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For an accurate assessment of the relative roles of natural
variability and anthropogenic inßuence in the EarthÕs climate,
reconstructions of past temperatures from the pre- industr ial as
well as the industr ial per iod are essential. But instrumental
records are typically available for no more than the past 150
years. Therefore reconstructions of pre- industr ial climate rely
pr incipally on traditional climate proxy records1Ð5, each with
par ticular strengths and limitations in representing climatic
variability. Subsurface temperatures comprise an independent
archive of past surface temperature changes that is complemen-
tary to both theinstrumental record and theclimateproxies. Here
we use present-day temperatures in 616 boreholes from all
continents except Antarctica to reconstruct century- long trends
in temperaturesover thepast 500yearsat global, hemispheric and
continental scales. The results conÞrm the unusual warming of
the twentieth century revealed by the instrumental record6, but
suggest that the cumulative change over the past Þve centuries
amounts to about 1 K, exceeding recent estimates from conven-
tional climateproxies2Ð5. Thestrength 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
approachesneed to be investigated in detail.

The therm al regim e o f the upperm o st co n tinen tal crust is
determ ined in part by the o utward ßo w o f heat fro m the deep
in terio r o f the Earth an d in part by ßuctuatio ns o f tem perature at
the surface. In ho m o geneo us ro ck an d in the absence o f changes at
thesurface, thetem peraturein thesubsurfaceincreaseslinearly with
depth, at aratewhich isgo verned by them agn itudeo f theterrestrial
heat ßo w an d the therm al co n ductivity o f the ro ck. Fluctuatio ns o f
surface tem perature pro pagate do wnward in to the ro ck as atten u-
ating therm al waves superim po sed o n the tem perature pro Þle
asso ciated with the deeper heat ßo w. The depth to which disturb-
ancescan beo bserved isdeterm ined by theam plitude, duratio n an d
spectral co m po sitio n o f the tem perature change at the surface.
Owing to thegenerally lo w therm al diffusivity o f ro ck, pro pagatio n
o f clim ate signals in the subsurface is slo w. Fo llowing a change in
tem peratureat thesurface, it takesabo ut 100 yearsfo r theperturba-
tio n to reach adepth o f 150m , an d 1,000yearsto reach 500m depth.
Co m plicatio ns in reco nstructing a gro un d surface tem perature
( GST) histo ry fro m subsurface tem perature data can , ho wever,
arise fro m vario us n o n - clim atic disturbances7 that perturb subsur-
face tem peratures.

We have assem bled a database o f bo reho le tem peratures fo r
clim ate reco nstructio n 8. The database curren tly co n tains 616 bo re-
ho le tem peraturepro Þles that m eet certain quality- co n tro l criteria;
453 are in the N o rthern H em isphere an d 163 in the So uthern
H em isphere. These bo reho le sites ( Fig. 1) sam ple all co n tinen ts
except An tarctica, altho ugh the geo graphical distributio n o f the
sites is uneven . The bo reho le tem peratures in this glo bal database
weretypically m easured at 10- m depth in tervalsto depthsasgreat as
600 m .

The reco nstructio n o f a GST histo ry by inversio n o f subsurface
tem peratures has its fo un datio n in the theo ry o f heat co n duc-
tio n 9Ð11. Because o f the diffusio n o f the clim ate signal thro ugh the
ro cks, a geo therm al clim ate reco nstructio n is characterized by a
pro gressive inability to reso lve the details o f clim ate excursio ns in
the m o rerem o te past12Ð14. Fo r inverting subsurfacetem peratures to
yield aGST histo ry, weuseabayesian estim atio n techn ique15 that is
a sim pliÞcatio n an d extensio n o f the functio nal space inversio n
fo rm ulatio n o f Shen an d Beck16. Rather than treating the GST
histo ry as an arbitrary functio n o f tim e, we have cho sen to para-
m etrize thereco nstructio n sim ply, in term s o f cen tury- lo ng rates o f
change o ver the past Þve cen turies. This sim ple param etrizatio n
leads to avery sm o o th GSTreco nstructio n . Theabsenceo f sho rter-
perio d represen tatio n in the reco nstructio n , ho wever, is o ffset by a
reductio n o f variancein theestim ated cen tury- lo ng rates, an d by the
ease with which these rates m ay be co m pared to co rrespo n ding
quan tities that em erge fro m analyses o f the instrum en tal reco rd. If

Figure 1 Location map of theboreholes wheresubsurface temperaturemeasurements
havebeen analysed to reconstruct aground surface temperature (GST) history. The
numbersof boreholesoneachcontinent arerespectively245 (NorthAmerica), 16 (South
America), 146 (Europe), 92 (Africa), 60 (Asia), and 57 (Australia).
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clim ate- change tren ds do n o t co incide clo sely with the calen dar
cen turies, such as when a natural cen tury- lo ng tren d straddles two
calen dar cen turies, the inversio n will attribute part to o ne cen tury
an d part to the o ther, thus creating a tem po ral sm earing o f the
tem perature tren d. In the inversio n we em plo y an a priori n u ll
hypo thesis fo r theGST histo ry; that is, an in itial estim ate that there
hasbeen n o clim atechange. This isaco nservativehypo thesis that is
also fu lly in depen den t o f any extan t m o dels o f clim ate change. As
reso lu tio n dim in ishes further back in tim e, the n u ll hypo thesis
beco m es m o re difÞcult to reject.

Of the616 bo reho letem peraturepro Þlesweanalysed, 479 sho w a
net warm ing o ver the past Þve cen turies. The average o f the
cum ulative tem perature change o ver the Þve- cen tury in terval is a
warm ing o f abo ut 1.0 K ( Fig. 2) . In the twen tieth cen tury alo ne, the
average surface tem perature o f the co n tinen ts has increased by
abo ut 0.5 K, an d the twen tieth cen tury has been the warm est
cen tury o f the past Þve. This ensem ble average is co nsisten t with
that derived earlier fro m a sm aller an d geo graphically m o re
restricted data set o f 358 bo reho les fro m eastern N o rth Am erica,
cen tral Euro pe, so uthern Africa, an d Australia17. Altho ugh the
m echan ism o f the co upling between the air tem perature at the
surfacean d theGST isn o t sim ple, an d variesfro m o negeo graphical
setting to an o ther18Ð20, at alargespatial scalethetrendso f thesurface
air tem peraturean o m aly an d theGSTan o m aly m atch well ( Fig. 2) .
Bo th theglo bal m ean surfaceair tem perature( SAT) an o m aly series6

an d the GST co n tinen tal reco nstructio n sho w substan tial warm ing
in the twen tieth cen tury. The geo therm al reco nstructio n is in
generally go o d agreem en t with the tren d o f the glo bal SAT reco rd
in bo th the laten ineteen th an d twen tieth cen turies, an d exten ds the
clim ate histo ry back several hun dred years befo re the instrum en tal

reco rd. Alm o st 80% o f the net tem perature increase o bserved has
o ccurred in the n ineteen th an d twen tieth cen turies.

The m agn itude o f gro un d surface warm ing o ver the past Þve
cen turies is greater in the N o rthern H em isphere than in the So uth-
ern H em isphere: the Þve- cen tury cum ulative change is 1.1 K in the
fo rm er, an d 0.8 K in the latter. The twen tieth- cen tury tem perature
changeis0.6 K in theN o rthern H em isphereco m pared with 0.4 K in
theSo uthern H em isphere. Thesevaluesco m pare, respectively, with
0.60 an d 0.65 K per cen tury fo r hem ispheric tren dsin theco m bined
lan d an d seasurfaceair tem perature6. Thegeo therm al hem ispheric
estim ates fo r the twen tieth cen tury sho w even greater co nsistency
with the lan d- o n ly hem ispheric trends o f 0.56 an d 0.47 K per
cen tury repo rted by Jo nes21. We n o te that the relatively sm all
n um ber o f geo therm al o bservatio nsÑ an d the lim ited geo graphical
regio ns represen ted by them , particu larly in the So uthern H em i-
sphereÑ m ake ten tative any co m pariso ns with hem ispheric SAT
tren ds.

Additio nal regio nal an d tem po ral variability can be seen in the
in dividual co n tinen tal GST histo ries ( Fig. 3) , altho ugh the absence
o f data in large parts o f several co n tinen ts precludes a detailed
in terpretatio n . The Þve- cen tury cum ulative tem perature changes
are respectively 1.2 K fo r N o rth Am erica, 1.4 K fo r So uth Am erica,
0.8 K fo r Euro pe, 0.8 K fo r Africa, 1.2 K fo r Asia an d 0.5 K fo r
Australia. The GST reco nstructio ns fo r all six co n tinen ts exhibit a
co m m o n characteristic: the tem perature change in the twen tieth
cen tury is the largest o f the past Þve cen turies. In terco n tinen tal
co m pariso ns fo r theearlier cen turiesm ust beassessed with cautio n ,
particu larly because o f the sparseness o f o bservatio ns in So uth
Am erica an d Asia.

Co nsiderable effo rt has been given recen tly to co m bin ing several
proxies in o rder to pro duce glo bal, hem ispheric an d regio nal- scale
clim ate reco nstructio ns1Ð5,21Ð23. Figure 4 sho ws the co m pariso n o f
o ur N o rthern H em isphere geo therm al reco nstructio n with three
recen t m ulti- proxy represen tatio ns. All sho w sign iÞcan t increaseso f
tem perature in the twen tieth cen tury, but display differences in the
previo us fo ur cen turies. Thedifferencesbetween thevario us reco n -
structio ns m ay arise in part because o f the differen t geo graphical
distributio n o f the data used in the respective reco nstructio ns, o r
perhaps because o f differing weights given to in dividual proxy data
sets in the m ulti- proxy reco nstructio ns22. Of the fu ll hem ispheric
reco nstructio ns, the geo therm al estim ate o f the Þve- cen tury tem -
perature change is the largest.

The differences in the pre- instrum en tal cen turies between the
geo therm al reco nstructio n an d the m ulti- proxy reco nstructio ns
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Figure 2 Global and hemispheric averages of GSThistory over thepast Þve centuries.
Shaded areas represent 61 standard error about themean. Superimposed are the
corresponding series of instrumental surfaceair temperatures (SAT)6. Because the
geothermal reconstruction is theconcatenation of century-long trends, and theSAT
anomalyseriesarereferencedtothemeanover theperiod1961Ð90,wehaveshiftedthe
SATseries along the temperatureaxis to enablean easy comparison of their respective
trends. TheSATrecordshavebeenshifted! 0.20Kfor theglobal series, ! 0.28Kfor the
Northern Hemisphere and ! 0.13 Kfor theSouthern Hemisphere.
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Figure 3 Continental century-long GSTchanges. In each histogram, theÞve columns
fromleft toright represent respectivelythesixteenth,seventeenth, eighteenth,nineteenth
andtwentiethcenturies.Themagnitudeof thetemperaturechangeisshownastheheight
of the column. The continental reconstructions for South America and Asiaare lightly
shaded to indicate the larger uncertainties in these two continents becauseof the low
spatial density of observations.
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m ay also arise in part fro m the ro le o f tree-ring series in their
reco nstructio ns22. Tree- ring data are an im po rtan t reso urce in
palaeo clim ate reco nstructio n because o f their an n ual reso lutio n
an d relatively go o d spatial an d tem po ral co verage. H o wever, tree-
ring analyses generally invo lve so m e tem po ral detren ding23, a
pro cess that is in ten ded to m ute lo ng- term gro wth tren ds that
m ay be presen t in the data. Fo r this reaso n , the lo ng- term trends
derived fro m bo reho le tem peratures m ay have a ro le as usefu l
co m plem en ts to the traditio nal proxy reco nstructio ns. Whatever
the un derlying causes o f the differences between the vario us
reco nstructio nsm ay be, ho wever, thereso lutio n o f thesedifferences,
particu larly in determ in ing the to tal tem perature change o ver the
Þve- cen tury in terval, is im po rtan t. This tem peraturechangehasthe
po ten tial to be a usefu l em pirical co nstrain t o n the clim ate-
sensitivity facto r o f glo bal clim ate m o dels. M
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Figure 4 Comparison of Þve-century Northern Hemispheregeothermal reconstructions
withthreemulti-proxyreconstructions(refs4, 3and1).TheMannet al.4 andJoneset al.3

reconstructions havebeen shifted along the temperature axis ! 0.25 Kand ! 0.20 K,
respectively, to enabledirect comparison of the trends. TheOverpeck et al.1 recon-
struction has not been shifted.

.................................................................
Effect of streamchannel size
on the delivery of nitrogen
to the Gulf of Mexico
Richard B. Alexander, Richard A. Smith & Gregory E. Schwarz

U. S. Geological Survey, 413 N ational Center, Reston, Virginia 20192, USA

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

An increase in the ßux of nitrogen from the Mississippi r iver
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 Mexico1Ð5.
Thishasled to reductionsin speciesdiversity, mortality of benthic
communitiesand stressin Þshery resources4. Thereisevidencefor
a predominantly anthropogenic origin of the increased nitrogen
ßux2,5Ð7, but the location of the most signiÞcant sources in the
Mississippi basin responsible for the delivery of nitrogen to
the Gulf of Mexico have not been clearly identiÞed, because the
parameters inßuencing nitrogen- loss rates in r ivers are not well
known. Herewepresent an analysisof datafrom 374 USmonitor-
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