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ABSTRACT. High-resolution '°0 records from a Geladaindong mountain ice core spanning the period
1477-1982 were used to investigate past temperature variations in the Yangtze River source region of
the central Tibetan Plateau (TP). Annual ice-core §'°0 records were positively correlated with
temperature data from nearby meteorological stations, suggesting that the 5'%0 record represented the
air temperature in the region. A generally increasing temperature trend over the past 500 years was
identified, with amplified warming during the 20th century. A colder stage, spanning before the 1850s,
was found to represent the Little Ice Age with colder periods occurring during the 1470s-1500s, 1580s—
1660s, 1700s-20s and 1770s—1840s. Compared with other temperature records from the TP and the
Northern Hemisphere, the Geladaindong ice-core record suggested that the regional climate of the
central TP experienced a stronger warming trend during the 20th century than other regions. In
addition, a positive relationship between the Geladaindong 'O values and the North Atlantic
Oscillation index, combined with a wavelet analysis of 8’20 records, indicated that there was a

potential atmospheric teleconnection between the North Atlantic and the central TP.
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1. INTRODUCTION

The Tibetan Plateau (TP) contains 36793 glaciers covering
49873 km?, the largest glacier extent outside the polar
regions (Shi, 2008). It is often referred to as the ‘Asian water
tower’ since it is the source region of many major Asian
rivers (Immerzeel and others, 2010). Remote-sensing data
and in situ observations over the TP have revealed that
glacier retreat is widespread (Pu and others, 2008; Yao and
others, 2012). These glaciers act as natural archives,
preserving detailed information on past environmental and
climatic conditions (Thompson and others, 2006a; Yao and
others, 2007; Xu and others, 2009; Kang and others, 2010).
Ice-core records spanning decades to millennia have
indicated that 20th-century warming was a widespread
occurrence on the TP (Thompson and others, 2000; Davis
and others, 2005; Yao and others, 2007) and has led to
dramatic glacial melting (Yao and others, 2012). Millennial-
scale ice cores have been drilled in the Himalaya (e.g.
Dasuopu and East Rongbuk), the Puruogangri ice cap, the
Qilian mountains (Dunde) and the Kunlun mountains
(Guliya) (Davis and others, 2005; Thompson and others,
2006a; Yao and others, 2007), while few have been drilled
in the central TP (Kang and others, 2007; Joswiak and
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others, 2010). The results of the ice-core analyses have
revealed the complexity of the climate over different areas of
the TP and indicated that the entire TP was highly sensitive
to 20th-century warming (Thompson and others, 2006b;
Yao and others, 2007).

Climatically, the TP is dominated by the Indian monsoon
during summer and the westerlies during winter and spring
(Yanai and Wu, 2005). Influenced by intense precipitation
occurring when moisture crosses the Himalaya, summer
8'%0 values in precipitation on the southern Tanggula moun-
tains are generally more depleted (amount effect) than those
in winter (e.g. Tian and others, 2007; Yao and others, 2013).
Additionally, a slight decrease in §'®0 values in monsoon
precipitation between July and September has been observed
at Tuotuohe (34°13’N, 92°26’E; 4533 ma.s.l.) on the north-
ern slope of the Tanggula mountains (Tian and others,
2001a,b), relative to those observed in the southern Tanggula
mountains (Yao and others, 2013). Snow-pit §'®O records in
this region also display seasonality, with more depleted
values occurring during the summer monsoon season (Zhang
and others, 2007). This seasonality represents a key
information source for ice-core dating. Although seasonal
8'80 variability generally reflects monsoon precipitation on
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Fig. 1. (a) Location map of the ice-core drilling sites on the Tibetan Plateau (GL: Geladaindong; GLY: Guliya; DD: Dunde; ML: Malan; NN:
Naimona’nyi; DSP: Dasuopu) and meteorological stations (WDL: Wudaoliang (35.22° N, 93.08°E; 4512 ma.s.l.; 1957-2011); TTH: Tuotuohe
(34.22°N, 96.43°E; 4563 ma.s.l.; 1957-2001); AD: Amdo (32.35°N, 91.10°E; 4800 ma.s.l.; 1966-2001); BG: Bange (31.38°N, 90.02°E;
4700ma.s.l.; 1957-2001); NQ: Naqu (31.48°N, 92.07°E; 4507 ma.s.l.; 1955-2001)) mentioned in this study. (b) Location of the drilling site
of Geladaindong ice core in the Geladaindong mountain region (Core A studied by Kang and others, 2007; Core B is our studied core).

the TP, long-term (decadal-millennial) 880 records can be
used to reconstruct temperature variations (Thompson and
others, 2006b). Ice-core records from the TP have shown
agreement on multi-decadal timescales verified by the
synchronous cold and warm periods (Yao and others, 2007).

Although the Tanggula mountains contain many glaciers
(Shi, 2008), previous studies have focused only on shallow
ice-core records of the past several decades (Kang and
others, 2007; Joswiak and others, 2010); deep ice-core
records from the past hundreds of years or millennium are
lacking. This study investigates the climatological signifi-
cance of 3'0 records over the past 500 years using a 147 m
deep ice core retrieved from Geladaindong mountain in the
Tanggula mountains. Temperature variations in the central
TP during the Little Ice Age (LIA) and 20th-century warming
are discussed, as well as possible connections with atmos-
pheric circulation in the Northern Hemisphere.

2. METHODOLOGY
2.1. Study area

The Tanggula mountains, located in the central TP, span
from Dorsoidong Co region in the west to the Yushu and
Qamdo region (near Hengduan mountain) in the east, with a
length ~500km (~32-33°N, ~90-97°E) (Li and others,
1986). The annual temperature is approximately —4.4°C
(from Tuotuohe station). Geladaindong mountain is the
highest of the Tanggula mountains with an elevation of
6621 ma.s.l. (Li and others, 1986) (Fig. 1). The Geladaindong
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mountain region is highly glaciated: 74 glaciers cover an
area of 384.1 km? in the northern part of the mountain (Shi,
2008) and 29 glaciers cover 182.1 km? in the southern part.
Yao and others (2012) have reported a decreasing trend in
glacier mass balance in the interior of the TP. Glacier areas
decreased by 4.7 km® from 1969 to 1976, 15.4km* from
1976 to 1992, and 22.4km? from 1992 to 2002 in the
Geladaindong region, suggesting accelerated glacier retreat
in recent years (Ye and others, 2006).

2.2. Ice coring and sampling

During the Sino-US Cooperation Expedition on Geladain-
dong mountain in November 2005, a 147 m ice core (Core
B) was collected from the upper basin of Guoqu glacier
(33.58°N, 91.18°E; 5750 ma.s.l.) on the northern slope of
the mountain using an electromechanical drill (Fig. 1).
Before the ice-core drilling, a 0.78 m deep snow pit was
excavated to the glacial ice, representative of 1 year’s
conversion of snow to ice at the site. The ice core was
packed in polyethylene tubing in the field, transported
frozen to the State Key Laboratory of Cryospheric Sciences
(SKLCS), Chinese Academy of Sciences, Lanzhou, and kept
in a cold room at —20°C until sample preparation. The snow
pit was sampled with a resolution of 50 mm using Whirl-
Pak® bags.

In the cold room, the ice core was sectioned and
decontaminated using a modified bandsaw (stainless-steel
blades; tabletops and saw guides covered with Teflon),
which was regularly cleaned with ethyl alcohol and
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ultrapure water (18.2MQ). Preparation for sampling in-
volved cutting the ice-core sections longitudinally into
halves. One half-section of the core was cut into 50 mm
segments above 80m depth and into 40 mm segments
between 80 and 144 m depth. The bottommost ice sections
below 144 m were cut into 30 mm segments. A total of 3585
samples was collected for 8' 20, major-ion and trace element
analyses. The other half-section of the core was cut into
70mm (average) segments (1978 samples in total) for
mercury and microparticle analyses. To obtain the radio-
activity of 2'°Pb, 40 samples of ice chips were collected from
the top of the core to 40 m depth at 1 m intervals.

To eliminate possible contamination from drilling or
storage, the outer portion of each ice sample was scraped
using a ceramic knife in a clean, low-temperature room
(-8°C). Polypropylene clean-room suits and non-powder
vinyl clean-room gloves were worn throughout the sampling
process to minimize potential contamination (Kang and
others, 2007). After the outer section of the ice was
removed, the samples were put into Whirl-Pak® bags and
melted at room temperature at the SKLCS, and the water was
poured into high-density polyethylene vials for the subse-
quent experiments.

2.3. Sample measurements

Analysis of the §'®0 values was performed with a MAT-253
isotope mass spectrometer (+0.1%o precision) using the
standard CO, equilibration technique at the Key Laboratory
of Tibetan Environment Changes and Land Surface Pro-
cesses, Institute of Tibetan Plateau Research, Chinese
Academy of Sciences (http://www.tel.itpcas.ac.cn). All data
were reported in the standard & notation relative to Vienna
Standard Mean Ocean Water, defined as

18 18
o [ O]samp]e - [ O]standard

18
[ O}standard

where ['®0] is the absolute content of '®0 in the sample or
the standard water.

Soluble major ions (Na*, K*, Mg**, Ca%*, CI, SO,*,
NO;7) were measured at the University of Maine using
Dionex DX-500 ion chromatographs (Grigholm and others,
2009). Elements (Al, S, Ca, Ti, V, Cr, Mn, Fe, Co, Sr, Cs, Ba,
La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, Lu, Tl, Bi, U)
were determined via inductively coupled plasma sector-
field mass spectrometry (ICP-SFMS) at the University of
Maine. Details of the experimental procedure are provided
by Kaspari and others (2009). The tritum (*H) data were
quantified at the Institute of Geological and Nuclear
Science, National Isotope Centre, New Zealand. Tritium
concentrations are usually expressed as tritium units (TU),
with 1TU corresponding to a ratio of tritum to total
hydrogen (1TU=T/H=10"%) (Morgenstern and Taylor,
2009). The 2'°Pb activity was indirectly analysed by
measuring the o decay of ?'°Po at an energy of 5.3 MeV
using alpha-spectrometry at the Paul Scherrer Institut,
Switzerland (Eichler and others, 2000).

x 10° (1)

3. ICE-CORE DATING

The Geladaindong mountain ice core was dated using
multiple approaches, including annual-layer counting (ALC,
based on the seasonal cycles of §'°0, major ions, and
elements), stratigraphic markers of *H and ?'°Pb radio-
activity, and volcanic events, as well as a flow model.
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Based on the distinct seasonality of §'®0, ions and
elements (Zhang and others, 2007; Kang and others, 2010),
ALC of the Geladaindong ice-core chemistry was performed
by identifying seasonal cycles of §'20, Al, Fe, Ca, Ca**, CI”
and SO,*" (Fig. 2a). Tritium analysis reveals a clear peak
(684 TU) at 5.74 m depth (Fig. 2a), which is attributed to the
1963 global atmospheric *H maximum that resulted from
nuclear testing (Beck and Bennett, 2002). The 1963 depth is
employed as a dating horizon, from which the annual layers
are counted upward and downward. Figure 2b illustrates
that even in the deeper part of the core, seasonal cycles are
still distinct. Based on the *H peak anchoring, the top layer
of the ice core is counted upward to 1982 and the layer at
109.93 m depth backward to 1477.

An independent depth-age scale developed using *'°Pb
dating, which is anchored using the known age and depth of
the tritium horizon, suggests a surface dating of ~1982 +
5 years and supports the ALC dating results (Fig. 3a) (Kang
and others, 2015). The *'°Pb is a naturally occurring
radioactive isotope with a half-life of 22.3 years that is
produced in the ?*®U decay chain. Due to radioactive
decay, the activity of *'°Pb decreases with depth and can
therefore be used for dating. The time period accessible for
dating is determined mainly by the half-life and the local
concentration in the atmosphere (higher at continental than
at marine sites) and was found to be on a century timescale
(Gaggeler and others, 1983). The 2'°Pb activity was
indirectly measured from the a-decay of its granddaughter
nuclide 2'°Po electrolytically deposited on Ag plates at an
energy of 5.3 MeV using an alpha-spectrometer (Enertec
Schlumberger 7164) with PIPS (Passivated Implanted Planar
Silicon) detectors at the Paul Scherrer Institut (Gaggeler and
others, 1983). Details of the age-depth relations are
provided by Kang and others (2015).

The 1982 surface dating suggests that ~23 vyears of
accumulation have been lost due to ablation (Kang and
others, 2015). Pre-1980s temperatures were much lower
than those of the last three decades observed at the
meteorological stations near the study region (You and
others, 2010). The glacier melting (retreat) mainly occurred
since the 1990s due to the warming verified by the data
collected at Uriimqi glacier No. 1, Tien Shan. The mass
balance of Uriimqi glacier No. 1 generally fluctuated
around zero from the 1950s to the early 1980s, while it
was more negative from 1996 to 2010 (-600 mmw.e.)
(Zhang and others, 2014). The mass balance of Xiaodong-
kemadi glacier near Geladaindong mountain was positive
until the early 1990s and then turned continuously negative
(Fujita and others, 2000; Pu and others, 2008; Yao and
others, 2012). The consistent mass-balance deficit since the
1990s indicates that the earlier accumulated mass from the
1980s melted, resulting in no net accumulation on
Geladaindong mountain since the 1980s. Kang and others
(2015) provide more detailed discussions of the mass loss
since the 1980s.

For the ice accumulated before the 1980s on Geladain-
dong mountain, the chemical signals appear to be well
preserved, with seasonality as shown in Figure 2. There
were no indications of melt, as evidenced by the clear
seasonal glaciochemical structure and the absence of a
major soluble ion elution sequence, which was present
when melt relocation had occurred. Although the 0.78 m of
snow in the snow pit might represent only 1 year of
conversion of snow to ice, meltwater did not appear to


https://doi.org/10.3189/2016AoG71A001

Zhang and others: 20th-century warming from Geladaindong ice core

73

a Ice-core depth (m)
=) o
E o
€ 400 — /
=
}E 0 oo o oo oo ®
800 ‘
@ m!
: 8

EF-Bi
H
o 8
V?I IJQIZ

-20 4

5'%0
Sy
Lolal

1970
Age (AD)

Age (AD)

Fig. 2. (a) Upper Geladaindong ice-core dating using selected chemical species (at depth approximately 1.5-11.5m) and the bomb peak of
*H at AD 1963, and (b) deeper Geladaindong ice-core dating using selected chemical species (at depth approximately 99.9-101.4 m).

disturb the layers deposited in previous years. This is
supported by work done by Eichler and others (2001) and
Nakazawa and Fujita (2006).

Kang and others (2007) reconstructed summer tempera-
ture variations for the period 1935-2005 of Core A from
Guoqu glacier, Geladaindong mountain. Core B was
located ~800 m southwest of the Core A site (Fig. 1). Based
on field observations, the Core B site was located in an area
of southward ice flow with a very slight slope outside of any
ice flow confluence. Further, no evidence of water (or
melting layers) was found during coring. It is suspected that
the slight slope at the Core B site may cause meltwater to
flow away from the site, thus losing the record of the recent
decades from the ice core. However, the flat area of Core A
may not lose any mass from runoff, even when summer
melting occurs. The differences in the ice vertical structure
between the two sites may need to be investigated using in
situ radar surveys.

The bismuth enrichment factor (EF-Bi), calculated as a
ratio of bismuth to the standard materials of [Al + Fe + Ca], is
an effective marker for volcanic events in the TP (Kaspari
and others, 2009; Xu and others, 2009). The EF-Bi showed
several peaks that corresponded to volcanic eruptions
(Fig. 3b) and was also used to validate ACL dating results.
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Dating by ALC became impractical with increasing depth
of the ice core due to the layer-thinning effect, thus requiring
that a flow model be applied for dating the deeper part of the
ice core (Kaspari and others, 2008). To describe the
observed thinning effect, a flow model following Kaspari
and others (2008) and Nye (1963) was used:

H™ 1 1
- (m—=1Ws |(H—2)™" _Hm1}(m7é no @
t:%ln{’_/ljz}(m:ﬂ (3)

where t is time in years, W; is the vertical velocity at the
surface, H is the glacier thickness (assumed to be 150 m), m
is a parameter of vertical strain rate, z is the depth below the
surface of the ice core and W is the annual-layer thickness.
If m=1, taking into account no dynamical ice flow, Eqn (3)
implies a uniform vertical strain rate and, therefore, a
constant horizontal velocity along any vertical line in the
glacier. Melting at the bottom was assumed to be negligible.
Using least-squares to fit Eqn (2) to the ALC age-depth
profile yields m=1.01 and W,=0.39ma™" as the optimum
values (m ranged from 1.01 to 1.60, W, ranged from 0.25 to
0.68ma"). The lower value of m indicates that the vertical
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Fig. 3. (a) ?'°Pb activity (left axis) and age (right axis) versus depth relationship for the Geladaindong ice core. The 2'°Pb age-depth
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from Kang and others (2015). (b) Multi-approach dating of the Geladaindong ice core, including age-depth profile calculated by annual-
layer counting (red solid line), flow modelling (light blue solid line; with m=1.01 and W;=0.39 mw.e.a™"), *H, and volcanic chronology

with bismuth enrichment factors (EF-Bi).

strain rates were nearly constant over much of the depth of
Guoqu glacier. It also indicates that most of the velocity
decrease occurred near the bottom of the glacier. This
model was successfully used to simulate the Geladaindong
ice-core dating down to depth H (147 m). Figure 3b shows
the age—depth relationship of the ice core established by
multi-parameters. The ice-core dating uncertainty is +1 year
through AD 1963, +5 vyears through 1872, +10 vyears
through AD 1600, and +20 years through AD 1477.

4. RESULTS AND DISCUSSION

4.1. Comparison of 3'%0 records with the
instrumental data

The §'80O-temperature relationship has been effectively
used to reconstruct past climatic conditions in polar regions
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(e.g. Jouzel and others, 2003) and even in mid- to low-
latitude ice-core studies (e.g. Thompson and others, 2000;
Kang and others, 2007; Yao and others, 2007). To evaluate
the climatological significance of the Geladaindong ice-core
8'%0 records, five meteorological stations were selected in
the central TP (Fig. 1) to investigate the correlations between
the ice-core 3'0 records and air temperature. From the
1950s to the 1980s, the annual 5'%0 records were positively
correlated with the average annual temperature records
from the five stations (r=0.31, p<0.1), while the 5year
smoothing values revealed a more significant positive
relationship (r=0.85, p<0.01) (Fig. 4). The relatively high
temperatures in the 1970s generally corresponded to less
negative 8'®0 values, whereas the relatively low tempera-
tures in the mid-1960s were associated with more negative
8'®0 values. The 3'®0 and temperature records after the
1980s cannot be compared since the ice-core records are
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Fig. 4. (a) Annual 8'0 values recorded in the Geladaindong ice
core compared with (b) average annual temperature from five
meteorological stations in the central TP.

not available. The positive correlation during the period of
overlap of the ice-core §'®0 and temperature records
suggests that the ice-core §'%0 record can be used as a
proxy for annual temperature in the central TP.

On the other hand, Joswiak and others (2010) reported
that there was no significant correlation between the annual
3'%0 records from an ice core drilled at Longxia Zailongba
glacier in the Tanggula mountains (elevation 5743 m) and
the temperature from nearby meteorological stations, which
was attributed to the impact of monsoon precipitation.

75

However, the average annual net accumulation of
261 mmw.e.a”' during 1935-2003 retrieved from this ice
core was much lower than the precipitation observed from
nearby stations (~400 mmw.e. a~ ") and the annual net accu-
mulation from Geladaindong ice core (392 mmw.e.a”';
1477-1982). This indicates that mass loss may be occurring
at the Longxia Zailongba ice-core site, which could affect
the relationship between ice-core §'°0 and temperature.
Kang and others (2007) reconstructed a history of summer
air temperatures for the past 70 years based on a significant
positive relationship between the Geladaindong mountain
Core A 880 records (Fig. 1) and summer air temperature.
The differences may be attributed to the complicated
topography of the ice-core drilling sites.

4.2. 500 year temperature history

During the past ~500 years (1477-1982), the entire
Geladaindong 8'%0 profile was characterized by inter-
annual variability and a gradually increasing temperature
trend, with the rate of warming accentuated in the 20th
century (Fig. 5). As illustrated by the 10year average 'O
values (Fig. 5c¢), relatively cold periods were identified
between the 1470s and the 1840s, most likely related to the
LIA. Previous studies (Yang and others, 2008), which
involved radiocarbon ages of fossil wood, lichen-dated
moraines and trees, documented evidence of the LIA (e.g.
glacial advances in the southern TP from 1400 to 1920). In
the northern TP, Yao and others (1997) reported three cold
periods (mainly in the 15th, 17th and 19th centuries) from
the Dunde and Guliya §'0 records, further supported by
three widely existing moraine ridges formed during the LIA.
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Fig. 6. Time series of (a—c) the anomalies in the 3'20 records from
(@) Geladaindong mountain, (b) Dasuopu (Thompson and others,
2000) and (c) Guliya ice cores (Yao and others, 2007), and (d, e)
reconstructed temperatures for (d) the TP (Wang and others, 2007)
and (e) the Northern Hemisphere (Stocker and others, 2013).
Coarse lines represent the 10 year mean values. Thin lines are the
annual data. Dashed lines are the average data over the periods.

The integrated ice-core records suggest that the period
1570-1880 was characterized by LIA-related cooling (Yao
and others, 2007). These similar results from different parts
of the TP indicate the influence of climatic conditions during
the LIA over the entire TP. However, some differences in
timing of the LIA on the TP may be due to differences in the
regional-scale climatic and topographic conditions (Kaspari
and others, 2008). During the LIA (Fig. 5¢), the Geladain-
dong §'®0 ice-core record indicated four relatively cold
periods (1470s-1500s, 1580s-1660s, 1700s-20s and
1770s-1840s) and three relatively warm periods (1510s—
70s, 1670s-90s and 1730s-60s). A comparison to tempera-
ture records retrieved from other ice cores and tree-ring
widths on the TP and in nearby regions shows common cold
periods in the 15th century, 1625-45, 1660-1700, 1725-75
and 1795-1830, with 1725-75 corresponding to the LIA
maximum (Yang and others, 2009). In southwest Tibet, the
annual temperature history over the past 400 years indicates
that cold conditions prevailed during the 1630s-40s,
1680s—1710s, 1730s, 1820s—40s, 1900s-20s and 1970s
(Yang and others, 2010).

Glacial fluctuations on the TP indicate that periods of
glacial advance during the LIA coincided with cold periods
(Zhu and others, 2012). Tree-ring records in the southeastern
TP indicate that Xincuo glacier reached its LIA maximum
before 1876 (Zhu and others, 2012), while Midui glacier
peaked in 1767 (Xu and others, 2012). Consequently, the
period 1760-80 appears to represent the maximum LIA
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advance in this region (Brduning and others, 2006). In the
northeastern TP, LIA conditions occurred from 1400 to 1850,
interrupted by milder periods with three significant cold
events (in approximately 1500, 1700 and 1850), which
coincide with the advance of glaciers (Gou and others, 2006).
The Geladaindong ice core indicated that the most prolonged
cool period in the past 500 years occurred during the late
16th to early 18th centuries (Fig. 5); this may correspond to
the LIA glacier advance in the central TP regions. Xu and Yi
(2014) noted that the LIA moraines in the eastern Tanggula
mountains were formed before 1809, 1857-88 and 1902,
implying that the glaciers in the central Tanggula mountains
may have advanced during these cold periods.

The long-term temperature variations since AD ~1500 in
the Geladaindong &'°O record were broadly consistent with
the Dasuopu (28°23'N, 85°43’E; 7200ma.s.l; DSP in
Fig. 1a) and Guliya (35°17’N, 81°29’E; 6200ma.s.l.; GLY
in Fig. 1a) ice-core 8'°0 records and the temperature
anomalies from the whole TP and the Northern Hemisphere
(Fig. 6), indicating that climate warming is a widespread
phenomenon on the whole TP (Thompson and others,
2000). For instance, the Geladaindong §'®0O records
positively correlate with Northern Hemisphere temperature
anomalies (r=0.65, p<0.01; 11year running means).
However, some differences appear on decadal timescales.

During the 17th century, Geladaindong mountain experi-
enced a much colder period, while a similar cold period
occurred during the 19th century in Guliya (Yao and others,
2007); in contrast, the Dasuopu 8'®0O records are mainly
characterized as a cold period through the 18th century
(Thompson and others, 2000). The §'®O-inferred tempera-
ture fluctuations at Geladaindong mountain, Guliya, and
Dasuopu are generally out of phase with each other,
suggesting different large-scale climate regimes on the
southern, central and northwestern parts of the TP. During
the monsoon season (June-September), low pressure over the
plateau induces flow of moist, warm air from the Indian and
Pacific Oceans to the TP (Yanai and Wu, 2005). The southern
to central TP was mainly dominated by the Indian monsoon.
Precipitation 3'%0 in the monsoon domain experienced an
abrupt decrease in May and the greatest depletion in August,
attributable to the shifting moisture origin between the Bay of
Bengal and the southern Indian Ocean (Yao and others,
2013). During the non-monsoon season, high pressure drove
cold and dry air out of the plateau (Yanai and Wu, 2005). The
moisture was mainly transported by the westerlies, resulting
in the marked west—east TP §'30 gradient (Yao and others,
2013). Precipitation in the westerly domain was correlated to
temperature. Marine air masses transported from the south-
west cannot directly reach the northern TP (Tian and others,
2001a), where continental recycling enhanced by evapor-
ation over the land surface was significant and enriched
summer precipitation 5'80 (Tian and others, 2001b). Simu-
lation results from REMOiso and zoomed LMDZiso models
clearly depicted close links between seasonal variations of
8'%0 and the moisture sources and transport pathways (Yao
and others, 2013).

The most common characteristics between the Geladain-
dong 8'%0 records and the other ice-core records are related
to the apparent influences of the LIA and 20th-century
warming. Because climatic changes were linked to external
forcing factors (e.g. solar activity or volcanic eruptions)
combined with continental atmospheric circulation, which
was affected by the complex regional meteorology (Stocker


https://doi.org/10.3189/2016AoG71A001

Zhang and others: 20th-century warming from Geladaindong ice core

and others, 2013), the reconstructed records exhibit differ-
ences in the timing, magnitude and duration of cold and
warm periods. From the analyses of the four ice-core §'°0
records in the TP, Yao and others (2007) attributed these
discrepancies to regional climate changes and the systematic
differences in climate variations in the southern and northern
TP. To better explore the potential impact of atmospheric
circulation on the Geladaindong ice-core records, the
relationship between the §'%0 record and the North Atlantic
Oscillation (NAO) is investigated in Section 4.4.

4.3. Twentieth-century warming

The Geladaindong §'®0 profile suggests relatively high
temperatures during the 1870s-80s (Fig. 5¢) near the end of
the LIA. In the 20th century, the increasing §'®0 values
indicate a prolonged, dramatic warming trend, correspond-
ing to the warmest periods over the past 500 years. The 20th
century was punctuated by two relatively cold periods
(1917-34 and 1951-67) and three warm periods (190016,
1935-50 and 1968-82) (Fig. 5d). After the 1960s, tempera-
tures increased rapidly, with a mild cool period in the late
1970s. The Guliya core indicates more distinct increasing
temperatures, with warm periods occurring later than those
at Geladaindong mountain, while the Dasuopu ice core
indicates cold periods during the 1910s and 1960s (Yao and
others, 2006). Nevertheless, the broadly similar positive
trends in temperature from all 20th-century ice-core records
suggest large-scale warming occurred on the TP (Yao and
others, 2007). The distinct cold period during the 1920s at
Geladaindong mountain coincided with dramatic climatic
changes on the TP, such as the drying of the northeastern TP
(Liang and others, 2009) and glacial advances (Brduning,
2006; Xu and others, 2012).

Warming in the 20th century has caused most of the
glaciers on the TP to shrink; no net accumulation of ice mass
has occurred on Naimona’nyi glacier since 1950 (Kehrwald
and others, 2008), nor has accumulation occurred on
Guoqu glacier (Core B) since the 1980s (Kang and others,
2015). This rapid glacial retreat and thinning not only
contributed to global sea-level rise (Radi¢ and Hock, 2011),
but also threatened freshwater supplies (including irrigation
and hydropower) downstream along major Asian rivers
(Immerzeel and others, 2010). In the Yangtze River source
region (Geladaindong mountain region), glaciers have also
experienced noticeable shrinkage in the past half-century
(Ye and others, 2006). This may be one reason why the most
recent layer of the Geladaindong ice core only corresponds
to the 1980s (Kang and others, 2015).

4.4. Teleconnection with North Atlantic Oscillation

To explore the potential impact of atmospheric circulation
on the Geladaindong ice-core records, the relationship
between the ice-core §'%0 record and the NAO was
investigated. The NAO is a large-scale seesaw in the
atmospheric mass between the Arctic and the subtropical
Atlantic. This process is the dominant mode of winter
variability in the North Atlantic region and exerts significant
influence on climate over the Northern Hemisphere (Hurrell
and others, 2001). The NAO has been found to directly
affect many areas, including agricultural yields, water
management and fish inventories. A positive NAO index
phase shows a deeper than normal Iceland low-pressure
centre and a stronger than usual subtropical high-pressure
centre in the Azores, suggesting that the winter meridional
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Fig. 7. Comparison of the Geladaindong ice-core §'20 record (blue
line) with the NAO index (pink line) from July to September (JAS;
from Jones and others, 1997) during the period 1821-1982. Coarse
lines represent the 10 year smoothing means.

pressure gradient over the North Atlantic is larger. Both
centres are weakened during an NAO negative phase. The
transition of pressure gradients generates marked variations
of heat and moisture transport between the Atlantic and the
surrounding continents, including Asia (Hurrell and others,
2001; Yu and Zhou, 2004). The NAO can reflect the change
in the intensity of westerlies (Jones and others, 2003), which
control the entire TP climate in the winter and the northern
TP climate in summer. Previous studies also found that the
dominant pattern of interannual variability of the summer
precipitation, a seesaw structure between the southern and
northern TP, is correlated with the NAO (Liu and Yin, 2001).
Significant associations between deuterium excess records
of the Noijin Kangsang mountain ice core on the southern
TP and the NAO indicate that the TP climate can be affected
by the NAO via the westerlies (Zhao and others, 2011). In
addition, statistically modest to weak correlations were
found between §'%0 values and the NAO index from May to
October in the Malan ice core (Wang and others, 2003). A
Qomolangma (Mount Everest) ice core shows a significant
correlation between the winter NAO index and the mass
concentrations of insoluble particles (Xu and others, 2007).
These studies suggested a direct or indirect teleconnection
between the atmospheric processes over the North Atlantic
and the meteorological conditions of the TP.

To investigate the role of an atmospheric teleconnection
in the Geladaindong temperature records, the relationships
between the Geladaindong §'?O records and the NAO were
analysed. The calculated coefficients suggest a likely linkage
between annual values (r=0.15) and 10year smoothing
means (r=0.32, p<0.01), which is consistent with the posi-
tive relationships from the Malan ice core in the TP (Wang
and others, 2003). The temporal series shown in Figure 7
depict the synchronous variations in the §'®0 records and
the summer NAO index since the 1820s. The positive
correlation indicates that summer temperature may be higher
over the central TP when the NAO index is positive.

The westerlies over the mid-latitudes of Asia were
positively correlated with the NAO based on the US
National Centers for Environmental Prediction (NCEP)
reanalysis data (Wang and others, 2003). The zonal indices
also had some similarities with the NAO (Allan and Ansell,
2006; Zhao and others, 2011), suggesting a positive correl-
ation over the mid-latitudes of the Northern Hemisphere.
Consequently, it is speculated that NAO increases (positive
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phase) are linked to increasing 8'®0 values in the
Geladaindong ice core, induced by stronger westerlies
which decrease the colder air incursions from the north, and
vice versa (Thompson and Wallace, 2001). Thus, a positive
NAO indicates stronger westerlies over the mid-latitude
regions of the Northern Hemisphere, which weaken cold air
mass incursions over the TP and lead to the less negative
3'%0 records and relatively warm periods on the central TP.

4.5. Wavelet spectrum of Geladaindong mountain
3'%0 records

A wavelet spectrum of the Geladaindong ice-core §'°0
records in Figure 8 reveals four significant periods near
6-8 years, 12—14 years (sunspot cycle), 22-25 years (Hale
cycle), and 52-66 years. A spectrum analysis of the winter
NAO index revealed somewhat enhanced variance at quasi-
biennial periods, a deficit in power at 3-6 year periods, and
slightly enhanced power in the 8-10year periods over the
latter half of the 20th century (Hurrell and others, 2003). The
6-8year periods of Geladaindong ice core confirm the
influence of the NAO. Previous spectral analyses of other TP
ice cores suggest a sunspot cycle (Yao and others, 2006),
indicating that solar activity played an important role in
climate change over the TP. However, the differences in the
spectral periods in the Guliya and Dasuopu records also
indicated that the southern TP was mainly under the
influence of the Indian monsoon, whereas the northern TP
responded more to the influence of westerly cyclones and
Siberian anticyclones rather than the Indian monsoon (Yao
and others, 2006). The central TP is thought to be at the
northern limit of influence of the Indian monsoon (Tian and
others, 2007). To a certain extent, the regional differences in
atmospheric circulation affect the sources of moisture and
its transportation, which could be the cause of the
asynchronicity of the ice-core records (Davis and others,
2005; Yao and others, 2006). These discrepancies, such as
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the varying temporal features of the LIA, are illustrated in
Figure 6, as discussed above.

However, the cold periods indicated by the Geladaindong
and other TP ice-core records do not exactly coincide with
the solar activities of the Dalton Minimum (1790s-1820s),
the Maunder Minimum (1640s-1710s) and the Sporer
Minimum (1450s-1550s). For instance, during the Maunder
Minimum, when the sun was relatively weak, the Geladain-
dong ice core recorded a relatively warm period from the
1670s to the 1690s (Fig. 5). This indicates the influence of
other factors such as complex mountain meteorology or ice-
flow dynamics (Kaspari and others, 2008).

5. CONCLUSIONS

Using multi-approach ice-core dating on the §'%0 record
from the Geladaindong ice core in the central TP, a 500 year
record of temperature variations was reconstructed. Results
indicate a slight warming trend from 1477 to 1982,
punctuated by the LIA (1470s-1850s) fluctuations with
relatively colder periods during the 1470s-1500s, 1580s—
1660s, 1700s-20s and 1770s-1840s. Since the 1850s, the
8'%0 profile is characterized by higher temperatures, with a
prolonged warming in the 20th century. The LIA fluctuations
and 20th-century warming of the central TP are generally
consistent with those documented by ice cores from the
southern and northern TP. However, the air temperature
may have been higher over the central TP when the NAO
index was positive, suggesting that a positive NAO may
induce stronger westerlies, which partly decrease the colder
air incursions from the north. A spectral analysis of the
Geladaindong 3'°0O record showed notable cycles with
significant peaks at 6-8 years and 12-14 years, similar to
sunspot and Hale cycles, respectively. Thus, solar activity
may be one of the primary factors influencing climate
changes over the TP.
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