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A record of the Southern Oscillation Index for the
past 2,000 years from precipitation proxies
Hong Yan1, Liguang Sun1*, YuhongWang1,2, Wen Huang3, Shican Qiu4 and Chengyun Yang4

The El Niño-Southern Oscillation (ENSO) is a coupled
ocean–atmosphere climate phenomenon in the tropical Pacific
Ocean. The interannual climate variations have been shown
to modify both the Hadley and Walker meridional and zonal
atmospheric circulations, with strong impacts on global
climate1–3. Proxy-based reconstructions of the Southern Os-
cillation Index on a multi-decadal scale have shown that the
strength and frequency of El Niño occurrences have varied
over the past millennium4–7. Here we compile reconstructions
of precipitation8–15 from regions that experience substantial
ENSO variability to extend the multidecadal-scale South-
ern Oscillation Index to include the past 2,000 years. We
find that the Medieval Warm Period (∼AD 800–1300) was
characterized by a negative index, which indicates more El
Niño-dominated conditions, whereas during the Little Ice Age
(∼AD 1400–1850) more La Niña-dominated conditions pre-
vailed. The Southern Oscillation Index we derive is significantly
correlated with reconstructions of solar irradiance and mean
Northern Hemisphere temperature fluctuations.

The Southern Oscillation (SO) is principally a seesaw trend in
atmospheric mass involving coherent exchanges of air between
the eastern and western Pacific (Supplementary Fig. S1; ref. 2).
The traditional Southern Oscillation index (SOI) is defined as
the difference between the sea level pressure (SLP) of antiphase
oscillatory behaviour at Tahiti, in the eastern Pacific, andDarwin, in
the western Pacific16. Owing to the close link between SLP and local
convection and precipitation, the rainfalls in the western Pacific and
the eastern and mid Pacific are closely related to the SOI. For ex-
ample, Trenberth and Caron (2000; ref. 2) examined the statistical
relationship between the SOI and tropical Pacific precipitation and
showed that the SOI is persistently and positively correlated with
the precipitation over the Indo-Pacific warm pool and negatively
correlated with the precipitation over the eastern and mid-tropical
Pacific (Fig. 1, Areas in the equatorial Pacific where precipitation
was significantly (above 95% confidence level) positively correlated
with the SOI are marked in yellow and red (named positive area, or
PA) and areas with significant negative correlation with the SOI are
marked in green and blue (named negative area, or NA); ref. 2).
The influence of the SO on equatorial Pacific precipitation can
be explained by the variation of the Pacific Walker Circulation3.
During an El Niño event, when the SOI is low, the difference of
SLP between the eastern and western Pacific decreases. As a conse-
quence, theWalkerCirculation is weakened, and the ascending limb
in the western Pacific switches to the mid-Pacific, leading to aridity
in the western Pacific and humidity in the mid-Pacific. At the same
time, the eastern tropical Pacific experiences a large increase, up to
an order of magnitude, in precipitation owing to the weakened and
transferred descending limb of theWalker Circulation.
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Figure 1 | Locations of hydrological records. Correlations of monthly
anomalies of precipitation (NCEP reanalysis2) with the SOI from January
1979 to December 2010. Areas in equatorial Pacific with positive and
significant correlation (above 95% confidence level) are marked in yellow
and red, and areas with negative and significant correlation were marked in
green and blue. Locations of the rainfall records in the equatorial Pacific
(W1 (refs 8,11), W2 (refs 10,12), W3 (ref. 9), M1 (ref. 15), E1 (ref. 13), E2
(ref. 14) and E3 (ref. 22)) are also indicated. Locations that were
drier/wetter during the Little Ice Age than during the Medieval Warm
Period are marked in red/blue.

Based on such strong and persistent correlation between the SOI
and precipitation, in this study, we proposed a novel and SOI-like
index, SOIpr, as the difference between normalized annual rainfalls
in the PA of tropical western Pacific and the NA of the equatorial
eastern and mid-Pacific (SOIpr = wpZP−wnZN; where ZP and ZN
are the normalized Z-scores of the precipitation in the PA and NA,
respectively. wp and wn are the optimal weights of ZP and ZN and
wp+wn=1. SeeMethods and Supplementary Fig. S4 for details). To
evaluate the feasibility of using SOIpr as a SOI proxy, we calculated
SOIpr from ad 1951 to 1997 using the instrumental precipitation
data from Galapagos of the eastern Pacific and Indonesia of
the western Pacific (Supplementary Figs S3–S5). We observed a
significant positive correlation between SOIpr and the instrumental
sea level pressure-based SOI (Supplementary Fig. S5, r = 0.68,
p< 0.0001, neff= 40.6 (effective number of independent values; see
Methods for details)), indicating that SOIpr is indeed a good proxy
for the SOI.

Recently, several rainfall reconstructions for the PA of the
western Pacific8–12 and the NA of the eastern13,14 and mid
Pacific15 have been published (Fig. 1). The records from the PA
(refs 8–12) and NA (refs 13–15) contained substantial multi-
decadal variability, characterized by an anti-phase oscillatory
behaviour over the last two millennia (Supplementary Fig. S6),
and allowed us to reconstruct SOIpr for the past two millennia.
Considering these resolution and time span of these records
(Supplementary Table S1 and Fig. S6), in this study we chose the
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precipitation records of Indonesia10 and Galapagos13 to calculate
SOIpr for the past two millennia. The Indonesian historic rainfalls
(ad 25–1955) were derived from a salinity reconstruction based on
planktonic-foraminifera δ18O and the Mg/Ca ratio (ref. 10). The
δ18O of foraminiferal calcite (δ18Oc) reflects the combined effects of
calcification temperature (T ) and seawater oxygen isotope (δ18Ow);
the latter varies as a function of salinity. The Mg/Ca ratio in the
shells is primarily temperature dependent. Bymeasuring both δ18Oc
and theMg/Ca ratio on the same samples, the salinity component in
the δ18O signal can be extracted10. The salinity component indicates
the precipitation-caused freshening trend of the surface water in the
Indo-Pacific Warm Pool and is thus an indicator of precipitation.
The rainfall history of the Galapagos (7241 bc–ad 2004) is derived
from a lake level reconstruction which is based on the grain size
data from the Lago El Junco sediment core13. As suggested in the
hydro-climaticmodel simulations, El Junco lake sediment grain size
responds sensitively to the precipitation changes associated with the
Pacific Walker Circulation (PWC) and El Niño events, increasing
during wet El Niño events (weak PWC) and decreasing during the
intervening dry periods13.

The reconstructed precipitation in the Indo-Pacific has an
average resolution of 10 years, and that in Galapagos of 11 years.
We adjusted the two records to one year resolution using linear
interpolation, normalized them, and calculated SOIpr for the time
period fromad 50 toad 1955 (Fig. 2 and Supplementary Fig. S7).

The calculated SOIpr for the past 100 years reveals a multi-
decadal variability similar to that seen in the smoothed instrumental
SOI time series (Supplementary Fig. S8). Smoothed over 11 years
(the averaged resolution of the used palaeo-precipitation record is
11 years), SOIpr and SOI from ad 1867 to ad 1955 have a significant
correlation (Supplementary Fig. S8, r = 0.69, p< 0.01, neff= 14.6).
This result is consistent with our analysis above using instrumental
rainfall records, confirming that SOIpr is a reliable proxy for the
SOI. We also compared our SOIpr with some high resolution ENSO
reconstructions over the past 350 years4,6,7 and found that the
multi-decadal variations of SOIpr and these ENSO reconstructions
are consistent, but the long term trends are not. For example, the
boreal cold-season Niño-3 index, mainly derived from temperature
records, showed an obvious trend towards a La Niña-like state over
the past 350 years7, whereas our SOIpr, derived from hydrological
records, indicated an opposite trend toward a El Niño-like state.
Two other ENSO reconstructions4,6, based on multiple proxies
including temperature records and hydrological records, suggested
no obvious trend over the past 350 years.

The reconstructed SOIpr has five distinct centennial-scale phases
over the past 2,000 years (Fig. 2): persistent negative values during
ad 50–500, ad 1000–1400 and ad 1850–1955, interrupted by
positive values during ad 500–1000 and ad 1400–1850. For the past
millennium, the SOIpr shows three phases associated with the solar
irradiance and background climate state (Fig. 3). Negative SOIpr
values (indicating a weak PWC) are associated with higher solar
irradiance and globalmean temperature during theMedievalWarm
Period (MWP) and the so-called Modern Warm Period. On the
other hand, positive SOIpr values (indicating an enhanced PWC)
are concurrent with lower solar irradiance and cooler global mean
temperature during the Little Ice Age (LIA).

The positive SOIpr and enhanced PWC during the relatively
cool LIA period (Fig. 2) suggest a more La Niña-like mean state
than that during the MWP, contradicting current mainstream
theory, mainly from sea surface temperature (SST) reconstruction,
about the tropical Pacific ENSO variability or mean state changes
over the past millennium (Supplementary Fig. S10). Coral-based
SST reconstruction from Palmary Island in the central equatorial
Pacific17 implied a more El Niño-like mean state during the
LIA than that in MWP (Supplementary Fig. S10). The SST
reconstructions in the western10,12, eastern18,19 and mid17 tropical
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Figure 2 | SOIpr reconstruction. SOI proxy SOIpr as the difference between
the reconstructed precipitation records from Indonesia, in the western
Pacific (top; ref. 10), and the Galapagos, in the eastern Pacific (middle)13.
All records were normalized to a standard Z-score before taking the
difference (see Methods for detail). High precipitation and positive SOIpr

are shown in red and low precipitation and negative SOIpr are shown in
blue. Time periods: RWP–Roman Warm Period (AD 50–400),
MWP–Medieval Warm Period (AD 1000–1300), DACP–Dark Ages Cold
Period (AD 500–900), LIA–Little Ice Age (AD 1400–1850).

Pacific suggested20,21 an LIA marked by a relatively warming period
in the eastern and central tropical Pacific, a substantial cooling in the
western equatorial ocean, and a more El Niño-like state (than that
of the MWP; Supplementary Fig. S10). In contrast with SST-based
reconstructions, most of the hydrological reconstructions from
the tropical Pacific suggested a more La Niña-like mean state
during the LIA than during the MWP (Fig. 1 and Supplementary
Fig. S10). These include records from the Indo-Pacific8–12, central
tropical Pacific15 and eastern equatorial Pacific13,14 that suggested
wetter, drier and drier conditions, respectively, during the LIA
than during the MWP (Fig. 1 and Supplementary Fig. S10). On
the other hand, a record of flood deposits near 13◦ S, on the Peru
Margin, indicating wet conditions during the LIA (ref. 22), is also
consistent with amore La Niña-likemean state during the LIA. This
site experiences dry conditions during El Niño events (Fig. 1 and
Supplementary Fig. S2).

Theoretical models and computer simulations also gave contra-
dictory results for the mean state in the LIA and the MWP. The
main external forcing difference between the LIA and the MWP is
believed to be the minimum solar irradiance (Fig. 3) from about
ad 1400 to 1850 (ref. 23) and the near lowest surface temperature
in the Northern Hemisphere (NH) and many other places globally
over the past millennium24. Some models have been proposed for
the response of the tropical Pacific ENSO to decreased solar forcing
andmean global temperature from theMWP to the LIA. The ‘ocean
dynamical thermostat’ mechanism25 predicted a more La Niña-like
state in the MWP than in the LIA. According to this model,
a positive solar forcing and increasing mean global temperature
during theMWPwould result in a large zonal temperature gradient
across the equatorial Pacific. In the western tropical Pacific, rising
atmospheric temperature will warm the sea surface, but in the east-
ern equatorial Pacific, surface warming is restrained owing to the
cooling from upwelling. The increased zonal SST gradient enhances
the equatorial trade winds, further drives cooling by upwelling,
and increases the SST gradient. This model prediction is supported
by the SST-based reconstructions17,20,21 over the past millennium.
The most recent coupled general circulation models (CGCM),
however, project a weakening of the atmospheric overturning
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Figure 3 | Linkage between SOIpr, solar irradiance and Northern
Hemisphere climate. Comparison of long-term proxy records SOIpr,
Northern Hemisphere temperature (NH-T; ref. 24), NAOms (ref. 28),
EASM (ref. 29), and solar irradiance23 over the past millennium. All time
series were 30-years smoothed and normalized to a standard Z-score. The
correlations among them are presented in Supplementary Table S2.

circulation (especially for the Walker Circulation) as the climate
warms, driven by changes in the atmospheric hydrologic cycle26,27.
The water vapour in the lower troposphere increases by roughly
7%per ◦C warming27, whereas precipitation increases more slowly,
approximately by 2%per ◦Cwarming27. The increasedmoisture has
to be transported from the atmospheric boundary layer to the free
troposphere, weakening the boundary layer/troposphere mass ex-
change and tropical overturning circulations26,27. This mechanism
predicted a less La Niña-like state in the MWP than in the LIA, in
agreement with our SOIpr reconstruction and other hydrological
records from the tropical Pacific8–15,22.

The tropical Pacific is important for global climate change1,3,9,
and the interaction between tropical Pacific hydrology and
Northern Hemisphere climate is an important aspect of the global
climate. In this study, we examined and found a significant link
between the reconstructed SOIpr and the Northern Hemisphere
temperature for the past millennium (Fig. 3; ref. 24). Negative
SOIpr, indicative of a weak PWC, corresponded to the warm climate
in theNorthernHemisphere during theMedievalWarmPeriod and
the last century. Positive SOIpr occurred during the relatively cold
LIA. The significant correlation (r =−0.54, p< 0.05, neff = 11.94,
ad 1000–1955) suggested a dynamic link between the hydrology
in the tropical Pacific and the Northern Hemisphere climate,
and this coupling may be established by the interplay between
the PWC and the Northern Atlantic Oscillation (NAO; ref. 28),
monsoonal circulations29 and other mechanisms (see Fig. 3 and
Supplementary Discussion).

Nonetheless, further research is also needed to reconcile the
contradiction between SST and hydrologic reconstructions, to
examine whether and how the centennial-scale variations of the
Pacific Walker Circulation are related to those of the ENSO during
the last millennium, and to study the relationships between the

tropical Pacific ENSO and mid-high latitude climate systems over
the past millennium and their mechanisms.

Methods
SOIpr calculation. To calculate SOIpr, we first normalized the instrumental and
reconstructed precipitation records to the standard Z-score: Z= (X−V)/SD; here
X is original value; V and SD are the averaged value and standard deviation of the
time series. SOIpr =wpZP−wnZN; here ZP and ZN are the normalized Z-scores
of the precipitation in the PA of the western Pacific and in the NA of the eastern
and mid Pacific, respectively. wp and wn are the optimal weights of ZP and ZN

and wp+wn = 1. The values of wp and wn are chosen to optimize the correlation
between SOIpr and the instrumental SOI (Supplementary Fig. S4).

Error estimationof SOIpr. There are two kinds of uncertainties in the reconstructed
SOIpr: non-systematic and systematic. Non-systematic means those errors of local
nature, due to dating uncertainties and index measurement errors. For example,
the real age of a sample could be either earlier or later than the dated one. The
maximum dating uncertainties for the Galapagos record are ±100 years from
ad 50 to 1000 and ±60 from ad 1000 to 1890, based on a basal accelerator mass
spectrometry (AMS) AMS14C date assessment, and ±5 years in recent 110 years,
based on a basal Pb-Cs date assessment13. The index measurement errors for
the Galapagos record are not available, and we use the mean instrumental error
(±1%) instead. The dating uncertainties for the Indonesia record are ±40 years
from ad 50 to 1500 (AMS14C), ±90 years (AMS14C) from ad 1500 to ad 1900,
and ±5 years (Pb-Cs) in the last century10. The index measurement errors for
Indonesia are available. We used Monte Carlo simulations to estimate this kind of
uncertainty. In each Monte Carlo simulation, to simulate the index measurement
noise, we generated and added Gaussian noise to the proxy records using the
available standard deviation and the Box–Muller algorithm30. The simulation of
dating uncertainties was based on the consideration that the effect of the dating
uncertainty is roughly equivalent to temporally shifting the time series by the
dating error. For each time point, we calculated the minimum and maximum
index values in the window of the dating error and assigned the index value to
an evenly distributed random number between the minimum and maximum
values. After application of these noises, both records were normalized to the
standard Z-score; the difference between the two records was recalculated and
denoted as SOIpr (see Methods above). We repeated the Monte Carlo simulation
N times, obtained the distribution of ∼SOIpr−SOIpr, and calculated the standard
deviation for each time point. A Student t test showed no significant differences
in the calculated standard deviations between N = 100 and N = 1,000 (p= 0.69)
and greater, so we chose 1,000 for N . We estimated this uncertainty of SOIpr as
two standard deviation (95%) confidence intervals and the result is presented in
Supplementary Fig. S7.

The systematic uncertainty arises from the reservoir effect correction, and it
affects the dated ages of all subsamples of a time series globally. For example, an
over-correction of 10 years will shift all sample ages to be 10 years younger than
their actual ages. As SOIpr is the difference between two time series, this kind of
uncertainty could have a significant impact. We also used Monte Carlo simulations
to estimate this uncertainty. The reservoir age for the Indonesia record is 475±80
years10, and the estimated reservoir age for the Galapagos record is 0±4 years13. In
each Monte Carlo simulation, we randomly added from −80 to 80 years and from
−4 to 4 years, respectively, to the dated ages for the IPWP and Galapagos records
before calculating SOIpr. The other procedures are the same as above. The result of
the error estimation from both the systematic uncertainty and the non-systematic
uncertainty (combined) is also presented in Supplementary Fig. S7.

Correlation analysis. For two time series, X and Y , the Pearson correlation
coefficient rxy was calculated as

rxy =
∑n

i=1 (xi−x)(yi−y)
(n−1)sx sy

where n is the number of samples, x and y are the sample means of X and Y , and Sx
and Sy are the sample standard deviation of X and Y .

For two time series (X and Y ) with smoothing, we have to consider and
adjust the autocorrelation in X and Y by using the effective sample size or
effective number of independent values. Following Trenberth (1984; ref 16),
and Bretherton et al. (1999; ref. 31), we first calculated τ , the time between
independent values (or the time to obtain a new degree of freedom) according to
the following equation32:

τ = 1+2
(n−1)∑
l=1

rxl ryl

where rxl and ryl are the autocorrelation at lag l for X and Y . The effective number
of independent values was calculated as neff = n/τ , and the student t -value for
assessing significance was calculated as

t =
rxy
√
neff−2√

(1− r2xy )
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