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Abstract. In this manuscript we have attempted to consol- known as El Nilo, and a related large scale seesaw in atmo-
idate the common signal in previously defined proxy recon-spheric sea level pressure between the Australia-Indonesian
structions of the El Nio-Southern Oscillation into one indi- region and the south-central tropical Pacific known as the
vidual proxy titled the Unified ENSO Proxy (UEP). While Southern Oscillation. ENSO influences extreme weather
correlating well with the majority of input reconstructions, events such as drought, flooding, bushfires and tropical cy-
the UEP provides better representation of observed indiceslone activity across vast regions of the glokhén 1985

of ENSO, discrete ENSO events and documented historicaNicholls, 1985 Power et al.1999. While the importance of
chronologies of ENSO than any of these input ENSO recon-ts climatic impacts are relatively well known, many charac-
structions. Further to this, the UEP also provides a meanseristics of the long term changes in ENSO frequency, magni-
to reconstruct the PDO/IPO multi-decadal variability of the tude and duration remain unknown. Further to this, whether
Pacific Ocean as the low-pass filtered UEP displays multi-ENSO variability has changed due to the already observed
decadal variability that is consistent with the 20th century anthropogenically-induced climate change and how future
variability of the PDO and IPO. The UEP is then used to projected changes will further influence ENSO are largely
describe changes in ENSO variability which have occurredunresolved questiongéderov and Philandg200Q van Old-
since 1650 focusing on changes in ENSOs variance, multienborgh et a].2005 Merryfield, 2006.

year ENSO events, PDO-like multi-decadal variability and  For example, over the last few decades ENSO variabil-
the effects of volcanic and solar forcing on ENSO. We find ity has appeared to shift toward a more ERbllike state
that multi-year EIl Nino events similar to the 1990-1995 event (Federov and Philande2000Q where the 1980s and 1990s
have occurred several times over the last 3 1/2 centuriessontained the two largest observed Efiievents on record
Consistent with earlier studies we find that volcanic forcing along with a prolonged El Nio-like warming in the trop-
can induce a statistically significant change in the mean statgal Pacific Ocean that persisted for approximately 5-yrs
of ENSO in the year of the eruption and a doubling of the in the early 1990s. Many studies have tried to ascertain
probability of an El Niio (La Nina) event occurring in the the cause of these unusual events focusing on the roles
year of (three years after) the eruption. of anthropogenically-induced climate change and natural
decadal or ENSO variabilityLatif et al,, 1997 Power and
Smith 2007). At this stage it can not be ruled out with confi-
dence that the recent changes of ENSO variability are a man-
ifestation of natural variability{immermann1999.

The EI Nifio-Southern Oscillation (ENSO) is a coupled tropi- ~ However, a major difficulty in separating the anthro-
cal Pacific ocean-atmosphere phenomenon which is the mogtogenic signal from natural variability of the climate system
dominant global source of interannual climate variability. is that the instrumental record covers a period of less than 150
ENSO is an oscillation characterized by marked changedears which is much too brief to properly address this funda-

in eastern equatorial Pacific sea surface temperature (SST);ental question. Ideally to accurately ascertain the roles of
natural and anthropogenically-induced variability of ENSO,

hundreds to possibly even thousands of years of SST records

Correspondence tdS. McGregor are needed. As such, multi-century paleo climate reconstruc-
BY (shaynemc@hawaii.edu) tions derived from annually resolved tree-ring, ice-core and
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Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2 S. McGregor et al.: The unified ENSO proxy

3 T T T T T T
[%2]
c
g 2l :
(&]
2
2
s 1f
(5]
o
8 0
Z
w
3 L) ~
R
©
E
[=)
2
_3 a) L L L L Il Il
1650 1700 1750 1800 1850 1900 1950
Year
2 T T T T T T
c
2
8
31
o
3 | b
n
0 ) 1 1 1 1 1 1
1650 1700 1750 1800 1850 1900 1950
Year

Fig. 1. Time series ofa) the 10 reconstructions (Table 1) of ENSO variability (gray) and the mean of these reconstructions (lack).
Standard deviation of the 10 reconstructions.

coral records stand as the only way to assess the long term Here we attempt to consolidate the information contained
variability of ENSO. in these 10 ENSO reconstructions to come up with a unified

There are currently numerous well crafted reconstructionsENSO Proxy (UEP) that captures the joint features of these
of ENSO variability which all use a variety of current and reconstructions. This paper is organized as follows. Sect. 2

paleo proxy data sources and a variety of methods to deriv@rovides a description of the ENSO proxies used to derive
the indices (see discussion in Sect. Ryfbar et al. 1994 the UEP in this study.' S'ectlon.3 details the methods used
Stahle et a]. 1998 Cook 200Q Mann et al, 200Q Evans _to de_rlve the UEP, while in s_ect|0n 4 th_e new ENSO proxy
et al, 2001, 2002 Cobb et al.2003 Cook et al, 2008 Bra- IS valldate_d against Observatlo_ns and h|stor|c_a| documenta!'y
ganza et a).2009. Each of these individual reconstructions chronologies of ENSO. In section 5 we then discuss the vari-
correlates reasonably well with observations of ENSO vari-2Pility of ENSO since 1650 and try to put into context the
ations during the instrumental period. However, while all variability of the 20th century. A dlgcu35|on and conclusions
represent the same signal there is a great deal of variabilitfo™ the study are then presented in Sect. 6.

amongst the proxies (Fid) which acts to reduce confidence

in the individual proxies. For example, when looking atthe , ENsO proxy data

normalized time series of 10 commonly used ENSO proxies

(Dunbar et al.1994 Stahle et al.1998 Cook 2000 Mann  The criteria used for the selection of proxy records used in
etal, 200Q Evans et a].2001, 2002 Cobb et al.2003 Cook  this study were that they needed to (i) have at least annual res-
etal, 2008 Braganza et al2009, we find that the standard  olution, (i) extend back until at least the year 1800, and (jii)
deviation between the proxies at each time step is almost agither be described in the literature as representing ENSO
large as the standard deviation of each index (Ejg.This  variability or be located in ENSO’s prime center of action,
variability amongst the proxy ENSO signals could representthe eastern-central tropical Pacific. Using these criteria we
an un-ENSO related climatic signal, an underlying biologi- found 10 different proxies of ENSO variability. They are the
cal signal, inaccurate proxy dating, or even ENSO itself. Ev-proxies ofDunbar et al(1994; Stahle et al(1998; Cook

ery ENSO event is different and each event creates a slightly2000; Mann et al.(2000; Evans et al(2001, 2002; Cobb

different spatial teleconnection patteffr¢nberth and Stepa- et al.(2003; Cook et al.(2008; Braganza et a(2009 (see
niak, 200]). Therefore proxies derived from different regions Taple1).

could be expected to have slightly different signals of ENSO
variability.
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Fig. 2. The location and type of source proxy used in 9 of the 10 original ENSO proxies. See Table 1 for identification the proxy reconstruc-
tion corresponding to the proxy number displayed here.

Each of these ENSO proxies uses a variety of input datar .\ 1 Enso proxies employed in this work.
sources and methods to derive their representation of past
ENSO variability. For example, when considering the proxy Proxy

. . Start End  Reference Source Proxy
records used as inputs for these 10 proxies, at one end Ofnumber Year Year Location
the spectrum we have the proxy recordsninbar et al. 1 1300 1978 Cook (2008) North America
(1994 andCobb et al(2003 which both source data from 2 1408 1978  Cook (2000) North America
: R ; : : : ; 3 1525 1982 Braganzaetal. (2009) Pacific Basin
corals based in a single region which is directly influenced 1590 1990 Evans etal (2001) America
by ENSO. Whereas, at the other end of the spectrum we s 1607 1981 Dunbaretal. (1994)  Eastern Equatoiral Pacific
have studies like that dflann et a|(2000 who use a multi- 1635 1998 Cobb et al. (2003) Central Equatorial Pacific
1650 1990 Mann et al. (2000) Near Global (tropics)

proxy network of diverse proxy indicators located in tropical-
subtropical regions that are influenced directly by ENSO or
through its teleconnections. It is just as diverse when consid-
ering the methods used to derive these proxies from the orig-
inal input proxy network. For example, the studies which
only include data from one specific source region gener-more than one of the proxy input networks. Further to this,
ally just splice each of the individual records togeti@ol§b it is clear looking at the geographic distribution and type of
et al, 2003. Whilst studies that use a multi-proxy network the input proxies used in these 9 selected ENSO proxies that
generally use a mathematical analysis technique (such asthe selected network is derived from a truly diverse multi-
Principal Component Analysis) to either, identify the com- proxy input network (Tabld, Fig. 2). Whilst details about
mon signal within the input proxy networlBBfaganza et al.  the source data dfook et al.(2008 are not published as
2009, or to decompose the observed data into their dominanyet, the new proxy network contains many additional data
spatiotemporal eigenmoddglénn et al, 200Q Evans etal.  which results in relatively small data redundancy (approxi-
2002. In the latter case, the proxy data are then regressethately 25%) between the new tree ring derived reconstruc-
against the associated times series of the leading eigenmodésn of Cook et al.(2008 and the previously published tree
during an overlapping period. In such way the regresseding derived reconstruction dook (2000 (Cook, personal
proxy data time series and the associated eigenvectors praommunication, 2009). Considering that the diversity and
vide an estimate the spatiotemporal variability prior to the distribution of the network has been proposed to reduce the
observational period. effects of biases and weaknesses in the individual indicators,
we expect that the use of this network of ENSO proxies will
The data redundancy across the 10 input networks usedllow us to more accurately capture the climatic signal of
for the generation of these proxies is relatively small. ForENSO variability. However, we must note that the North
instance, there were 155 proxies used in total in the 9 of theAmerican region could be overrepresented as 7 out of the 10
10 input networks and of these, less than 1/4 were used input ENSO reconstructions used in this study utilise North

1706 1997 Stahle et al. (1998) Pacific Basin
1727 1982 Braganzaetal. (2009) Pacific Basin
1800 1990 Evans etal. (2002) Indo-Pacific Basin
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Fig. 3. The unified ENSO proxy (UEP) for the period 1650-1978.

Table 2. % variance explained by the first four principal compo- principal comp.onent. (PC) of the PCA analysis tc_) represent
nents along with the normalized eigenvectors for each proxy. the common signal in each of the selected proxies, ENSO.
Furthermore, the PCA also gives us eigenvectors which indi-
cate how important each original input ENSO proxy is in the
resultant principal components.

To this end, the PCA analysis was carried out on the ENSO
proxy network over the period 1650-1977. Normally, the

Proxy PC1 PC2 PC3 PC4

Variance 52.5% 13.9% 9.7% 7.1%
Proxy 1 12.3% 9.0% 7.6% 14.5%
Proxy 2 12.3% 7.1% 4.1% 17.5%

Proxy3 12.4% 10.5% 2.9%  8.2% output of a PCA would not be cali.brated to t.he observe}tions,
Proxy4 10.1% 3.2% 2.1%  21.9% however, here as several of the input proxies are calibrated
Proxy5 0.0%  14.0% 46.4% 2.6% the resulting ENSO proxy (the UEP) is not completely un-
Proxy6 7.5% 255% 12.0% 2.3% calibrated to the twentieth century observations. The first PC
Proxy7 113% 34% 7.8% 57% of the PCA analysis displayed in Fig.accounts for approx-
Proxy8  12.9% 18% 1.7% 85% imately 52% of the ENSO proxy covariability (see TaB)e
Proxy9  13.1% 4.4% 29% 11.6% PC1’s associated eigenvectors, displayed in Table 1, indicate
Proxy10 7.8%  21.0% 12.3% 7.0% that the weighting is relative equally distributed across 9 of

the 10 proxies used with the only outlier being the coral de-

rived proxy ofDunbar et al(1994 which has a weighting of
American tree ring data in their ENSO reconstruction deriva-approximately 0. The remaining PCs account for 48% of the
tion. This may result in a common mode that is more highly ENSO proxy covariability, where the second, third and forth

weighted to this ENSO teleconnection region. PCs accounting for approximately 14%, 10% and 7% of the
variance, respectively.
3 Methods The agreement between the first PC and the original input

proxies is assessed by calculating the correlation coefficients

The various forms of analysis used to generate ENSO proxbetween the time series. As expected when considering the
ies from the original multi-proxy network were carried out €igenvectors of PC1, 9 of the original 10 input ENSO proxies
to isolate the ENSO variability within the network by re- have extremely good correlations with the PC1 that are sta-
moving the effects of climatic noise (i.e., local climatic and tistically significant above the 99% level (Tal8g Further,
other large scale variability uncorrelated to ENSO) and non-We find that PC1 correlates extremely well with the mean of
climatic factors (i.e., biological processes). However, duethe 10 original input proxies where the correlation coefficient
to the large variability between these indices we believe thats 0-98. We note here however, that although the PC1 corre-
each of the proxies utilized incorporates, to varying degreeslates well with mean of the input proxies there are some sig-
a noise component that is not related to ENSO (cf. Fig. 1b)_nificant differences in the magnitude of the variability that
Thus, to decompose this new multi-variable ENSO proxyiS most prominent in the years surrounding 1700 and 1900
network into a single leading mode of covariability, we carry (figure not shown). Thus, it appears that the first PC captures
out a Principal Component Analysis (PCA). The PCA anal- the common signal in the input proxies. As such, we will
ysis removes variability that is not coherent across the in-hereafter call the first PC of this analysis the “Unified ENSO
put network by essentially making coherent signals within Proxy” (UEP).

the network of ENSO proxies leading order modes while To test the robustness of the UEP to the choice and num-
variability that is not coherent across the network generallyber of multi-proxy based ENSO indices used, and the robust-
makes up the lower order modes. As such, we expect the firgtess of the other higher order modes, we carry out a series

Clim. Past, 6, 117, 2010 www.clim-past.net/6/1/2010/
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Table 3. Correlation coefficients and root mean squared error (RMSE), in brackets, of the Unified ENSO proxy (UEP) and the original
proxy network with the UEP and observations during the overlapping period. SourceR&®lewski and Halpe(tL987); Kn34, Kaplan

et al. (1998; Hn34,Rayner et al(2003; and Bn34Bunge and Clark¢2009. Statistical significance of greater than the 99% level in the
correlation coefficients is indicated by bold font.

Correlation(RMSE) UEP SOl Kn34 Hn34 Bn34
UEP 1.0(0.0) —0.81(0.58) 0.81(0.58) 0.82(0.57) 0.81(0.59)
Proxy 1 0.84(0.54) —0.74(0.67) 0.70(0.71) 0.73(0.68) 0.71(0.69)
Proxy 2 0.84(0.54) —0.73(0.68) 0.71(0.70) 0.72(0.69) 0.67(0.74)
Proxy 3 0.85(0.52) 0.62(0.78) —0.64(0.77) —0.65(0.76) 0.65(0.75)
Proxy 4 0.68(0.73) 0.57(0.82) —-0.60(0.80) —0.61(0.79) 0.58(0.81)
Proxy 5 0.00 (0.99) 0.11(0.99) —0.02(1.0) —0.08(0.99) 0.06 (0.99)
Proxy 6 0.61(0.79) —0.62(0.79) 0.67(0.74) 0.65(0.75) 0.67(0.74)
Proxy 7 0.76(0.64) 0.74(0.67) —0.74(0.67) —0.76(0.64) 0.77(0.64)
Proxy 8 0.86(0.51) 0.75(0.65) —0.71(0.70) —0.69(0.72) 0.69(0.72)
Proxy 9 0.87(0.49) 0.70(0.71) —0.69(0.72) 0.70(0.71) 0.69(0.72)
Proxy 10 0.49(0.87) 0.58(0.81) —0.65(0.76) —0.69(0.73) 0.67(0.73)

of sensitivity tests. These tests are specifically designed tds correlated at 0.998 when compared with the new ENSO
answer the questions: if only a subset of the available ENS(proxy) and the noise component of each of the 252 first PCs
proxies were selected would the output of the PCA change®s defined as the component remaining when the signal is
how much does it matter which proxies are selected? andubtracted from the each of the 252 first PCs. We would ex-
does it make a difference if no calibrated input proxies arepect that if the dominant mode of covariability identified by
used? our initial analysis was not robust the signal to noise ratio

Starting with only testing the robustness/sensitivity of the (SNR) would be low. Meaning, which of the original ENSO
first principal component we generate subsets of ENSO proxproxies we select to include in our analysis is extremely im-
ies, each of the new proxy subsets are combinations contairportant as the noise can easily dominate the signal of our
ing 5 of the 10 original ENSO proxies. In total we have 252 newly defined ENSO proxy. On the other hand, if proxy
subset networks which cover all possible combinations of 5choice is not important the SNR should be large, such that
proxies from the original ENSO proxy network (hereafter re- any choice of proxies should identify a very similar domi-
ferred to as the 10choose5 proxy network). We now carry outnant mode

a PCA on each proxy subset within the 10choose5 proxy net- We find that the UEP signal (the new ENSO proxy) dom-

works, giving 252 first principal components (one for each inates the noise component (meaning a SNRregardless
subset). We then seek to identify what the dominant signal is : np 9 9

. . of which 5 of the original ENSO proxies we select for our
among these 252 normalized first PCs. There are three ways

! . ) . L . “analysis. The mean SNR of all of the 252 first principal com-
we can identify the dominant signal in this network. Using onents is 11.83 and the minimum and maximum SNRs are
the first method we would carry out a PCA to identify the b .

dominant mode, while using the second (third) method Weﬁ.uSmsbi:dof%.r2>1<igzsssgi\tlsliy.frcl):;rmir;z tihnlzi ;Zi,\tgﬂ? ?; the
would simply calculate the mean (median) of the 252 first P 9 9

PCs at each time point. Each of these methods identifies thgc we generate a 10choose§ or 109hoose7 proxy network and
: ) i ) . : Carryout the same analysis described above), the larger the
same dominant signal in the first PCs with correlations be-

tween each method having coefficiest8.999. Further, this SNR becomes and the more dominant the UEP signal be-
. : : - comes. For the 10choose6 (10choose7) case the mean SNR
dominant signal has a correlation coefficient@f.998 when

compared with the UEP. becomes 17.95 (28.35) while the minimum and maximum

Now to assess the robustness of this new ENSO proxy WSNR become 4.89 (9.90) and 43.82 (66.56). Therefore, the

use the signal to noise ratio (SNR) of the 10choose5 prox;/EJ EPis _robg ?t regardless of the numbe_r of proxies selected
network first PCs, whereby the higher the ratio the less dom_(assur.m.ng itis 5 or mqre) and what proxies are 'selected from
inant the noise cc;mponent becomes. The SNR of each of thtehe original network (i.e., whether proxies are included that

252 first modes is defined by the equation: were calibrated to 20th century observations).
Osignal 2 Qn the other hand, .if the same set of sensitivity tests de?
SNR=(——)", (1)  scribed above are carried out for PC2 then the average SNR is
Onoise much lower (mean SNR of 1.55) and, depending on the selec-
whereo is the standard deviation, the signal is defined astion of original proxies used, the amplitude of the noise can
the median of the 252 first modes at each time point (whichbecome larger than that of the signal (meaning a SHIR

www.clim-past.net/6/1/2010/ Clim. Past, 6,11/-2010
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Fig. 4. The time series of observdd) SOI, (b) Kn34 SSTA,(c) Hn34 SSTA, andd) Bn34 SSTA are represented by the solid black line
while overlaid as a gray dashed line is the UEP.

Since this result holds regardless of the number of proxiecoefficients generated when comparing the 10 original input

selected from the original proxy network, the second princi- proxies versus observed indices of ENSO. Furthermore, us-

pal component is not robust and is easily contaminated withing a least squares linear regression model for each of the

noise. original ENSO proxies along with the new ENSO proxy we
find the the new ENSO proxy has the smallest root mean
square error (Tabl8). Therefore, this confirms that the PCA

4 Unified ENSO proxy analysis has acted to isolate the common ENSO related com-
ponent of each of the original input proxies into PC1, our

In this section we compare the time series of the newly denew ENSO proxy.

veloped unified ENSO proxy (UEP) to instrumental ENSO

indices over the 20th century and documented historic ENSO Using the RMSE, which is an estimate for the standard

chronologies. The comparisons are done using differentieviation of the scatter about the regression line, we cal-

methods which include temporal correlation and skill in culate the two sided 90% confidence interval for output of

the ability of the proxy to simulate threshold based ENSOthe regression modeb@n Storch and Zwiers2000 (page

events. 154). This confidence interval, which is slightly less than
one standard deviation, gives an approximate range in which
4.1 Comparison with the instrumental record the true unobserved ENSO index value is expected with 90%

chance. Note, we neglect the uncertainty associated with
Normalized anomalies of observed annual mean (calculatethe estimate of the slope which is small compared with the
over the months July—June) values of the Southern OscillaRMSE. Further to this, there are nonlinearities within cer-
tion Index (SOI) for the period 1876-1977 were obtainedtain sub-samples of ENSO timeseries (i.e., periods in the
from Ropelewski and Halpe(tL987. While SST anomaly observational record in which ENSO indices display signifi-
(SSTA) data for the Nio 3.4 region region (5S-5 N, cant skewness). During these periods outliers may therefore
120° W=170 W) for the period 1856-1977, 1870-1977 and occur more frequently than expressed by the nominal confi-
1873-1977 was obtained respectively frafaplan et al.  dence level. With the above caveats in mind, the confidence
(1998, Rayner et al(2003 andBunge and Clark¢2009. levels are useful for the identification of accurate thresholds
These three Nio 3.4 region SSTA time series will hereafter for the detection of discrete ENSO events. For example, if
be referred to as Kn34, Hn34 and Bn34. we want to make sure that an identified Efidiyear was

The correlation coefficients (R) between the UEP and SOl not associated with a true La i event with 95% confi-

Kn34, Hn34 and Bn34 are0.81, 0.81, 0.82 and 0.81 respec- dence, one must choose a threshold level such that the lower
tively and each of these coefficients is statistically significantconfidence range around the reconstructed ENSO estimate is
above the 99% confidence level (see Tebénd Fig.4). We above the La Nia event threshold. In the case of ordinary
note that the statistical significance of all correlation coeffi- linear regression this threshold level can be found in Fig.
cients presented in the study take into account serial (auto-$ where the lower confidence limit intersects the horizontal
correlation in the series based on the reduced effective numline marking the La Nia threshold. Given that the confi-
ber of degrees of freedom outlined Bavis (1976§. These  dence interval for our regression model is approximately one
correlation coefficients are larger than any of the correlationstandard deviation, a threshold level for ENSO events®f O

Clim. Past, 6, 147, 2010 www.clim-past.net/6/1/2010/
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Fig. 5. The least squares linear regression line (shown in black) between the UEP gapSks, (b) Kn34 SSTA,(c) Hn34 SSTA, andd)
Bn34 SSTA, while the gray lines indicate the 95% confidence interval.

Table 4. Direct correspondence of El b (La Nifia) events between the unified ENSO proxy (UEP) and observations. Observed sources:
SOI, Ropelewski and Halpe(l987); Kn34,Kaplan et al(1998; Hn34,Rayner et al(2003; Bn34,Bunge and Clark€2009.

Correspondence SOl Kn34 HNn34 Bn34
Obs hits 74.2% (75.0%) 80.6% (74.2%) 75.8% (70.0%) 76.7% (70.6%)
Obs misses 25.8% (25.0%) 19.4% (25.8%) 24.2% (30.0%) 23.3% (29.4%)

UEP false events  20.6% (29.4%) 13.8% (32.3%) 13.8% (38.2%) 20.7% (29.4%)

standard deviations above or below the mean satisfies thisfied in Hn34 between 1878 and 1977 the UEP registers 25
criteria. This threshold value is roughly consistent with the (21) of these; and (iv) of the 30 (34) Eli\b (La Niha) events
Nifio 3.4 region SSTA threshold used for the definition of identified in Bn34 between 1878 and 1977 the UEP registers
ENSO events by NOAA (which is 08C above or below the 23 (24) of these (see Tabdefor more details). Hence, ap-
mean state, calculated from the period 1971-2000, where thproximately 77% of the El Nio events and 72% of La Ra
standard deviation of observedidi 3.4 region SSTA for the  events during the period 1878-1977 are captured by the UEP.
period 1971-2000 is 0.9%). Looking at the false alarm rate of the new ENSO proxy we
The accuracy of the UEPs ability to capture discrete Elfind that there were: (i) 6 (10) false EIfib (La Nifa) alarms
Nifio and La Niia events in the period 1878-1977 is then as-raised that were not identified in the SOI; (i) 4 (11) false
sessed. Using this 0.5 standard deviation threshold for ENSE! Nifio (La Niia) alarms raised that were not identified in
events means that approximatélyf all years are classified Kn34; (iii) 4 (13) false EI Nfio (La Nina) alarms raised that
as either EIl Nilo, La Nia or Neutral. Looking at the corre- were notidentified in Hn34; and (iv) 6 (10) false Elfdi(La
spondence between the UEP and observations we find thaldiiia) alarms raised that were not identified in Bn34. Consis-
(i) of the 31 (32) El Niio (La Nifia) events identified in the tent with other studies (e.gBraganza et a(2009) the UEP
SOl between 1878 and 1977 the UEP correctly identifies 233hows higher skill in reproducing warm (EIf0) events than
(24); (ii) of the 31 (31) El Niio (La Nina) events identified the opposite phase.
in Kn34 between 1878 and 1977 the UEP correctly identifies Comparing the accuracy of the UEPs ability to capture dis-
25 (23); (iii) of the 33 (30) El Nilo (La Niha) events iden- crete ENSO events to the event capture of the 10 original
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Fig. 6. Chronologies of El Nio in the 1650-1978 period where vertical bars indicate theyy&ahe El Nifio event. Here the row labeled
UEP indicates El Nio events identified in the UEP by tl#standard deviation threshold, while QN92 referQwinn and Nea(1992),
Orlieb00 refers tdrtlieb (2000, Garcia08 refers tGarcia-Herrera et a(2008 and Gergis09 refers @Bergis and Fowlef2009.

proxies (using the same 0.5 standard deviation threshold tQuinn and Nea{1992. This chronology, beginning in 1520
define ElI Niio and La Niia years), we find that the UEP cap- and ending in 1990, records ElM years charactorized by
tures more El Nio events in the observational period and unusual climatic events in the South American region. The
has a lower false alarm rate than any of the original prox-Quinn and Neal{1992 chronology has since been revised
ies. In regards to the La Ra event capture, we find that by Ortlieb (2000 to try and account for the ambiguity intro-
the UEP again captures more events than any of the 10 origiduced into the Quinn record by using secondary documen-
nal proxies. However, while the false alarm rate is relatively tary sources and climatic events in regions where weather is
low at 16%, the false alarm rates of tBéahle et al(1998), only weakly related to El Nio. This revised work oOrtlieb
Mann et al.(2000 andCook et al.(2008 ENSO proxies are (2000 covers the period 1520 through to and including the

slightly lower at 10%, 14% and 12%. year 1900. The more recent documented historical BbNi
chronology ofGarcia-Herrera et a2009, for the period
4.2 Comparison with historic ENSO chronologies 1550-1900, is based primarily on documentary records in

Northern Peru. The final ENSO chronology used for verifica-

In this section we continue our assessment of the acculion in this study is that oGergis and Fowlef2009. While
racy of the UEPs ability to capture discrete EFNiand La the above chronologies all primarily used documentary evi-
Nifia events. However, here instead of assessing the UEPeNCe to assemble their chronologies, the studyeagis and
against instrumental observations, we will be assessing thEOWIer (2009 constructs a chronology of both El it and
correspondence between the UEP and documented histork-2 Nifia events using a combination of Paleoclimatic data
cal chronologies of El Nio (Quinn and Neal1992 Ortlieb, and chronologies of ENSO variability. We note here that in

200Q Garcia-Herrera et al2008 Gergis and Fowler2009 cases when magnitude information is also included as part of
and La Nia (Gergis and Fowler2009 events. the ENSO chronology, this extra information is disregarded

and the information provided is simply used as binary type

These historic chronologies of ENSO namely utilize doc- .
énformatlon.

umentary sources of meteorological and climatic extreme
from regions with weather conditions that are normally heav- Looking at the direct correspondence between the UEP
ily influenced by ENSO events to provide a mainly binary and chronologies oQuinn and Nea(1992 andGergis and
type representation of ENSO variability. The most widely Fowler (2009 we find that of the 101 El Nio events iden-
referenced of these chronologies is the EidNchronology of tified in the UEP between 1650-1977, approximately 51%
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Table 5. Direct and quasi-direct (in parentheses) correspondence between the unified ENSO proxy (UEP) and chronologig®of El Ni
where QN92 =Quinn and Neal(1992, Orlieb00 =Ortlieb (2000, Garcia08 =Garcia-Herrera et a(2008 and Gergis09 =Gergis and
Fowler(2009. Quasi-direct correspondence counts direct correspondence along with events in the chronology that lag 1-yr behind the UEP
El Nifio event.

Correspondence QN92 Ortlieb00 Garcia08 Gergis09
Obs hits 51.1% (75.5%) 29.0% (46.4%) 27.5% (47.8%) 69.1% (91.5%)
Obs misses 49.9% (24.5%) 71.0% (53.6%) 72.5% (52.2%) 30.9 (8.5%)

(69%) are registered in th@uinn and Neal[1992 (Gergis  to 75.5%, while the number of corresponding Ld&alevents

and Fowley 2009 chronology (Fig 6 and Tables). Also, of between the UEP and the chronology@érgis and Fowler

the 110 La Nia events identified in the UEP, 57.3% are reg- (2009 changes from 57.3% to 85.5% (Tal#¢ We note
istered in the chronology dbergis and Fowle(2009. As- that while this jump in correspondence between the direct
sessing the direct correspondence between the UEP and the quasi-direct is quite large, it is consistent with expecta-
El Nifio chronologies oDrtlieb (2000 and Garcia-Herrera  tions as this method essentially increases the degrees of free-
et al.(2008, over the period 1650-1900, we find that of the dom of the relationship. Using the same Monte Carlo type
75 El Nifio events registered in the UEP, approximately 29%approach as described in the paragraph above, we find that
and 28% are respectively registered in @mlieb (2000 and  the quasi-direct correspondence between the UEP and each
Garcia-Herrera et al2008 chronologies (Fig6 and Ta-  of the ENSO chronologies is again statistically significant
ble 5). To assess the statistical significance of this corre-above the 99% level. Furthermore, this quasi-direct corre-
spondence we used a Monte Carlo type approach wherebgpondence between the UEP and these ENSO chronologies
we calculated 1000 Fourier based surrogates of the newlys also larger than the quasi-direct correspondence of any of
defined UEP using the method describedTheiler et al.  the 10 original ENSO proxies.

(1999. These surrogates share the same mean, variance and

power spectrum as the UEP, however, their phases are ran-

domly shuffled. We then calculated the direct correspon-> ENSO variability since 1650

dence between each of these surrogates and the foufigl Ni ) )
chronologies and one La fi& chronology described above. We have shown that the newly defined UEP provides an ac-
We find that the correspondence between the UEP and thEUrate representation of ENSO variability, and while it cor-
ENSO chronologies is statistically significant above the 999'€SPonds well with the original proxy network, it provides
level. Further to this, the correspondence between the UER. better representation of observed indices and documented
and these ENSO chronologies is larger than the Correspor{jlstorlcal chronologies of ENSO. Here we describe various

dence between the ENSO chronologies and any of the 16hanges in the UEP, and hence ENSO, which have occurred
original ENSO proxies. since 1650 focusing on (a) changes in ENSOs variance, (b)

multi-year ENSO events, (c) multi-decadal variability, and

In order to get a more accurate representation of the UERq) the effects of volcanic and solar forcing on ENSO.
ENSO event capture we now make the assumption that the

effects of UEP defined ENSO events could be felt in the5.1 Changes in ENSO variance

ENSO chronologies in the year of the event or the year fol-

lowing (quasi-direct correspondence). This allows for the ef-To assess the changes in ENSO variance since 1650 we
fects of annual averaging in the proxies and delayed ENSQalculate the variance of the UEP in a 16-yr running win-
teleconnections in the chronologies. For example, consider dow (Fig. 7b). However, prior to this the UEP variance
typical El Niflo year, when taking an annual average of thisis scaled to that of the HadSST1 annual mean (July—June)
events SSTA it is normally attributed to the year the eventNifio 3.4 region SSTA (Hn34) in the overlapping period us-
develops (year-0) instead of the year the event decays (yeaimg UEPx‘;K—”E?;‘. The UEP is then extended to the year 2004
1). Now, if we consider the climatic effects of this event, by adding the HadSST1 data onto the end of the UEP record
composite analysis reveals that Efidirelated South Amer- (Fig. 7a). Visual analysis of the 16-yr running variance re-
ican rainfall anomalies also straddle year 0 and yed®d- (  veals one obvious feature, a strong linear increasing trend.
pelewski and Halpertl987). As such, a large rainfall event Thus, the period from 1650 to the early 1700s a period of
that occurred and was documented in the year after the evembw variance while the twentieth century is generally a pe-
(year 1) could easily be attributed to the event in the yearriod of high variance. We note, however, that this increasing
prior. Using this quasi-direct approach we find that the num-trend is punctuated by a multi-decadal signal which creates
ber of corresponding El Kb events between the UEP and low and high variance periods relative to the variance trend.
the chronology ofQuinn and Nea{1992 changes from 51% There are various possible causes for these changes in ENSO
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Fig. 7. (a) The scaled UEP (gray) and its 13-yr low-pass filtered variability (black dasti®sjhe 16-yr running window variance of the
scaled UEP is shown in gray while the first PC of the running variance of all 10 input proxies is shown in black dashes.

variance. They are, that the variance changes represent: (e have effectively reduced the effects of this by identify-
changed strength in the teleconnection patterns of ENSO; (iijng the UEP in a network of ENSO reconstructions derived
dating uncertainties within the source ENSO reconstructionsfrom globally distributed proxy data. The use of a PCA on
which if present generally increase back through time, re-the global proxy network diminishes the impact of regional
ducing the amplitude of the common signal; (iii) proxy data specific changes in the signal by identifying the dominant
quality problems; or (iv) real ENSO variability. Here, we changes in the entire network.
will investigate each of these possible causes to try and as- To identify the effects of proxy data quality problems we
certain whether these changes in variance represent the refilst analyze the variability amongst the 10 different input
ENSO signal. ENSO reconstructions. We would expect that if the quality
Firstly, we note that there is high correspondence betweermnf the proxy reconstructions were to deteriorate an increase
the running variance of the UEP and that of the annual av4in spread among the proxies would be seen. However, this is
erage (July—-June) of the verifieddi 3.4 region SSTA of not apparent (Figlb), so we do not believe that the quality
Bunge and Clarké2009, where the correlation coefficient of data systematically decays throughout the period 1650—
of 0.7 is statistically significant above the 99% level. As such1977.
the 20th century variance of the UEP is realistic. Secondly, To understand the effects of dating uncertainties in the in-
while establishing the robustness of the UEP (see Methodput ENSO reconstructions we calculate the 16-yr running
section) 252 first PCs were generated from the 10choose%ariance of each of the original 10 proxies. Calculation of
network. To assess the robustness of the of these variana@e running variance reduces the effects of dating uncertain-
changes to the choice of input proxies used we calculated thées in the ENSO reconstructions by not allowing slightly
16-year running variance of each of these first PCs and comshifted signals to damp out the common signal variance. We
pared it (by calculating the correlation coefficient) with that then seek to identify the common running variance signal
of the UEP. We find that all 252 correlation coefficients are within these input reconstructions by calculating a PCA on
statistically significant above the 99% level and larger thanthe running variances. The first PC of this analysis, which
0.83. Thus, the changes in UEP running variance are robusiccounts for 42% of the original proxy data variance, has
regardless of what proxies are selected from the original neta correlation of 0.86 with the 16-yr running variance of the
work (i.e., whether proxies are included that were calibratedUEP (Fig.7b). Hence, the UEP running variance is repre-
to 20th century observations). sentative of the dominant variance changes in the original
In regards to the effects of the changing strength of ENSOENSO proxies. We note however, that the time series of the
teleconnection patterns on ENSO reconstruction variancelJJEP running variance and the first PC of the original proxy
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Fig. 8. The number of El Nio (red) and La Nia (blue) events in a
30-yr centered running window froa) the UEP (using a 0.5 stan-
dard deviation threshold for ENSO events), the historical chronolo-
gies of (b) Gergis and Fowlef2009, (c) Quinn and Nea(1992),

(d) Ortlieb (2000, (e) Garcia-Herrera et a(2008, and the proxy
records ofBoés and Fage(2008 and Hendy et al.(2003 which
again use a 0.5 standard deviation threshold for BbNivents.
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Fig. 9. The number of ENSO events that persist un-interrupted for
1-6-yrs.

et al, 2008 Gergis and Fowler2009. In regards to the in-
creasing trend in variance, there is a statistically significant
(above the 95% level) linear increasing trend in the number
of El Nifio events that occur in the 30-yr running windows in
the period starting 1650 and ending at the end of each record
of the four chronologies (Figgdb—e). While in regards to the
low variance period of the late 17th century each of these
chronologies displays a reduction in the number of EidNi
events during this period (Figb—e). It is not likely that the
decreasing number El No events back to this period or the
low levels in the late 1600s are due to lack of documentation
as all chronologies show a larger number of Efidlievents

in the period prior to 1650.

Further to this, both of these features are also supported by
the Great Barrier Reef coral luminescence recoréiendy
et al. (2003 (Fig. 8f). We note that while this time series
was used in the proxy network &raganza et al(2009 to
develop the ENSO proxy (ENSO proxy 9 in this study) for
the period 1727-1982, it was unused for the low variance pe-
riod (1650-1720) and thus provides additional independent
supporting evidence for the low ENSO variability of this pe-
riod. Additionally, the low variance period of 1650-1720
is also supported by the varved lake sediment proxy data of
Boés and Faggl2008 (Fig. 8g), while the linearly increas-

running variance do diverge near the beginning of the recordng trend is supported by the Galapagos, El Junco lake di-

indicating that dating uncertainties begin to become impor-
tant.

atom ratio’s Conroy et al.2009. Here, we note that while
the Boés and Faggl2008 data are from Southern Chile, at

This suggests that the changes in variance of the UEP rem latitude that one would not expect to be significantly influ-
resent a real signal in the original ENSO reconstructions. Weenced by ENSO variability, the data are significanthp0%)
now assess these changes in UEP variance with historic do@orrelated (correlation coefficient 6£0.58) with the SOI

umentary and unused paleo proxies to further verify the re-between 1968 and 1997 and composites of rainfall variabil-
alism of these variance changes. We find that both the inity for June—August period following an El Ro event dis-
creasing trend in variance and the low variance period fromplay significant decreases in rainfall in the lake region (not
1650-1720 are supported by the 4 historical documentaryhown). As such, all the evidence available suggests that the
chronologies of El Nio variability already discussed in this changes in UEP running variance are realistic and represen-
study Quinn and Neal1992 Ortlieb, 200Q Garcia-Herrera tative of changes in ENSO variance.
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3 5.3 Multi-decadal variability

. i

- The shift towards more El Kb-like conditions in the 1980s

o 7" and 90s and the two large magnitude ERbS of 1982/83

ar and 1997/98 generated a lot of interest in scientific com-

Ll munity with many studies trying to ascertain the causes of

3l ‘ ‘ ‘ ‘ this unusual period. While anthropogenic climate change
1875 1900 1925 1950 1975

Vear was suggested as one of the possible mechanitraslgerth
and Hurrel) 1994 Latif et al, 1997, the realization that this

Fig. 10. The normalized 13-yr low-pass filtered time series of the change in the late 1970s was one of several large changes
UEP (gray) and PDO (black) along with time series of the IPO that occurred during the 20th centurjrénberth and Hur-
(black dashes). rell, 1994 Zhang et al.1997 led a large number of studies
to focus on how much of this apparent shift can be explained
by a naturally occurring multi-decadal signal. This Pacific
Ocean multi-decadal signal of the 20th century is represented
by either the Pacific Decadal Oscillation (PDO)Méantua

5.2 Multi-year ENSO events

In the early 1990s the tropical Pacific Ocean displayed o o S
large scale El Nio-like conditions which persisted for 5-yrs. et al. (1997, which is the North Pacific Ocean's principal

So unusual was this event in the observational record tha ode of decadal variability, or the Interdecadal Pacific Os-

manuscripts discussing or seeking to understand this vari9IIIatIon (IPO) of Power et al(1999, which is thought of

ability became prevalent in the scientific literatukegsler as the Pacific-wide representation of the PlFOlkand et al.

and McPhaderL.995 Trenberth and Hoad 996 Latif et al, 20'8'3' |' ) d the statistical roh
1997) The title of Latif et al. (1997) eXpIainS the range ore recent literature has questlone the statistical robust-

of possible forcing mechanisms discussed in the scientifi@%ﬁ.s ththe LPOF{EDOC/)”:% a cI;(;naFe TOde’ ralsmgl thefpos—
literature, “Greenhouse warming, Decadal variability, or El sibility that the could simply represent low ire-

Nifio? An attempt to understand the anomalous 1990s”. Inguency variability of ENSO F@odger_s et a,I_.2904 Schopf
terestingly, given the observations of the 20th century theand Burgman2006. Regardless of its statistical robustness

study of Trenberth and Hoaf199§ estimates that the pro- as a climate mode, it is an intriguing question whether such
longed 1990—1995 EI Ko event should occur once in about pronounced multi-decadal variability of the Pacific Ocean

1500-3000 years. Here, we use the newly defined ENSC?XiSted during the 250-yrs prior to the 20th century. In order
' ' to discuss the multi-decadal variability of the 20th century in

proxy, the UEP, and a half standard deviation threshold to . : .
classify ENSO events, to examine just how unusual thisthe context of the last 350-yrs, we firstly validate the multi-
multi-year behavior was in the context of ENSO variability
of the last 350-yrs. To this end, we calculate the number o

times in the UEP record (between 1650-1977) that HloNi

(La Nifa) conditions persist for 1 through to 6 consecutive . . .
years (Fig.9). We find 7 (4) occurrences of El o (La (2001). Firstly, however, correlations between the multi-
ecadal variability of the UEP and the original input proxies

Nifia) events that persisted for 3 years and 1 (3) occurrence@ Lo
of EI Nifio (La Niia) events that persisted for 4 years. The are presented as a means to assess the contribution of each of

multi-year EI Nfio events (persisting for 3 or more years) the original input proxies to the low frequency variability of

occur reasonably frequently with approximately 2—3 eventsthe UEP (Table). The relative magnitudes of these correla-

; ; . . tion coefficients are very similar to the relative weightings of
occurring every 100-yrs, with only the 1600s not displaying NS .
multi-year El Nfio events. It is a similar story for multi-year the PCA (see Tabl®), indicating that the low frequency vari-

La Nifia events with 2—3 events occurring every 100-yrs an hbility ‘?f the UFE rep.re.serluls the muIti—dechaI variability of
the 1600s not displaying any persistent negative events. Fufhe majortl.ty ofthe orlg_ma Input rec‘?””.‘%c“c’”s:

ther to this, we find one occurrence of both ERNiand La Comparing th.e multi-decadal variability (defined as the
Nifia events that persist for 6 consecutive years in the 32837 low-pass filtered data) of the UEP and that of the SOI,
year record. Hence, while the prolonged EFblievent of N34, Hn34 and Bn34 gives correlation coefficiengy of

the early 1990s was unusual, it is neither a one off, nor the~0-69, 0.66, 0.72 and 0.63 respectively and each of these
longest El Nfio event on record. coefficients is statistically significant above the 95% confi-

dence level. While the correlation coefficient between the
multi-decadal variability of the UEP with that of the IPO
(which is 13-yr low-pass filtered by definition) for the period
1870-1980 s 0.69, which is statistically significant above the
99% level. If we low-pass filter annual averages of the PDO
with the same 13-yr low pass filter and compare it with the

decadal variability of the UEP (Figa) by comparing it with
11he multi-decadal variability of observed indices of ENSO,
the IPO and PDO (Figl0) and the previously defined PDO
reconstructions oBiondi et al.(2001) and D’Arrigo et al.
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Iow-frequency variability of the.U.EP over the pe_”oq' 1900__ Table 6. Correlation coefficient between the 13-year lowpass fil-
1980, we find correlation coefficient of 0.75 which is again (greq (LPF) Unified ENSO proxy (UEP) and the 13-year lowpass

statistically significant above the 99% level. Comparing thefiitered original proxy network during the overlapping period. Sta-
multi-decadal variability of the UEP with the multi-decadal tistical significance of greater than the 99% (90%) level in the cor-

variability of two previously identified PDO proxie8iondi relation coefficients is indicated by bold font (italic font).
et al, 2001 D’Arrigo et al., 2001, we find statistically sig-
nificant (above the 95% level) correlation coefficients of 0.40 Correlation LPE UEP

and 0.59 respectively. Thus, it appears that the UEP dis-
plays multi-decadal variability that is consistent with the 20th
century variability of ENSO indices, the PDO and IPO, as

LPFProxy1l 0.76
LPF Proxy2 0.80
LPF Proxy3 0.85

well as previously defined reconstructions of the PDO. As LPF Proxy 4 0.78
such, the UEP also provides a means to reconstruct the multi- LPF Proxy5  0.10
decadal variability of the Pacific Ocean since 1650. LPF Proxy 6  0.50

Focusing now on the PDO/IPO-like multi-decadal vari- LPFProxy 7  0.67
ability of the last 350-yrs we will assess whether this multi- LPF Proxy8  0.76

LPF Proxy9 0.87

decadal variability has occurred throughout the last 350-yrs. LPF Proxy 10 0.36

We will then also use the UEP and its low frequency com-
ponent to analyze whether phase of the PDO/IPO-type vari-
ability is related to the variance of ENSO as suggested by the . ) o ) )
work of Kirtman and Schop{1998 and Federov and Phi- Here we investigate the sftat_lstlcal r_elatlonshlp between so-
lander(2000). Firstly, we find significant decadal variabil- lar mdu_ced changes in r_adlatlve forcing and the mean state
ity has persisted throughout the last 350-yrs (Fig) with and variance of ENS_O since the year 1650. We test the null
only a gradual reduction in the 60-yr running variance occur-nypothesis:solar variability has no influence on the mean
ring (figure not shown). As such, there are numerous period$tate, median or variance of ENSO variabilityo this end,
dominated by multi-decadal El-No-like (La Niia-like) be- ~ We use thg reconstruction qf solar irradiancd_efin gt al.
havior like the period from 1830-1860 (1750-1790). If we (1999 which spans the period 1610-1994 (see Fig. 2a of
now bin high frequency values of the UEP (calculated as the-€an et al(1999). High (low) solar forcing periods are de-
residual when the low-frequency UEP is subtracted from thefined as those years in which the solar forcing is one half a
UEP) according to the phase of the low frequency Componengandard deviation or more above (below) the mean. We then
we do not find a significant relationship between the phase oPin values of the UEP that correspond to high and low solar
the PDO/IPO-type multi-decadal variability and variance of Variability years separately and test the null hypothesis de-

the UEPs high frequency variability. This result is consistentfined above. Using a t-test we find that there is no statistically
with the work ofYeh and Kirtmar(2005. significant shift in the mean ENSO state between high and

low solar variability phases. Further to this, using the Mann-
Whitney U-test we find no statistically significant change in
the ENSO median between the high and low solar variance
phases. Thus, this result does not support the proposed ther-
Solar variability and explosive volcanic events are both mostat mechanism @lement et al(1996. However, using
mechanisms that can alter the natural radiative forcing ofthe F-test to assess whether there is a change in variance be-
the climate system. The previous studiesGdément et al.  tween the high and low solar phases we find that there is a
(1996; Cane et al(1997; Mann et al.(2005 refer to an  shift variance that is statistically significant. The result how-
ocean dynamic thermostat mechanism whereby the temperaver does not support the resultsdfinn et al.(2009 as it

ture of the eastern equatorial Pacific varies negatively withis found that as solar forcing increases, so to does the vari-
changes in radiative forcing. The study bfeehl et al. ance of ENSO. We note, that if the linear increased trend
(2009 discusses the joint effects of the top-down strato-in solar forcing is removed there is no longer a statistically
spheric ozone mechanism and the bottom-up coupled air-sesignificant shift in ENSO variance. As such, this relationship
mechanism which cools the equatorial Pacific in response tdetween solar forcing and ENSO variance is due to the strong
peaks in solar forcing. Changes in radiative forcing havelinear increasing trend in both solar forcing and ENSO vari-
also been proposed to modulate the variance of ENG&nG ance, which does not support any causality. Hence, the null
et al, 2009, whereby low solar forcing periods are proposed hypothesis can not be rejected with a high degree of confi-
to have higher ENSO variance. Using the UEP along withdence. We note that the statistical approach used to asses the
records of solar variability and volcanic forcing we will ex- relationship between solar forcing and ENSO mean state and
amine whether the associated radiative forcing plays any roleariance is a good first step, however, it does not account for
in the mean state or variability changes of ENSO in the lastnon-linearities in the climate system response to changes in
350-yrs. solar forcing.

5.4 The influence of Solar and Volcanic forcing
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Fig. 11. Composites of the UEP around years in which explosive volcanism occurred where volcanic events are defined (@3ihg the
and(b) ICl indices. The solid black line indicates the composite mean while the gray dashed line indicates the composite median.

Consistent with the thermostat mechanism, past studiedlifio-like state the year both the IVI or the ICI mark an erup-
have suggested that explosive volcanic events (which reducgon event. Two statistical tests support the significance of the
radiative forcing) tend to lead to a higher probability of El shifts: the t-test (which shows that the change in mean state
Nifio type events in the years following the erupti&idéms  is significant above the 95% level), and the Mann-Whitney
et al, 2003. Here we reassess these findings over the pel-test (which shows that the change in the median is stati-
riod 1650-1977 using the UEP, the ice-core volcanic indexcally significant above the 95% level) (Fifjl). However,

(IV1) of Gao et al(2008 and the ice-core index (ICI) of vol-  while the shift towards a La K& like mean state 2—-3 years
canic events byrowley et al.(2008. To this end, both the after the volcanic event is apparent in both data subsets, the
IVI and ICI data were then discretized into a binary format shift in mean state and the median in either data subset is not
where 1's (0’s) indicate whether a volcanic event occurredstatistically significant.

(did not occur) in the given year. A subset of the UEP data Using a half standard deviation threshold to define dis-
was then made which incorporated an eight year window ofcrete ENSO events we find that probability of an ERbli
data from the UEP (consisting of the 2-yrs prior to the event,event occurring in a given year goes from 26%, when vol-
the event year and the 5-yrs following the event) for each ofcanic events are not taken into account, to 58% in the year of
the recorded volcanic events. Visual analysis of these data volcanic event using the 1VI defined events and to 70% in
subsets reveals two distinct features, (i) a shift in the datahe year of a volcanic event using the ICI defined events. As-
towards more El Nio like conditions in the year of the vol-  sessing the statistical significance of these changes in prob-
canic eruption, and (i) a shift in the data towards more Laability using a Monte-Carlo type approach, we find that the
Nifa like conditions approximately 2—3 years after the vol- |v| (ICI) defined shifts are significant above the 99% (95%)
canic eruption (Figll). Both of these features are consis- |evel. The probability of a La Nia event in any given year
tent with Adams et al(2003 and not inconsistent with the goes from 25%, when volcanic events are not taken into ac-
results expected from the thermostat mechanis@lement  count, to 55% (50%) 3-years after a volcanic event using the
etal.(1999. IVI (IC) defined events. Again, using the Mont-Carlo type

We now specifically test the null hypothesisicanic forc-  approach we find that this VI (ICI) related shift in proba-
ing has no effect on the mean state, median or probability otbility is significant above the 95% (80%) level. Thus, this
ENSO in the years during or surrounding the volcanic event result supports the earlier work éfdams et al(2003 and
We find that the distribution of the UEP shifts toward more El suggests that changes in radiative forcing due to volcanic
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eruptions act to significantly alter the mean state and mediamlence from the perpetual month experimentd nperman
of ENSO while also significantly altering the probability of et al. (1997 (where theZebiak and Can€1987 anomaly
ENSO events occurring. Hence, the null hypothesis can benodels background annual cycle winds, ocean currents and
rejected with some degree of confidence. the associated ITCZ position are held fixed) is inconclu-
sive as it indicates that ENSO is extremely damped when
the ITCZ is both at its northern and southern most extremes
6 Discussion and conclusions in September and February respectively. To further explore
the role of Western Pacific warm pool temperature changes
In this manuscript we defined a new proxy of ENSO variabil- and the northward migration of the ITCZ on the variance of
ity covering the last 3 1/2 centuries, titled the “Unified ENSO ENSO, future work will investigate the associated changes in
Proxy” (UEP). The UEP uses a PCA to combine the joint sig-zonal convection, flow divergence, thermal damping, Ekman
nal in the 10 selected, previously defined, reconstructions opumping and thermocline feedbacks by computing the sea-
ENSO Qunbar et al.1994 Stahle et a.1998 Cook 200Q sonally varying BJ indexJjn et al, 2009 of climate models
Mann et al, 200Q Evans et a].2001, 2002 Cobb etal.2003  subject to modified WPWP temperature and ITCZ latitude.
Cook et al, 2008 Braganza et al.2009. This results in a Using the UEP we also analyzed several topical issues in
robust ENSO index which displays an enhanced corresponthe ENSO literature, the occurrence of multi-year Efid\i
dence with observations during the last century and with his-events, multi-decadal variability and the effects of solar and
torical chronologies of ENSO over the entire period. We notevolcanic forcing. In regards to multi-year or prolonged
here that each of the individual ENSO reconstructions usedENSO events, a study byrenberth and Hoa(1996 esti-
as input for this manuscript could be affected by the changingmated the prolonged El Ro event of the early 1990s, which
strength of ENSO teleconnections, dating uncertainties, biopersisted for 5-yrs by some measures, would only occur once
logical biases, regional climatic factors and other non-ENSOin approximately 1500-3000-yrs. Using the newly defined
related large scale climatic modes. As such, so could theENSO proxy, the UEP, and a half standard deviation thresh-
UEP. However, each of the input reconstructions used thabld to classify ENSO events, we find that while the prolonged
was derived from multiple site proxies were processed byEl Nifio event of the early 1990s was unusual, it is neither a
the generating authors in order to extract the ENSO signabne off and or the longest El Rib event on record. Prolonged
away from this unrelated nois&tahle et al. 1998 Cook ENSO events have occurred at least several times over the
200Q Mann et al, 2000 Evans et a].2001, 2002 Braganza last 3% centuries, with El Nio events that persist for 3 or
et al, 2009. Additionally, here we carry out a PCA on these more years generally occurring 2—3 times per century.
pre-processed ENSO reconstructions, derived from a global Looking at the multi-decadal variability of the UEP, we
proxy network, which acts to further reduce the potential er-find that (i) the UEP displays multi-decadal variability that
rors due to site specific ENSO reconstruction biases. is consistent with the 20th century variability of the PDO
Upon analysis of the UEP, the feature that stands out mosand IPO, (ii) significant decadal variability has persisted
is the increase in variance through time. This feature is wellthroughout the last 350-yrs, and (iii) the phase of this multi-
represented by the dominant mode of running mean variancdecadal variability does not appear to influence the variance
of the 10 original input proxies, meaning that it is a fea- of ENSO. Assessing whether changes solar forcing affect
ture in the majority of the input proxies. Further to this, it ENSO mean state and variance of the last 350-yrs we find, no
appears consistent with historic chronologies of ENSO andconclusive support for a relationship on multi-decadal time
three separate un-utilized proxies of ENSO variability. As to scales in contrast to the conclusions from the idealized mod-
the cause of this increase in variance, it is still an open queseling study ofEmile-Geay et al(2007), and no conclusive
tion. Interestingly though, this increase in ENSO variancesupport for changes in the mean state (the thermostat mecha-
roughly coincides with an increase in Western Pacific warmnism) in contrast to the study dfann et al(2005. However,
pool temperatureNewton et al.2006. Consistent with the we find that volcanic forcing can induce a statistically signif-
ENSO variance changes displayed by the UEP, the increageant change in the mean state and median of ENSO in the
ing temperature of the Western Pacific warm pool should lead/ears following the eruption. Further to this, we find that vol-
to enhanced ENSO variance, provided the subsurface oceatanic events can significantly alter the probability of Efidli
remains at the same temperatug§ 2000. It was also  (La Nifia) events occurring in the year of, and three years
recently reported that the Inter-tropical Convergence Zoneafter, the volcanic event, consistent with the earlier study of
(ITCZ) migrated northward between the year 1700 and 1850Adams et al(2003. A forthcoming study will further elu-
(Sachs et a].2009. The effect the northward migration of cidate how external volcanic forcing changes the timing and
the ITCZ would have on the variance of ENSO is unclear atcharacteristics of ENSO events.
this stage. For instance, numerous studies conjecture that the
northward (southward) migration of the ITCZ should lead
to decreased (increased) ENSO variartdaug et al. 2003,
Koutavas and Lynch-Stieglit2004). However, model evi-
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