
a n 3  variario~-is of charted particle flusei are 
aisociateil ~v1t1-i scl~~eering effect5 of magnc- 
toacorlstlc gravlt\- wave> in general. 

Tllc most strlllgcnt test of my proposal 
( 1 1 ) is nrllctllcr sliilllar tllscretc low-frecrr~en- 
cy modes call 1.e d i r ec t l~  ilctccreil in Inten- 
sity variations anil l3oppler sh~fts  of appro- 
prlate 5pcctml l~iles (formeci in the STR and 
thc lo\\-er corona) in r~ltraviolet, extreme 
ultra~.iolet, anLl x-rav hanLis ilurinii the Solar 
and Heliospheric Ohscrl-atory ~nisilon ~ L I C -  
cessfr~llv la~lnched in Deceml?er 1995. A 
thoro~~gl l  ~ ~ n d c r > t a n ~ l i n g  ot  t1-ic.c nloilcs may 
ofier valuable clues for the solution of long- 
5tanilinq yrol~lems concerning the heating 
and d\~i-iamic.: o t  the solar corona. 
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Probing EIectri~a0 Transport in Nanomateriais: 
Conductivity sf individual Carbon Nanotubes 

Hongjie Bai," Erie W. Wsng," Charles iVi. Lieberi- 

A general approach has been developed to determine the conductivity of individual 
nanostructures while simultaneously recording their structure. Conventional lithography 
has been used to contact electrically single ends of nanomaterials, and a force micro- 
scope equipped with a conducting probe tip has been used to map simultaneously the 
structure and resistance of the portion of the material protruding from the macroscopic 
contact. Studies of individual carbon nanotubes demonstrate that the structurally most 
perfect nanotubes have resistivities an order of magnitude lower than those found pre- 
viously and that defects in the nanotube structure cause substantial increases in the 
resistivity. 

Nanometer-scale structure, ailil molecular 
~naterlals are of great interest as potentla1 
b ~ u l ~ l l n q  block: for f ~ ~ t ~ r r e  generation elec- 
tronic de\-ices of greatly reciuceci i ~ c  ( 1  -3). 
Ratlunal design of any devicc n.111 require a 
funilamental understand~ng of tllc proycr- 
tlea of these mater~alb and h o ~ v  they ciepcnd 
on,  for example, d~mcn:;ional~ty and s i x .  
For instance, tllc electrical and mecl-ian~cal 
properties of carbon nanot~~l?cs  have gener- 
atecl cons~ileral?le interest anil speculation 
(3-61, although iili-ect Incasurenlents of the 
~ntr ins ic  re5lstivity- ancl mechanical streniith 
of ~nd iv id~ la l  i-ianot~~l-es has been ilifficult. 
Likelv~sc, the tern1 molecular wire 1x1s been 
\\r~ilcly applied to anisotropic ~nolecular ma- 
tcrlals ( 1 .  2 .  7), but the ~neaning of tlua 
term relative to an  ahsc~lute conilucti~-lty- 
~ C I I I ~ L I I F  ru~~clear. 

T h e  Jitf~culty I) in connec t~ng  mca;ur- 
inir cievices from the  macro~vorlil to nano- 
meter-scale materials, for I\-l-iich t ~ v o  or 
lnore connections are nee~leil. LY;e report a 
general appro,icl-i for electrical measure- 
lllellts of nanomaterials :inti have nscd t l l ~  
approach to de te rm~ne  the resistiv~ty of in- 
ili\,iilual carhon nanotuhes. Our  ~ l l e t l ~ o d  
coinhines con\~entional l~ th~)graphy ,  to 
electr~cally contact s111glc ends of nanil- 
tul~es,  anil a force microscoyc cil~~ilipeil a-1t11 
a conilr~cting prohe tip, to map simr~ltn- 
ncorisly thc strrlcture anil resistance o t  the 
rportions of nanotr11:e that protrnile from the 
macroscopic cnntact. Detects in thc nano- 
tuhc structure cause sullstantial iilcreaies 111 

the resistiv~ty, anil the s t r~~ctnral ly  lnost 
pcrtcct i - i a ~ l o t ~ ~ l ~ s  have rec~stivitica a n  order 
of magnlt~lile lover than those tounil previ- 
ouslv 18-1 2) .  , ~ 

T o  nlcasrlre the electrical propertics ot 
i n d ~ v ~ d n a l  carhon n a n o t i ~ l ~ s  (Fie. l ) ,  1v.1. 

H. 3 a  and C.  Id Leber, 3ecanrnent sf C I w r  s t r i  and 

iiellos~ted a ilrop of a nanotul?e srlspension 
o n  a flat ~n,snla t~ng surface ;inii covered it 
\t.~th a un~form layer of Au.  A pattern of 
open slots was produccci ~n tllc ALI layer ly 
conventional lltllograyhy proceil~~res to ex- 
pose the nanotul?cs for mcasr~rement. Force 
~nic~-oscopy studie5 slhon-ctl that aftcr t h ~ s  
proceilurc, many ot thc  sl~lgle n a n o t ~ ~ b e s  
have one end covcred l?y thc Au  pattern 
ant1 the other end extending into a n  open 
slot. Wi th  a conilr~ctlng cantilever-tip as- 
semhly 111 the force microscope, it is possilile 
to contact electrically and ~neas r~rc  the ax- 
ial con~luction t l l r o ~ ~ f i l ~  a single n a n o t r ~ l ~ e  to 
the ALI contact \vhile s imr~l taneo~~sly  re- 
coriiing the n a n o t ~ ~ l ? e  structure. C o n d ~ ~ c t -  
in? tips were 11laJe 13y depositing N1)N (Into 
commerc~al Sl3Nt cant~levers. T l l ~ s  coating 
was chosen Ixcause it exhlblts a comliina- 
tlon of good conductivity a n ~ l  Ilarclness. 
Soft c t ~ n i l ~ ~ c t i n g  coatings l ~ k c  ALI were in- 
~r~fficlently stable to provitle reprodr~cil~le 
measurements, and heavily ilopcii Si t ~ p s ,  
, ~ l t h o ~ ~ g h  rnhr~st, l-i~ail excess~vely large con- 
tact resistances to the nanotube samples. 

Our  approach 1x1s come slln~lar~ties to 
previous str~clies of c;arlion ncinoti~lies (9 .  10). 
Lal-iger iit 01. (9) ~ ~ s e t l  a scanning t ~ l n n e l ~ n g  
microscope to ~ilentify nanotuhe lx~nilles ancl 
theil expose a resist so that flxeil ALI contact.; 
cor~lil he m:iile to the two ends ot ,i liundle. 
Stridies ot  llanotrihe h~~nt l les  :ire limited, 
howcver, he~anse  the sires anil structures of 
the inilividual nanotr~l?es in tllc enscml~le 
are rlnknown. Measr~rei-ile~lt o t  the rciistancc 
of a sinqle nanotube has alco heen reported 
for the cllance occurreilce of one nanotulle 
spanning two lithographically pattcrilecl 
macroscopic electroJes (12) .  Both ot  these 
report. are tivo-prohe esperil~le~lts that can 
lie i~ltluencccl aJvereely liy cont;ict rcsiatailce 
anid, in onc case (9 ) ,  the uncertainty in the 
structures ot  the nanotulics that colilpoce the 

D v  son of Applecl Scences Harjarri Universitj C a r -  ialllrle lneas,lreil, In st,ldie5, we call rap. 
isridge \MA 121 38, USA 
E, \,:' l',!Olg Ce?al-tment of Cilelr,istry, Harjard Unlver. icily identify mil fixus on inil1\7iclunl carbon 
s t y  Carnbrclge MA 121 36, USA nanotuhes by esL,loitlng the  high-resolutiol-i 

-Both mthors co'-tr b'Jteci e y 8 ~ a :  to t i i s  vmrk imaging capa1,llltie~ of tl-ie torce microscope; 
:To v!horn corresaoncience should Se aciciressecl ti~rthermore, be~ause  we iieterlnille the resla- 



tance at many points along the length of 
each tube. the contact resistance can be 
eliminated from our measurements. 

The nanotubes used in these studies 
were prepared by a catalytic process ( I  I ,  
12). Transmission electron microscopy 
(TEM) analysis shows that these samples 
consist primarily of multishell nanotubes 
with diameters between 7 and 20 nm (Fig. 
2). The straight nanotubes produced by this 
method have a relativelv low densitv of 
defects and contain well-ordered concentric 
graphitic shells (Fig. 2B) similar to those 
produced by the arc-growth procedure of 
Iijima (4, 13). The catalytic growth process 
also vields curved nanotubes havine a much 

u 

greater density of structural defects; these 
curved nanotubes have been exploited to 

Fig. 1. Schematic diagram of the measurement of 
the electrical properties of an individual carbon 
nanotube. Nanotubes were ultrasonically dis- 
persed in ethanol, deposited on an oxidized Si sub- 
strate, and then coated with a layer of sputtered Au. 
A striped pattern (4 pm by 1 mm stripes repeated 
every 15 pm for 2 mm) was made in the Au layer 
with the use of electron beam lithography to ex- 
pose a resist, followed by aqueous KIA2 etching of 
the Au in the exposed regions. Control experiments 
demonstrated that the processing did not affect the 
structure of the nanotubes. Commercial Si,N, can- 
tilever-tip assemblies were coated with -1 200 A of 
NbN deposited by dc magnetron sputtering. Topo- 
graphic images were obtained with these cantilever 
tips and a commercial instrument (Nanoscope, 

investigate how defects affect electrical 
transport. The nanotubes produced by the 
catalytic process consist primarily of isolat- 
ed nanotubes, not bundles, and thus can be 
probed individually in our experiments. 

Topography and resistance maps of a 
single, straight carbon nanotube with a 
hooked end are shown in Fig. 3. A cross 
section perpendicular to the axis of the 
nanotube shows that the height of the 
nanotube is 13.9 nm and that the apparent 
width is 95 nm (Fig. 3B). The height of the 
nanotube as measured in topographs is con- 
sistent with TEM measurements of our 
nanotube samples, but the width appears 
unusually large. The large width is expect- 
ed, however, because the images are ac- 
quired with tips having radii larger than 

Carbon 

- 

Digital Instruments). We simultaneously made elec- 
trical measurements by recording the current flowing through the nanotube for a fixed applied voltage. 
The nanotube resistances determined in these measurements were inde~endent of the sian and maa- 
nitude (between 200 and 1000 mV) of the applied voltage. ~easurements'were not made below 200 r& 
because the signal-to-noise ratio was too low. 

Table 1. Summary of carbon nanotube electrical resistivities. Nanotube diameters were determined from 
height measurements made by taking cross sections through the topographs perpendicular to the 
nanotube axes. Each value represents an average obtained from several different images of the same 
nanotube. The linear resistance was independent of the applied voltages (200 to 1000 mV) used in these 
measurements. The current flowing through the nanotubes under these conditions is on the order of 1 
pA; this current corresponds to a current density of -1 O6 A/cm2. The uncertainty in resistivity (R,A,,) 
represents a combination of the uncertainties in the nanotube diameter and linear resistance deter- 
mined from analysis of independent data sets acquired with different voltages on the same nanotube 
sample. There is also uncertainty in A,,,,, although this is small. The values of 8,  given to characterize 
the structure of curved nanotubes, correspond to the angle between straight lines approximating the 
direction of the nanotube before and after a bend in the nanotube. The three angles characterizing 
the structures of samples 3 and 6 indicate that there are three distinct bends along the nanotube axes of 
these samples. 

Sam- Diam- Linear 
resistance Resistivity 

pie eter (megohms/ (nm) 
(ohm-m) 

pm) 

Structure 

1 8.5 0.41 19.5 2 2.0 Straight 
2 13.9 0.06 7.8 2 1 .O Straight 
3 12.4 0.44 46.0 2 1.8 Slowly curved over -1 pm in length 

0, - +5"; 8, - -60; 0, = +7O 
4 15.0 0.25 37.6 + 1 .O Slowly curved over -1 pm in length 

8 = 17" 
5 18.5 0.22 48.9 5 4.3 Moderately curved over 1 Fm in length 8 

= 30" 
6 9.5 1.93 1 17 2 19 Greatly curved over -1 Fm in length 8, - +80°; 8, - -65"; 8, = +65" 

those of the nanotubes; that is, the apparent 
width of the nanotube corresponds to a 
convolution of the larger tip radius with 
that of the nanotube. Importantly, the 
height remains unaffected by the finite tip 
size and therefore represents a good measure 
of the nanotube outer diameter. These ef- 
fects have been discussed in detail for both 
nanotubes (14) and probe microscopy im- 
aging in general (15). In addition, the ap- 
parent doubled structure at the lower left of 
Fig. 3A and in other images (for example, 
Fig. 4A) corresponds to multiple tips imag- 
ing an individual nanotube and not a single 
tip imaging a bundle of nanotubes. This 
conclusion is supported by Fig. 3E, where 
the doubled structure has changed to an 
identically shaped single-nanotube struc- 
ture after modification of the  ti^. and Fie. . . 
3F, where the entire image of this same 
nanotube and several small surface  articles 
are doubled identically in an image record- 
ed with a different tip. 

The image of the nanotube in Fig. 3A 
shows a systematic increase in resistance 
from the upper right (near the connection to 
the Au electrode) to the lower left (where it 
ends) (Fig. 3C). The gray background corre- 
sponds to the insulating SiOz substrate. The 
resistance along the nanotube axis of Fig. 3C 
increases linearly with distance from the Au 
contact (Fig 3D). The total resistance RT in 
this and other measurements can be ex- 

Fig. 2. (A) TEM image of a straight carbon nano- 
tube produced by catalytic growth. (B) A high- 
resolution TEM image showing the multishell 
structure of these nanotubes. The scale bars are 
10 nm. The carbon nanotubes were grown at 
760°C from an ethylene-hydrogen feedstock and 
a supported iron catalyst (1 1, 12). 
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pressed as RT = R, + Rsx, where R, corre- 
sponds to the contact resistance in our mea- 
surement (the sum of Au-nanotube and 
nanotube-tip contact resistances), R, to the 
linear resistance of the nanotube, and x to 
the position along the nanotube. Along the 
straight portion of this 13.9-nm-diameter 
nanotube, we observed a linear resistance of 
R, = 0.06 megohms/p,m. The resistance in- 
creases by more than an order of magnitude 
around the bend at the end of this nanotube, 
showing that defects can play a key role in 
the electrical transnort of these materials. 
Furthermore, the resistance maps and corre- 
sponding linear slopes are stable to repetitive 
scanning over a several hour period, thus 
demonstrating that these measurements are 
reproducible and do not modify the sample 
properties. 

We have obtained similar results on a 
number of independent nanotubes. Figure 
4 shows a structural topograph and resis- 
tance map of a linear nanotube. The di- 
ameter of this nanotube determined from 
the topographic height is 8.5 nm; the dou- 
bling in the images is a multiple-tip effect. 
The resistance image (Fig. 4B) shows a 
systematic increase in resistance from the 
upper left (near to its connection to the 
Au contact) and the lower right (where it 
ends). Resistance plots taken along the 
nanotube axis (Fig. 4C) are similar, differ- 
ing only in R,, and are consistent with the 
resistance of a single nanotube determined 
by distinct conducting tips. The linear 
resistance determined for this 8.5-nm-di- 
ameter sample, 0.41 megohm/pm, is near- 
ly 10 times that of the 13.9-nm-diameter 
nanotube in Fig. 3. 

To compare the electrical properties of 

different nanotubes independently of their 
size, we calculated their resistivities (in 
microhm-meters) using the annular cross- 
sectional area (A,, ) of each sample, where 

-7 
Across = ~(rZ,urer 'inner) and 'outer and 'inner 
corres~ond to the outer and inner radii of 
the hollow nanotubes. The outer diameter 
(OD) of the nanotubes investigated in this 
study were determined directly from the 
topograph heights. Although topographs 
cannot provide a direct measure of the in- 
ner diameter for multishell nanotubes, ex- 
tensive TEM measurements made on our 
samples show circular nanotubes with an 
annular cross-sectional area that is a well- 
defined function of the OD (1 6). We used 
this experimental relation and the ODs de- 
termined from topographs to estimate the 
annular areas of the individual nanotubes 
studied (Table 1). There are several impor- 
tant points to be gleaned from these data. 
First. straieht nanotubes without obvious " 
structural defects exhibit the lowest resis- 
tivities. Among these samples, the resistiv- 
ity decreases with increasing diameter. The 
smallest resistivity we observed at room 
temperature, 7.8 microhmm, is less than 
one-tenth of that obtained from macroscop- 
ic (5, 8 )  and other microscopic measure- 
ments (9, JO), in which the nanotube sizes 
and structures were uncertain. These mea- 
surements thus provide a limit to the resis- 
tivity of multishell nanotubes, although we 
believe our value of 7.6 microhmm should 
be considered as an upper limit to the in- 
trinsic resistivity of a perfect multishell 
nanotube (1 7). 

Structural defects cause systematic in- 
creases in the nanotube resistivities. Com- 
parison of samples with significant curva- 

ture [that is, samples 4 and 6 (Table I)], 
which has been previously attributed to 
pentagonal and heptagonal defects in the 
nanotube structure (3), shows that the re- 
sistivity is almost an order of magnitude 
larger than that of straight nanotubes of 

Fig. 4. (A) Topography and (B) resistance maps of 
a single nanotube acquired simultaneously. The 
nanotube-Au contact is located just outside the 
upper left of the images. The resistance map was 
acquired with an applied voltage of -240 mV and 
its scale is in megohms. (C) Two cross sections 
taken along the nanotube axis of the resistance 
map show that the resistance increases linearly 
away from the Au contact and increases discon- 
tinuously at the end of the tube. The scale bars in 
the images are 0.5 pm. 

Fig. 3. (A) Topography, (B) 
cross section, and (C) re- 
sistance maps of a single 
nanotube acquired at:the 
same time with the meth- 
od outlined in Fig. 1. This 
nanotube contacts the Au 
overlayer beyond the up- 
per right portion of the im- 
age. The cross section in 
(B) was taken along the 
dotted arrow in (A). The re- 
sistance map was ac- 
quired with an applied volt- 
age of -250 mV, and its 
scale is in megohms. (D) 
Resistance versus length 
along the axis of the nano- 
tube resistance map in (C). 
(E) Topograph of the nano- 
tube in (A) acquired after 
scanning the tip for several Distance (nm) 
minutes on a clean area of Distance @m) 

the SiO, substrate surface. 
The cross section (inset), taken along the dotted arrow, shows that the structure features in this image; doubled particles are indicated by dashed ovals. The 
is an individual nanotube. (F) Topograph of the nanotube in (A) recorded with a doubled particle enclosed by the green oval corresponds to the single particle 
tip before recording (A). A double tip leads to an identical doubling of all of the highlighted by the green arrow in (E). The scale bars in (A) and (F) are 0.5 pm. 
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sinl~lar i i~~lrneter ( that  i.;, sample\ 7 anii 1 ,  
rezpect~r-ely). LY'e h c l i c ~ ~ e  tliar rliis cornpar- 
ison ilemonstrarei the importance of stu~i\--  
In. i n , i i ~ i d ~ ~ a l  lianotul~es that are htructur- 
alll- c11,iractcri:cil to iietermi~le t h e ~ r  ~ n t r ~ n -  
L C  yropertlc'i. It I alqo Intcrestlng to con- 
siiler it '  ~t \v111 l?c k ~ i > s s ~ l ~ l e ,  I.\- ~ n t r o c i ~ ~ c ~ n g  
iicfects ii~rcctlv with the probe t ~ p  or hy 
other means, to prol~e systematicall\- the 
ei'iec~s o i  electron scat ter~ng in these one- 
d ~ m e n ~ i o n a l  structures. 

T h e  s e n \ i t ~ ~ ~ t v  nf reslstlvltv to  structur- 
a1 ~ m p e r f c c t ~ o n s  m ~ ~ i t  be accounted fior 
to  dctel.mine ultimatel\- the  i n t r ~ n > ~ c  con- 
d i ~ c t i ~ ~ t \ -  of n a n o t ~ ~ l x s  h ~ ~ t  mav also allow 
ta i lor~ng o t  the  r e ~ i s t a ~ l c c  of these mcltcrl- 
als for ap l? l~ca t~on \ .  Wre l ~ c l ~ c v e  tllat our 
e rp tx~menta l  approach opens the  cloor to 
ileveloping a clear ~ ~ n i i c r s t a n i l i n ~  of nano- 
tulle e lect r~cal  tran?uort and to te>tinc! 
theoretical prcdic t~ons,  althougli this \\-ill 
require c ~ r e f ~ 1 1  ?tilJie? of the  temperature 
and d~allletcr d e p e ~ ~ ~ i e n c ~ e s  o i  the  r e s ~ i t ~ v -  
~ t y  111 >tructurall\- characteri;e,i ?amplei.. 
T h e  a i~uroach o ,~t l~nccl  here slioulcl be 

~ 

,~ppl~c.ible to p ro l~ ing  of the  lntrln?lc clec- 
trical propertics of me ta l - f~ l l e~ l  n a n o t ~ ~ l ? e ?  
( 1 8 ) ,  carhiclc ~ l a ~ l o r o i i  ( I ] ) ,  anil l ~ o r o n  
n ~ t r i ~ l e  n a n o t ~ ~ l ~ c s  ( 19)  and furthermore 
m,ly he able to ~I-esi: the  v a l i i i ~ t ~  of 
the  term "mr>lec~~lar  wire," n-111cll 11~1s 
been n.~Llel\- appllcil to organic anii biolop- 
leal nanostrL1cturz.i 1 1 ,  7 ) .  Lastl\ .  \\-e note  
that  the  e spe r~mcnta l  approach o ~ ~ t l ~ n e i l  
in F I ~ .  1 call 13c genrra1i:eci to me,isure 
the  mechan~ca l  propertiei: o t  nanoma- 
tcrial, and therelly aJdress t h e ~ r  applica- 
13111ty in composites and other structural 
;y?temi: (211). 
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Monsoons and High-Latitude ~lisaasntas 
During the Last DegBaciaRhon 

F. Sirseko," D. Gavbe-Schbnbsrg, A. Mclntyue, B. Molfins 

The major deglacial intensification of the southwest monsoon occurred at 11,450 5 150 
calendar years before present, synchronous with a major climate transition as recorded 
in Greenland ice. An earlier event of monsoon intensification at 16,000 i 150 calendar 
years before present occurred at the end of Heinrich layer 1 in the Atlantic and parallels 
the initial rise in global atmospheric methane concentrations and the first abrupt climate 
changes in the Antarctic; thus, the evolution of the monsoonal and high-latitude climates 
show teleconnections but hemispheric asymmetries. Superimposed on abrupt events, the 
monsoonal climate shows high-frequency variability of 17%. 1450-, and 1150-year 
oscillations. and abrupt climate change seems to occur when at least two of these 
oscillations are in phase. 

L , .. 

M a l o r  regin11 of the K\'i>rthern Hemisphere 
are in t l~~enced  e ~ t h c r  13y Atlant~c-contrr>lleLl 
\ \~tli is  anii precipitation or by  the monsnon? 
(Fig. 1) .  To ex-al~~ate  ph\-sic,il 1111kq hetlvecn 
thew tivo large-scale ?y>tem>, we comparcJ 
their c l ima t~c  h~story ~ l u r ~ n g  the t r a n s ~ t ~ o n  
from the last glac~al epoch into the Holo- 
cene as recorded 111 Grec~lla~lcl ice core> an,] 
in ilcep-sea sec11111e1lts ~I-OIII the A r a b ~ a n  
Sea. First olxervcd hl- Dansgaarci 2t  0 1 .  ( 1  ) 
and c~)nfirmcil 1'7 the ice cores of the 
Grecnlanil Ice Core Project (GRIP)  ancl 
Greenlancl Ice Sheet Pralcct I1 (GISP7) ( 2 .  
j), the  first abrupt iicglac~al lvarming ex-ent 
over the  S o r t h  Atlantic ancl Greenlanil 
o c c ~ ~ r r e d  14,5QQ ? l5Q calendar ye;irs be- 

b r e  present (13.P.), follc~n~ed l ~ y  ,innther 
\varmlnp event a t  11.600 -t 150 cale~lilar 
years B.P. (Fig. 2) .  T h e  incrca?c in glohal 
a t ~ l i o \ ~ ~ h e r l c  methane conccntrat~ons, in 
contrast, as recc~rcieii in the GRIP ice core, 
ztarted about 16,000 ca le~ l~ la r  year? B.P. 
(4), ~ n d ~ c a t ~ n u  an  early onset of enr~iron- 
lnental change in the  t rope> ,  where ~i los t  of 
the modern methane is ~?ro~Ii~cecl 111 nret- 
lancls. T h e  f ~ r s t  ~ leg lac~a l  change 111 \vine1 
tralector~es and ~ i i ~ s t  content over .i\ntarc- 
tica also starteil at aho i~ t  16,000 cale~lclar 
years R.P. (j), that 15, also s~gn~ficant ly  
earlier t l i a l~  the first temperature increase in 
Greenland (Fig. 3 ) .  A ~ c o r ~ l i ~ ~ y l y ,  the ell- 
mate of the hiyh lat~tuiles in the Northern 
ancl Soutller~l hcm~spheres shn\v strong re- 

F. Sr?ckc eno D Garbe-Schbnberg. Geocgcal-P;eon contrasts. 
tclogice lnstitkte Uni,:ersity Kiel 3Ish~~isenstr;sse 40- To co~npare  this asymmetr~c e v o l ~ ~ t ~ o n  
60. 2'1 e Kiel. Gerrran:] o f  the  polar climates with the c\-oh~tion o t  
A. 'vlclntyre ano E. 'vl?I:inc Laront -Dohew EaW 3b-  
selqb,et?r;, P;sacIes NY -0964, IJSA 

the huhtropical monsoons, Lve useLl data (6)  
from core 74KL fro111 the ~rpwellinp area (>i 

-To ,?/-ern cc -es~onclence si;?lLila ce edoressecl at 
C-eofcrschJngsreIltrLIIr Potsdaln Teiegrafenberg the western Arahian Sea (Fig. 1 ), where 
AI 7 ILL73 >c t soe l~ ,  Gerlneny t ~ v z  a h n ~ p t  6"0  changes have been ilk- 




