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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°F; 7200ma.s.l.; DSP in
Fig. 1a) and Guliya (35°17°N, 81°29°; 6200 ma.s.l.; GLY
in Fig. 1a) ice-core §'°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
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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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Fig. 8. Annual §'®0 records in the Geladaindong ice core (bottom)
and its continuous wavelet power spectrum (top). Thick black
contour designates the 5% significance level against red noise, and
the cone of influence where edge effects might distort the picture is
shown as a light shading. Colour represents the power spectral
function values input to the wavelet analysis.

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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