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For an accurate assessment of the relative roles of natural
variability and anthropogenic inRuence in the Earth® climate,
reconstructions of past temperatures from the pre-industria as
well as the industrial period are essential. But instrumental
records are typicaly 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 toboth theinstrumental record and theclimate proxies. Here
we use present-day temperatures in 616 boreholes from all
continents except Antarctica to reconstruct century-long trends
in temperaturesover the past 500 yearsat global, hemispheric and
continental scales. The results conbrm the unusual warming of
the twentieth century revealed by the instrumental record®, but
suggest that the cumulative change over the past bve centuries
amounts to about 1 K, exceeding recent estimates from conven-
tional climate proxies®™®. The strength of temperaturereconstruc-
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 therma regime of the uppermost continenta crust is
determined in part by the outward Row of heat from the deep
interior of the Earth and in part by Buctuationsof temperature at
the surface. In homogeneousrock and in the absenceof changes at
thesurface, thetem peraturein thesubsurfacein creaseslinearly with
depth, a aratewhich isgoverned by them agnitudeof theterrestrial
heat Bow and thetherma conductivity of therock. Fluctuationsof
surface tem perature propagate downward into the rock as attenu-
ating therma waves superimposed on the temperature proble
asxvciated with the deeper heat Row. The depth to which disturb-
ancescan beobserved isdetermined by theam plitude, duration and
spectral composition of the temperature change at the surface.
Owingto thegeneraly low therm al diffusivity of rock, propagation
of climate signasin the subsurface is slow. Following a change in
tem peratureat thesurface, it takesabout 100 yearsfor theperturba
tion to reach adepth of 150m, and 1,000 yearsto reach 500m depth.
Complications in reconstructing a ground surface tem perature
(GST) history from subsurface temperature data can, however,
arisefrom variousnon-clim atic disturbances’ that perturb subsur-
face tem peratures.

We have assembled a database of borehole tem peratures for
climatereconstruction® The database currently contains 616 bore-
holetem peratureproblesthat m eet certain quality-control criterig;
453 are in the Northern Hemisphere and 163 in the Southern
Hemisphere. These borehole sites (Fig. 1) sample &l continents
except Antarctica, although the geographica distribution of the
sitesisuneven. The borehole tem peraturesin this globa database
weretypically m easured a 10-m depth intervalsto depthsasgreat as
600 m.

Thereconstruction of a GST history by inversion of subsurface
tem peratures has its foundation in the theory of heat conduc-
tion°™, Because of the diffusion of the clim ate signal through the
rocks, a geotherma climate recongtruction is characterized by a
progressive inability to resolve the details of clim ate excursionsin
themoreremote past™®, For inverting subsurfacetem peraturesto
yield aGST history, weuse abayesian estim ation technique™ that is
a simplibcation 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
m etrizethereconstruction simply, in termsof century-longratesof
change over the past bve centuries. This sim ple param etrization
leadsto avery snooth GSTreconstruction. Theabsenceof shorter-
period representation in thereconstruction, however, isoffset by a
reduction of variancein theestim ated century-longrates, and by the
ease with which these rates may be compared to corresponding
quantitiesthat emergefrom analysesof theinstrum ental record. If
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Figure 1 Location map of the borehdles 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 (ELrope), 92 (Africa), 60 (Asia), and 57 (Austréia).
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climate-change trends do not coincide closely with the calendar
centuries, such aswhen anatural century-longtrend straddles two
calendar centuries, the inversion will atribute part to one century
and part to the other, thus creating a tempora smearing of the
temperature trend. In the inversion we employ an a priori null
hypothesisfor the GST history; that is, an initia estim atethat there
hasbeen no climatechange. Thisisaconservativehypothesisthat is
as fully independent of any extant models of clim ate change. As
resolution diminishes further back in time, the null hypothesis
becom esmoredifbcult to reject.

Ofthe616 boreholetem peratureproblesweanalysed, 479 show a
net warming over the past bve centuries. The average of the
cumulative tem perature change over the pve-century interva is a
warmingof aout 1.0K (Fig. 2). In thetwentieth 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 bve. This ensem ble 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 Ausdtralia”. Although the
mechanism of the coupling between the air temperature a the
surfaceand the GST isnot sim ple, and variesfrom onegeographical
settingto another™®™® at alargespatia scalethetrendsof thesurface
air tem peratureanom aly and the GST anom aly m atch well (Fig. 2).
Both theglobal m ean surfaceair tem perature(SAT) anom aly series’
and the GST continental reconstruction show substantial warming
in the twentieth century. The geotherma reconstruction is in
generaly good agreem ent with thetrend of the globa SAT record
in both thelatenineteenth and twentieth centuries, and extendsthe
climate history back severa hundred yearsbeforetheinstrumental
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Figure 2 Goba and hemispheric averages of GST history over the past bve centuries.
Shaded areas represent 6 1 standard error about the mean. Superimposed are the
corresponding series of instrumental surface air temperatures (SAT). Because the
geathermal reconstruction is the concatenation of century-long trends, and the SAT
anomaly series are referenced to the mean over the period 1961590, we have shifted the
SAT series dong the temperature axis to enable an easy comparison of their respective
trends. The SAT records have been shifted ! 0.20 Kfor the globdl series, ! 0.28 Kfor the
Northern Hemisphere and ! 0.13 K for the Southern Hemisphere.
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record. Almost 80% of the net tem perature increase observed has
occurred in thenineteenth and twentieth centuries.

The magnitude of ground surface warming over the past bve
centuriesisgreater in theNorthern Hemispherethan in the South-
ern Hemisphere: the bve-century cumulativechangeis1.1 K in the
former, and 0.8 K in thelatter. The twentieth-century tem perature
changeis0.6Kin theNorthern Hemispherecom pared with 0.4K in
theSouthern Hemisphere Thesevaluescom pare, respectively, with
0.60and 0.65K per century for hemispherictrendsin thecom bined
land and seasurfaceair tem perature’. Thegeotherm a hemispheric
estim ates 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
num ber of geotherm al observationsN and thelimited geographical
regions represented by them, particularly in the Southern Hemi-
sphereN m ake tentative any comparisons with hemispheric SAT
trends.

Additiona regiona and tempora variability can be seen in the
individua continental GST histories (Fig. 3), athough the absence
of data in large parts of severa continents precludes a detailed
interpretation. The bve-century cumulative tem perature changes
arerespectively 1.2 K for North America, 1.4 K for South Am erica,
0.8 K for Europe, 0.8 K for Africa, 1.2 K for Asiaand 0.5 K for
Audtraia The GST reconstructions for al six continents exhibit a
common characteristic: the temperature change in the twentieth
century is the largest of the past bve centuries. Intercontinental
comparisonsfor theearlier centuriesm ust be assessed with caution,
particularly because of the sparseness of observations in South
Americaand Asia

Considerable effort hasbeen given recently to combining severa
proxiesin order to produceglobal, hemispheric and regional-scae
climate reconstructions™2#3_ Figure 4 shows the com parison of
our Northern Hemisphere geotherma reconstruction with three
recent multi-proxy representations. All show signibcant increasesof
tem peraturein thetwentieth century, but display differencesin the
previousfour centuries. The differencesbetween thevariousrecon-
structions may arise in part because of the different geographica
distribution of the data used in the respective reconstructions, or
perhapsbecauseof differing weightsgiven to individual proxy data
sets in the multi-proxy reconstructions®. Of the full hemispheric
reconstructions, the geothermal estimate of the bve-century tem-
perature changeisthe largest.

The differences in the pre-instrumenta centuries between the
geotherma reconstruction and the multi-proxy reconstructions
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Figure 3 Continental century-long GST changes. In each histogram, the Pve columns
from left toright represent respectively the sixteenth, seventeenth, eighteenth, nineteenth
and twentieth centuries. The magnitude of the temperature changeis shoan 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 dbservations.
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Figure 4 Comparison of bve-century Northern Hemisphere geothermal reconstructions
with three multi-proxy reconstructions (refs 4, 3 and 1). The Mann et &.* and Jones et a®
reconstructions have been shifted aong the temperature axis ! 0.25 Kand ! 0.20 K|
respectively, to enable direct comparison of the trends. The Overpeck et &l recon
struction has not been shifted.

may as arise in part from the role of tree-ring series in their
reconstructions®. Treering data are an important resource in
paaeoclimate reconstruction because of their annua resolution
and relatively good spatia and tempora coverage. H owever, tree-
ring analyses generaly involve ssme tempora detrending®, a
process tha is intended to mute long-term growth trends that
may be present in the data. For thisreason, the long-term trends
derived from borehole tem peratures may have a role as useful
complements to the traditiona proxy reconsructions. Whatever
the underlying causes of the differences between the various
reconstructionsm ay be, however, theresolution of thesedifferen ces,
particularly in determining the total tem perature change over the
bve-centuryinterval, isim portant. Thistem peraturechangehasthe
potentia to be a useful empirica constraint on the climate
sensitivity factor of global climate models. M

Received 7 June; accepted 8 D ecem ber 1999.

1. Overpeck, J. et al. Arctic environmental changeof the last four centuries. Science 278, 125191256
(1997).

2. Briffa, K. R., Jones, P.D ., Schweingruber, F. H. & Osborn, T. J. InBuence of volcanic eruptionson
Northern Hemisphere summ er tem peratureover the past 600 years. N ature 393, 4509455 (1998).

3. Jones, PD ., Briffa, K.R., Barnett, T.P. & Tett, SFB. High-resolution palaeoclim atic recordsfor thelast
millennium: interpretation, integration and com parison with general circulation model control-run
tem peratures. Holocene 8, 455071 (1998).

4. Mann,M.E., Bradley, R.S.& Hughes, M K. Global-scaletem peraturepatternsand clim ateforcingover
the past six centuries. N ature 392, 779D787 (1998).

758

## © 2000 Macmillan Ma gazines Ltd

5. Mann, M.E., Bradley, R.S. & Hughes, M.K. N orthern hem isphere tem peraturesduring the past
millennium: inferences, uncertainties, and limitations. Geophys. Res. Lett. 26, 7599762 (1999).

6. Jones, PD.,New, M., Parker,D .E., Martin, S. & Rigor, |.G. Surfaceair tem peratureand itschan geso ver
the past 150 years. Rev. Geophys. 37, 173199 (1999).

7. Shen,P-Y. Pollack,H N .,Huang, S. & Wang, K. Effectsof subsurfaceheterogeneity on theinferenceof
climate changefrom boreholetem peraturedata model studiesand peld exam plesfrom Canada. J.
Geophys. Res. 100, 638306396 (1995).

8. Huang, S. & Pollack, H .N . Global Borehole Temperature Database for Climate Reconstruction (IGBP
PAGES/World D ata Center-A for Paeoclimatology D ata Contribution SeriesN 0. 1998-044, N OAA/
N GD C Paleoclimatology Program, Boulder, Colorado, 1998).

9. Birch,F. Theeffectsof Pleistoceneclim aticvariationsupon geotherm al gradients. Am. J. Sci. 246, 729D
760 (1948).

10. Cerm ak, V. Underground tem perature and inferred clim atic tem peratureof the past millennium .

Palaeogeogr. Falaeoclimatol. Palaeoecol. 10, 1D19 (1971).

. Lachenbruch, A.H. & Marshall, B.V. Changing clim ate: geotherm al evidencefrom perm afrost in the

Alaskan Arctic. Science 234, 689D696 (1986).

Clow, G.D. Tem poral resolution of surfacetem peraturehistoriesinferred from boreholetem perature

data. Palaeogeogr. Palaeoclimatol. Paleoecol. 98, 81986 (1992).

Beltrami, H. & Mareschal, JC. Resolution of ground tem perature historiesinverted from borehole

tem peraturedata. Glob. Planet. Change 11, 57970 (1995).

14. Harris,RH.& Chapman,D .S. Climatechangeon theColorado Plateau of eastern U tah inferred from

boreholetem peratures. J. Geophys. Res. 103, 736306381 (1998).

Huang, S, Shen, P-Y. & Pollack, H.N . D eriving century-long trendsof surfacetem perature from

boreholetem peratures. Geophys. Res. Lett. 23, 2575260 (1996).

16. Shen, P-Y & Beck, A.E. Least squaresinversion of boreholetem peraturem easurem entsin functional

space. J. Geophys. Res. 96, 19965619979 (1991).

Pollack, H.N ., Huang, S. & Shen, P-Y. Climate changerecord in subsurfacetem peratures: aglobal

perspective. Science 282, 2796281 (1998).

. Chapman, D .S, Chisolm, T.J. & Harris, RN . Combining borehole tem peratureand m eteorological

datato constrain past clim ate change. Palaeogeogr. Palaeoclimatol. Palaeoecol. 98, 269P281 (1992).

Lewis, T.J. Theeffect of deforestation on ground surfacetem peratures. Glob. Planet. Change 18, 113

(1998).

20. Majorowicz, JA. & Skinner, W.R. Potential causesof differences between ground and surface air
tem peraturewarming across different ecozonesin Alberta, Canada Glob. Planet. Change 15, 79891
(1997).

21. Jones, PD. Hemispheric surface air tem perature variations: A reanaysisand an updateto 1993. J.
Clim. 7, 179491802 (1994).

22. Jones, PD. It wasthe best of times, it wastheworst of tim es. Science 280, 54455645 (1998).

23. Briffa, K. R. & Osborn, T. J Seeing thewood from the trees. Science 284, 9269927 (1999).

1

=y

1

N

1

w

1

o

1

~

1

@

1

©

Acknowledgements

Wethank the International Heat Flow Commission and international colleaguesfor
making availablem any of the boreholetem perature problesthat we analysed. SH. is
originaly from the Institute of Geology and Geophysics, Chinese Academy of Sciences.
Thiswork was supported by theU SN ational Science Foundation, theU SN ationa
Oceanic and Atmospheric Adm inistration, and the Internationa Geological Correlation
Project 428.

Correspondenceand request for materials should be addressed to H .N.P.
(e-malil: hpollack@umich.edu).

Hfect of stream channel size
on the delivery of nitrogen
tothe QuIf of Mexico
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An increase in the Bux 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®,
Thishasled toreductionsin speciesdiversity, mortality of benthic
communitiesand stressin bshery resources®. Thereisevidencefor
a predominantly anthropogenic origin of the increased nitrogen
Rux>*¥, but the location of the most signibcant sources in the
Mississippi basin responsible for the delivery of nitrogen to
the Gulf of Mexico have not been clearly identibed, because the
parameters infBuencing nitrogen-lossratesin rivers are not well
known. Herewe present an analysisof datafrom 374 US monitor-
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