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A B S T R A C T   

The influences on climate in the Northwest Tibetan Plateau (NwTP) have changed on millennial to precessional 
timescales and have been dependent on the size of the Northern Hemisphere ice sheets, Northern Hemisphere 
summer insolation, and the migration of the Intertropical Convergence Zone (ITCZ). All these influences control 
the position and intensity of the westerlies over Central Asia and the Tibetan Plateau and of the Asian Monsoon 
over South Asia. The top 187.4 m of a 309.7-m ice core (2015GP) drilled on the plateau of the Guliya ice cap 
contains a 41-kyr climate history of the NwTP, a region where information on past climate and environment is 
limited. The oxygen isotope ratio (δ18O), and ammonium (NH4

+) and dust concentration records from 2015GP 
show that during the glacial (41–17.5 ka BP) temperature and precipitation in the NwTP were primarily influ
enced on the precessional timescale by summer insolation, while at millennial resolution the climate was linked 
to the North Atlantic temperature via the westerlies. During the deglaciation (17.5–12 ka BP) summer insolation 
remained an important temperature forcing, but the influence of the North Atlantic climate on the NwTP climate 
weakened as the westerlies shifted northward. The Guliya Holocene δ18O record shows that NwTP climate was 
no longer in phase with decreasing summer insolation or with North Atlantic climate, perhaps as the moisture 
source and pathways were more determinative factors in isotopic fractionation than temperature, and/or 
incoming solar radiation (insolation) forcing was replaced by rising greenhouse gas concentrations as the pri
mary driver of warming in NwTP.   

1. Introduction 

The Tibetan Plateau (TP) and its surrounding mountain ranges, 
collectively known as the Third Pole, contain the largest mass of ice 
outside the polar regions. The glaciers and ice sheets in the Third Pole 
provide a vital source of water for almost a billion people from Central to 
South Asia (Pritchard, 2019) and the recent warming since the middle of 
the 20th century has become an increasing threat to the cryosphere and 
hydrosphere of this vast region (Kraaijenbrink et al., 2017; Yao et al., 
2020). In response to this warming, glaciers in the Himalayas and in the 
southern TP have receded at significant and increasing rates over the last 
50 years (Yao et al., 2020); however, until recently glaciers in the 
Northwest Tibetan Plateau (NwTP) have gained mass or remained stable 

(Farinotti et al., 2020). This slight increase in the NwTP glacier budget 
has been attributed to the recent increase in precipitation (Yao et al., 
2012; Thompson et al., 2018), particularly during the ablation season 
(Zhu et al., 2022) and/or a regional warming hiatus from 2001 to 2012 
(An et al., 2016). However, since 2015 the increase in ice accumulation 
has ceased (Hugonnet et al., 2021). High Asia is warming faster than 
much of the rest of the world, and projections of a global temperature 
increase of 1.5 ◦C may result in a mass loss of the region’s glaciers of 49 
± 7% to 64 ± 5% (the end members of the IPCC Representative Con
centration Pathways) by the end of the 21st century (Kraaijenbrink 
et al., 2017). 

In addition to its high altitude and diverse geomorphology, the Third 
Pole is a region of complex climatology where air masses from multiple 
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sources interact on seasonal to orbital timescales (Maussion et al., 2014; 
Yao et al., 2012, 2013; Cheng et al., 2012, Cheng et al., 2016a; Hou 
et al., 2017; Thompson et al., 2018, Thompson et al., 2022). The rela
tionship between North Atlantic temperature, the westerly jet, and the 
strength of the Asian monsoon is well established (Burns et al., 2003; 
Gupta et al., 2003; Goswami et al., 2006; Feng and Hu, 2008; Deplazes 
et al., 2013; Marzin et al., 2013; Tierney et al., 2016), although dis
parities exist among the proposed mechanisms linking the ocean
ic/atmospheric processes of the North Atlantic and Asia. Modern climate 
and paleoclimate records show that on decadal and longer timescales 
warming (cooling) in the North Atlantic is connected to stronger 
(weaker) monsoon circulation through modulation of the westerly jet. 
This close association between the westerly jet and the Asian Monsoon 
determines precipitation patterns and intensity on the TP and in arid 
Central Asia. Paleoclimate records from the North Atlantic, specifically 
δ18O from Greenland ice cores such as GISP2 (Grootes and Stuvier, 
1997) show consistent relationships with records of Asian monsoon in
tensity (Deplazes et al., 2013; Dutt et al., 2015; Cheng et al., 2016b). 

Today the westerlies and local recycling appear to be the dominant 
influence on the climate of the northern TP (Curio et al., 2015; An et al., 
2017); however, several studies conclude that in the past the Indian 
summer monsoon (ISM) may have played a more important role (Cheng 
et al., 2012; Cheng et al., 2016a; Ramisch et al., 2016; Hou et al., 2017; 
Thompson et al., 2022). The relative importance of tropical and polar air 
masses on the TP has changed depending on conditions that include the 
extent of the Northern Hemisphere ice sheets, the latitudinal thermal 
gradient, and the position of the intertropical convergence zone (ITCZ) 
(Arbuszewski et al., 2013; Deplazes et al., 2013; Zhu et al., 2015; 
Thomas et al., 2016; Ramisch et al., 2016; Hou et al., 2017; Hari et al., 
2020; Thompson et al., 2022). The complex interplay of air masses on 
the Tibetan Plateau on decadal to orbital time scales complicates efforts 
to reconstruct the regional climate history and atmospheric dynamics. 

2. Materials and methods 

2.1. Study area and ice core drilling program 

The western Kunlun Mountains are located in the NwTP along the 
southern rim of the Tarim Basin and adjacent to the Karakoram Moun
tains to the west (Fig. 1A) and lie north of the transitional regime be
tween the westerlies and the ISM influence (Yao et al., 2013). The 
boundary between these regimes shifts latitudinally depending on the 
position of the subtropical westerly jet (Zhu et al., 2021), which in
fluences the variability of seasonal precipitation on the Tibetan Plateau 
and in Central Asia (Schiemann et al., 2009). The Kunlun Mountains 
contain numerous peaks over 6000 masl and one of the largest con
centrations (537 glaciers >0.02 km2 with a total area of 3137 km2) of 
“polar-type” glaciers (Cao et al., 2020) outside the polar regions (Ke 
et al., 2015). Among the largest of the ice masses in the Kunlun Moun
tains is the western Kunlun ice sheet (Fig. 1A), over which annual pre
cipitation varies between 24 and 400 mm (Huang et al., 2019). The 
meltwater from the Kunlun ice sheet is a primary source of water for the 
rivers in the Tarim Basin that support agriculture and economic devel
opment (Disse, 2016). 

The Guliya ice cap (35.25◦N; 81.48◦E), the largest glacier (376 km2) 
in the western Kunlun range (Kutuzov et al., 2018), is located on the 
southern slope of this mountain range (Fig. 1B). The elevation of the 
Guliya summit (GS) is 6710 masl, and below the summit is a large, flat 
ice plateau (6200 masl) (Fig. 1C). The thickness of the ice at the summit 
is ~51 m, and the maximum ice thickness on the Guliya plateau (GP) is 
~370 m (Kutuzov et al., 2018). Estimates of the amount of annual 
precipitation received by the ice cap in recent decades vary between 106 
and 428 mm w. e. a− 1 (Kutuzov et al., 2018; Thompson et al., 2018; Zhu 
et al., 2022). Like the rest of the western Kunlun ice sheet, Guliya is a 
polar-type glacier which is frozen at the base (Thompson et al., 2018). 

A drilling program on the Guliya plateau in the summer of 1992 
resulted in the recovery of a 308.6-m ice core to bedrock (1992GP) from 
which a >110 kyr climate record was reconstructed (Thompson et al., 

Fig. 1. Geographic and climatological settings of Guliya ice cap (A) Relief map of the Tibetan Plateau (highlighted in light blue) showing the major air masses, 
along with the locations of the Guliya ice cap (white filled triangle) in the western Kunlun ice sheet (highlighted in darker blue), Nam Co (red filled circle) and the 
Mawmluh Cave (yellow filled square). The white line defines the area of summer (JJAS) precipitation dominance from 2010 to 2022 (data from https://iridl.ldeo. 
columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.MONTHLY/.Diagnostic/.surface/.prate/). (B) Satellite image of the southeast sector of the western Kunlun 
ice sheet. The Guliya ice cap is outlined by the yellow box. (C) A topographic map shows the locations of the 1992 and 2015 drill sites on the Guliya plateau (1992GP, 
2015GP) and the 2015 drill sites on the Guliya summit (GS cores). 

L.G. Thompson et al.                                                                                                                                                                                                                           

https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.MONTHLY/.Diagnostic/.surface/.prate/
https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.MONTHLY/.Diagnostic/.surface/.prate/


Quaternary Science Reviews 324 (2024) 108443

3

1997). The time series of stable isotopes of oxygen (δ18O) from 1992GP 
shows orbital-scale similarities with polar ice core records of methane 
(CH4) concentrations, which suggests linkages between the subtropical 
hydrological cycle and global CH4 variations. In 2015 a second drilling 
program on Guliya yielded a 309.7 m core from the GP (2015GP) and, 
for the first time, three cores were drilled to bedrock (GS1: 50.72 m, 
GS2: 51.38 m, and GS3: 50.86 m) on the GS (Fig. 1C). The 2015GP 
borehole was located very close to that for the 1992 core (35.233◦N; 
81.468◦E and 35.227◦N; 81.468◦E, respectively) (Fig. 1C). The results of 
a ground-penetrating radar survey conducted on the GP during the 2015 
drilling program revealed rugged bedrock topography below the ice cap, 
with both boreholes located within a U-shaped subglacial valley 
(Kutuzov et al., 2018). 

The climatic and environmental records from 1840 to 2014 CE in the 
2015GP and GS ice cores were discussed in Thompson et al. (2018), and 
Thompson et al. (2022) presented the time series of δ18O and deuterium 
excess for the last 15 kyr that were constructed with the aid of δ18Oatm 
(stable isotope ratios of oxygen in entrapped air) measurements on one 
of the GS cores, a method rarely used on nonpolar ice cores. Here, we 
extend the climate record from the 2015GP core back to 41 ka BP, or the 
late Marine Isotope Stage 3 (MIS3), using records of stable water iso
topes, ammonium (NH4

+) and insoluble dust concentrations, and the 
concentrations of cosmogenic isotopes Beryllium-10 (10Be) and 
Chlorine-36 (36Cl) to aid in timescale development. This facilitated an 
evaluation of how variations in the intensities and positions of 
mid-latitude and tropical air masses influence the climate of the NwTP 
on millennial to precessional timescales. 

2.2. Laboratory analysis of ice cores 

The entire length of the 2015GP core (9329 samples) was analyzed 
for δ18O, hydrogen isotopes (δD), insoluble dust concentrations and size 
distributions between 0.63 and 16 μm diameter, and for concentrations 
of major cations (Na+, NH4

+, K+, Mg2+, Ca2
+), and anions (F− , Cl− , SO4

2− , 
NO3

− ). The stable water isotope (16O, 18O, H1, and H2 or D) measure
ments were made using a Picarro cavity ring-down spectrometer 
(L2120-i), with an average precision of 0.25‰ for δ18O and 0.80‰ for 
δD. Deuterium excess (d-excess) was calculated by the function [d- 
excess = δD - (8 × δ18O)]. Major ion concentrations were measured with 
a Thermo Scientific Dionex ion chromatograph ICS-5000. The very high 
dust concentrations in the Guliya ice necessitated the dilution of the 
melted ice core samples with ultra-pure Milli-Q water prior to mea
surement using a Beckman Coulter Multisizer 4 equipped with a 30 μm 
aperture tube. Mineral dust concentrations were measured in 14 size 
bins between 0.63 and 16 μm diameter. 

2.3. Time scale reconstruction 

The construction of the timescales for the last 15 kyr of the Guliya 
plateau and summit ice core records is described in Thompson et al. 
(2022). In brief, a timescale was developed for summit core GS3 using: 
1) layer-counted years in 2015GP determined from seasonal variations 
of δ18O and aerosols back to 0.11 ka BP (relative to 1950 CE); 2) 
radiocarbon dates from plant fragments in 2015GP and GS2, and 3) 
measurements δ18Oatm in GS3. Measurement of δ18Oatm in samples from 
GS3 was possible because a 25-m firn layer exists at the summit; how
ever, no firn layer is preserved on the GP where the snowfall meta
morphoses into ice within a year of deposition (Thompson et al., 2022). 
By transferring the layer counted years at the top of 2015GP (Thompson 
et al., 2018) and the 14C ages from 2015GP and GS2 to GS3 by δ18O 
matching, a 15 kyr timescale was developed for the top ~50 m of the 
50.86 m long GS3 core. This was transferred by δ18O matching to the top 
144 m of the 309.7 m long 2015GP core. This match provides strong 
evidence that the ages of 1992GP and 2015GP are older than the late 
deglaciation (~11.7–~15 ka BP), thus challenging suggestions that 
1992GP does not extend beyond the Holocene (Hou et al., 2018, 2019). 

To extend the timescale before 15 ka BP, 34 samples from 2015GP 
ranging from 1.0 to 4.2 m in length were measured for concentrations of 
the cosmogenic isotopes 10Be and 36Cl (Fig. 2A), using the methodology 
described by Beer et al. (2012). Two peaks in both isotopes appear be
tween 175 and 190 m (Fig. 2B). A prominent 36Cl signal was observed in 
the 1992GP core at 183.6 m (Fig. 2C) (Thompson et al., 1997), and the 
cosmogenic isotope data from 2015GP confirmed this 36Cl peak, along 
with a peak in 10Be, at 187.4 m. This cosmogenic isotope signal, known 
as the Laschamp Event (LE), has been observed in 10Be concentrations in 
polar ice cores (Muscheler et al., 2005; Svensson et al., 2006; Raisbeck 
et al., 2017), marine sediments (Channell, 2006; Liu et al., 2020), lake 
basin sediments (Nilsson et al., 2011; Belmaker et al., 2014), and Chi
nese loess sequences (Pan et al., 2002; Zhou et al., 2007; An et al., 2014). 
These sources provide an age range for the LE of 37–42 ka BP; however, 
many studies fix the main phase of the event at ~41 ka BP (Svensson 
et al., 2006; Roberts, 2008; Lascu et al., 2016; Panovska et al., 2021). 

Another 36Cl/10Be peak centered at 179 m occurs in 2015GP 
(Fig. 2B) but was not detected in 1992GP due to lower sampling reso
lution in that core. This peak may mark the Mono Lake Event (MLE), the 
age of which is controversial and difficult to define. Although the exis
tence of the MLE has been disputed (Kent et al., 2002), several studies 
have dated it between ~30 ka BP and ~36 ka BP (Wagner et al., 2000; 
Pan et al., 2002; Benson et al., 2003; Channell, 2006; Cassata et al., 
2008; Laj et al., 2014; Korte et al., 2019; Liu et al., 2020). Several 10Be 
peaks occur in the Greenland GRIP ice core between 31 and 38 ka BP, 
although none were distinguishable as the MLE (Svensson et al., 2006). 
The LE and the MLE appear to be two distinct events in 2015GP 
(Fig. 2B), and for this study the age of the younger is fixed at 33 ka BP 
which is the average of the ages of the MLE in the references listed in 
Table 1. A major caveat is that the MLE may have been either a very long 
duration event or a series of small excursions that lasted thousands of 
years. 

With the most recent 15 kyr of the 2015GP timescale already 
established and presented by Thompson et al., (2022), the chronology 
from 15 ka BP to 41 ka BP was developed using a 3rd order polynomial 
function based on the age/depth every 100 years from 13.9 to 15 ka BP 
and the age/depth of the LE (41 ka BP/187.4 m) and MLE (33 ka BP/179 
m) cosmogenic isotope peaks (Fig. 3). As the ice core record lacks evi
dence of known dated events between 15 and ~33 ka BP that could be 
used to constrain the function and because the age of the MLE is 
controversial, the polynomial-derived timescale potentially contains 
uncertainties of several hundred years between 15 and ~33 ka BP. 
However, the 2015GP and GISP2 δ18O records are reasonably matched 
where chronological control is available during the glacial (i.e., ~33 and 
41 ka BP) (Supplement Fig. S1). To refine the timescale between 15 and 
33 ka BP, the glacial stage portion of the 2015GP δ18O record (17.5–41 
ka BP) was detrended to remove orbital oscillations and tuned to the 
detrended δ18O record from the Greenland GISP2 ice core record using 
Analyseries (Paillard et al., 1996) with the ages of the LE and MLE as 
control points. The resulting match between the detrended δ18O records 
from 15 to 41 ka BP is shown in Supplement Fig. S2. The time/depth 
relationship resulting from this isotopic matching is shown by the black 
curve in Fig. 3. 

3. Results 

3.1. The 41 kyr Guliya record 

The top 187.4 m of δ18O, NH4
+, mineral dust concentrations, and d- 

excess in 2015GP are shown by depth in Fig. 4, with age intervals 
depicted along the top x-axis. Prominent precession-scale oscillations 
occur below ~130 m (~10 ka BP) in the δ18O, NH4

+, and dust concen
tration records (Fig. 4A–C). The d-excess data contain features that align 
with the other profiles; however, they show an overall decreasing trend 
throughout the 41 kyr record. The gray bar in Fig. 4 between 60 and 70 
m marks the location of nearly dust- and bubble-free ice along with 
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lower δ18O and high d-excess values and three peaks in NH4
+ concen

tration. This interval, which is dated between 0.25 and 0.45 ka BP, also 
contains a very high concentration of 36Cl (Fig. 2A). A similar but 
smaller layer of ice, also shaded in gray in Fig. 4, occurs between 87 and 
89 m. The 1992GP ice core also contains stratigraphically anomalous ice 
between 60 and 64 m along with a large 36Cl concentration (gray 
shading in Fig. 2C). This 36Cl peak in 2015GP differs from others in the 
core because it is not accompanied by an increase in 10Be (10Be was not 

measured in the 1992GP core). The origin of this ice with unusual 
physical and chemical characteristics is unknown; however, one possi
bility involves Guliya’s location in an active seismic zone. Large earth
quakes have been observed in the area, and a recent example is a 
magnitude 7.1 tremor in 2008 (the Yutian earthquake) that originated in 
a fault just north of the ice cap and produced a 31 km long rupture zone 
(Xu et al., 2013). It is possible that at some time around the middle of the 
20th century such a quake opened a crevasse in the GP near the location 
of the boreholes. This crevasse may subsequently have received pre
cipitation that was contaminated with 36Cl, a large quantity of which 
was produced by marine testing of nuclear weapons in the 1950s. The 
shallowest sample from 2015GP (9–12 m depth) contains a 36Cl con
centration of 12.6 × 104 atoms g− 1 (Fig. 2A) which is comparable to the 
average 36Cl concentration in the mid-1960s in a shallow core from 
Greenland (Elmore et al., 1982). 

3.1.1. Influences on Guliya stable isotopes and potential sources of 
ammonium 

Stable isotopes of water in polar precipitation have traditionally 
been interpreted as proxies for temperature (Johnsen et al., 2001; 
Masson-Delmotte et al., 2008). However, in lower latitude regions such 
as the TP the influences on isotopic fractionation are more complex 
(Vuille et al., 2005; Yao et al., 2013). Several decades of research on the 
hydrologic cycle and cryosphere of the TP have provided a large body of 

Fig. 2. Cosmogenic isotopes in Guliya Plateau cores. (A) 36Cl (blue plot) and 10Be (red plot) measurements in 2015GP. The outlined portion is expanded (B) to 
show the cosmogenic isotope peaks at ~179 m (possible Mono Lake Event) and 187.4 (Laschamp Event). (C) The 36Cl profile in 1992GP shows a peak at 184 m which 
marks the Laschamp Event (Thompson et al., 1997). Gray bars in (A) and (C) indicate intervals in the cores in which the physical and chemistry stratigraphies are 
anomalous and may be the result of crevasse fill. The anomalous ice layer in 2015GP is thicker than in 1992GP. Upward-oriented arrow in (A) indicates a 36Cl 
concentration (12.6) that exceeds the upper limit of the y-axis value. 

Table 1 
Proposed ages of the Mono Lake Event.  

Location Age of the 
MLE 

Source 

French Chaîne des Puys 34.2 ± 1.2 Laj et al. (2014) 
Pyramid Lake Basin, Nevada 32.4 ± 0.9 Benson et al. (2003) 
Auckland volcanic field, New 

Zealand 
31.6 ± 1.8 Cassata et al. (2008) 

Santa Clara Valley, California 32.8 ± 0.33 Mankinen and Wentworth 
(2004) 

Spherical harmonic field 
modeling 

30–36 Korte et al. (2019) 

Black Sea ~34.5 Liu et al. (2020) 
Irminger Basin, North Atlantic 32–34 Channell (2006) 
Greenland Summit ~32 Wagner et al. (2000)  
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data on stable isotopes in precipitation and their use in constructing 
paleoclimate records, primarily from ice cores, lake sediments, speleo
thems, and biological material. In the northern TP significant seasonal to 
decadal correlations between air temperature and δ18O in precipitation 
have been demonstrated (Yao et al., 1996, 2013; Tian et al., 2003, 2007; 
Thompson et al., 2018). This recent correlation was assumed to extend 
back through at least the Holocene, resulting in the reconstruction of 
temperature histories from ice core δ18O records collected from glaciers 
in the northern TP (Wang et al., 2006; An et al., 2016; Thompson et al., 
1997, Thompson et al., 2006, 2018; Tian et al., 2006; Pang et al., 2020; 
Yu et al., 2021). However, recent work on stable isotopes in TP pre
cipitation shows that the atmospheric and hydrospheric influences on 
δ18O and hydrogen isotopes (δD) are more complex than previously 
thought, including in regions near the NwTP where moisture is derived 
from continental and tropical air masses and local sources. In addition to 
temperature, these influences include precipitation source, isotopic 
fractionation at the source, convective vs. stratiform cloud cover, 
transport pathways (i.e., over land vs. water), and altitude (Pang et al., 
2011; Yao et al., 2013; Aggarwal et al., 2016; Han et al., 2016). The 
effects of each of these processes on δ18O in the NwTP may vary through 
time as tropical and westerly air masses migrate along with westerlies 
and monsoons (Thompson et al., 2022). 

Studies of d-excess in recent precipitation and glacier ice on the TP 
and in Central Asia demonstrate that its value can be affected by both 
local and large-scale processes (An et al., 2017; Bershaw, 2018; Kreutz 
et al., 2003). An et al. (2017) used isotope modeling on data from the 

Chongce glacier in the western Kunlun ice sheet near the Guliya ice cap 
to determine that almost half of the precipitation in the NwTP comes 
from local recycling which increases with rising temperatures. However, 
d-excess may also be affected by changes in large-scale atmospheric 
circulation and thus moisture source (An et al., 2017; Bershaw, 2018). 
High values in TP precipitation are associated with very high d-excess 
moisture from the Mediterranean, which recycles over Central Asia, but 
d-excess can be reduced by mixing with moisture from other sources, 
such as the Indian Ocean (An et al., 2017; Bershaw, 2018). 

Ammonium (NH4
+) is formed by the reaction between ammonia 

(NH3), one of the most abundant bases in the atmosphere, and H2SO4 
and HNO3 acids, which are converted to (NH4)2SO4, NH4HSO4 and 

NH4NO3 respectively. NH4
+ measured in ice serves as a proxy for 

NH3. Although over the last two centuries anthropogenic activities such 
as farming and animal husbandry have dominated NH3 emissions, nat
ural sources for NH4

+ in the atmosphere include biological activity in 
soils, vegetation, wetlands, and water (Bouwman et al., 1997; Aneja 
et al., 2001; Chen et al., 2021). For example, NH4

+ measured in the 
Illimani ice core from the Bolivian Andes most likely originated from soil 
and vegetation in the nearby Amazon Basin (Kellerhals et al., 2010). 
Potential sources of NH4

+ found in the Guliya ice cap include large bodies 
of water to the west such as the Caspian and Black Seas and lakes and 
wetlands in Central Asia and in the TP that have expanded and receded 
through time (Herzschuh, 2006; Koriche et al., 2022). The use of NH4

+ as 
a proxy for variations in available water in and around the NwTP is 
supported by the record of dust concentrations in 2015GP, which shows 
opposite trends to ammonium, particularly before 10 ka BP (Fig. 4B and 
C). High NH4

+ and low dust concentrations together suggest expanded 
water surface area and an overall wetter climate that helped minimize 
dust sources. 

3.2. The changing relationship between summer insolation and the 
2015GP record 

When placed in time, the comparisons between June insolation at 
40◦N (Fig. 5A) and the 2015GP records (Fig. 5B–E) show more clearly 
the precessional-scale variation in climate in the NwTP from late marine 
isotope stage (MIS) 3 to the end of MIS2. The comparisons between the 
trends of insolation and 2015GP records during the glacial suggest warm 
and wet MIS3 conditions, characterized by high insolation, δ18O, and 
NH4

+ concentrations (Fig. 5A, B, C) and low dust concentrations 
(Fig. 5D), that are consistent with the expansion of wetlands and lakes in 
the NwTP and the Tarim Basin north of Guliya (Herzschuh, 2006; Yang 
et al., 2006, 2011; Liu et al., 2019). High-d-excess values during MIS3 
(Fig. 5E) indicate that local and regional recycled moisture comprised 
much of the precipitation. As summer insolation decreased from MIS3 to 
MIS2, the northern TP climate transitioned to colder and drier condi
tions as demonstrated by lower δ18O and NH4

+ and higher dust con
centrations. This is consistent with geomorphological and lacustrine 
paleoclimate records from the northern TP (Herzschuh, 2006; Yang 
et al., 2011; Zhang et al., 2016; Zhou et al., 2022) and with model-data 
comparisons (Yu et al., 2007). The diminishing local and regional 
moisture sources resulted in less evaporation and moisture recycling, 
which resulted in lower d-excess values in precipitation during MIS2. 

Not only do δ18O, NH4
+, and dust concentration demonstrate orbital- 

scale variations either in phase or in antiphase with insolation during 
MIS2 and MIS3, these parameters (along with d-excess) are significantly 
correlated with each other at the 99.99% level (Table 2), demonstrating 
consistent climatic variations (wet/warm vs. cold/dry). The exception is 
the correlation coefficient (R = +0.05) between δ18O and dust concen
tration from 0 to 17.5 ka BP. 

In contrast, the relationships between the 2015GP parameters and 
summer insolation do not persist after ~17.5 ka BP, or shortly after the 
end of the Last Glacial Maximum (LGM) in the Northern Hemisphere as 
determined by Clark et al. (2009). Although Guliya δ18O varies with 
summer insolation until the LGM, the trend flattens during the 

Fig. 3. Time/depth curve for the upper 187.4 m of 2015GP. The interval 
from 0 to 144 m (blue curve) is based on a δ18O match between 2015GP and a 
δ18Oatm and 14C dated core from the GS (Thompson et al., 2022). From 144 to 
187.4 m the timescale is determined by a 3rd order polynomial (red curve) 
pinned to the time/depth points between 13.9 and 15 ka BP (black bordered red 
circles) and the Mono Lake and Laschamp Events (red crosses). The black curve 
over this interval is the result of glacial stage matching of the 2015GP and 
GISP2 δ18O records. 
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deglaciation period (~17.5–~12 ka BP) as the insolation curve con
tinues to rise. The trends between δ18O and insolation are opposite 
throughout the Holocene, suggesting that the influences on isotopic 
fractionation may have changed (Fig. 5A and B). 

Although the effects of insolation on NwTP may have changed be
tween the glacial and the Holocene, the relationships between the 
2015GP parameters remained significant and consistent except for δ18O 
and dust concentration (Table 2). In order to determine whether these 
relationships are dominated by precessional variations, the same cal
culations are performed on the detrended 2015GP records during the 
pre- and post-LGM periods (Supplement Table S2.1). The post-LGM 
(0–17.5 ka BP) R values of the detrended time series are close to those 
in Table 2, while the R values of the glacial stage correlations are less 
significant. These changing relationships between mid-latitude summer 
insolation and NwTP climate, along with the changing relationships 
between temperature, humidity/aridity, and moisture pathways as 
observed in the Guliya record, suggest that this region of the TP was 
sensitive to changing hemisphere-wide boundary conditions as Earth 
emerged from the last glacial stage. 

3.3. The Guliya Holocene δ18O conundrum 

According to the interpretation of the 2015GP parameters discussed 
in Section 3.1.1, the Guliya record implies that the warm and wet 
climate in the NwTP during the deglaciation abruptly switched to cold 
and arid conditions as the Holocene began and gradually transitioned to 
a warmer and wetter climate toward the present despite the antiphase 
relationship with insolation (Fig. 5). However, a synthesis of paleo
climate records based on temperature proxies from the TP (Zhang et al., 
2022a) reveals that summer temperature increased with summer inso
lation during the late deglaciation into the Early Holocene. As the Ho
locene progressed both summer temperature and insolation decreased, 
while winter and annual temperatures increased (Zhang et al., 2022a). 

The Holocene 2015GP δ18O record demonstrates a similar trend to a 
reconstructed temperature stack for low latitudes (30◦N to 30◦S) 
(Marcott et al., 2013) until they diverge around 3.5 ka BP. However, the 
2015GP δ18O record deviates from the higher latitude (30◦N to 70◦N) 
Northern Hemisphere reconstructed temperature stack (Marcott et al., 
2013), which like summer insolation shows a decreasing trend through 
the Holocene. 

Here we discuss possible scenarios to explain the diverging trends 
between summer insolation and 2015GP δ18O (Fig. 6A and B). One 
explanation is that the seasonality of precipitation in the NwTP gradu
ally shifted from summer to winter during the deglaciation and 
remained so until the Late Holocene. Although this scenario would bring 
2015GP δ18O in alignment with mid-latitude winter insolation and high 
latitude temperature trends (Marcott et al., 2013), it is contradicted by 
Cai et al. (2017) who concluded from speleothem δ18O analysis that 
changes in precipitation seasonality did not occur during the Holocene 
in western China. 

A second scenario is based upon the assumption that δ18O in Guliya 
ice continued to record temperature after the deglaciation; however, the 
primary climate forcing was rising concentrations of greenhouse gases 
(Fig. 6C) Liu et al., 2014. In fact, the upward trend in 2015GP δ18O since 
the Middle Holocene (~8 ka BP) (Fig. 6B) is similar to CO2 concentra
tions from Dome C, Antarctica (Monnin et al., 2004) (Fig. 6C), implying 
that temperature in this high-elevation region was controlled by radia
tive forcing rather than insolation during this period. However, this does 
not explain why 2015GP δ18O decreased abruptly at the beginning of the 
Holocene as CO2 abruptly increased. 

A third possible explanation for the 2015GP δ18O deglaciation and 
Holocene record precludes temperature as a primary influence and 
instead assigns moisture source and pathways as the most important 
factors in isotopic fractionation in precipitation. This scenario, which is 
discussed in more detail below, is dependent on variations in the in
tensity and position of major air masses over the NwTP as well as 

Fig. 4. 2015GP parameters in depth. Physical and chemical data from 2015GP discussed in text, presented by depth with ages shown along top x-axis: (A) δ18O, (B) 
ammonium (NH4

+), (C) dust concentration, and (D) d-excess. Gray bars indicate intervals in the cores where the stratigraphy is anomalous, possibly due to crevasse 
fill. The upward oriented arrow in (B) at ~89 m indicates an NH4

− concentration (16.36 μeq L− 1) that exceeds the upper limit of the y-axis value. 
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boundary conditions, such as Northern Hemisphere ice sheet size, which 
decreased rapidly during the Early Holocene (Fig. 6D). 

Finally, the sudden decrease of 2015GP δ18O at the beginning of the 
Holocene may have involved the temperature of the local and regional 
precipitation sources. Summer insolation warmth spurred glacier 
melting, both on the TP and in the high latitudes of Eurasia. Maximum 
glacier meltwater into Guozha Co to the south of the west Kunlun ice 
sheet occurred ~9.5 to 8.5 ka BP (Li et al., 2021). The influx of cold, 
18O-depleted meltwater into local lakes provided a source of lower δ18O 

precipitation for the glaciers in the NwTP. Several studies on lakes in the 
western TP during the Holocene found that levels were high in the Early 
Holocene, although some conclude that this was a consequence of higher 
precipitation from the northward moving monsoon (Herzschuh, 2006; 
Hudson and Quade, 2013; Hou et al., 2017). 

Fig. 5. Guliya records compared with summer insolation. (A) June insolation at 40◦N (Berger and Loutre, 1991) is compared with the 2015GP records of (B) 
δ18O, (C) NH4

+, (D) dust concentrations, and (E) deuterium excess. The Guliya records are presented as 100-year averages overlain by LOESS smoothing curves (5th 
degree polynomial, sampling proportion = 0.3). 

Table 2 
Correlation coefficients (R) between 2015GP parameters. The 41 kyr records are divided into two intervals: 0 to 
17.5 ka BP (Holocene and deglaciation) and 17.5 to 41 ka BP (MIS2 and Late MIS3). All the time series were smoothed 
with five-century running means. Values in bold red are significantly negative R values (p < 0.001), in bold black are 
significantly positive R values (p < 0.001). 
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3.4. Comparison of Guliya 2015GP record with North Atlantic and 
tropical Asian climate records 

During late MIS3 through MIS2 the total volume of the Northern 
Hemisphere ice cover steadily grew to a maximum at ~18 to 19 ka BP, 
followed by a rapid decrease as summer insolation increased through the 
deglaciation (~17–~12 ka BP) (Fig. 7A). The Greenland GISP2 ice core 
δ18O record, a proxy for temperature in the North Atlantic (Mayewski 
and Bender, 1995) (Fig. 7B) generally is out of phase with the trend of 
the ice volume changes since late MIS3, while ice volume changes are in 
phase with the speleothem δ18O record of ISM intensity from Mawmluh 
Cave in northeastern India (Dutt et al., 2015) (Fig. 7C). The Greenland 
ice core and ISM δ18O records are negatively correlated at significant 
levels (− 0.81, p < 0.001, 100-yr averages) over the last 41 kyr, which is 
consistent with the well-established link between North Atlantic tem
perature and migration of the monsoons and intensification or weak
ening of precipitation in the Indian monsoon region (Burns et al., 2003; 
Gupta et al., 2003; Goswami et al., 2006; Feng and Hu, 2008; Deplazes 
et al., 2013; Marzin et al., 2013; Tierney et al., 2016; Jaglan et al., 2021). 

On the precessional timescale the warm and wet conditions during 
late MIS3 and the cold and dry MIS2 climate on the NwTP, as depicted 
by 2015GP δ18O, NH4

+, and dust concentrations (Fig. 7D–F), show sim
ilarities with North Atlantic climate (GISP2 δ18O). The reversal in trends 
between summer insolation and the 2015GP δ18O, NH4

+, and dust re
cords through the deglaciation to the Holocene (Fig. 5; Fig. 7A, D-F) is 
also observed in the correlation coefficients between the Guliya stable 
isotope and NH4

+ records and the GISP2 and Mawmluh Cave δ18O re
cords, which reverse sign from their pre-deglaciation to post-LGM values 
(Table 3). As in Table 2, the dust concentration R values are the 
exception to these relationships, showing significant correlation (− 0.20, 
p < 0.01) with GISP2 δ18O only during the glacial. 

Heinrich Events 2, 3, and 4 are visible in 2015GP and GISP2 δ18O and 
d-excess as isotopic depletions (Fig. 7B, D, G), although there is no 
consistent expression of the events in the other Guliya parameters. 
Millennial-scale events during the deglaciation that are obvious in the 
GISP2 and speleothem δ18O records, such as Heinrich Event 1 (H1), the 
Bølling/Allerød (B/A) and the Younger Dryas (YD) (Fig. 7B and C), also 
appear in 2015GP δ18O (Figs. 7D, Fig. 8A–C). These events in the GISP2 
and Indian cave records show consistently opposite δ18O trends 
throughout the 41 kyr record. However, like the orbital-scale variations 
discussed above, the relationships of these millennial-scale events in the 
tropical and polar records with 2015GP δ18O reverse after the onset of 
the deglaciation (Fig. 8A–C) such that H1 and YD are characterized by 
18O enrichment and the B/A by 18O depletion. The Guliya records 
paradoxically suggest climate forcings during these events that differ 
from those deduced from other Tibetan Plateau climate records (i.e., 
cold H1 and YD, warm B/A) (Gasse et al., 1991; Chen et al., 1997; Zhu 
et al., 2015). 

4. Discussion 

The orbital-scale similarities between summer insolation (Fig. 7A), 
which increased sensible heating on the TP, and 2015GP δ18O (Fig. 7D) 
during MIS3 and MIS2 indicate that the isotopic fractionation in Guliya 
precipitation was largely controlled by summer temperature. The vol
ume of the Northern Hemisphere ice cover increased through MIS2 
(Fig. 7A), forcing the midlatitude westerly jet southward as the previous 
warm/wet climate transitioned to cold and arid conditions. Millennial- 
scale events in the ice core which vary in phase with those in the 
Greenland ice core (Fig. 7B) confirm observations that the changes in the 
Atlantic meridional overturning circulation and temperature variations 
in the North Atlantic were transported to the NwTP by the westerlies 

Fig. 6. Climate forcings during the Holocene (since 11.7 ka BP). (A) Summer (June) insolation at 40◦N (Berger and Loutre, 1991) is compared with (B) δ18O from 
2015GP (5-century running means), (C) CO2 concentrations from Dome C, East Antarctica (Monnin et al., 2004), and (D) modeled Northern Hemisphere ice volume 
(Zweck and Huybrechts, 2005). The Antarctic CO2 data are from https://www.ncei.noaa.gov/pub/data/paleo/icecore/antarctica/epica_domec/edc3-composite 
-co2-2008-noaa.txt. 
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during the last glacial (Li et al., 2016). Cold Heinrich Events in the 
glacial stage of the GISP2 and 2015GP ice core records align with high 
δ18O in the ISM speleothem record (Fig. 7C) which resulted from 
southward monsoon migration and weakening of monsoon intensity in 
South Asia. These orbital and suborbital variations in the glacial stage 
climate in the NwTP apparently are linked to the cryosphere and to the 
atmospheric and oceanic temperatures and circulations in the North 

Atlantic, to the mid-latitude westerlies that originate in the North 
Atlantic, and potentially to the position of the monsoon. 

The deglaciation and Holocene δ18O records from GISP2, 2015GP, 
and the Mawmluh and Qunf Cave (Oman) speleothems from the ISM 
region (Fig. 8A–C) show in greater detail the stronger in-phase simi
larities between the NwTP climate and the ISM and the anti-phase 
relationship with North Atlantic air temperature. The reversal in 

Fig. 7. Comparisons of polar and tropical records to Guliya records since the late MIS3. (A) Northern Hemisphere spring insolation at 40◦N (red curve, Berger 
and Loutre, 1991) and total Northern Hemisphere ice volume (blue curve, Zweck and Huybrechts, 2005); (B) the δ18O record from the GISP2 ice core (Grootes and 
Stuvier, 1997) and (C) the δ18O record of Indian summer monsoon intensity from Mawmluh Cave, NE India (Dutt et al., 2015) are compared with Guliya records of 
(D) δ18O, (E) NH4

+, (F) dust concentrations, and (G) deuterium excess. The GISP2 and Mawmluh δ18O records and all Guliya profiles are presented as 5-century 
moving averages, and the Guliya records are overlain by LOESS smoothing of 100-year averages (5th order polynomial, sampling proportion = 0.3). Heinrich 
Events H1 to H4 are marked by gray bars. 

Table 3 
Correlation coefficients (R) between 2015GP parameters and GISP2 and Mawmluh Cave δ18O time series. The 
41 kyr records are divided into two intervals: 0 to 17.5 ka BP (Holocene and deglaciation) and 17.5 to 41 ka BP (MIS2 
and Late MIS3). All the time series were smoothed with five-century running means. Values in bold red are signifi
cantly negative R values (p < 0.001), in bold black are significantly positive R values (p < 0.001), and the R between 
2015GP dust and GISP2 δ18O is significant at p < 0.01. All other R values are not significantly correlated. 
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correlations between the climate record from Guliya and the GISP2 and 
speleothem records shortly after the onset of the deglaciation implies 
that the retreat of the thick continental ice cover was linked to the 
decreasing influence of high latitude forcing via westerlies on both 
millennial and orbital timescales. As the summer insolation peaked at 
the beginning of the Holocene and the ISM moved northward with the 
Atlantic ITCZ (Arbuszewski et al., 2013), the Guliya stable isotope 

values and NH4
+ decreased (Fig. 8B, D, E) as dust concentration increased 

(Fig. 8F) contemporaneously with δ18O increase in GISP2 (Fig. 8A), 
despite indications of Early Holocene insolation-driven warming and an 
increasingly wet climate from regional proxy climate records (Gasse 
et al., 1991; Herzschuh, 2006; Zhang et al., 2022b). This change in cli
matic influence around this time is not unique to Guliya, as it is also 
present in a pollen record from a lacustrine core from Nam Co (Fig. 1A) 

Fig. 8. Climatic variations in the NWTP since the LGM. Centennial averages (thin lines) overlain by LOESS-smoothed curves (thick lines; 5th order polynomial, 
sampling proportion = 0.3) of (A) GISP2 δ18O (Grootes and Stuvier, 1997), (B) 2015GP δ18O, (C) speleothem δ18O from Qunf Cave, Oman (Fleitmann et al., 2003) 
and Mawmluh Cave, NE India (Dutt et al., 2015), (D) 2015GP NH4

+, (E) 2015GP d-excess, and (F) 2015GP dust concentrations are compared with (G) the net balance 
record reconstructed from a Guliya summit core showing the Caspian Sea regression and transgression phases (Koriche et al., 2022). 
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(Zhu et al., 2015), located ~1000 km to the southeast of Guliya and 
closer to the monsoon precipitation source. In the Nam Co record this 
transition was explained as a change in the dominant atmospheric cir
culation from westerlies to monsoonal resulting from the northward 
migration of the westerlies and the ISM. Meanwhile, the isotopic 
enrichment in the 2015GP core during H1 and the YD and the depletion 
during the B/A warming, opposite to the GISP2 record, suggests a 
weakening of the climate connection between the North Atlantic and the 
NwTP. Increasing summer insolation quite likely remained an important 
forcing of temperature and moisture during the deglaciation, although 
some combination of conditions occurred beginning in the deglaciation 
that led to the divergence of the 2015GP δ18O and summer insolation 
and the change in correlations between Guliya and the North Atlantic 
and tropical climate records (Table 3). 

4.1. Possible explanations for the glacial/post glacial isotopic switch in 
2015GP 

There are two possible explanations for the switch in the relationship 
between the Guliya and the other proxy records that occurred as the 
glacial stage ended: (1) tropical moisture sources may have indirectly 
contributed to the isotopic composition of the NwTP precipitation as the 
westerlies and ISM moved northward, or (2) changes in both isotopic 
fractionation in precipitation and in aerosol concentrations resulted 
from atmospheric and environmental alterations in the NwTP and 
Central Asia as the Northern Hemisphere emerged from the last glacial 
stage. 

4.1.1. Increasing monsoon moisture influx after the last glacial maximum 
The first explanation assumes that monsoon moisture was able to 

extend to the western Kunlun Mountains. Extreme monsoon low- 
pressure systems can produce precipitation on the Tibetan Plateau 
that contains moisture which is characterized by lower d-excess (Ber
shaw, 2018). Using observational data and model simulations, Dong 
et al. (2016, 2017) discuss an “up and over” mechanism of ISM moisture 
onto the TP through the uplift of northward moving convective storms 
over the Himalayas. According to Dong et al. (2016) half of the total 
summer precipitation in the southwestern TP is derived from this 
pathway. By the latitude of Guliya (35◦N) much of this effect would 
dissipate but as most of the summer precipitation in the western Kunluns 
is from moisture recycling (An et al., 2017), some of the summer snow 
that falls on the ice cap may be recycled monsoon moisture from the 
south. Mid-tropospheric circulation maps (Dong et al., 2017) indicate 
that winds are southerly during monsoon low-pressure events which 
would result in monsoon-derived moisture being recirculated north
ward. Isotope modeling by An et al. (2017) demonstrates that low 
d-excess in precipitation on the nearby Chongce glacier may result from 
monsoon contribution to the summer snowfall. If recycled moisture from 
the ISM reaches the NwTP today, then it should have reached that far 
north during the onset of the Holocene when summer insolation was at 
its peak and the ISM approached its northernmost extent and greatest 
intensity in South Asia as demonstrated by very low δ18O in ISM spe
leothem records (Figs. 7C and 8C). The actual northward extent of ISM 
precipitation during this period is uncertain, with some investigators 
concluding that it reached the southern and southeastern TP (Bird et al., 
2014; Zhu et al., 2015) and even as far north as the Kunlun Mountains 
(Ramisch et al., 2016) and arid Central Asia (Cheng et al., 2012). 

Both the 2015GP δ18O and d-excess decreased contemporaneously 
with the ISM speleothem δ18O at the beginning of the Holocene (Fig. 8B, 
C, E). According to isotope modeling results (An et al., 2017) this implies 
that there were periods of increased influx of some recycled monsoon 
moisture to the Guliya ice cap. The centennial averages of 2015GP 
d-excess show that this was not a constant monsoon contribution; rather, 
there were several short periods of low d-excess that may have corre
sponded to intense low-pressure monsoon activity. 

4.1.2. Variations in intensity of the westerlies 
The effects of the westerlies and availability of moisture on Guliya 

δ18O, NH4
+ and d-excess during the glacial may have continued through 

the deglaciation and Holocene, with moisture recycling from lakes and 
wetlands in the NwTP and Central Asia being the primary influence on 
the stable isotopes, particularly d-excess. A 15 kyr net balance record 
(Fig. 8G) reconstructed from one of the cores drilled on the GS (Sup
plement Section S3) shows high snow accumulation on the ice cap 
during the B/A (~13–15 ka BP) when enriched isotopes in GISP2 
(Fig. 8A) were contemporaneous with increasing summer insolation. At 
the same time overall levels of 2015GP δ18O, NH4

+, and d-excess (Fig. 8B, 
D-E) were high while dust concentrations decreased (Fig. 8F), although 
the B/A in 2015GP δ18O is marked by 18O depletion and is less promi
nent than in the Greenland record. Although Mawmluh Cave δ18O in
dicates that the position of the ISM oscillated during the deglaciation 
(southward during H1 and the YD, northward during the B/A) (Fig. 8C), 
the source of the precipitation on Guliya at this time was likely local and 
regional recycled moisture may have been augmented by recycled 
moisture from large water bodies in Central Asia. For example, during 
the B/A when Guliya net balance was high the Caspian Sea expanded 
during the “Khvalynian transgression” (Fig. 8G) as discharge from 
glacial streams originating from the melting Eurasian ice cover 
increased (Koriche et al., 2022). Model studies suggest that changes in 
the surface area of the Caspian Sea may have profound effects on climate 
to the east and may extend to the northern Pacific Ocean (Koriche et al., 
2021). 

Both the Guliya NH4
+ concentration and net balance decreased as the 

YD ended and the Holocene began (Fig. 8D, G), which implies fewer 
available water sources both locally and to the west. This is supported by 
the opposing trend in the dust concentrations in the YD and Early Ho
locene (Fig. 8F). This apparent decreasing trend in precipitation on the 
Guliya ice cap through the Early Holocene contrasts with increasing 
effective moisture reconstructed from lake levels and lacustrine core 
analyses throughout the western and central TP (Gasse et al., 1991; 
Herzschuh, 2006; Hudson and Quade, 2013). One possible explanation 
for this discrepancy is that higher insolation-driven summer tempera
tures (Li et al., 2021) increased ablation on glaciers on the TP, resulting 
in reduced net ice accumulation. Consequently, the resulting glacial 
meltwater raised lake levels in the region. However, the abrupt net 
balance decline in the 2015GP core at the beginning of the Early Ho
locene (Fig. 8G) agrees with the regressive phase of the Caspian Sea 
(“Mangyshlak regression”) which may have deprived Guliya of an 
important source of moisture. Routson et al. (2019) found that a weaker 
latitudinal temperature gradient during the Early Holocene resulted in 
diminished westerlies and lower mid-latitude net precipitation, which 
would have reduced moisture evaporation and recycled precipitation to 
the ice cap. This scenario is illustrated in the 2015GP core as low δ18O, 
NH4

+ concentrations and d-excess (Fig. 8B, D, E) and high dust concen
trations (Fig. 8F). 

From the Middle Holocene to the present, the Guliya δ18O, NH4
+, and 

net balance gradually increased (Fig. 8B, D, G) as the ISM retreated 
southward, although NH4

+ shows more millennial-scale variability. The 
increasing mid-latitude temperature gradient since ~8 ka BP, linked to 
decreasing summer insolation, generated more frequent mid-latitude 
cyclogenesis (Routson et al., 2019). The trends displayed by the 
Guliya net balance and NH4

+ records indicate that the western Kunlun 
Mountains may have received its precipitation from local moisture 
recycling and from the westerlies that migrated southward following the 
ITCZ (Arbuszewski et al., 2013). 

5. Conclusions 

The ice core drilled from the plateau of the Guliya ice cap provides a 
long, unique record of climate variations in the Northwest Tibetan 
Plateau. The δ18O, d-excess, NH4

+, and dust concentrations time series 
reveal how the climate in this region is affected on multiple timescales 
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by changes in the intensity of the mid-latitude westerlies originating in 
the North Atlantic and possibly by the migration of the Indian summer 
monsoon during the deglaciation and Holocene. The variations in these 
influences are controlled by Northern Hemisphere ice sheet extent, the 
movement of the ITCZ, and insolation. The δ18O, NH4

+, and dust con
centration records, which show warm and wet conditions during MIS3 
and cold and dry conditions during MIS2, indicate that during the glacial 
stage the climate in the NwTP was forced on orbital timescales by 
insolation and Northern Hemisphere ice sheet extent. However, on 
millennial timescales the Guliya records correspond positively with 
North Atlantic temperatures, supporting research that cold episodes 
such as the Heinrich Events were linked to climate conditions in the 
North Atlantic that were transferred eastward by the westerlies (Li et al., 
2016). Compared with the relatively straightforward linkages among 
summer insolation, polar air masses, and the climate in the NwTP during 
MIS2 and MIS3, the Guliya deglaciation records demonstrate influences 
on the NwTP that are governed by higher summer insolation and rapidly 
retreating Northern Hemisphere ice cover. During the deglaciation 
increasing summer insolation still influenced the temperature in the 
region, but millennial-scale features such as the Heinrich Event 1, the 
Bølling/Allerød, and the Younger Dryas were anti-phase (in-phase) with 
the North Atlantic temperature (monsoon intensity), the reverse of the 
relationships during the glacial. These shifting relationships suggest that 
as the glacial stage ended and the deglaciation began moisture delivered 
by the westerlies waned. By the Early Holocene some recycled ISM 
moisture may have reached the NwTP, although not enough to 
compensate for the loss of moisture from Central Asian lakes and local 
sources. Alternatively, the stable isotope variations in the Guliya record 
may have been controlled primarily by variations in the position and 
intensity of the mid-latitude westerlies and the availability of recycled 
moisture. The post-glacial reversal in the correlation between summer 
insolation and 2015GP δ18O, which is most pronounced during the 
Holocene, may indicate either changing influences on isotopic frac
tionation or the effects of changing boundary conditions on the climate 
and environment in the NwTP and Central Asia as recorded in the Guliya 
ice core. The upward trend in δ18O during the Holocene may in part 
reflect warming on the Tibetan Plateau which was forced by rising 
greenhouse gas concentrations. Further investigation is required to un
derstand: (1) the atmospheric and hydrospheric processes governing the 
fractionation of stable isotopes of water in the NwTP, and (2) the tran
sient relationships between the boundary conditions and the climate of 
this region that is located close to a migrating border between 
competing air masses. 
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