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　　Abstract　　T his paper reports the classification of ENSO into seven categories according to annual(March to Feb ruary of next

year)mean SST of Niñ o 3.4 and composite index(ΔI)for the period of 1861～ 2000.Categories +3 , +2 , and +1 denote very st rong ,

st rong and weak w arm episodes(E), -3 , -2 , and -1 mean very strong , strong and weak cold episodes(A).Absolu te SST anomalies

are abou t 1.5℃, 1.0 ℃ and 0.5 ℃ respectively for the categories 3 , 2 , and 1(or -3 , -2 , and -1).The normal years are expressed

as category 0.Annual categories of ENSO are estimated on the basi s of proxy data f rom AD 1501 to 1860.And a series of ENSO category

is established for the period of 1501～ 2000 in conjunct ion w ith the observat ional data.Comparison of proxy data w ith observations for

1874 ～ 1973 indicates that about 80% of the El Niño years and La Niña years can be reconst ructed from proxy data , and the reliability of

the reconst ruction is veri fied.Analysis of the pow er spect rum of the reconst ructed ENSO series show s signif icant peaks at QBO , 3～ 4a

(year), 5～ 6a , and 10a period , the former three are in accordance w ith the observations for the last 100 years or more.Studies on long

term variability of ENSO indicates that ENSO frequency is relat ively stationary during the last 500 years , including the Litt le Ice Age

(LIA)(1550～ 1850)and Modern Warming Period(the 20th century).However , the f requency of E is a litt le higher in the 20th centu-
ry and that of A is somew hat higher during the LIA.

　　Keywords:　last 500 years , ENSO variabili ty , time series.

　　ENSO is abbreviated f rom El Niño and Southern

Oscillation.El Niño , which is an oceanic phe-
nomenon , shows abno rmal increasing of SST by the

end of the year near the Pacif ic coast of south Ecuado r

and no rth Peru.Southern Oscillation , which is an at-
mospheric phenomenon , is characterized by the see-
saw oscillat ions of sea level pressure (S LP)betw een

the Pacific and Indian Oceans.SLP is higher over the

Pacific if it is lower than the normal in Australia and

Indian Ocean and vice versa.Variations of the South-
ern Oscillation are usually measured by the difference

of S LP between Tahi ti and Darwin.The latter is

called SOI.The term ENSO is widely used in studies

related to the w hole Pacif ic Basin , and El Niño or La

Niña is applied when the studies are limited to the

SST over Eastern Equatorial Pacific , including the

Pacific coast of South America.Posit ive phase of EN-
SO means El Niño and negat ive SOI , and negative

one means La Niña and positive SOI.Quinn et al.[ 1]

have reconst ructed both ENSO series and El Niño se-
ries.The former dif fers a lit tle f rom the lat ter.In the

present paper , global scale of proxy data are used , so
the term ENSO is adopted.A year w ith positive

phase of ENSO is denoted as E , while negative as

A .If an El Niño event sometimes lasts for two

years , it is expressed as two E years.In this paper ,
ENSO series are examined only on the annual basis.

It is widely acknow ledged that occurrence of El

Niño varies between 2 and 7 years.Usually three

peaks are found in 2 ～ 7 year f requency band of the

power spect rum .However , the predominant period

varies wi th time.Hence , variation of ENSO frequen-
cy has an influence on the precision of ENSO predic-
tion and on the teleconnection of the local climate to

ENSO.Fo r example , Elliot t and Angell
[ 2]

found that

the correlat ion coeff icient is relatively low during

1920 ～ 1950.Webster et al.[ 3] indicated that this is a

period with low interannual variability of ENSO.The
correlation coefficient betw een ENSO and Indian

summer monsoon rainfall decreased from about

-0.80 before 1920 to -0.20 for 1920 ～ 1950.
Therefore , i t is important to investigate the changes

of ENSO variability wi th time.

However , studies on the ENSO variability de-
pend on the availabili ty of a homogenous , consistent ,
and long-term series w hich characterize ENSO vari-
ability.Nevertheless , observat ional data of SST and

SOI are available f rom the 1860s[ 4] , which provides

ENSO chronology for about one and a half century.
So , it seems not enough in length fo r understanding

the climate change of ENSO variabili ty , fo r it is miss-
ing the LIA.Moreover , reconst ruction of ENSO

chronology w ill also benefit the projection of ENSO



variability in a very w arming scenario in the future.

Quinn et al.
[ 5]

reconstructed the fi rst chronology

of El Niño for the last two and a half centuries , ex-
amining the records of f lood and f ish catch in Ecuado r

and Peru.Then , the chronology was extended to AD

1525[ 6 , 7] .Recently , it is suggested that Quinn' s
chronology should be re-examined[ 8 ,9] .Anyhow , it is
the first ENSO chronology in the wo rld , which pro-
vided informat ion on the ENSO variability for a few

hundred years.Another ENSO chronology is worked

out by Wang[ 10] , which covers the period of AD 1470

～ 1989.The following proxy data were used in

Wang' s study:(1)cool summer in northeast Chi-
na[ 11] , (2)number of landing typhoons in China[ 11] ,
(3)SOI of Lough et al.[ 12] , (4)SOI of Zhang et

al.[ 13] , (5)f loods of Peru[ 14] , (6)droughts of Aus-
tralia[ 15] , (7)floods of Nile[ 16] , and (8)El Niño
chronology[ 6] .Only El Niño events are included in

the chronology of Quinn[ 1] and Wang.[ 10] Recently

M ann et al.[ 17] reconst ructed SS T anomalies in Niño
3 region since 1650 using the proxy data.The aim of

the present paper is to reconstruct an ENSO series , in
w hich both El Niño and La Niña are included.

1　ENSO observations(AD 1861 ～ 2000)

Reconstruction begins wi th an analysis of obser-
vational data of ENSO for the period of 1861 ～ 2000.
It w ill provide a f ramew ork of the reconstruction.
The follow ing observational data are available:(1)
SST of Niño 3.4 region

[ 18]
, (2)SST of Niño 3 re-

gion
[ 19]

, (3)SST of Niño C region
[ 20]

, (4)SOI of

Allan ,[ 21](5)SOI of Shi and Wang[ 22] .Tw o SST

records(2)and (3), and two SOI records(4)and

(5)have been integ rated to one composi te index se-
ries(ΔI)[ 4] , in w hich +SST and -SOI are aver-
aged.Therefore , positive ΔI means positive SST and

negative SOI , and vice versa.In this paper , bo th se-
ries SST in Niño 3.4 region and ΔI are examined.

Considering the necessi ty of assimilation to the

proxy data later , here only annual mean records are

examined.The annual mean we used is the average of

monthly records from March to February of next year

rather than from January to December of the same

year , for some proxy data give only information of

w inter months (December to February).The next

step is to transform the digitized series to a category

series , and i t is also necessary because some of the

proxy data provide only qualitative but no t quantita-
tive info rmation of ENSO.

Quinn[ 1] classified the El Niño events for the pe-
riod of 1525 ～ 1987 into three categories:very

st rong , strong and w eak.In his study total frequency

of El Niño years accounted fo r 32.4%, the category

of very st rong , strong and weak made up 2.6%,
12.5% and 17.3% respectively .Similar approach is

used in the present study.There were 46 years dur-
ing 1861 ～ 2000 while ΔSS T ≥0.30 ℃, which

makes up 32.8%of total 140 years.Then 0.30 ℃ is

used as a threshold to identify the El Niño year.The
threshold used by National Climate Center in China

(NCC)for identif icat ion of El Niño events is the sea-
sonal anomaly of SS T ≥0.5 ℃ in Niño 3.4 region

w hich lasted fo r tw o or more successive seasons.The
annual mean ΔSS T of 0.30 ℃ is comparable to

0.50 ℃ of seasonal mean ΔSS T .Then , the years

w ith ΔSS T ≥0.30 ℃ are classified into three cate-
gories w hich are denoted as 3 , 2 , and 1.Similar pro-
cedure is applied to analyze the La Niña years.The
thresholds are given in Table 1.A nearly identical

analysis is carried out for the composite index of EN-
SO (ΔI).In 88 out of the 140 years the categories

identified by ΔSS T are the same fo r ΔI , which

makes up 62.9%.In the o ther 49 years , the categ o-
ry difference is 1.Only in 3 year (2.1%)category

difference is 2.It show s good ag reement of ΔSS T
and ΔI .Mean ΔSS T averaged for each category are

given in Table 1.It is indicated that catego ries 3 , 2 ,
and 1 roughly represent 1.5 ℃, 1.0 ℃ and 0.5 ℃of

annual mean ΔSS T , figures are very similar for La

Niña , but wi th negative anomaly .

Table 1.　Classification of ENSO according to ΔSST in Niñ o 3.4 region and composite index(ΔI)

Category 3 2 1 0 -1 -2 -3

ΔSST(℃) ≥1.30 1.29～ 0.70 0.69～ 0.30 0.29～ -0.39 -0.40～ -0.69 -0.70～ -0.99 ≤-1.00

Frequency(%) 6(4.3) 14(10.0) 26(18.6) 49(35.0) 24(17.1) 16(11.4) 5(3.6)

Mean(℃) 1.51 0.98 0.50 -0.06 -0.56 -0.84 -1.19

ΔI ≥1.40 1.39～ 0.80 0.79～ 0.30 0.29～ -0.49 -0.50～ -0.79 -0.80～ -1.19 ≤-1.20

Frequency(%) 6(4.3) 16(11.4) 22(15.7) 54(38.6) 22(15.7) 14(10.0) 6(4.3)
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2　Proxy data

All of the proxy data used in reconst ruction of

ENSO series are based on the teleconnection betw een

regional or local climate and ENSO , except that

records of coral δ18O provide directly information of

SST .For example , w inter precipitation is usually

g reater than the no rmal in southw est of the U.S.
and north Mexico during an El Niño year.So ,
g reater w inter precipitation is regarded as an indica-
tion of the occurrence of El Niño.However , w inter

precipitations are estimated not di rect ly f rom the ob-
servations but indi rectly from tree-ring data.There-
fore , some uncertainties occur in reconstruction of

ENSO chronology by using proxy data:(1)regional

o r local climate is influenced not only by ENSO , but
also by a series of regional or local facto rs , then the

anomaly of climate w ill no t correspond to ENSO one

by one.(2)Reconstruction of ENSO in historical

time presumes that the teleconnection betw een ENSO

and climate is stationary , but it needs to be proved.
(3)Estimation of climate anomalies according to tree-
ring , ice co re and documentary data are also no t pre-
cise.In this circumstance , we have to use composite

proxy data , following the w ork of Wang[ 10] .The ap-
proach of the present paper dif fers f rom that used by

M ann et al.
[ 17]

, who reconstructed fi rst ly the princi-
ple components of SST , and then the SST of Niño 3

region.

The proxy data in the key areas are examined ,
where the climate is influenced by ENSO.Three

kinds of reg ions w ere ident if ied around the w orld ac-
co rding to the inf luence of ENSO[ 23] .First of all ,
there are areas w here climate is directly inf luenced by

ENSO , such as Indonesia , Australia , and Peru.In
the second , some areas are influenced through tele-
connection , such as India , southwest of North Amer-
ica , and China.And thirdly , how ever , climate of

some areas is f ree to ENSO impact , such as Europe.
Among the proxy data used by Wang[ 10] , three refer

to China (1 , 2 , and 4), meanwhile , the series of

floods of Peru(5)and droughts of Australia (6)are

not long enough.Therefore , the results of Wang[ 10]

have a bias tow ards emphasizing the role of ENSO in

China.However , China is not located in the f irst ,
but in the second kind of the region.So , the proxy

data are reorganized in the present paper for four re-
gions;South America , North America , East Asia ,
and Africa(Table 2).

Table 2.　Proxy data used in reconst ruction of ENSO

Reg ion Sources Period Autho rs

South
America

1.Documentations 1525 ～ 1987 Quinn et al.[ 7]

2＊.δ18O o f ice core 1450 ～ 1984 T hompson[ 24]

3.Composite 1650 ～ 1980 Mann e t al.[ 17]

North 4.T ree-r ing 1600 ～ 1962 Lough and F ritts[12]

America 5＊.Tree-ring 1706 ～ 1977 Stahle e t al.[ 25]

East Asia 6.Cool summer in northeast

China

1600 ～ 1989 Wang[ 11]

7.Number of landing typhoons 1470 ～ 1989 Wang[ 11]

8＊.Droughts/ floods 1470 ～ 1988 Zhang et al.[ 13]

9.Droughts in north China 1470 ～ 1988 Wang[ 11]

Af rica 10＊.Low flood o f Nile 1470 ～ 1984 Hassan and Stucki[ 16]

11.Low flood of Nile 622 ～ 1520 Quinn[ 1]

　　＊Key series

South America:Chronolog y of Quinn et al.
[ 7]

is

limi ted to El Niño events only.However , ice core da-
ta(δ18O)provide bo th El Niño and La Niña informa-
tion[ 24] .The ice core is taken from mountain region

in south Peru , where the precipi tations negat ively

correlate to the El Niño.Contrarily , i t is posit ively

correlated to the coast region of no rth Peru.δ
18
O be-

ing g reater than the no rmal infers the occurrence of El

Niño.Correlation coefficient is 0.36 between δ18O
and SS T according to the observations for 1936 ～
1983 , it is significant at 95% of confidence level[ 24] .
Series of SST in Niño 3 region w as reconst ructed by

M ann et al.[ 17] fo r the period of 1650 ～ 1980.

North America:Winter precipitat ions in south-
west of the U.S.and north Mexico increased in El

Niño years.Precipitation anomalies can be estimated

based on tree-ring data.Lough and Fritt s[ 12] f irst re-
const ructed the SOI series of 1600 ～ 1962 using t ree-
ring widths.Recently , integ rating the results of fif-
teen authors , Stahle et al.

[ 25]
provided an improved

series of SOI for the period of 1706 ～ 1977.These

two series are closely correlated to each other.

East Asia:It has been found that summers in

no rtheast China were cool , number of landing ty-
phoons in south China w as less than the normal , oc-
currence of droughts in north China w as f requent in

El Niño years.Historical documentations w ere exam-
ined to find out the El Niño signals[ 11] .A SOI series

w as reconst ructed by Zhang et al.[ 13] , which is also

used in identifying the ENSO events.

Africa:Observat ions indicated that lower floods

in Nile during the 20th century appeared at 1913 ,
1915 , 1918 , 1925 , 1930 , 1939 ～ 1941 , 1944 , 1951
～ 1952 , 1957 , 1965 ～ 1966 , 1968 ～ 1969 , and 1972

～ 1973 , all of w hich are referred to as El Niño years.
Quinn[ 1] reconst ructed the first chonology of low Nile
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floods for the period of AD 622 ～ 1520.Surprisingly ,
series of Nile floods[ 16] provide information of bo th El

Niño and La Niña events.

3　Reconstruction of ENSO series for 1501 ～
2000

First the top 30%(or the bot tom , 30%)of the

records for each of the eleven series in Table 2 are

taken as indication of El Niño (E)when the index of

the series positively (or negatively)correlates to EN-
SO and the bo ttom 30%(o r top 30%)as indications

of La Niña(A).Secondly , chronologies of E and A

years are reconstructed fo r each of the four regions ,
synthesizing the indicat ions available in all series of

the region.Finally , ENSO categories(ΔE)are esti-
mated for each year from 1501 to 2000.Generally ,
category 3(o r -3)is accepted when there are E (o r
A)indications in four or three regions , category 2(o r
-2)is adopted if indications are available in three o r

tw o regions.Category 1 is used when indicat ions are

available in tw o or one region.

Table 3.　Accordance betw een ENSO(ΔI)and p roxy data in regions

Number
of years

Sou th
America

North
America

East
Asia

Af rica ΔE

E (31) 18　 21　 19　 16　 25　

% 58.1 67.7 61.3 51.6 80.6

A(32) 22 20 15 11 27

% 68.6 62.5 46.9 34.4 84.4

　　Table 3 verifies the validity of the approach de-
scribed above , in w hich numbers of indications of E

o r A which are identical to ΔI (Table 1)for 1874 ～
1973 are given by regions.It is clear that about 80%
o r more of E or A years according to ΔI can be iden-
tified using composite proxy data (ΔE), though a

single regional series can fi t only for about 50% to

60% or less of observational E or A years.

Table 3 indicates the close relationship betw een

ENSO and regional climate found in South and North

America.Then , the indications of E or A years in

these two regions are emphasized in composition of

the regional signals.For example , the year with

≥1.0 ℃(or ≤-1.0 ℃)SS T of Niño 3 according to

M ann et al.[ 17] is accepted as a year of category 3(o r
-3)if there are indications of E (or A)in four o r

three regions.In 1900 , E indicat ions are found in all

of the four regions , but categ ory 2 is accepted for the

SST in this year w as only 0.28 ℃acco rding to M ann

et al.[ 17] On the contrary , in 1905 there are also indi-
cations of E in the four regions , but categ ory 3 is ac-

cepted for the SST w as 1.72 ℃.There are indica-
tions of E in two regions both in 1754 and 1765 , but
category 2 is accepted for the former and 1 for the lat-
ter , because South America show ed indication of E in

1754 , but not in 1765.In 46 of the 100 years of

1874 ～ 1973 , reconst ructed ENSO category (ΔE)is

identical to that of the observations(ΔI), and cate-
gory of ΔE differs by one f rom ΔI in 48 years , only
in 6 years the category difference between ΔE and ΔI
is tw o.It demonst rates again the rationality of the re-
const ruct ion.

It has been found that ENSO act ivity reduced

during 1920 ～ 1950[ 3] .Therefore , the reconstruction

is reexamined separately for 1874 ～ 1923 and 1924 ～
1973.Table 4 demonst rates the reconst ruct ion stabil-
ity , but it is a li tt le low er for the reconst ruction of E

in the second period.It ref lects the reduct ion of EN-
SO activity in this time interval.

Table 4.　Reconst ructed El Niñ o(E′)and La Niña(A′)and observed

El Niño (E)and La Niñ a(A)for the period of 1874～ 1923 and 1924

～ 1973

E E′ E′/ E(%) A A′ A′/ A(%)

1873～ 1923 17 15 88.2 19 16 84.2

1924～ 1973 14 10 71.4 13 11 84.6

4　ENSO variability

A preliminary analysis of reconst ructed ENSO

series(ΔE)for the last 500 years gives some indica-
tion of the changes of ENSO variabilities.

4.1　Long-term changes of ENSO variabili ty

The frequencies of ENSO by category are given

in Table 5 for each 50-year period.During the LIA

(1551 ～ 1850), the frequencies of E years (3 , 2 ,
and 1)and A years(-3 , -2 , and -1)are nearly

the same as the average for the w hole 500-year peri-
od.It infers that El Niño events still remained active

in the LIA.However , f requency of weak La Niña
events(-1)was a lit tle higher than the normal in

three cold stages 1551 ～ 1600 , 1651 ～ 1700 , and

1851 ～ 1900 in the LIA[ 26] .On the contrary , very
st rong (3)and st rong (2)El Niño years occurred

more often in the 20th century .Diaz and Pul-
warty

[ 27]
indicated that the f requency of ENSO dur-

ing the LIA does not differ greatly f rom that found in

the 20th century based on singular spect rum analysis

and evolutive spect ral analysis.Long-term variations

of ENSO variability is manifested w ell in the w avelet

analysis(Plate I).
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Table 5.　Frequency of ENSO by category(1501～ 2000)

Category 3 2 1 0 -1 -2　 -3　 E A

1501～ 1550 1 3 9 26 6 4 1 　13 　 11

1551～ 1600 1 6 6 19 13 4 1 13 18

1601～ 1650 2 6 9 18 8 5 2 17 15

1651～ 1700 2 4 10 17 11 3 3 16 17

1701～ 1750 2 6 8 20 9 4 1 16 14

1751～ 1800 1 3 9 26 7 2 2 13 11

1801～ 1850 2 7 7 18 11 4 1 16 16

1851～ 1900 0 5 8 17 13 7 0 13 20

1901～ 1950 3 6 9 17 7 4 4 18 15

1951～ 2000 4 8 7 17 6 7 1 19 14

1501～ 2000 18 54 82 195 91 44 16 154 151

% 3.6 10.8 16.4 39.0 18.2 8.8 3.2 30.8 30.2

4.2　Interannual variabili ty of ENSO

Fig .1 gives the pow er spectrum of ENSO (ΔE)
for the last 500 years.Peaks in the interannual scale

are concentrated in three bands:QBO(Quasi-Bienni-
al Oscillation), about 3 a (year)and 5a.Diaz and

Puluarty (ΔE)[ 27] analyzed seven series of ENSO ,
predominant periods are given in Table 6.Periodici-
ties revealed are quite similar to that found by Diaz

and Pulw arty
[ 27]

.It demonst rates the robustness of

the results of annual variability of ENSO.

Fig.1.　Pow er spect rum of ENSO series(ΔE), 1501～ 2000.

Table 6.　Periodicities in ENSO series[ 27]

No. Data Timing Authors QBO 3～ 4a 5～ 7a

1 El Niñ os 1525～ 1985 Quinn et al.[ 6] 2.2 , 2.8 3.3 6.7

2 Flood in Nile 629～ 1520 Quinn[1] 2.2 , 2.9 3.6

3 Ice core δ18O 744～ 1984 T hompson et al.[ 28] 2.2 3.6 6.4

4 Winter precipitation in Chile 1220～ 1972 Boningsegna[ 29] 2.9 3.4 8.1

5 Summer temperature in Argentina 870～ 1983 Villalba[ 30] 3.8 5.7 , 8.5 , 9.7

6 Droughts in China 1471～ 1985 Zhang et al.[ 13] 2.4 4.9 , 7.5

7 Winter precipitation in California 800～ 1988 Groumlich[ 31] 2.2 3.6 6.7

4.3　Changes of ENSO variabili ty

Plate IB gives the w avelet analysis in 2 ～ 10a fre-
quency band fo r each century .It shows clearly the

change of interannual variabili ty of ENSO.For exam-
ple , the predominant periodici ty varies f rom about 7

～ 9a to 6a since 1920 , and 4 ～ 6a period remains

steady since 1960.Webser et al.[ 3] indicated that the

2 ～ 7a variability of ENSO was w eakened during 1920

～ 1950.The new series of ENSO (ΔE)show s that

similar period with reduced variability of ENSO ap-
peared in 1530 ～ 1545 , 1645 ～ 1660 , 1755 ～ 1775 ,
and 1860 ～ 1875.However , the reason for the reduc-
tion of ENSO variability is to be understood.

5　Discussion

Uncertainties exist in reconst ruct ion of long-term
ENSO series.Firstly , proxy data over Indonesia , In-
dia , and South Africa are still scarce , where climate

anomalies closely relate to ENSO.Secondly , recon-

st ruction of ENSO is according to regional climate

anomalies , which means that the relationship be-
tw een regional climate and ENSO keeps unchanged in

historical time , but it is to be proved.Thirdly , est i-
mation of ENSO intensity is mainly based on the spe-
cial scale of the inf luence on the climate.However , it
needs to be checked with improved database.There-
fore , present reconstruction of ENSO series fo r the

last 500 years is preliminary in characters , and it is to

be improved wi th increasing new proxy data.
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