
film in Fig. 7,  to grow it thicker and make 
it easier to handle. 

These materials may have technological 
as well as f~lndamental implications. The  
hollow spheres, for instance, could be used 
as controlled drug-delivery systems. The  
metnbranes lnight be developed further for 
separation processes, where nanotneter- 
scale pores are needed. Frotn a more funda- 
mental point of view, the process described 
here for structuring inorganic material 
lnight in a modified form be applicable to 
the formation of structured inorganic seg- 
ments in living organisms. It is by now 
allnost certain that interfaces play a crucial 
role in biolnineralization ( 1 8 ) ,  and the in- 
terplay of control on different length scales 
is certainly necessary to develop intricate 
structures such as diatotns. 
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Mongolian Tree Rings and 20th-Century 
Warming 

Gordon C. Jacoby,* Rosanne D. D'Arrigo, Tsevegyn Davaajamts 

A 450-year tree-ring width chronology of Siberian pine (Pinus sibirica Du Tour) growing 
at timberline (2450 meters) in the Tarvagatay Mountains in west central Mongolia shows 
wide annual growth rings for the recent century. Ecological site observations and com- 
parisons with instrumental temperature records indicate that the ring widths of these 
trees are sensitive to annual temperature variations. Low-frequency variations in the 
Tarvagatay tree-ring record are similar to those in a reconstruction of Arctic annual - .  

8. A Monnier et a/. , Science 261, 1299 (1 993) temperatures, which is based on 20 tree-ring width series from northern North America, 
9 A. Firouzi eta/. , ibid. 267. 1 138 (1995). 

10. U. Ciesa et a/. , Chem. Commun. 1994, 1387 (1 994): 
Scandinavia, and western Russia. The results indicate that recent warming is unusual 

D. M.Antonell and J Y.Ying,Angew. Chem. /nt Ed relative temperatures the past 450 years. . . 
Engl. 34, 201 4 (1 995). 

11. To date, sl~ca-base synthesis chemistry carried out 
above the soelectric polnt of aqueous sout~ons of 
s c a  has not been successful for the s~lca compos- 
ite coatng of organic emulsions in water For organic 
arrays supported by norganc substrates [H. Yang, 
A Kuperman, N. Coombs, S. Mamche-Afara, G. A. 
Ozln, Nature 379, 703 (1996)], surfactants at the 
ar-water ntetface (G Ozn, paper presented at the 
NATO Conference on Supramolecular Chemistry, 
Montreal. I 7  to 20 May 1996), or organic q u d  crys- 
tals [G. S Attard. J. C. Glyde, C. G Goltner. Nature 
378, 366 (1995)], only S+X-I- syntheses at a pH 
below the aqueous sllica soelectric polnt have been 
used. 

12 The APM samples syntheszed below the s l~ca so-  
eectrc pont require a counter anon, generally a 
halide anlon, for each surfactant molecule that IS 

present Termna SI-0-groups are protonated so 
that the bulk compos~tions of M41 S and APM mate- 
r~als made with the same surfactant startng materl- 
als are distnctly dfferent ~n hydrogen and hal~de o n  
content The on-par surfactants of the APM mate- 
rials can be ready removed by washing with dst led 
water at -70°C because the wall charge 1s neutral or 
sl~ghtly posltlve Removal of surfactant from M41S 
samples requlres o n  exchange by reflux~ng w~th 
acid~c ethanol because of the negatively charged 
terminal oxygen atoms The ult~mate per~odic sym- 
metry IS determ~ned In both cases by surfactant 
packng requrements, so that slmlar space groups 
and attce symmetres are observed by x-ray d~ffrac- 
tlon and TEM imagng, but w~th dfferent dffraction 
intens~ties As po~nted out by C J Brlnker and G W. 
Scherer [J. Non-Cryst. Solids 70, 301 (1985)], 
APMs are prepared under cond~t~ons that glve 
Hugglns or cha~nl~ke polymer~zatlon, whereas 
M41 S silica poymer~zat~on cond~t~ons lead to Eln- 
steln or clusterl~ke conf~gurat~ons w~th  extensve 

Records covering a longer period of time 
than those that are available from instru- 
mental lneasurelnents are essential to eval- 
uation of the causes of climatic change, 
including posslble anthropogenlc influences 
on cllmate. Three-hundred-year a n n ~ ~ a l  
temperature reconstructions for the Arctic 
( I  ) and Northern Menlisphere (2 )  based on 
high-latitude tree-rlng data Indicate that 
the warming iiurlng the past century seen in 
instr~llnental data (3)  1s unprecedented. 
However, tree rings ~~sua l ly  reflect temper- 
atures during the warm season, and recon- 
struction of annual temperatures 1s contro- 
versial (4). Records froin other areas call 
complelnent the high-latitude data. The  
most appropriate locations are high-eleva- 
tion tree-line sites where g r o ~ ~ t h  is also 
limited by temperature. During a field in- 
vestlgation in the summer of 1995, we sam- 
pled trees growing at timberline in the Tar- 

G. C Jacoby and R D D'Arr~go, Tree-Ring Laboratory, 
Lamont-Doherty Earth Observatory, Palisades. NY 
10964, USA 
T Davaajamts, nsttute of Botany, Mongolan Academy 
of Scences, Ulaanbaatar 210351, Mongola 
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vagatay Mountains of western central Mon- 
golia (Fig. 1 ) .  Many trees in Mongolia's 
forests are old 1300 to 500 vears) and are , , 

~lndist~lrbed by hulnan activity. 
Mongolia's climate 1s characterized by 

extreme colntinentality (5). It is donlinated 
by the influence of the Siberian (Mongo- 
llan) high-pressure cell during the winter 
(Fig. 1). Rainfall occurs mainly in summer. 
Mean monthly temperatures in northern 
Mongolla are -30°C in January to 20°C in 
July. Daily temperatures range fro111 -50°C 
to 40°C and can vary by as much as 30°C in 
1 day (6). 

The northern third of Mongolia is a mon- 
tane forest-steppe zone (7). At  lower eleva- 
tions, the forests give way to grasslands or to 
the nlargllls of the Gobi Desert In the south. " 

Forests are most dense on  northern shady 
slopes. In the high western Altai Mountains 
(Fig. I ) ,  there are permanent snowfields 
and ice. T h e  tree llne is variously fornled 
by Siberian pine (Pinus sib~rica DLI Tour) ,  
Siberian larch (Lnrix sihirzca Ledebour), or 
mixed stands of these species. T h e  nlost 
orevalent tree soecies 1s Slberian larch. 
with lesser alnounts of spruce (Picea), pine 
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(Pinus), and fir (Ahies) (8). Hard.~voods 
include birch (Betttla), willow (Snlis), elm 
(L1lmus), poplar (Populus), and a halo- 
phyte, Haloxylon ammodendron (8). Sever- 
al studies have shown that  precipitation 
affects annual ring widths of Siberian 
larch in certain areas (9) ,  and there are 
tree-ring data from near the  north\vestern 
border with Kazakhstan (10) .  

W e  sampled Siberian pine at a timber- 
line site near a pass through the  Tarvagatay 
Mountains (2400 to  2500 m elevation a t  

4S017.51'N and 9g055.S7'E). Some Siberi- 
a n  larch is also present at this site. Siberlan 
pine is w~dely dis t r ib~~ted in  central Siberia 
and extends southeastward into northern 
Mongolia along a narrow corridor ( 1  1 ) .  T h e  
Tarvagatay Mountains are the  southern- 
most limit of this species. T h e  trees were o n  
a northerly slope. T h e  oldest cores (12) 
salnpled for both Siberian pine and larch 
were over 500 years old (Fig. 2A).  In  the  
field, the  low-frequency ring-width patterns 
in these and other cores were readily recog- 

Fig. 1. Map of Mongo- 
lia, showing locations of l 
the Tarvagatay Moun- 1 0O0E 
tain tree-ring sampling 
s ~ t e  (tr~angle) and the 
lrkutsk meteorological 
station (circle).The Tar- 
vagatay Mountains are 
a smaller range extend- 
ng in an easterly direc- 
tion from the north side 
of the Hungai Moun- 
tains. The typical winter 
locat~on of the Siberian- 
Mongolian High (H) is in- 
dicated by the stippled 
area. 

MONGOLIA 

- A CHINA 

Year Year 

Fig. 2 (top). (A) Raw ring- 
w~dth measurements for 
the first core from the frst 
tree sampled at the Tar- 
vagatay site, lndiv~dual 
cores and trees have In- 
dvdua varations; there- 
fore many cores and 
trees are used to obta~n 
the communal var~atlon 
which, with proper site 
selection and sampling, 
IS responsive to climate 
variations that pervade 
the entre site (15, 161, (B) 
Talvagatay Pass tree 

0 L  
r 

rlng w~dth ndex chronol- +- - - - t - a l - 2 5  
1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 

ogy from 1550 to 1994 
(upper Ihne). The sample Year 
size (in number of cores) is also shown (lower line). The upper line displays the mean-value time series of 
ring-w~dth Indices, or common variaton, for all the samples. Higher values nd~cate w~der rlngs and warmer 
temperatures; lower values indicate narrower rings and cooler temperatures. In the mid-1500s, mid- 
1600s, and late 1700s. there are a few years that peak In the current range, but any mult~year mean is 
below that of recent decades Fig. 3 (bottom). Comparson of Tarvagatay Pass ring-wdth chronol- 
ogy (solid line) and reconstruction of Arctic annual temperature depariures (1) (dashed line). 

nizable as being sinlilar to those of temper- 
ature-sensitive white spruce trees we have 
salnpled a t  the  latitudinal tree line 111 North  
Aner ica  (1,  2).  

T h e  sanlpling location is that of a typical 
tree-line site where temperature should be 
the  factor that linlits tree grom7th (13).  T h e  
vegetation is more lush here than at some 
(drier) high-elevation sites in the  United 
States. This difference indicates that pre- 
cipitation should not be a growth-limiting 
factor. Many of the  pines exhibit a strip- 
bark lnorphologv and partial dieback of -, 

some upper lilnbs (both are features indicat- 
ing stress). Solne trees have n o r e  live 
branches o n  their south sides, indicating 
stress from northerly winds. W e  salnpled 
living trees a t  timberline. Most of the  trees 
are senarated bv 10 m or more. There was 
n o  ev:dence of fire or  other disturbance, 
and there was abulldant subfossil ~vood  o n  
the surface at the  site. 

W e  processed the  samples into a chro- 
nology of riilg-width indices (Fig. 28) .  
Cores were dated by means of basic dendro- 
chronological techniques (1 4 )  and \\,ere 
standardized with onlv conservative neea- 
tive-exponential or stiaight-line fits (I,-z, 
14).  T h e  resulting tree-ring series extends 
from 1465 to 1994, but we truncated it a t  
1550 because there are few samples before 
that !,ear. For recent centuries. the chronol- 
ogy lilcludes about 35 cores from 25 trees 
(Fig. 28) .  

W e  conlpared the Tarvagatay Pass chro- 
nology to instrumental temperature records. 
T h e  nearest lone-term individual station 
record is at Irkutsk, in Russia just to the 
north of the border with Mollgolia (Fig. I ) .  
This station is about 600 km from the site 
and at a much lolver elevation (470 m).  T h e  
record beeins in 1820, although there are - 
many lnissi~lg values, and the more complete 
record starts in 1882 and is the  primary basis 
for gridded temperature data for the region 
(15). Although we focus o n  the gridded data, 
which encolnpass the sampling site (45" to 
50°N, 95' to 100°E)(15), almost identical 
results were found when the individual 
Irkutsk record (from 1882 to 1993) was used. 

Previous research has shown that ring- 
width indices (16) from the  northern and 
elevational treeline correlate with temper- 
atures over a n  extended period, includi~lg 
the  ~ r e v i o u s  fall and current orowth year 
(17): I n  our study, the  c11ro;lology knd 
mean monthly temperatures \\.ere best cor- 
related over the  dendroclimatic year (13, 
14)  from the  prior August through the  cur- 
rent July. Seasonally averaged temperatures 
for the  prior fall and current spring were 
better correlated with the  ring-width indi- 
ces than were those for either winter or 
summer. Significantly improved results (but 
for lower degrees of freedom) were found by 
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averaging temperatures for the  growth year 
and 1 or 2 prior years ( the  correlations for 
I-, 2-, and 3-year averages are 0.45, 0.57, 
and 0.60. resnectivelv). , L , , 

Persistence or carryo\.er effects from the  
grovving conditions of previous years are 
well documented (1 4, 18).  This is especially 
true for evergreen conifers with long needle 
retention. Their nhotosvnthetic surfaces 
and root systems aie proiucts of environ- 
mental conditions integrated over a longer 
time period than the actual season of cam- 
bial cell division (1 ,  2, 14, 18).  Additional 
evidence of the  carryover effects of temner- 
ature a t  this site is that the  correlaiion 
between the  indices and averaged tempera- 
ture improves from 0.45 (from the  prior 
August through the  current July) to 0.53 
when averaged from the  prior April through 
the  current July. 

Annual  telnperature records have been 
reconstructed for the  Arctic (1 ) and North- ~, 

ern Hemisphere (2 )  o n  the  basis of data 
from high-latitude tree-ring sites over a 
wide region, including North  America, 
Scandinavia, and Russia. Many of these 
sites are in regions of continuous and dis- " 

continuous permafrost. T h e  higher eleva- 
tions of the  Tarvagatay Mountains are also 
oermafrost areas. T h e  Arctic reconstruction 
is similar to  the  Tarvagatay chronology, 
primarily a t  low frequencies (Fig. 3 ) .  T h e  
correlation is 0.71 from 1682 to 1968. A 
principal-components analysis of the 20 
original ring-width series used to  recon- u u 

struct Arctic temperatures (1 ) and the  Tar- 
vagatay chronology sho\ved strong common 
loading in the  first eigenvector. This result 
implies that there is a common, coherent 
climatic signal among the  trees from these 
widely separated sites. 

Other proxy series fro111 northern latitudes 
show trends similar to those of the Mongolian 
chronology and Arctic reconstruction. Specif- 
ically, these general trends are (i) cooler con- 
ditions (more narrow rings) in the early 
1700s, followed by vvarrning (wider rings) for 
the mid- to late 1700s; (ii) abrupt cooling and 
continued cool conditions for much of the 
1800s; and (iii) a warming trend for the late 
1800s and much of the 1900s (Fig. 2B and Fig. 
3) .  Of the larch series from northwestern 
Mongolia developed by Chistyakov, the chro- 
nology from the highest elevation site shows 
similar growth variations 110). A chronologv - , , -, 
developed from Hinoki cypress grovving on a 
montane site (1550 m) in central Japan evi- 
dently reflects winter temperatures (19). It 
also shovvs lorn-frequency trends that are sim- 
ilar to those of the Moneollan chronoloev and " " 2  

Arctic reconstruction. Some high-elevation 
chronologies from timberline sites in the Ca- 
nadian Rockies (20) and southwestern United 
States (21 ) also show similar trends. Tree-ring 
densitv records for eastern Siberia correlate 

primarily with summer temperatures and thus 
are not directly comparable to the Arctic or 
Tarvagatay series (22). Winter temperature 
cur\.es for China based on historical data 123) ~, 

and an  oxygen isotope ratio (SlbO) curve 
from the Dunde Ice Cap (24) also show these 
common trends since 1700 but differ before 
1700. 

Both the  Arctic reconstruction and the  
Mongolian data indicate that the  20th cen- 
tury has been a time of unusual warmth 
relative to the past several centuries. After 
regression with temperatures, there is n o  
trend in the  residuals in  this or the  Arctic 
study (1)  that would indicate possible CO, 
or N fertilization. Growth for the  period 
from 1944 to  1968 was the highest of any 
25-year growth interval over the  entire 
length of the  chronology. T h e  10 highest 
(overlapping) growth intervals are all after 
1920. T h e  interval from 1852 through 1876 
was the coldest, corresponding to the Neo- 
glacial maximum of the  Little Ice Age in  
some areas (25).  

Manv efforts are under wav to define 
the  inf l lence of forcing factoks (such as 
solar effects, volcanism, and greenhouse 
gases) for climatic variations in  the  Holo- 
cene (26) .  Of these, a reconstruction of 
solar irradiance (27)  shovvs a strong simi- 
larity to  the  tree-ring curves. T h e  vvarrning 
trend starts in  the  late 1800s. which is in  
agreement with the  solar curve and before 
significant increases in  trace gases. T h e  
greatest departures from the  solar curve 
are in  the  middle 1800s, a time of several 
major volcanic events (28) ;  and in  recent 
decades, when  the  solar irradiance does 
not  f ~ ~ l l y  account for the  warming (27) .  
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