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ABSTRACT. Ice cores contribute important records of past climate changes. As one of the thickest ice

caps in central Asia, the Guliya ice cap (358170N, 818290 E) provides valuable information for this

critical region about the past climate and environment changes. We used wavelet analysis to examine

periodic temperature and precipitation oscillations over the past 1700 years recorded in the Guliya ice

core. The results show non-linear oscillations in the ice-core records, with multiple timescales.

Temperature records indicate persistent oscillations with periodicities of approximately 200, 150 and

70 years. Precipitation records show significant periodicities at 200, 100, 150 and 60 years. However,

the amplitude modulation and frequency vary with time. Wavelet analysis can explore these time series

in greater detail and furnish additional useful information.

1. INTRODUCTION

The study of climate oscillations on decadal to century
timescales supports important aspects of climate research.
The Climate Variability and Predictability Program (CLIVAR)
considers improved understanding of such oscillations as
one of its three areas of special interest. According to the
International Geosphere–Biosphere Program, climate-
change studies can be grouped into three primary time-
scales: 20, 2 and 0.2 kyr. Of these, 2 kyr is a challenging
timescale because it contains decadal- to century-scale
climate changes and requires relatively high-resolution
proxy data. Although China has abundant historical
archives, reliable climate projections back 2000 years are
difficult. This is especially true in western China, due to the
shortage of historical records. Therefore, proxy data such as
those from ice cores and tree rings are important for
examining climatic and environmental changes in western
China (Thompson and others, 1989, 1995, 1997, 2000; Yao
and Thompson, 1992; Yao and others, 1995, 1996, 1997,
2001, 2002; Shi and others, 1999; Yang and others, 2002;
Gou and others, 2005, 2006).

Power-spectrum and maximum-entropy-spectrum analy-
sis only provide the average periods of the whole time series.
They cannot distinguish between oscillations with different
phases. However, the wavelet transform can provide more
information about the oscillations within the time series
(Holschneider, 1995). The amplitude modulation, phase and
frequency are important aspects of non-linear oscillations in
a complex climate system with multiple timescales. Wavelet
analysis is becoming a common tool for analyzing localized
power variations within a time series. By transforming a time
series into time–frequency space, one is able to determine
both the dominant modes of variability and how those
modes vary with time. The wavelet transform has been used

for numerous studies in geophysics, including tropical
convection (Weng and Lau, 1994), the El Niño–Southern
Oscillation (ENSO) (Gu and Philander, 1995; Wang and
Wang, 1996; Jevrejeva and others, 2003), the ENSO–
monsoon systems (Torrence and Webster, 1999), atmos-
pheric cold fronts (Gamage and Blumen, 1993), the
dispersion of ocean waves (Meyers and others, 1993), wave
growth and breaking (Liu, 1995) and coherent structures in
turbulent flows (Farge, 1992). See Foufoula-Georgiou and
Kumar (1995) for a complete description of geophysical
applications, and Daubechies (1992) for a theoretical
treatment of wavelet analysis. In our analysis, we use the
wavelet method introduced by Torrence and Compo (1998)
to examine the periodic climate oscillations over the past
1700 years recorded in the Guliya ice core.

2. GULIYA ICE CORE

Hansen and Lebedeff (1987) drew attention to the potential
sensitivity of the Qinghai–Tibetan Plateau, China, with an
average altitude of >4500m, to the anticipated global
warming of the next century. Ice cores drilled from several
places on the Qinghai–Tibetan Plateau have been used to
reconstruct climatic changes in the last few decades
(Thompson and others, 1989, 1995, 1997, 2000; Yao and
others, 1990, 1994, 1995, 1996, 1997, 2001, 2002; Yao and
Thompson, 1992).

Thompson and others (1995) successfully retrieved three
ice cores, with respective lengths of 308.7, 93.2 and 34.5m,
from 6200–6700ma.s.l. on the Guliya ice cap (358170 N,
818290 E), west Kunlun Shan, Qinghai–Tibetan Plateau
(Fig. 1). The longest core reached bedrock at 308.7m. The
Guliya ice cap is the largest in central Asia, with an area of
376 km2 (Yao and others, 1997). The 308.7m ice core at
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6200ma.s.l. was drilled using a mechanical corer in a dry
borehole to 200m depth, and using a thermal core drill with
an alcohol–water mixture from 200m to bedrock. The ice
temperatures in the core were –15.68C, –5.98C and –2.18C
at 10 and 200m depth and the bottom, respectively. Visible
horizontal layers exist throughout the core, with no
apparent breaks. Mass-balance measurements in 1990 and
1991 indicate that the ice cap receives �200mmw.e. of
accumulation per year (Thompson and others, 1997; Yao
and others, 1997).

Yao and others (1990) dated the Guliya ice cores by
counting the distinct annual dust layers and the seasonal
variations in d18O. Thompson and others (1995) describe the
details of the field and laboratory methods used. The
temperature record in the Guliya ice core is derived from
d18O measurements. d18O in precipitation is a reliable
indicator of temperature on the northern Tibetan Plateau, as
described by Yao and others (1996). First, according to
measurements of d18O and temperature change during
precipitation events and the seasonal changes of d18O and
temperature during several years, d18O in precipitation is
positively correlated with temperature, i.e. low temperature
in winter corresponds to low d18O value in precipitation,
and high temperature in summer corresponds to high d18O
value in precipitation. Second, the positive correlation
between d18O and temperature can be expressed quantita-
tively. Whenever d18O in precipitation increases (or de-
creases) by 1%, temperature increases (or decreases) by
about 1.68C (Yao and others, 1995). In this way, we use d18O
measurements from the Guliya ice core to derive a time
series of temperature.

The precipitation time series is derived from three
sources: (1) accumulation stakes, (2) visible stratigraphy in
snow pits, and (3) insoluble particulates, and both � and
tritium horizons in the Guliya ice core (Thompson and
others, 1995). We estimate precipitation on the Guliya ice
cap from the net accumulation between annual horizons in
the ice core. As studied by Yao and others (1996), net
accumulation on this ice cap approximates the actual total
precipitation, since sublimation is negligible. The Guliya
ice-core records have supplied data for many climatic and
environmental studies (Yao and others, 1992, 1994, 1995,
1996; Li and others, 1993, 1994; Thompson and others,
1995, 1997; Yang and others, 2000).

3. PERIODIC CLIMATE OSCILLATIONS OVER THE
PAST 1700YEARS

Figure 2 shows the variations of d18O and net accumulation
(10 year average) reconstructed from the Guliya ice core for
the past 1700 years. Yao and others (1996, 1997) examined
the climatic and environmental characteristics of the Guliya
ice cap from the climate variations on decadal and century
timescales since the 3rd century. They concluded that the
temperature varies more rapidly (shorter period cycles) than
precipitation. They also reported that precipitation changes
lagged behind temperature changes. Based on their work,
Shi and others (1999) studied the decadal climatic char-
acteristics recorded in the Guliya ice cap and compared the
records from the Guliya ice core with historical records from
eastern China. This comparison showed similar dating of

Fig. 1. The location of the Guliya (G) ice cap and the site where the 308.7m Guliya ice core was drilled, at 6200ma.s.l. (after Thompson and
others, 1997).

Fig. 2. Variations of the 10 year average net accumulation and d18O
in the Guliya ice core over the past 1700 years.
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major climatic events in the ice-core record and the
historical documents. Their results suggest that consistencies
and similarities in climatic variation extend to the lower and
mid-latitudes of central Asia.

Yao and others (1996, 1997) introduced maximum
entropy spectrum analysis and highlighted the periodic
oscillations recorded in the Guliya ice core over the past
2000 years. However, the maximum entropy spectrum
analysis only shows the average periods over the length of
the time series. By transforming the time series into time–
frequency space, wavelet analysis can also determine the
dominant modes of variability and how those modes vary
over time.

Figure 3 shows the wavelet power spectrum for the
10 year average temperature time series using the Morlet
wavelet for the past 1700 years. The cross-hatched region is
the cone of influence, where zero padding has reduced the
variance. The black contour lines represent the 10%
significance level, using the global wavelet as the back-
ground spectrum. The global wavelet variance highlights
that there is an approximately 300 year period during the
past 1700 years. Around AD 600, this period length was
approximately 360 years; the period length decreases and
the amplitude increases towards the present. At the end of
the 20th century, this period length decreased to 300 years
and the amplitude was the largest. A 200 year period also
exists, but only lasts to AD 1100. After AD 1700, the
200 year period appears again. A period of 100 years also
exists only until AD 1100. After examining the variations of
temperature and precipitation recorded in the Guliya ice
core, Yao and others (1996) pointed out that AD 1100 was a
key transition era. Before AD 1100, cold and dry weather
prevailed. After AD 1100, temperatures rose and precipi-
tation increased.

From AD1100 to 1350, a 70 year cycle becomes signifi-
cant (above 10% significance level), while the 200 and
100 year periods disappeared. However, after AD 1400, the
70 year period essentially disappears, while the 150 year
period is significant from AD1400 to 1750. This period was
especially strong around AD 1600 (above 10% significance
level). Additionally, the wavelet power spectrum (Fig. 3)
highlights a significant period of 40 years around AD1500
(above 10% significance level).

Figure 4 shows the wavelet power spectrum for 10 year
average precipitation for the past 1700 years using the Morlet
wavelet. The cross-hatched region is the cone of influence,
where zero padding has reduced the variance. The black
contour lines represent the 10% significance level, using the
global wavelet as the background spectrum. Around AD 400,
the precipitation records show periods around 350 years. The
period length shortened and the amplitude decreased from
that time forward, disappearing around AD 1100. Beginning
around AD1300, periods around 200 years become signifi-
cant. Periods around 100 years are strongest from AD1400 to
1600 (above 10% significance level). The amplitude of the
150 year period is also large from AD300 to 400, AD 900 to
1200, AD 1400 to 1600, and AD 1900 to 2000. From AD700
to 800, the amplitude of the periods around 60 years is large
and these periods appear significant (above 10% significance
level). Short periods between 20 and 30 years also strengthen
from AD300 to 500, and AD 1400 to 2000. Such periods also
commonly exist in other proxy data (Taylor and others, 1992;
Cook and others, 1996; Villalba and others, 1996; Baliunas
and others, 1997; Biondi and others, 2000).

The wavelet power spectra of the two time series of
temperature and precipitation proxy data show that some
periodicities such as 200–300 years existed over the entire
length of record investigated. Around AD 1500, a 100–
150 year periodicity is significant in both records; but for
other periods (e.g. the 60–70 year cycle), although they are
significant, they do not appear at the same time.

4. CONCLUSIONS

The power-spectrum and maximum-entropy-spectrum an-
alysis only reveal the average periodicities for the whole
time series. They do not distinguish the different phases of
the oscillations. Therefore, using the power-spectrum or
maximum-entropy-spectrum analysis approach is not suffi-
cient to characterize the oscillations within the time series.
The wavelet transform can highlight localized intermittent
oscillations and provide more information about the
oscillations within the time series (Holschneider, 1995). By
transforming a time series into time–frequency space, one is
able to determine both the dominant modes of variability
and how those modes vary in time.

Fig. 3. Portrayal of the wavelet analysis for 10 year average temperature over the last 1700 years. The periods shown on the left indicate the
wavelet power spectrum. The power has been scaled by the global wavelet spectrum (shown at right). The cross-hatched region is the cone
of influence, where zero padding has reduced the variance. The black contour lines represent the 10% significance level, using the global
wavelet as the background spectrum. The right plot shows the global wavelet power spectrum.
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The wavelet power spectrum for temperature (derived
from d18O measurements) using the Morlet wavelet high-
lighted the intermittent existence of 100 and 200 year
periods. From AD1100 to 1350, periods around 70 years
appear very significant, while the 200 and 100 year periods
disappear. But a period around 150 years is also evident in
the past 1700 years. However, the amplitudes and the period
lengths vary with time. Precipitation also shows important
periods around 200 and 100 years, as well as notable
periods around 150 and 60 years. Again, the amplitudes and
periods vary with time.

In this paper, the existence of the above periodic
oscillations is highlighted and their variations in amplitude
and periodicity are also addressed. However, it is more
difficult to determine the external or internal forces that
cause such oscillations. What is the relationship of these
oscillations to meteorological observations and other cli-
mate proxy data? Are they also significant over the same
time intervals in other climate proxy data? We will try to
answer these questions in a future study.
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