trends
effectively exploit the information available in most
boreholes. Moreover, in the context of relevance to the global
warming debate, the global meteorological record is only a
little more than a century long, and yields to the first order the
global temperature trend for only the 20th century. Although
the true ground surface temperature variation in the past may
not be precisely expressed by a few century-long ramps,
nevertheless they comprise a reasonable and useful
approximation to what we can expect to retrieve from borehole
temperatures, given considerations of resolving power [e.g.,
Clow, 1992; Beltrami and Mareschal, 1995].

In the following sections, we present some results of a
synthetic experiment with this FPE technique and some field
data examples from northeast USA and southeast Canada. The
synthetic experimental results of the FPE will be compared to
that of the AFR technique based on the same functional space
inverse theory [Shen and Beck, 1991; 1992]. Shen et al
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Comparison of the synthetic experimental results from the few-parameter estimation technique and the arbitrary

function reconstruction technique at three noise levels: noise free (top), + 10 mK (middle), and + 100 mK (bottom). Dotted line
shows the surface temperature signal used to generate the synthetic borehole temperatures.
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[1995a,b] have shown that the numerical constraints imposed
on data processing will affect the degree of both signal
extraction and noise suppression and, hence, a ground surface
temperature reconstruction. In this paper, we consistently use
a set of constraints suggested by Shen et al. [1995a] and our
unpublished experiments. This set of constraints is determined
in terms of the relative number and spatial density of the
borehole data, and is considered optimal for the noise level
encountered in typical field settings.

Synthetic Experiments

One of our synthetic experiments is based on the annual
series of surface air temperature of De Bilt in the Netherlands.
This record covers an interval from 1705 to 1980, one of the
longest meteorological records in the world. Although
technically this air temperature time series may not be without
flaws because of instrumental and site changes over the years,
it serves well for the purpose of illustrating the FPE method.
We used this annual air temperature time series to generate a
synthetic "climate-perturbed" borehole temperature profile.
Different levels of random noise were then added to the profile,
and the data were then inverted with both the FPE and AFR
methods. In the FPE method we used a three ramp model with
starting times at 1700, 1800, and 1900, respectively. We
considered three gaussian noise levels in these synthetic
experiments: (a) noise free, (b) £ 10 mK (standard deviation),
and (c) * 100 mK, respectively representing idealized,
excellent, and fair field observations. At each noise level, we
generated twenty synthetic borehole temperature profiles each
with a different realization of noise sequence, and inverted
them, using a standard set of inversion constraints throughout.
For comparison, results from both FPE and AFR techniques are
shown side by side in Figure 1. At the noise-free level, both
FPE and AFR techniques capture the general features of the true
surface temperature history very well. At the 10 mK noise
level, the twenty ground surface temperature histories inferred
by the FPE remain almost identical, and although there are
slight differences among the AFR results, each single AFR
inversion has captured the essential features of the true surface
temperature history reasonably well. However, when the noise
level is further increased to 100 mK, differences in isolating
climate-related information with the two approaches becomes
apparent. Individual inversions by the FPE still give a good
estimate of surface temperature change in the past, with results
from different profiles comparing fairly well with each other.
By contrast, the results from the AFR are much more scattered,
and there is a greater chance that a single AFR may
misinterpret the ground surface temperature history. AFR is of
course capable of yielding better results with much less scatter
than those shown in Figure 1, but achieving a more consistent
set of reconstructions requires an adjustment of inversion
constraints at each noise level [Shen et al., 1995a], i.e.,
proper use of the AFR requires greater user sophistication. By
contrast, the FPE functions reasonably well using a standard
set of inversion constraints over a wide range of noise-levels,
because the form of the surface temperature variation is pre-
specified. It is therefore simpler to use and more immune to
improper application than is the AFR, an attribute that
commends its use as a standardized inversion procedure.

Field Examples from USA and Canada

We invert seventeen sets of borehole data from eleven sites
in northeast USA and southeast Canada to serve as field
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Figure 2. Location map (bottom) of selected sites in north-
east USA and southeast Canada and the inferred average century
rates of surface temperature change for 1500s, 1600s, 1700s,
1800s, and 1900s (from second to the bottom). The number
inside a circle in the location map is the number of temperature
profiles at the corresponding site. The rate of surface tempera-
ture change is shown by the height of the column in the upper
five panels. White represents warming, and black represents
cooling.
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examples of the FPE technique. The eleven temperature
profiles from northeast USA include six logs measured in New
England in 1964 and 1965 [Birch et al., 1968; Decker and
Roy, 1974], two logs taken in Maine in 1978 by Decker
[Decker, per. comm.], and profiles of three of the New England
boreholes relogged in 1991 [Stepaniak et al., 1992]. The six
temperature logs in southeast Canada are among the field data
analyzed by Wang et al. [1992] and subsequently reprocessed
by Shen et al. [1995a] for ground surface temperature history
reconstruction. In the analysis of the field data, we used a five
ramp model to represent the century long trends of surface
temperature change. The six panels of Figure 2 from bottom to
top respectively show the location map of the selected sites
and the inferred average rates of surface temperature changes
for the 16th through 20th centuries. Despite the diminished
resolution towards the more remote past because of the
attenuation of the climate signal in nature and the necessary
smoothing imposed by the inversion procedures, these results
show that cooling was not an unusual phenomenon in the
eastern part of this region in the 16th century. However in
subsequent centuries, particularly in the 20th century, warming
has become the dominant phenomenon. These results are
comparable to earlier results obtained with an AFR technique
[Pollack et al., 1993; Shen et al, 1995a). Figure 2 also
illustrates the simplicity of display that derives from the FPE
technique, allowing synoptic views of both spatial and
temporal trends. Additionally, century-long trends are easily
tabulated quantities that make borehole results readily
available for use by meteorologists, climate modellers and
those estimating temperature trends by proxy methods.
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