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Hochschule-Zurich according t o  procedures in S. 
D'Hondt and M.  Lindinger, Palaeogeogr. Palaeoclima- 
to/. Palaeoecol. 112, 363 (1994) Magnetostratigra- 
phy is f rom A D. Chave [/nit. Rep. Deep Sea Drill. 
Proj. 74, 525 (1984)l. Age estimates were based on 
the magnetic polarity t ime scale o f  S. C Cande and 
D. V. Kent [ I .  Ceophys. Res. 100, 6093 (1995)l. 

24  lsotopic data for most planktic foraminifera1 samples 
and several benthic samples were generated at the 
University of California, Santa Cruz, stable isotope lab- 
oratory. For planktic samples, we relied on narrowly 
constrained (one-quarter phi) size fractions of individual 
species (Praemurica taurlca and R. rotundata were 212 
to  250 k m  in mean diameter, P, ultimatumida was 250 
to  300 L L ~  in mean diameter, and all other planktic taxa 
were 150 to  180 p m  in diameter). In preparation for 

analysis, samples were roasted a t  380°C under vacuum 
for 1 hour, lsotopic analyses were performed wi th an 
Autocarb Preparation Device coupled to  a Fisons Prism 
Mass Spectrometer. In this system, each sample is re- 
acted wi th  H,PO, (8 ml) in a common acid bath at 
90°C. External analytical precision, based on replicate 
analyses of two  standards, NBS-19 and Carrera Marble, 
was better than 0.08 and 0.05%0 for 0 and C isotopes, 
respectively. Corrections to  measured isotope values 
were made according to  H. Craig, Ceochim. Cosmo- 
chim Acta 12, 133 (1957). These isotopic data were 
combined with data from (23) 

25 Morozovella data are from N. J. Shackleton, R. M Cor- 
field, and M. A. Hall [ I .  Foram. Res. 15, 321 (1985)l and 
R .M. Corfield and J. E Cartlidge [Terra Nova 4, 443 
(1992)l Nuttalides data are from (3) and K C Miller, 

Climate Change Record in 
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A Global Perspective 
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Analyses of underground temperature measurements from 358 boreholes in 
eastern North America, central Europe, southern Africa, and Australia indicate 
that, in the 20th century, the average surface temperature of Earth has in- 
creased by about 0.5"C and that the 20th century has been the warmest of the 
past five centuries. The subsurface temperatures also indicate that Earth's mean 
surface temperature has increased by about l.O°C over the past five centuries. 
The geothermal data offer an independent confirmation of the unusual char- 
acter of 20th-century climate that has emerged from recent multiproxy studies. 

Temperahire changes at Eal-th's surface propa- 
gate s1o11 ly do\\~im~ard illto the rocks beneath 
the surface and inodif\i the ambient thermal 
regime. Thus, present-day subsurface tempera- 
tures provide evidence of teinperature changes 
that have occurred at the surface in the past. The 
infornlation contained in this geothermal ar- 
chive is a valuable coinplement to instruinen- 
tally acquired temperature data and to various 
types of temperature proxies for uilderstailding 
Eai-th's recent surface temperature histoiy (par- 
ticularly, for the surface temperature histoly 
duing the several ceilh~lies before the acquisi- 
tion of ail instrumental record). Here we report 
a fi ye-centuiy surface temperature histoiy that 
was derived from subsurface temperature ob- 
selvatioils ill 355 boreholes ( I )  in eastern Noi-th 
America, central Europe. southen1 Africa. and 
Australia (Fig. 1). 

As temperature fluctuations at Earth's sur- 
face diffuse dotf-nward. their amplitudes di- 
minish exponentially with depth. Shoi-ter pe- 
riod oscillations. such as diurnal and seasoilal 
changes; attenuate more rapidly with depth 
than do longer period oscillations. Because of 

this selective filtering. Earth records progres- 
sively longer teim trends at increasing 
depths. Thus, the geothermal archive is a 
natural complement to climate proxies (such 
as tree rings) that display excelleilt annual 
resolution but are more difficult to use in 
resolving long-term trends. 

Typically. borehole temperature measure- 
ineilts are made at 10-m depth intervals with 
an electrical resistance thennometer that can 
resolve temperature changes of O.Ol°C. Most 
of the boreholes that we selected for analysis 
penetrated to depths of 200 to 600 m. In 
general. all subsurface perturbations arising 
from surface teinperature changes that oc- 
curred in the past five centuries are confined 
to the upper 500 in of Earth's crust. 

The reconstruction of surface teinperature 
11istol.y from borehole temperatures has 
drawn increasing attention (2) over the past 
two decades. Most reconstruction techniques 
involve the process of inversion and therefore 
must contend with incomplete (finite) and 
noisy data that inake it increasingly difficult 
to resolve climatic excursions in the more 
remote past (3). Noise in the system is prin- 

H. N. Pollack and S. Huang,  Depar tmen t  o f  Geological 
cipally of two types: (i) errors in the mea- 

sciences, university of ~ i ~ t , i ~ ~ ~ ,  ~ ~ b ~ ~ ,  MI sureinent of temperatures, depths; and ther- 
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T. R. Janecek, M. E. Katz, and D J. Keil [Paleoceanography 
2, 741 (1987)l. Several bulk carbonate data are from 
N. J. Shackleton, M A. Hall, and U. Bleil [Init. Rep. Deep 
Sea Drill. Proj 86, 503 (1985)l The remaining isotopic 
data are from (3). Because planktic and benthic samples 
were not consistently paired, many benthic 8°C esti- 
mates were derived by linear interpolation of measured 
data. The magnetostratigraphy is from U. Bleil, [/nit. 
Rep. Deep Sea Drill. Proj. 86,441 (1985)l. Age estimates 
are as in (23). 
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borehole climatic perturbations assume that 
heat is transferred solely through one-dimen- 
sional heat conduction. Deviations from this 
idealization (for example; moving fluids with 
an associated advective component of heat 
transfer, lateral heterogeneity in thermal con- 
ductivity, and topography and nonuniform 
vegetation along the surface) are manifest as 
noise in the analysis (4). 

111 attempting to extract a signal in the pres- 
ence of noise; one has a number of tools with 
which to m~ork. Within the process of inversion, 
there exist various smoothing constraints that 
can be used to suppress the amplification of 
noise. but they also mute the signal that is 
recovered. Smoothing can also be accoin- 
plished by the nature of the parameterization of 
the signal and; in a Bayesian inversion, by the 
nature of the a prior1 model. Because individual 
reconsm~ctions exhibit site-to-site variability 
(arising from local vegetation, subsurface het- 
erogeneity, and topographic and hydrologic ef- 
fects) that may mask the regional climatic sig- 
nal. signal enhancement call also be achieved 
after inversion by stacking (averaging) a large 
number of individual results (5). 

The combination of the predominant depth 
range of observations and the characteristic 
magnitude of noise has led us to choose five 
centuries as the practical interval over which to 
develop climate reconstructions (6). In the pa- 
rameterization of the surface temperature histo- 
ry, we exailline only ceilh~iy-long trends of 
temperature change. By seeking rates of 
change, one circumvents the problem of com- 
paring the actual air and ground temperatures. 
Although the air and ground temperatures are 
usually not the same, they generally have sim- 
ilar trends (7). This sparse parameterization 
yields estimates of only a few smooth quantities 
that represent relatively long intervals of time. 
By estimating century-long parameters, we ex- 
plicitly designate an adequate averaging inter- 
val rather than implicitly incorporate the vaii- 
able averaging that characterizes the resolution 
of point estimates (3). This simple parameter- 
ization also enables one to estimate the total 
temperature change over the five-century time 
intewal. 

In the inversion of individual borehole 
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also consistent with the global estimate by 
the 1995 Intergoverninental Panel on Cli- 
inate Change (11); which shomls an increase 
of -0.3" to 0.6"C since the late 19th cen- 
tury. The 358 sites in the geothermal com- 

Fig. 1. Locations of 358 boreholes, whose subsurface temperature measurements were analyzed to 
reconstruct a surface temperature history. There are 116 sites in eastern North America, 98 in 
central Europe, 86 in southern Africa, and 58 in Australia. 

data, we use a Bayesian foi~nulation (8): 
which embodies an a priori estimate of the 
parameters to be resolved. Our a priori esti- 
mate of each centuiy-long trend is identically 
zero (a de facto null hypothesis); which plac- 
es the burden of proof on the data to demon- 
strate that there have been changes in the 
surface temperature. Such a null hypothesis is 
conservative and fully independent of any 
preconceptions about past cli~nate change. 

Of the 358 individual reconstructions, al- 
most 80% of the sites experienced a net 
warnling over the past five centuries (Fig. 2). 
The mean of the cumulative temperature 
change over the past five centuries is a warm- 
ing of - 1 .O0C. The range of the distribution 
reflects both regional differences and the 
myriad details of local site-specific effects. 
The fact that there are some sites that display 
a net cooling over five centuries suggests a 
measure of regional variability that is similar 
to that coinmonly found in meteorological 
records. 

A composite temperature history (9) for 

Cumulative Temperature Change Since 1500 (OC) 

the 358 sites (Fig. 3); which was obtained by 
stacking the individual site reconstructions, 
indicates that the present-day mean tempera- 
ture of these sites is - 1 .0" i 0.2"C warmer: 
on average: than five centuries ago. The 
change of temperature in the 20th century 
alone has been 0.5" i O.l°C and equals the 
cumulative change that is inferred for the 
previous four centuries. The temperature of 
the 20th century appears to be warmer than 
the mean temperature of any of the previous 
four centuries. The composite meteorological 
record for the sites (lo), also shown in Fig. 3; 
displays similar trends in the time interval of 
overlap. 

The composite 20th-century trend that 
was inferred from the geothermal data is 

1500 1600 1700 1800 1900 2000 
Year 

Fig. 3. Composite four-region surface temper- 
ature change over the past five centuries, rela- 
tive to the present, as determined from geo- 
thermal data. Shaded areas represent I 1  stan- 
dard error about the mean history. Superim- 
posed is a smoothed (5-year running average) 
SAT instrumental record (70) representing a 
composite of the same regions as the geother- 
mal data. Because the SAT series is referenced 
to the mean anomaly over the interval from 
1961 to 1990 and because the geothermal 

Fig. 2. Histogram of cumulative five-century result is referenced to the we have 
temperature changes at sites shown in Fig. 1. shifted the SAT series downward by O.Z°C to 
Black columns indicate net warming and white enable a visual comparison of the trends by a 
columns indicate net cooling. direct overlay. 

posite are well distributed longitudinally 
and represent two coiltinents in both the 
Northern and Southern Hemispheres. Al- 
though the global meteorological record in- 
corporates sea-surface temperatures as well 
as continental temperatures. the similarity 
between the four-contment and global his- 
tories since the mid-19th century suggests 
that the temperature history of the conti- 
nents inay be a representative subset of the 
temperature history of Earth as a whole. 
This suggestion is supported by the close 
correspoildeilce of surface air temperatures 
ISATsI of both sea and land in the 20th 
century (11) and bj7 a satellite radiometric 
analysis (IZ), which showed nearly identi- 
cal temperature trends over continental and 
oceanic regions (albeit over a much shorter 
time interval). 

The temperature histoiy that we recon- 
struct from geotl~einlal data can also be coin- 
pared to three recent multiproxy reconstmc- 
tions: (i) a four-centuiy time series that was 
assembled from proxies occurring principally 
in the latitude range of 60" to 80°N (13), (ii) 
a six-century time series that was assembled 
from globally distributed continental and ma- 
rine pi.oxies (14); and (iii) a millennia1 sum- 
mer temperature histoiy that was asse~nbled 
from global data (1.5). The geothermal recon- 
struction and all multiproxy reconstn~ctions 
show that the 20th centuiy is the n7aimest 
recent century and that the mean rate of tem- 
perature increase in the 20th centuiy is well 
in excess of te~nperature trends of earlier 
centuries. Thus; the geothermal analysis, 
which is based on direct temperature data and 
a methodology that is totally different from 
the multiproxy iilvestigations: provides an in- 
dependent confillnation of the unusual char- 
acter of 20th-centuiy climate. The various 
estimates of net temperature change over the 
past four centuries show more apparent vari- 
ability, ranging from -0.4" to 1.O0C; but 
these apparent differences inay arise from 
different regional and seasonal sampling ill 
the several data sets (16). 
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Acidic northern wetlands are an important source of methane, one of the gases that 
contributes to global warming. Methane oxidation in the surface of these acidic 
wetlands can reduce the methane flux to the atmosphere up to 90 percent. Here 
the isolation of three methanotrophic microorganisms from three boreal forest 
sites is reported. They are moderately acidophilic organisms and have a soluble 
methane monooxygenase. In contrast to the known groups of methanotrophs, 165 
ribosomal DNA sequence analysis shows that they are affiliated with the acidophilic 
heterotrophic bacterium Beijerinckia indica subsp, indica. 

The methane (CH,) concentration in the 
atmosphere has inore than doubled over the 
last 300 years ( I )  and is currently increas- 
ing at an annual rate o f  0.8 to 1.0% per year 
( 2 ) .  About half o f  the total annual flux o f  
CH, to the atmosphere is contributed by 
wetlands (3 ) .  The massive northern wet- 
lands account for 50°/o o f  the global wet- 
land area (4 ) ,  and their most extensive type, 
found in northern Europe, West  Siberia, the 
United States, and Canada, is the acidic 
S p h n g i ~ ~ i i ~ ~  peat bogs, which have pH values 
ranging from 3.5 to 5. 

The primaiy barrier that limits the release 
o f  CH, from methanogenic peatlands is its in 

situ consumption by indigenous methane-ox- 
idizing bacteria (MOB). MOB inhabit a spec- 
trum o f  diverse environments and have the 
unique ability to use CH, as a sole carbon and 
energy source (5) .  The colonization o f  acidic 
bogs by MOB has been established by mea- 
surement o f  i~~ethanotropl~ic activity ( 6 ) ,  
MOB signatures in phospholipids (7), and 
DKA (8 ,  9) extracted from peat. Neverthe- 
less, virtually all MOB available in pure cul- 
ture are neutrophiles, and there are no reports 
o f  methanotrophs that grow at pH values 
below 5.0 (10). 

W e  recently reported on the enrichment o f  
methanotrophic communities from acidic 
peat bogs o f  four boreal forest sites in West 
Siberia and European North Russia (11). The 
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three strains (strains I<, M131, and S6), each 
representing one enriched community, and 
confirmed their purity (13). The cells o f  these 
three strains were Gram-negative, nonmotile, 
polymorphic, straight or curved rods with a 
diameter o f  0.7 to 1.0 k m  and length o f  1.0 to 
2.0 b m .  They shared an identical morpho- 
type, that is, a specific flattened shape with a 
concave center and round, bent ends (14) 
(Fig. 1). The same moiphotype was observed 
as one o f  the dominant components o f  the 
primary communities (11). 

Strains S6, I<, and M131 grew on min- 
imal mineral medium with the addition o f  a 
vitamin mixture and CH, as a sole source 
o f  carbon and energy (15) .  Growth did not 
occur in control experiments on the same 
mineral medium containing vitamins and 
no CH,. The isolates were slow growing 
with a specific growth rate 5 0.8 to 1.0 
day-' ,  which is consistent with the in situ 
growth rate for MOB o f  0.02 dayp1  ( 1  6 ) .  
The temperature range for growth o f  iso- 
lates was from 10" to 25OC with the opti- 
m u m  at -20°C. The same optimum was 
found for CH, consumption by native peat 
samples (17) .  No growth o f  isolates oc- 
curred at 30°C Clearly these bacteria are 
adapted to conditions o f  their natural hab- 
itat where the temperature never exceeds 
25"C, even during summer. 

Methane consuinption peaked at pH 5.1 
for all three strains (Fig. 2). The same pattern 
o f  pH dependence was also found for the 
original peat samples and the methanotrophic 
enrichments (11, 17-19). The acidophilic na- 
ture o f  the isolated bacteria was confirmed by 
observing exponential growth without a lag 
phase and the highest specific growth rate at 
pH 4.8, whereas no growth was recorded in a 
medium at initial pH 7.4 (Fig. 2).  Further- 
more, growth o f  isolates was sustained in 
serial transfers in pH 5.0 to 5.5 medium. 

Polymerase chain reaction (PCR) assays for 
the ~71inoXand ~iz~?zoY genes, encoding the oc and 
p subunits o f  the soluble methane monooxy- 
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