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ABSTRACT. Correlations between a 1000 year record of the major ions in a 108.83 m ice core from East
Rongbuk Glacier (28°010N, 86°580 E; 6518 m a.s.l.) on the northeast slope of Qomolangma (Mount
Everest) and the Southern Oscillation Index (SOI) were examined to investigate possible links between
the ice-core records of the southern Tibetan Plateau (TP) and El Niño Southern Oscillation (ENSO). The
results show that years with the highest crustal ion concentrations and lowest marine ion
concentrations corresponded with a low SOI, and vice versa. Cross wavelet and wavelet coherence
analysis between major ion time series and the SOI indicated that there were significant sections with
high common power between the major ion time series and the SOI, suggesting a correlation between
the ion records of the Qomolangma ice core and ENSO. Further investigation indicated that the higher
SOI years corresponded with weaker continental air masses and stronger south Asian monsoons over
the southern TP, leading to increased marine ions and decreased continental ions transported to the
southern TP. The in-phase surface pressure anomalies of the southern TP and Darwin, Australia, link
ENSO and ion transport over the southern TP, and thus suggest a link between aerosol transport over
the southern TP and ENSO.
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INTRODUCTION
Ice cores drilled from carefully selected sites are often used
to provide palaeoenvironmental records with seasonal,
annual, decadal and centennial resolutions (Thompson
and others, 2000). The Tibetan Plateau (TP) is the highest
plateau in the world, with a vast number of mountain
glaciers. Ice cores from TP glaciers preserve a wealth of
high-resolution climatic information for the mid-latitudes
and even the Northern Hemisphere (Mayewski and others,
1984; Thompson and others, 2000). Studies of the major
ions in ice cores recovered from the southern TP have
shown that ion concentrations are influenced by atmos-
pheric circulation over this region (Kang and others, 2002;
Kaspari and others, 2007). Ions transported to the southern
TP come from two main sources: marine aerosols from the
Arabian Sea and the Bay of Bengal, and crustal aerosols
from central and southern Asia. Several ions (Ca2+, Mg2+,
SO4

2– and NO3
–) show higher concentrations during the

non-monsoon season, when dust aerosols are brought in
from the arid regions of central and southern Asia. The
aforementioned ions are associated with the predominance
of continental air masses (Wake and others, 1993; Kang and
others, 2002). Marine ions are transported to the southern
TP during the summer, and have been associated with the
occurrence of the south Asian monsoon (Wake and others,
1993; Shrestha and others, 2002). The ice-core record of the
southern TP has also been related to several climatic modes,
such as the North Atlantic Oscillation, Pacific Decadal
Oscillation and Asian–Pacific Oscillation (Wang and others,
2002; Grigholm and others, 2009; Xu and others, 2014).
Therefore, the ice-core records of TP glaciers provide a
unique opportunity to uncover the history of the climatic
modes on a millennial timescale.

The El Niño Southern Oscillation (ENSO) phenomenon,
which occurs in the tropical Pacific, is the strongest internal
climate mode on an interannual timescale. It cycles over a
2–7 year period. The warm and cold phases of ENSO are
known as El Niño and La Niña, respectively. The ENSO
phenomenon is not only a direct result of climate anomalies
in the tropical Pacific, but also represents the leading mode
of interannual climate variability globally (Mokhov and
Smirnov, 2006). ENSO signals are often found in ice-core
records (Thompson and others, 2000; Yang and others,
2000; Knüsel and others, 2005). For example, Yang and
others (2000) found that fewer precipitation anomalies of
the TP are significantly associated with El Niño years but
poorly associated with the negative anomaly trend of d18O
of the Guliya ice-core record. Wang and others (2003)
suggested that the d18O time series of the Malan ice core is
related to Southern Oscillation indices, possibly driven by
the influence of ENSO on the temperature of the TP, via the
strength of westerlies and the Indian monsoon. Although
possible relationships between the d18O records from the TP
ice core and ENSO have been studied, less is known about
the effects of ENSO on the ion records of TP ice cores and
the associated mechanisms.

DATA AND METHODS
In 2002, a 108.83m ice core was recovered from the col of
East Rongbuk Glacier, located on the northeast ridge of
Qomolangma (Mount Everest) in the central Himalaya
(27°590N, 86°550 E; 6518ma.s.l.) (Fig. 1). The ice core
was maintained at <–5°C and shipped frozen to the
University of Maine, Orono, ME, USA, for processing and
analyses. It was melted into discrete samples at 3–4 cm
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resolution using an aluminium melter head with the
University of Maine’s continuous melter system. The melter
head splits the meltwater into two different channels:
meltwater from the outer portion of the ice core is collected
in an outer channel for isotope analyses, and meltwater from
the innermost section of the ice core is collected in an inner
channel for major ion and trace element analyses (Kaspari
and others, 2009). Osterberg and others (2006) provide
detailed information on the melter system. The concen-
tration of major soluble ions was analyzed by a Dionex
chromatograph (DX-500). The ice core was dated to
AD1534 at a depth of 98m based on seasonal variations
in dD and soluble ions. Below 98m, it was dated by a flow
model (Kaspari and others, 2007, 2008). The dating error
was �0 years at AD1963 and �5 years at AD 1534 (Xu and
others, 2010). More dating information is given in Kaspari
and others (2007, 2008). The date at the bottom was
estimated as 1650 years BP (Hou and others, 2004). In this
study the section of core spanning AD1003–2002 was used.

The Southern Oscillation Index (SOI) is defined as the
normalized pressure difference between Tahiti and Darwin,
Australia. In this study, we use the SOI calculated based on
the method given by Ropelewski and Jones (1987) (Allan
and others, 1991; Können and others, 1998).

Empirical orthogonal function (EOF) analysis of the major
ions of ice cores reveals their common variance and the
relationships between the major ions, and also yields new
time series representing their relationships (Meeker and
others, 1995; Kang and others, 2002; Meeker and May-
ewski, 2002). EOF analysis was conducted on the annual
average concentrations of major ions covering AD1003–
2001. Figure 2 presents the EOF time series and major ions
of the ice core over the past 1000 years.

Wavelet analysis is a useful mathematical technique for
analyzing time signals of time-varying magnitudes and
periodicities. Wavelet transforms expand time series into
time-frequency space and can therefore find localized
intermittent periodicities. The continuous wavelet transform
(CWT) is a common tool for analyzing localized intermittent
oscillations in a time series, when it is often desirable to
examine together two time series that may be linked. In
particular, it is useful for examining whether regions in time-
frequency space with large common power have consistent
phase relationships and are therefore suggestive of causality
between the time series (Grinsted and others, 2004). Based

on CWT, the cross wavelet transform (XWT) will expose
their common power and relative phase in time-frequency
space. Wavelet coherence (WTC) can find significant
coherence, even when the common power is low (Grinsted
and others, 2004). In this study, the cross wavelet power was
calculated to estimate the covariance between SOI and EOF
time series, and wavelet coherence was calculated to
measure the cross correlation between the two time series
as a function of frequency.

RESULTS AND DISCUSSION
Comparison of major ion record and SOI
EOF analysis of the major ions revealed common variations
of these ions over the past millennium. EOF1 accounts for
43.8% of the total variance in the major ion time series, with
Mg2+, Ca2+, NO3

– and SO4
2– strongly loaded on EOF1. The

high common variance suggests a common source or
transport pathway for these ions, with dust from the arid
regions of central Asia being the dominant source (Kang and
others, 2002). These ions are derived from the mineral
aerosols of the central Asia arid zone and controlled by
continental air masses (Wake and others, 1990, 1993; Kang
and others, 2002; Kaspari and others, 2007). EOF2 accounts
for 27.9% of the total variance in the major ion time series,
with Cl– and Na+ highly loaded on EOF2. Most of the Na+

Fig. 1. Location map of East Rongbuk Glacier and Darwin (red
dots), Tibetan Plateau (grey shaded area) and Niño 1+2 region (red
shaded area).

Fig. 2. Variation of the major ions (µg L–1) of the East Rongbuk ice
core. (a–f) Time series of EOF1 and crustal major ions; (g–i) time
series of EOF2 and marine major ions.

Xu and others: Effects of ENSO on ice-core record 283

https://doi.org/10.3189/2016AoG71A042 Published online by Cambridge University Press

https://doi.org/10.3189/2016AoG71A042


and Cl– is transported inland during the monsoon season
and is associated with marine air masses from the Bay of
Bengal and the Arabian Sea (Shrestha and others, 2002;
Kaspari and others, 2007). EOF3 (12.5% of the total
variance) accounts for 81.8% of K+, representing a unique
origin for K+. Although the source of K+ cannot be
determined, a possible source may be local or regional
(north or south of the Himalaya) mineral aerosols (Kang and
others, 2002). Here we focus on the EOF1 and EOF2 time
series, which represent the continental and marine major
ion time series, respectively.

Figure 3 reveals variations in the EOF time series and SOI
during the past 136 years (the overlapping period is
AD 1866–2001). A comparison between the EOF and SOI
time series showed that the high EOF1 corresponded with a
low SOI, and the high EOF2 corresponded with a high SOI.
Correlation analysis (conducted after a 5 year running mean
smoothing filter was applied to both) indicated that the
EOF1 time series was negatively correlated with the SOI
(n=136, r= –0.317, p<0.01) and the EOF2 time series was
positively correlated with the SOI (n = 136, r = 0.374,
p<0.01).

The CWTs of the SOI and EOF time series are shown in
Figure 4. The SOI had high power in the 2–7 year band of the
whole period, although for some periods the power was not
above the 5% significance level. There were obvious
common features in the wavelet power of the two time
series, such as significant peaks in the 8–12 year band
between 1900 and 1920, and the �4 year and �8 year band
between 1978 and 1990. However, differences and similar-
ities between the three time series were hard to identify, and
thus XWT and wavelet coherence helped in this regard.

The XWT of the SOI and EOF1 is shown in Figure 5a.
There was significant common power in the �6–12 year
band between 1900 and 1920, and the SOI lagged the EOF1
by a quarter of a year in the 3–6 year band between 1978 and
1990, during which period the SOI and EOF1 were in phase.
In the most high-power region, an anti-phase relationship
existed, although for some periods the power was not above
the 5% significance level. The squared WTC of the SOI and
EOF1 is shown in Figure 5b. Compared with the XWT, a
larger significant section was found and overall there was an
anti-phase relationship between EOF1 and the SOI.

The XWT analysis and squared WTC between the SOI
and EOF2 are shown in Figure 5c and d. The �6–12 year
band between 1900 and 1920 and the �3–6 year band
between 1978 and 1990, with in-phase and anti-phase
relationships respectively, are noticeable in Figure 5c. The
generally in-phase relationship between the two time series
existed in the high-power region (including the area below
the 5% significance level). Grinsted and others (2004)
reported that, although the area of a time-frequency plot
above the 5% significance level is not a reliable indication
of causality, it is possible for two series to be perfectly
correlated at one specific scale, while the area of significant
correlation is much less than 5%. Although the phases of the
SOI and EOF time series in different periods and bands were
different, a relationship existed between the two time series
in specific periods. We therefore speculate that there is a
link between the major ion record of the Qomolangma ice
core and ENSO.

Mechanisms
Qomolangma lies at the boundary between continental air
masses associated with the westerlies and marine air masses
associated with the south Asian summer monsoons (Kaspari
and others, 2007). Continental ions over the southern TP are
closely related to the strength of continental air masses. In

Fig. 3. SOI and EOF time series over 1866–2001.

Fig. 4. Continuous wavelet power spectra of SOI index and EOF
time series. Thick black contour designates the 5% significance
level against red noise; the cone of influence where edge effects
might distort the picture is shown as a lighter shade.
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the winter, stronger westerlies transport more continental
species to the southern TP (Kang and others, 2002); in the
summer, stronger continental air masses over the southern TP
(anomalously high surface pressure over Asia, with the centre
located around Mongolia) are related to high concentrations
of continental ions in the ice core (Kaspari and others, 2007).
Marine ions over the southern TP are transported by the south
Asian summer monsoons (Kang and others, 2002; Kaspari
and others, 2007). When the summer surface pressure on the
Asian continent is lower (the centre region is also around
Mongolia), the south Asian monsoon over the southern TP
will move further northward, resulting in strengthened south
Asian monsoons over Qomolangma and weakened contin-
ental air masses (Kaspari and others, 2007). In this situation,
more marine ions will be transported to the southern TP,
while at the same time the concentration of continental ions
decreases (Kaspari and others, 2007). Therefore, the surface
pressure of the Asian continent is an indicator of the strength
of continental air masses and south Asian monsoons.

To investigate possible mechanisms for the linkage
between ENSO and the transport of aerosols to the ice-core
site, we examined the sea-level pressure (SLP) anomalies of
the highest (�a + d, where a and d are mean and standard
deviation, respectively) and lowest (�a – d) years of the EOF
time series and the SOI. Investigations of SLP anomalies
found that during the highest (lowest) EOF1 years, the
annual surface pressure of the Asian continent and the
region around Australia were anomalously high (low). At the
same time, the surface pressure of the eastern tropical
Pacific Ocean was anomalously low (high) (Fig. 6a), with an
inverse situation in the pressure anomaly in the highest
(lowest) SOI years (Fig. 6c). In contrast, during the highest

(lowest) EOF2 years, the summer surface pressure of the
Asian continent and the region around Australia was
anomalously low (high), and the surface pressure of the
eastern tropical Pacific Ocean was anomalously high (low)
(Fig. 6b), with a similar situation in the summer pressure
anomaly in the highest (lowest) SOI years (Fig. 6d). During
the anomalously low SOI years, the surface pressure around
Australia and most regions of the Asian continent was high;
over the southern TP, the continental air masses strength-
ened and marine air masses weakened. This situation is
advantageous for the transport of more crustal aerosol to the
southern TP (Kang and others, 2002; Kaspari and others,
2007). In contrast, during the anomalously high SOI years,
the surface pressure around Australia and most regions of
the Asian continent was low, the control of continental air
masses weakened and the impact of the south Asian
monsoon strengthened, which benefited marine ion trans-
port to the southern TP.

These patterns indicate that the in-phase surface pressure
anomaly of the Asian continent and Australia is linked to the
ENSO and ions transported over the southern TP. Thus, the
SLP of the southern TP and Darwin (12.33°N, 130.98° E)
were also investigated. Figure 7 shows similarities in the
annual SLP (US National Centers for Environmental Predic-
tion/US National Center for Atmospheric Research (NCEP/
NCAR) re-analysis data; 27–32°N, 80–95° E) fluctuation of
the southern TP and Darwin (instrumental data: www.cru.
uea.ac.uk/cru/data/soi/). In only two of the series, EOF
analysis resulted in a decomposition in which the first EOF
component expressed the dominant similarity (positive
correlation) or dissimilarity (negative correlation) between
the two series and estimated the common forcing series

Fig. 5. Cross wavelet transform and squared wavelet coherence of the SOI and EOF time series. (a, c) Cross wavelet transform of SOI with
EOF1and EOF2 time series, respectively. (b, d) Squared wavelet coherence of SOI with EOF1and EOF2 time series, respectively. Thick black
contour indicates the 5% significance level against red noise. Arrows suggest the relative phase relationship, with those in phase pointing
right and those not in phase pointing left; arrows pointing vertically upward indicate that the SOI lags the EOF time series by 90°; arrows
pointing vertically downward indicate that the SOI leads the EOF time series by 90°.
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(Meeker and Mayewski, 2002). Therefore, EOF analysis was
conducted on the annual SLP of the southern TP and
Darwin, revealing that 76% of the variance in the SLP in
these regions is represented by their common first EOF. This
indicated that, on an annual timescale, the SLP of Darwin
and the southern TP have similar in-phase variances in the
anomalous high and low SOI years. The correlation

between the Southern Oscillation and the ice record of the
southern TP is thus linked via in-phase anomalous pressure.

Previous studies found less precipitation and decreased
temperatures of the TP are associated with El Niño years
(Yang and others, 2000; Zhang and others, 2000). Thomp-
son and others (2000) reported that high levels of dust in the
southern TP are concurrent with very strong ENSO events.
Records of Malan ice cores of the TP also indicated that the
temperature of the northern TP was positively correlated
with SOI (Wang and others, 2003). Further, a study of the
Dunde ice core showed that the accumulation was
positively correlated with the SOI (Davis and others,
2005). These findings suggest that during the warm phase
of ENSO (El Niño), the pressure above Asia increases; lower
temperature, decreased precipitation and increased dust will
be prevalent over the TP, and the south Asian monsoon
weakens over the southern TP. During the cool phase of
ENSO (La Niña), the pressure above Asia decreases; higher
temperature, increased precipitation and decreased dust
become prevalent over the TP, and the south Asian
monsoon strengthens over the southern TP.

Comparison with other ENSO indices on millennial
timescale
To investigate the relationship of the East Rongbuk ice-core
record and ENSO on a millennial timescale, we compared
the EOF time series and six other reconstructed ENSO

Fig. 6. Annual and summer pressure anomalies around the TP and Pacific Ocean. (a) Annual SLP composite differences of high/low years of
EOF1; (b) summer SLP composite differences of high/low years of EOF2; (c) annual SLP composite differences of high/low years of SOI;
(d) summer SLP composite differences of high/low years of SOI. Black dot indicates East Rongbuk Glacier.

Fig. 7. Annual SLP of the southern TP and Darwin over 1948–2002.
EOF analysis on SLP time series of southern TP and Darwin shows
that they share 76% of common variance.
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indices (D’Arrigo and others, 2005; Fowler and others,
2008; Braganza and others, 2009; McGregor and others,
2010; Li and others, 2011, 2013). The results showed that
the EOF1 time series was weakly correlated or not correl-
ated with the ENSO indices. When compared with the
reconstructed tropical Pacific sea surface temperature (SST)
(Cook and others, 2008), we found a similar fluctuation
between the EOF time series and tropical Pacific SST,
especially the SST of the Niño 1+2 region (Fig. 8). Correl-
ation analysis showed that EOF1 was positively correlated
with the SST of Niño 1+2 (r=0.25, p<0.1) and EOF2 was
negatively correlated with the SST of Niño 1+2 (r= –0.13,
p<0.1). This indicates that an inverse relationship existed
between the surface temperature anomalies of the southern
TP and the eastern tropical Pacific (similar to Fig. 6).

Most of the millennial ENSO indices mentioned above
are reconstructed via tree-ring records from North America,
South America, Australia and New Zealand, which repre-
sent records from the eastern and southern margins of the
Pacific, and thus partially recorded the ENSO signals. The
East Rongbuk ice core is located in the Northern Hemi-
sphere near the west Pacific Ocean, so it is reasonable that
the ice-core record was weakly correlated with other
reconstructed ENSO indices. However, the correlation
between the ice-core record and Darwin SLP and Niño
1+2 SST indicates that the major ion records of the southern
TP could capture ENSO signals, and thus the ice-core
records of the southern TP have the potential for future
multi-proxy ENSO reconstruction.

CONCLUSIONS
EOF analysis of the major ion time series was performed to
investigate inter-species relationships and their common
variances in a 108.83m Qomolangma ice core. EOF
analysis indicated that most of the major ions (Mg2+, Ca2+,
NO3

– and SO4
2+) were strongly loaded on EOF1, and Cl–

and Na+ were highly loaded on EOF2. We analyzed the
correlation between EOF time series and the SOI, and found
that the SOI was negatively correlated with EOF1 and
positively correlated with EOF2. This was linked to the
association of continental ions and marine ions with
continental air masses and south Asian monsoons, respect-
ively. The cross wavelet and wavelet coherence analysis

between EOF time series and SOI found some significant
sections with high common power, showing an anti-phase
relationship between EOF1 and SOI and in-phase relation-
ship between EOF2 and SOI. This indicates that a relation-
ship existed between the ion record and the SOI in specific
periods. Therefore, we suggest that ENSO is associated with
air mass activities over the TP.

Investigations of surface pressure found an in-phase
variation of the southern TP and Australia, and anti-phase
variation of the southern TP and eastern tropical Pacific.
These results indicate that during the warm phase of ENSO
the surface pressure of the TP is higher, and the continental
air mass over the southern TP is stronger and carries more
continental ions to the southern TP. During the cold phase
of ENSO, the surface pressure of the TP is lower, and the
south Asian monsoon over the southern TP is stronger and
carries more marine ions to the southern TP. We concluded
that ENSO, as a global climatic pattern, could influence the
ion record of the TP ice cores.

In the Northern Hemisphere, the TP ice core is an
important asset for exploring the history of ENSOs.
Furthermore, the ice-core record of the TP is an important
supplementary proxy for multi-proxy ENSO reconstruction.
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