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Interaction Between the ENS0 'and the Asian 
Monsoon in a Coral Record of Tropical Climate 

C. D. Charles, D. E. Hunter, Richard G. Fairbanks 

The oxygen isotopic composition of a banded coral from the western equatorial Indian 
Ocean provides a 150-year-long history of the relation between the El Niiio-Southern 
Oscillation (ENSO) phenomenon and the Asian monsoon. Interannual cycles in the coral 
time series were found to correlate with Pacific coral and instrumental climate records, 
suggesting a consistent linkage across ocean basins, despite the changing frequency 
and amplitude of the ENSO. However, decadal variability that is characteristic of the 
monsoon system also dominates the coral record, which implies important interactions 
between tropical and midlatitude climate variability. One prominent manifestation of this 
interaction is the strong amplitude modulation of the quasi-biennial cycle. 

Compilations of sea surface temperature 
(SST) anomalies demonstrate that the 
ENS0 phenomenon is equally important in 
both the Indian and Pacific oceans, which 
implies a climate connection over much of 
Earth (I  ). However, the different basinal 
geometry and the seasonally reversing mon- 
soon currents demand a separate set of 
physical processes governing interannual 
temperature variability in the Indian Ocean 
(2), and, therefore, the degree of coupling 
between the ocean basins-a central issue 
for predictability-is not necessarily fixed. 
In fact, the tendency for this coupling to 
evolve may explain why the relation be- 
tween the ENS0 and the Asian monsoon 
has been the subject of one of the longest 
standing debates in climatology (3). 

Previous analyses have variously con- 
cluded either that the Asian monsoon af- 
fects the ENS0 or that the converse is true 
(4) .  Each of these conclusions allows the 
possibility for different large-scale feedbacks 
[for example, the former view implies that 
Eurasian snow cover could influence tropi- 
cal climate (31. Yet, resolution of these 
dynamical effects with the instrumental 
record alone is compromised by the fact 
that continuous reliable observations rarely 
span more than three decades-a period 
areuablv alreadv modified bv human activ- 
itgs. %us, it isdifficult to predict whether 
the relations determined from modem ob- 
servations would apply in basic climate 
states different from those of recent years. 
Furthermore, the long records that do exist 
(for example, the India Monsoon Rainfall 
Index) may not be the most appropriate 
measures of the large-scale Asian monsoon 
phenomenon (3). Defining the interaction 
between the ENS0 and the Asian monsoon 
requires not only an extended record but 
also a globally relevant index. 
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Here we present a 150-year record of 
SST from the Seychelles (southwestern 
equatorial Indian Ocean), which was de- 
duced from oxygen isotope analysis in an 
annually banded coral. We chose this site 
because it represents an open ocean region, 
where the climate variability has shown 
high correlations with canonical ENS0 in- 
dices (Fig. 1). We built on the principle 
that the interannual surface temperature 
changes in the western tropical Indian 
Ocean reflect a response (through up- 
welling and evaporation) to the organized 
atmospheric convection to the east ( 6 ) ,  
composed seasonally of the Asian monsoon, 
the Indonesian Low. and the Australian 
monsoon (7). Therefore, given the poten- 
tial for both the zonal (ENSO) and mon- 
soonal influences, the western tropical In- 
dian Ocean surface temperature represents, 
in principle, an effective gauge of funda- 
mental interactions in the global climate 

u 

system. The instrumental observations from 
the region (8) were discontinuous (Fig. 
lA), but the Seychelles coral record pro- 
vides a long uninterrupted view of surface 
temperature variability. 

We collected cores from a 3-m coral 
colony (Porites lutea) from Beau Vallon Bay, 
Mahe Island (4°37'S,55049'E), using a sea- 

water-based hydraulic wire line drill. The 
coral was found growing at a depth of 7 m 
and was 300 m outside the reef front in an 
area with no terrestrial influence (9). We 
only analyzed the top 2.2 m of the core 
(lo), because below this depth, changes in 
the coral's growth axis precluded a contin- 
uous record. 

The complete coral oxygen isotope 
record is shown in Fie. 2 as a time series. " 
Annual density bands are present in the 
coral and helv to ~rovide a chronometer for 
the isotopic iecorh. The growth rate of the 
coral averages 14 mm per year, and our 
1-mm sample spacing provides approxi- 
mately monthly resolution. There is a 
strong seasonal cycle in '6180, and, rather 
than relying completely on the sporadically 
weak density banding, we used the seasonal 
6180 cycle to count annual layers in the 
coral. We assigned the high 6180 extremes 
to August 1 of every year (on average, the 
coldest time of the vear) and intemolated r ,  

linearly between these anchor points for all 
other age assignments. This approach un- 
doubtedly creates the potential for a 1- to 
2-month time-scale error in anv eiven vear. 
but it is the most objective kithod.' W; 
date the single largest coral 6180 anomaly 
to late in 1877, which precisely matches the 
most catastrophic monsoon failure on 
record (Fig. 2A). 

The coral 6180 at this location is a 
relatively simple proxy for SST. In general, 
coral 6180 depends not only on the tem- 
Derature but also on the 6180 of the ambi- 
ent seawater. At the Seychelles, however, 
one would expect the seasonal temperature 
variability (of more than 2°C) to dominate 
the nearly constant 6180 of seawater (I 1 ). 
A rigorous test of the proxy is that coral 
8180 anomalies (calculated by removal of 
the average seasonal cycle) correlate strong- 
ly with observed monthly SST anomalies 
over the last 15 years (Fig. 2B). Further- 
more, correspondence with an independent 
index of monsoon strength (4) demon- 
strates that the coral successfully captures 

Fig. 1. (A) Time series of A Year 
the number of instru- 1880 1880 1900 1920 1940 lsaO 1W 
mental observations per 
month (26) in the grid 
boxes including the Sey- 
chelles and the Arabian 
Sea [the locations are in- 
dicated in (B) by the 
white boxes]. The Arabi- 
an Sea is widely consid- 
ered to be one of the 
best observed regions 
for SST, but significant 
data gaps occur during 
the war years (1917 to 

("c) 

1920 and 1940 to 1945) and before 1900. (B) July 1983 minus July 1984 SST anomalies, derived from 
the SST data in (24), illustrating the sensitivity of the western Indian Ocean to ENS0 phase changes. 
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the large-scale aspects of Asian monsoon 
behavior (Fig. 2C). 

The length and resolution of the coral 
record allow a detailed characterization of 
the Indian Ocean SST spectrum (Fig. 3). 
Over the full record, 6180 values decreased 
by about 0.15 per mil, which, if entirely 
temperature-related, implies that SSTs 
warmed by 0.8"C. The structure of this 
long-term trend is identical to that in in- 
strumental SST records (8), but the magni- 
tude of inferred warming is substantially 
larger in the coral. The most prominent 
cyclical mode has a decadal periodicity 
(1 1.8 to 12.3 years) and is relatively con- 
stant in amplitude throughout the record. 
On interannual time scales, several frequen- 
cies are evident, namely from 5.0 to 5.5 
years, from 3.5 to 4.0 years, and from 1.7 to 
2.4 years (12). The amplitudes of these 
interannual modes varied substantially over 
the last 150 years (13). For example, the 
3.5-year mode was strong before 1920 and 
after 1960 but weak between these times. 
Conversely, the amplitude of the 5-year 
mode was strongest in the 1930s and 1940s. 
The energy in the 1.7- to 2.4-year band was 
apparently modulated by the decadal cycle: 
the amplitude varied with the same charac- 
teristic period (roughly 12 years). 

Comparison with other time series is one 
way to deduce the mechanisms for concen- 
tration of variance in these frequencies. For 
interannual variability in the coral record, 
broad regional corinections are remarkably 
clear: virtually identical temporal patterns 
result from the analysis of Pacific coral and 
climate records that reflect the ENS0 phe- 
nomenon. The coral 6180 record from 

Tarawa Atoll (western Pacific) (14) cap- 
tures a 100-year-long history of the east- 
ward migrations of the Indonesian Low, 
and, therefore, correlation with the Sey- 
chelles record provides a test of zonal pres- 
sure gradient influences. An analogous (but 
inverse) test can be applied with the use of 
the Seychelles coral and Darwin sea level 
pressure records ( 15). 

Filtering of the 3- to 6-year period in 
these records (Fig. 4) demonstrates that the 
zonal ENS0 connection has persisted sim- 
ply and directly for at least 100 years, de- 
spite the changing dominant frequencies of 
the ENS0 phenomenon and without being 
confounded by processes unique to the In- 
dian Ocean. Therefore, even though the 
relation between India monsoon rainfall 
and the ENS0 indices is nonstationary 
(16), the relation between the tropical In- 
dian Ocean SST and the ENS0 has been 
essentiallv constant. Given that constancv. 
the ~e~chel les  record clarifies and extend; 
two asDects of the ENS0 E hen omen on: its 
tendency to cluster around either 3.5- or 
5.3-year periods and the fact that the longer 
periodicity was favored during the most pro- 
nounced monotonic rise in average tropical 
ocean temperatures. 

The strength of the ENS0 correlations 
attests to the importance of zonal excur- 
sions of the Indonesian Low as a primary 
control on climate variability throughout 
the tropics, but the decadal cycles that ac- 
tually dominate the Seychelles coral record 
must reflect a separate process. Decadal 
modes are common in long tropical Pacific 
climate records but are not as strongly ex- 
pressed, and the frequency is not as consis- 

I I 1 A , , 1877 monsoon failure 

Year 

Fig. 2. (A) Complete coral 81B0 time series. The 
vear 1877 contains the sinale laraest seasonal 

I i 
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anomalv. (BI Monthlv coral 81R0 anomal~es (dew- 

tent as in the Seychelles (1 7). Decadal fil- 
ters (Fig. 4) show generally weak correla- 
tion between these cycles in the Pacific 
records and the relatively more energetic 
cycles in the Seychelles record. Therefore 
we cannot call upon a strictly tropical Pa- 
cific phenomenon to explain the lower fre- 
quency variability in the coral. 

Instead, we suggest that the decadal 
mode in the Seychelles coral is characteris- 
tic of the Asian monsoon svstem. For ex- 

' I 

ample, decadal cycles in the 1ndia Monsoon 
Rainfall Index (18) correlate strongly with 
those in the coral over most of the period of 
record overlap (Fig. 4). In fact, the overall 
correlation between unfiltered Seychelles 
coral 6'80 anomalies and the India Mon- 
soon Rainfall Index is uniformly high (r  = 
0.6) before the late 20th century. The sense 
of the relation is as expected from consid- 
erations of annual and biennial variability: 
negative 6180 (warm SST) anomalies cor- 
respond with weak monsoons, and positive 
anomalies (cool SST) follow strong mon- 
soons. In all the extreme cases (weak or 
strong monsoon), the SST anomalies lag 
the monsoon rainfall anomalies by 1 to 8 

atlons from average seasonal cycle) (thln Ilne) fol- 
I . . . I . . . I . . . I . . . I . . : \ ! . . . I . . . I . . . I  

1840 1860 1880 1900 1920 1940 1960 1980 2000 
Year -4.2 l , m l l l l l l l f l L 1 l l l l l  low monthly SST anomal~es (thlck gray Ilne) [from 

1860 1900 1940 1980 (24)] over the last 16 years of data coverage (cor- 
Year relatlon coefficient r = 0 72). (C) Seasonal coral 

61H0 anomal~es (th~n Ilne) also correlate wlth the M 
Index of AsIan monsoon ~ntens~ty (thlck gray Ilne) 
[from (4)]  over the perlod 1968 to 1991 

1980 1985 1990 1995 
Year 

Fig. 3. (A) Seasonal coral 6'80 anomaly record in 
units of per mil (Pee Dee belemnite standard), with 
the long-term trend superimposed. (B through E) 
SSA decomposition of the Seychelles coral 6180 
anomalies in various frequency bands (13), with 
the approximate period and percentage variance 
(of detrended anomaly record) indicated for each 
significant mode. Each reconstruction shown is 
the sum of two modes in quadrature, except for 
the quasi-biennial mode (E), which sums a total of 
four modes (two sets in quadrature). QBC, quasi- 
biennial cycle. 
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months Over decailal perloili, there IS  110 

detect,ihle nhaie dlttere~lce hetu een the 
t\vo indices. The  correlation breaks d01v11 III 

the late 20th century. hut the coral iolloms 
large-scale monsoon indices during this in- 
ter\~al (Flg. ZC), ~vhereas the rainfall record 
does not (4). 

Independent of these uncertainties in 
instrumental records of monsoon intensity, 
the coral record suggests that the same dec- 
adal-scale processes that are responsible for 
strong Seychelles SST variability also gov- 
ern the strength of the quasi-hiennial cycle, 
which is, unde~llahly, the dornl~lant fLrm of 
rnonsoon variability (1 8 ,  19). Throughout 
the tropics, the quasi-hiennial cycle has a 
geographic expression similar to that o i  the 
E N S 0  (20) ,  and previous analyses of trop- 
ical SST compilations have demonstrated a 
iiecadal modulation o i  its arnplltude (21). 
We show here (Fig. 4 )  that this amplitude 
modulatlo~l in Dar~vin sea l e \ d  pressure 
correlates ~v l th  the decadal mode in the 
Seychelles coral. Intervals of high quasl- 
biennial variabilltv are associated with ue- 
riods of \\arm SST at the Seychelles, corre- 
sponding to the ~veak monsoon phase of the 
qua"-hlennlal cycle (1 9) .  

There are se\~eral possible explanations 
tor this decadal variahlllty in records that 
have the Asian rnonsooll as a cornrnon 
influe~lce. One  is that Northern Hernl- 
sphere mldlatitude circ~~lat ion processes, 
perhaps even associated ~vl th  North Pacific 
gyre \,xiability (22) ,  create sno\vfall anorn- 
alies that alter the strength of the monsoon 
and ultimately lead to SST changes (hy 
affecting the intensity of mind-dri\~en up- 
~vel l i~lg and evaporative cooling). Another 
is that nrocesses 111 the southern Indian 
Ocean contribute decadal-scale variahillty 

Fig. 4. Band-pass-filtered 
versions of varlous climate 
time series discussed n 
text. We took the Arabian 
Sea SST data from (8). The 
records were normalzed to 
unit variance, and the scale 
(In un~ts of standard dev~a- 
tion) IS the same for all 
records. The eft panel 
shows the ENS0 band (3 to 
6 years), and the right panel 
shows the decadal band (9 
to 16 years). To estimate the 
decadal modulation of the 
tropcal quas-bennal cycle. 
we frst rectfed a version of 
Darwin sea level pressure f -  
tered at 1 .4  to 2.9 years and 
then subjected this rect~fied 
series to the decadal band 
Dass. The f~ltered records 

to the eiluatc>rlal system (23)  and s~thst.- 
iluently to tht. A\lan monsoon through 
molsture and latent heat c o ~ ~ \ ~ e r g e n c e .  It i \  
also possihle that the hiennial cycle cc~uld 
he rectified regic>n,llly to amplify any exist- 
ing decadal periodicity. Althc>ugh ~t \\.ill 
require a larger collectlo~l c > f  long records to 
discriminate between these alternatives, it 
is apparent that all of these scenarios 1mp1y 
significant interaction between the tropics 
and midlatitudes, cha~l~ le led  through the 
monsoon system. 

1x1 summary, the coral record shows that 
the i~lterann~lal variability in the \vestern 
equatorla1 Indian Ocean has heen related 
directly to that of the ecluatorial Pacific tor 
over a century. This obser \~a t io~~ ~mmediate- 
1y simplifies mc~dellng c > i  the glohal ENSO 
phenome~lon anii any clirnate change asso- 
ciated ~v i th  the recilstribution o i  SST, for 
example, rainfall in East and South Airica. 
011 the other hand, the propagation of ciec- 
adal-scale \~ariability through the monsoon, 
~vhich Lvas apparently an important process 
in the ~7rea1lthro~7oge1lic clirnate of the I~ldi- 
an Ocean, is, in all likelihooii, not such an 
immutable feature c>f the climate system (see 
Fig. 4). By preserving a 1c11lg 11ldex (which is, 
in principle, capahle of extension to many 
centuries) of both ,4\ia11 monsoon anii 
E N S 0  i n t e ~ ~ \ i t y  , ~ t  seasonal resolution, the 
coral provldes a ~ l n i q ~ l e  perspecti\~e on tht. 
Interactlo11 betmeen these processt.\ and 
thelr characteristic time scalt.\. For example, 
if the quasi-biennlal cycle is part of the 
E N S 0  phe~lc~tnenon ( 7 ) ,  its decadal ampll- 
tude tnc>ilulatlon may represent the clearest 
example of mo~lsoo~lal processes influencing 
interannual cllrnate varlabllity in the tropics, 
in this case ~mplylng an actlve, rather than 
passive, role of the AsIan m o ~ ~ s o o ~ l .  

Amplitude India 

Sey Danvln Taiawa of QBC monsoon Taiawa 
Sea 2000 r Sey (Daw~ni ia~nfa l l  

1900 

(ranfall) 

1880 - 

1860 - 

LOW 

. t Cold phase ENS0 Warm phase A . 

are orented so that the ENS0 "warm phase" response is to the right, and the polarity 1s as Indicated at 
the bottom of each record. Shaded bars h g h g h t  several strong El Niiio years for general reference and 
for ilustraton of phase. Sey., Seychelles. 
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A. 0, Orlov, 8 .  Amlani, G.  H. Bernstein, C. S. Lent, 6. I-. Snider 

This paper presents an experimental demonstration of a basic cell of the quantum-dot 
cellular automata, a transistorless approach to computation that addresses the issues 
of device density, interconnection, and power dissipation. The device under study was 
composed of four metal dots, connected with tunnel junctions and capacitors, and 
operated at <50 mu. Operation was evidenced by switching of a single eleciron between 
output dots controlled by a single electron switching in input dots, demonstrating a 
nonlinear, bistable response. --- 
A c l ~ i e \ - e m e n t  of ever hlgher le\-el\ o t  111- 
tegr,~tion 111 micrc~eli'ctronics el-entuallv 
~vi l l  require ;l shift from tlhe tielLi-etfect 
t r , ~ n ~ ~ s t o r  (FET)- b ~ s e d  paraJii.111. c a l i n g  
of FET< \\-ill be 11rnltt.d 137. ~in,~cceytal?le 
p ~ ~ i ' r  ~lis\ipatlon ailLi shor t -chanl~zl  et- 
tects, 11-lhich l e a ~ l  to  perti)rrnai~ci' ileirrc~Jc~- 
t1o11. O n e  a1ternat1r.e ~ r c h ~ t e c t u r e ,  qu;ln- 
tlim-Joi- cellular ~ ~ i t o n l a t a  (QCA! ( 1  !, is a 
t r a i ~ s i c t ~ ~ r l r s i  ~ p p r o ~ ~ c h  \ \ - ~ t h  quantum dot.; 
that  ailJresses the  ii3ut.s of devlce density, 
in t e r ionnec t~o l1~  and po1vt.r d i s i i p ~ t i o n .  
Con\-e11tion;ll i l~gital  architectures L I , ~  

t ran>is tor~ JS current \v i t che i  to  charge 
~ 1 1 ~ 1  c l i sc l~a r~e  capacitors to the  required 
l o g ~ c  1-oltaee le\.els. I11 Q C A ,  logic states 
are encoiieLi n o  l o i ~ ~ e r  a, voltages 1-ut 
rather 111- the  p~3.1tion. o t  ~ n ~ d ~ v i d u a l  elec- 
troll.;. QC.4 architecr~ire is sc;ll,rhle to  mo- 
l e c u l ~ r  le\-el.. c ~ n J  rerformai~ce ,~i tual lv  
Improves ;ls the  s1:e o i  the  i ie \ -~ce ic ~ i e -  
c r e ~ s e d .  T h e  cell presenteil lhere oyeratei 
a t  csvogen~c temyer,itures, L3ut J mo1ec~1- 
lar-s1:t.d Q C A  cell \ \ - 0 ~ 1 1 ~ 1  i i l i~ct~i i i l  a t  ri)om 
temperature. 

i3i1 the baz~s o i  esi>tlnq technoloyi, ,I 

pos?ll~lc. re,lli;atit-rn nt  a 12aslc QCh cell 
~vo~l l i i  1~ c~111poseJ o i  t ~ v o  c e r ~ e i - c ~ > i ~ ~ ~ e c t e J  
metal dot. sey,lrateil h\- runnel~ng Ixrriers 
and c:q-aciti\-el)- ci-rupleJ tc-r 'I secc-ri~d, 1dei1- 
tical ilirul-le ilc3t. T h e  Je ts  anil aisi)clateii 
ca~.,~c~t;lnces 'is2 ~utf ic ie i~t lv  sll?all that the 
sl-stem i, in the  C o ~ l l o l l ~ b  l ~ l o c l ~ ~ ~ l z  ri'51111i' 
( 2 )  at tlhc tel11per;lturi' of the experiment. I i  
the  cell is I-iased io  rh,it there ,ire t\\.ir 
excess electron\ \v i th~n  the ic-r~ir Jots ione 
exes . ;  electron per iloul-lr J o t ) ,  tlhose elec- 
troll> are fi)rcecl to t ~ p p r n ~ t e  cor~ler,  c>t the 
t o ~ ~ - J o t  iystem by Couloml: reyulaion. T h e  
t\vo pc~sa~lile l?olar~r,~tii)n atc~ti'> of thi' 57's- 
tern represent lopic 0 and 1. i l~~licateil  in 
Fiy. l L 4 .  P r ~ p e r l ~  arrdll:ed, i$rrayi ~i tlhzse 
haqic cell.; call imylement Booleal1 lc~gic 
t~lnct l~>l ls  i .? ) . , , 

\S7e report the esperimental dcmon~t ra -  
tion of ;l t ~ m c t ~ i ) n ~ n i r  O C A  cell. Direct mea- ,, - 
curement. c~i the charglni_. Lllacram i3t o ~ i t p ~ ~ t  
ilot.; ~li1Jer tlhe ~ l ~ t l ~ ~ e n c e  o t  electron w i t c h -  
ing In 111p~lt ilots. c0~1111~11eii \ v ~ t h  electrom- 
eter meas~~re rne i~ t s  of o l l t l ~ ~ t  Jo t i ,  sllir\v a 
coi~ti-011eJ p~olar~:a t l~>i~ c l~ange of ;l Q C A  
cell. O ~ l r  exyer~mental result> shir~v excel- 
lent agreement \\ it11 il~eorv. 

T h e  device consists c ~ t  tous '41 ~ i l ~ ~ n d s ,  
\vith Input Jots Dl and DZ and irutpllt Jo t<  
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D3 and D4 (F IP  1B).  Tlie Al-A10,-.q1 
t~111ne1 1~111ctlons \Yere f;lbricated on an  os -  
~dlred Si substrare I-\- a stC~ndarLl electron 
l~eall~-litl~o:rapl~y and s11aiio~1- evaporation 
t e c h i ~ i ~ u e  (4) .  T h e  area of the  j~ul~ctions ic 
~ l - o u t  60 b\- 6G ilm. T h e  salnple n-as m ~ ) u n t -  
eil o n  tl1e co1J tinger of a dllutioll reti.iger- 
ator \\.it11 a temperature of 15 n1K. 
C o i ~ ~ l ~ ~ c t a n c e s  o i  the L l o ~ ~ l ~ l e  dot ~ n c l  each 
IIIPLI~ dot were mea~ui-ed sirn~~ltaneo~lsly 1 1 ~  
stai1d;lrd ;lc lock-111 techn~ques  n-it11 ~ 1 1  ex- 
cit ,~tlon voltage oi 4 ILV at 16 to 40 Hz. A 
m i ~ i ~ e t i c  tlelci of 1 T was aptlied to  sup- 
pwsst'11e s ~ ~ ~ ~ e r c ~ m ~ l ~ ~ c t ~ v i t y  ot the  metal. 
Tvpic;ll resistance o t  ,i single iunction at 1 
I< was ZL1C 1;ilohm. C a y a c l t ~ i ~ c e s  betweell 
gdtes a i d  islanLli \Yere Je te rm~ned  trom the 
yeriid ot  tlle Ct-ruloml~ bloc1~1Je oscilla- 
~ I O I I S ,  ~ 1 1 ~ 4  vall~es of j~lilctioll c a p ~ c i t a i ~ c e s  
\\.ere extracted from c~irrent-1-oltape mea- 
s~lrements i?) .  

A po1arl:;ltlon chanqe o i  the  QCh cell 
req~lire. '111 e l ec t ro i~  t r ~ n i f e r  l>et\veen dots 
\ \ l t l ~ i ~ n  z a c l ~  doul~lc  dot.  Ga te  electrodes 
iosce a11 e lec t r i~n  to sn.itcl1 from one dot to  
the  o t l ~ e r  \vithin the  ~ n p u t  set o t  dots, 
\\-h1c11 111 turi1 L I I ~ L I C ~ ~  ;l i ~ v ~ t c h  of the  
other i'lectroln ill tlhe output ~10th. Tlhis 
process c ~ n  hest lie ~111derstood 1)) conslil- 
ering tlhe motioi1 of i'lectrons \ v ~ t h l i ~  0112 

<ioub1e Jo t .  By me,~suri~ng the  c o l ~ ~ l u c t a l ~ c e  
tlhrougl~ tllc ~ i o r ~ b l e  clot as a iunc r io i~  oi  
the  gate 1-oltages IrC ai1J V,, (Fig.  l C ) ,  we 
can  determine the  elzctrc>n cliarqe coi~t ly-  
uratlon ~ v ~ t h i n  the  Jt-ruL.le dot.  Cllrrent 
CJII tlon. through 'I douhle ,.lot only a t  
certain s e t t ~ i ~ g s  of the  Sate 1-oltages, \\-here 
the  Coulomb b l ~ c l < ~ ~ d e  is llfted tor hot11 
Ldots sim~llt;lneousl\-. A contour ~ 1 ~ > t  of the  
llleai~lreil conLluct;lnce throu,+~ a ilouhle 
Jar ai  a i ~ u n c t ~ o n  o t  g;lte 1-oltages Iri: and 
I.,, (Fig. I D )  shon~s 'eal;s In conductance 
at trlyle yolnts, T, n.hich form a hexagc7- 
rial "11irne1-coml~" (5). Eaclh h e x ~ g o n a l  cell 
1s i le l~neated 1 3 ~  dashed lliles 111 Fig. l D .  




