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For an accurate assessment of the relative roles of natural
variability and anthropogenic influence in the Earth’s climate,
reconstructions of past temperatures from the pre-industrial as
well as the industrial period are essential. But instrumental
records are typically available for no more than the past 150
years. Therefore reconstructions of pre-industrial climate rely
principally on traditional climate proxy records'™, each with
particular strengths and limitations in representing climatic
variability. Subsurface temperatures comprise an independent
archive of past surface temperature changes that is complemen-
tary to both the instrumental record and the climate proxies. Here
we use present-day temperatures in 616 boreholes from all
continents except Antarctica to reconstruct century-long trends
in temperatures over the past 500 years at global, hemispheric and
continental scales. The results confirm the unusual warming of
the twentieth century revealed by the instrumental record®, but
suggest that the cumulative change over the past five centuries
amounts to about 1 K, exceeding recent estimates from conven-
tional climate proxies®~. The strength of temperature reconstruc-
tions from boreholes lies in the detection of long-term trends,
complementary to conventional climate proxies, but to obtain a
complete picture of past warming, the differences between the
approaches need to be investigated in detail.
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The thermal regime of the uppermost continental crust is
determined in part by the outward flow of heat from the deep
interior of the Earth and in part by fluctuations of temperature at
the surface. In homogeneous rock and in the absence of changes at
the surface, the temperature in the subsurface increases linearly with
depth, at a rate which is governed by the magnitude of the terrestrial
heat flow and the thermal conductivity of the rock. Fluctuations of
surface temperature propagate downward into the rock as attenu-
ating thermal waves superimposed on the temperature profile
associated with the deeper heat flow. The depth to which disturb-
ances can be observed is determined by the amplitude, duration and
spectral composition of the temperature change at the surface.
Owing to the generally low thermal diffusivity of rock, propagation
of climate signals in the subsurface is slow. Following a change in
temperature at the surface, it takes about 100 years for the perturba-
tion to reach a depth of 150 m, and 1,000 years to reach 500 m depth.
Complications in reconstructing a ground surface temperature
(GST) history from subsurface temperature data can, however,
arise from various non-climatic disturbances’ that perturb subsur-
face temperatures.

We have assembled a database of borehole temperatures for
climate reconstruction®. The database currently contains 616 bore-
hole temperature profiles that meet certain quality-control criteria;
453 are in the Northern Hemisphere and 163 in the Southern
Hemisphere. These borehole sites (Fig. 1) sample all continents
except Antarctica, although the geographical distribution of the
sites is uneven. The borehole temperatures in this global database
were typically measured at 10-m depth intervals to depths as great as
600 m.

The reconstruction of a GST history by inversion of subsurface
temperatures has its foundation in the theory of heat conduc-
tion’™"". Because of the diffusion of the climate signal through the
rocks, a geothermal climate reconstruction is characterized by a
progressive inability to resolve the details of climate excursions in
the more remote past'>""*. For inverting subsurface temperatures to
yield a GST history, we use a bayesian estimation technique'” that is
a simplification and extension of the functional space inversion
formulation of Shen and Beck'’. Rather than treating the GST
history as an arbitrary function of time, we have chosen to para-
metrize the reconstruction simply, in terms of century-long rates of
change over the past five centuries. This simple parametrization
leads to a very smooth GST reconstruction. The absence of shorter-
period representation in the reconstruction, however, is offset by a
reduction of variance in the estimated century-long rates, and by the
ease with which these rates may be compared to corresponding
quantities that emerge from analyses of the instrumental record. If
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Figure 1 Location map of the boreholes where subsurface temperature measurements
have been analysed to reconstruct a ground surface temperature (GST) history. The
numbers of boreholes on each continent are respectively 245 (North America), 16 (South
America), 146 (Europe), 92 (Africa), 60 (Asia), and 57 (Australia).
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climate-change trends do not coincide closely with the calendar
centuries, such as when a natural century-long trend straddles two
calendar centuries, the inversion will attribute part to one century
and part to the other, thus creating a temporal smearing of the
temperature trend. In the inversion we employ an a priori null
hypothesis for the GST history; that is, an initial estimate that there
has been no climate change. This is a conservative hypothesis that is
also fully independent of any extant models of climate change. As
resolution diminishes further back in time, the null hypothesis
becomes more difficult to reject.

Of the 616 borehole temperature profiles we analysed, 479 show a
net warming over the past five centuries. The average of the
cumulative temperature change over the five-century interval is a
warming of about 1.0 K (Fig. 2). In the twentieth century alone, the
average surface temperature of the continents has increased by
about 0.5 K, and the twentieth century has been the warmest
century of the past five. This ensemble average is consistent with
that derived earlier from a smaller and geographically more
restricted data set of 358 boreholes from eastern North America,
central Europe, southern Africa, and Australia'’. Although the
mechanism of the coupling between the air temperature at the
surface and the GST is not simple, and varies from one geographical
setting to another'®?, at a large spatial scale the trends of the surface
air temperature anomaly and the GST anomaly match well (Fig. 2).
Both the global mean surface air temperature (SAT) anomaly series®
and the GST continental reconstruction show substantial warming
in the twentieth century. The geothermal reconstruction is in
generally good agreement with the trend of the global SAT record
in both the late nineteenth and twentieth centuries, and extends the
climate history back several hundred years before the instrumental
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Figure 2 Global and hemispheric averages of GST history over the past five centuries.
Shaded areas represent 61 standard error about the mean. Superimposed are the
corresponding series of instrumental surface air temperatures (SAT)S. Because the
geothermal reconstruction is the concatenation of century-long trends, and the SAT
anomaly series are referenced to the mean over the period 1961-90, we have shifted the
SAT series along the temperature axis to enable an easy comparison of their respective
trends. The SAT records have been shifted —0.20 K for the global series, —0.28 K for the
Northern Hemisphere and —0.13 K for the Southern Hemisphere.
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record. Almost 80% of the net temperature increase observed has
occurred in the nineteenth and twentieth centuries.

The magnitude of ground surface warming over the past five
centuries is greater in the Northern Hemisphere than in the South-
ern Hemisphere: the five-century cumulative change is 1.1 K in the
former, and 0.8 K in the latter. The twentieth-century temperature
change is 0.6 K in the Northern Hemisphere compared with 0.4 K in
the Southern Hemisphere. These values compare, respectively, with
0.60 and 0.65 K per century for hemispheric trends in the combined
land and sea surface air temperature®. The geothermal hemispheric
estimates for the twentieth century show even greater consistency
with the land-only hemispheric trends of 0.56 and 0.47 K per
century reported by Jones®'. We note that the relatively small
number of geothermal observations—and the limited geographical
regions represented by them, particularly in the Southern Hemi-
sphere—make tentative any comparisons with hemispheric SAT
trends.

Additional regional and temporal variability can be seen in the
individual continental GST histories (Fig. 3), although the absence
of data in large parts of several continents precludes a detailed
interpretation. The five-century cumulative temperature changes
are respectively 1.2 K for North America, 1.4 K for South America,
0.8 K for Europe, 0.8 K for Africa, 1.2 K for Asia and 0.5 K for
Australia. The GST reconstructions for all six continents exhibit a
common characteristic: the temperature change in the twentieth
century is the largest of the past five centuries. Intercontinental
comparisons for the earlier centuries must be assessed with caution,
particularly because of the sparseness of observations in South
America and Asia.

Considerable effort has been given recently to combining several
proxies in order to produce global, hemispheric and regional-scale
climate reconstructions'>*'-%, Figure 4 shows the comparison of
our Northern Hemisphere geothermal reconstruction with three
recent multi-proxy representations. All show significant increases of
temperature in the twentieth century, but display differences in the
previous four centuries. The differences between the various recon-
structions may arise in part because of the different geographical
distribution of the data used in the respective reconstructions, or
perhaps because of differing weights given to individual proxy data
sets in the multi-proxy reconstructions®. Of the full hemispheric
reconstructions, the geothermal estimate of the five-century tem-
perature change is the largest.

The differences in the pre-instrumental centuries between the
geothermal reconstruction and the multi-proxy reconstructions
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Figure 3 Continental century-long GST changes. In each histogram, the five columns
from left to right represent respectively the sixteenth, seventeenth, eighteenth, nineteenth
and twentieth centuries. The magnitude of the temperature change is shown as the height
of the column. The continental reconstructions for South America and Asia are lightly
shaded to indicate the larger uncertainties in these two continents because of the low
spatial density of observations.
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Figure 4 Comparison of five-century Northern Hemisphere geothermal reconstructions
with three multi-proxy reconstructions (refs 4, 3 and 1). The Mann et al.* and Jones et al®
reconstructions have been shifted along the temperature axis —0.25 K and -0.20 K,
respectively, to enable direct comparison of the trends. The Overpeck ef al." recon-
struction has not been shifted.

may also arise in part from the role of tree-ring series in their
reconstructions™. Tree-ring data are an important resource in
palaeoclimate reconstruction because of their annual resolution
and relatively good spatial and temporal coverage. However, tree-
ring analyses generally involve some temporal detrending®, a
process that is intended to mute long-term growth trends that
may be present in the data. For this reason, the long-term trends
derived from borehole temperatures may have a role as useful
complements to the traditional proxy reconstructions. Whatever
the underlying causes of the differences between the various
reconstructions may be, however, the resolution of these differences,
particularly in determining the total temperature change over the
five-century interval, is important. This temperature change has the
potential to be a useful empirical constraint on the climate-
sensitivity factor of global climate models. M
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Effect of stream channel size

on the delivery of nitrogen

to the Gulf of Mexico
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An increase in the flux of nitrogen from the Mississippi river
during the latter half of the twentieth century has caused
eutrophication and chronic seasonal hypoxia in the shallow
waters of the Louisiana shelf in the northern Gulf of Mexico'™.
This has led to reductions in species diversity, mortality of benthic
communities and stress in fishery resources*. There is evidence for
a predominantly anthropogenic origin of the increased nitrogen
flux*>>~7, but the location of the most significant sources in the
Mississippi basin responsible for the delivery of nitrogen to
the Gulf of Mexico have not been clearly identified, because the
parameters influencing nitrogen-loss rates in rivers are not well
known. Here we present an analysis of data from 374 US monitor-
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