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Abstract The reasons for the Holocene temperature conundrum, known as the inconsistency between
the reconstructed cooling and the inferred warming simulations during the Holocene, remain unclear.
Temperature reconstructions from the Tibetan Plateau (TP) provide important insights for understanding
the Holocene temperature conundrum due to enhanced sensitivity to climate at high altitudes. Given the
significant positive correlation between air temperature and δ18O in precipitation over the northern TP, the
stable isotopic records of ice cores recovered from this area are widely used for paleotemperature
reconstruction. Here we present a new high‐resolution δ18O record from the Chongce ice cores to bedrock,
dated back to 7 ka BP by the accelerator mass spectrometry (AMS) 14C dating technique. Our reconstructed
temperature record shows a long‐term warming trend until ~2 ka BP, followed by an abrupt change to a
relatively cool period until the start of the industrial‐era warming. This record challenges the widely
recognized Holocene reconstruction from the neighboring Guliya ice core. It is also different from many
previous temperature reconstructions, most of which have summer biases and show a long‐term cooling
trend over the past twomillennia. In addition, our record shows that temperatures during the recent decades
are almost the highest during the past 7 ka BP, highlighting the unusual warming forced by anthropogenic
greenhouse gases.

1. Introduction

The Tibetan Plateau (TP) has experienced pronounced warming during recent decades (e.g., An et al., 2016;
Guo &Wang, 2012; Kang et al., 2007; Liu & Chen, 2000; Tian et al., 2006). The warming rate is faster than in
most other low‐elevation regions due to the elevation‐dependent warming, that is, amplified warming rate
with elevation (Mountain Research Initiative EDWWorking Group, 2015; Wang et al., 2014). This has led to
extensive retreat and thinning of glaciers as well as permafrost thaw, with significant implications for the
hydrological cycle, water resources, ecosystem, and geohazard risks in the TP and its surrounding areas
(Yao et al., 2012, 2019).

Understanding climate response to external forcings and related feedbacks during the present interglacial
(i.e., the Holocene) is essential for future climate projections, particularly when results are inconsistent from
climate models and reconstructions from climate proxies. Climate models simulate a warming trend during
the Holocene (Liu et al., 2014), while a generally global cooling was inferred for the same period in the proxy
reconstructions, mostly frommarine sediment cores (Marcott et al., 2013). This disparity is referred to as the
“Holocene temperature conundrum” (Liu et al., 2014). The exact reasons for the Holocene temperature
conundrum remain unclear, but possible causes including seasonal bias in the proxy reconstructions
(e.g., underrepresentation of winter proxies) (Baker et al., 2017; Meyer et al., 2015) and uncertainties in
current climate models (e.g., incomplete forcing and underestimated sensitivities) (Liu et al., 2014, 2018;
Zhang, Renssen et al. 2018) have been proposed. Some studies show that the warming trends were limited
to regions where the cooling forced by the remnant continental ice sheets (the Fennoscandia ice sheet
and the Laurentide ice sheet) exceeded the warming forced by the high Northern Hemisphere summer
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insolation (NHSI) during the early to mid‐Holocene (Baker et al., 2017; Marsicek et al., 2018). Other studies
suggest the disparity could be partly explained by spatial heterogeneity of temperature evolution. For
instance, central Europe showed a long‐term Holocene cooling in mean annual temperature based on spe-
leothem fluid inclusion water isotopes (Affolter et al., 2019), whereas mean annual temperature reconstruc-
tions from the Altai Mountains in arid Central Asia showed a Holocene warming (Wu et al., 2020). The TP
has shown high sensitivity to climate change due to the snow/ice albedo feedbacks (Mountain Research
Initiative EDWWorking Group, 2015; Pepin & Lundquist, 2008). However, no temperature records at high
elevations (>4,000 m above sea level, a.s.l.) were included in the reconstructions of regional and global
Holocene temperature (e.g., Marcott et al., 2013; Marsicek et al., 2018), largely due to the paucity of proxy
data in these regions. Therefore, Holocene temperature reconstructions from the high TP can provide crucial
information to understand the Holocene temperature conundrum.

Available temperature reconstructions show contrasting trends of the Holocene temperature evolution on
the TP and its surroundings. Some records show distinct long‐term cooling trends during the Holocene, such
as the synthesis temperature index reconstructed by a compilation of pollen records from the Altai
Mountains and surrounding regions (Zhang & Feng, 2018), the Guliya ice core δ18O record retrieved from
the northwestern TP from the early Holocene to ~3 ka BP (Thompson et al., 1997), and the glycerol dialkyl
glycerol tetraether (GDGT) reconstruction of mean annual temperature from Habahe peat core from
Altai Mountains since ~7 ka BP (Tang, 2014; Zhang, Yang, et al., 2018). However, other records show
warming trends, such as the reconstructed summer/winter/annual temperatures based on peat α‐cellulose
δ13C/δ18C records and peat GDGTs from the Altai Mountains (Rao et al., 2019, 2020; Wu et al., 2020), the
stalagmite δ18O record from Kesang Cave in the western Tianshan Mountains (an indicator of temperature
(Rao et al., 2019)) (Cheng et al., 2012), and the ice core δ18O records from the Grigoriev ice cap in the western
Tianshan Mountains (Takeuchi et al., 2014), the Dunde ice cap in the northeastern TP since ~6 ka BP
(Thompson et al., 2005), and the Puruogangri ice cap in the central TP from ~6.5 to ~4.0 ka BP (Thompson
et al., 2006). The reconciliation of these divergent trends of Holocene temperature in the TP and its surround-
ings requires additional records from these regionswith reliable chronology and unambiguous climatological
significance.

The TP and its surroundings contain the largest volumes of glaciers outside the polar regions
(Yao et al., 2012), and they contain a valuable archive for past climate and environment. For instance, the
stable oxygen isotopic ratio (δ18O) in ice cores from the northwestern TP is widely used as a proxy for tem-
perature because of the significant positive correlation between air temperature and precipitation δ18O in
the northwestern TP (An et al., 2016; Tian et al., 2003, 2006; Yao et al., 1996, 2013). Many Tibetan ice cores
have been retrieved during the past three decades (e.g., An et al., 2016; Deji et al., 2017; Hou et al., 2004;
Kang et al., 2007; Thompson et al., 1989, 1997, 2005, 2006; Tian et al., 2006;Wang et al., 2003; Yao et al., 2002).
However, due to extremely limited 14C samples in glacier ice (Thompson et al., 2005, 2006) and other difficul-
ties in reliably dating the bottom sections of ice cores, continuous long‐term and high‐resolution Holocene
temperature reconstructions from the Tibetan ice core isotopic records are still rare. In 2012 and 2013, five
ice cores were retrieved from the Chongce ice cap in the westerlies‐dominated northwestern TP (Figure 1).
The Chongce ice cores were of Holocene origin (Hou et al., 2018), based on a new method of 14C dating of
water‐insoluble organic carbon (WIOC) particles from carbonaceous aerosols trapped in glacier ice
(Uglietti et al., 2016). The continuous and high‐resolution oxygen isotopic records (δ18O) of the Chongce
ice cores covering the past 7,000 years has been presented by Hou et al. (2019). In this paper, we used the
Chongce ice core δ18O records to quantitatively reconstruct past temperature at this high‐altitude site and
examine its variations and trend over the past 7,000 years. This work is important for our understanding of
regional Holocene temperature dynamics on the TP and contributes to resolving the Holocene temperature
conundrum.

2. Materials and Methods
2.1. Chongce Ice Cores

The Chongce ice cap is located in the western Kunlun Mountains, northwestern TP, within the westerlies
regime (Figure 1a; Chen et al., 2008). In October 2012, a team of scientists retrieved two ice cores to bedrock
with the lengths of 133.8m (Core 1) and 135.8m (Core 2), and a shallow core with length of 58.8m (Core 3) at
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an altitude of 6,010m a.s.l. on the Chongce ice cap (35°14′N, 81°7′E; Figure 1b). The distance between Core 2
and Core 3 is ~2 m. In October 2013, two more ice cores to bedrock with the lengths of 216.6 m (Core 4) and
208.6 m (Core 5) were recovered at an altitude of 6,100 m a.s.l. on the same ice cap (35°15′N, 81°5′E;
Figure 1b). The calculated mean annual accumulation rate is 140 mm w.e. year−1 for Core 3 (1963–2012)
and 297 mm w.e. year−1 for Core 4 (1963–2013) (Hou et al., 2018). The difference is likely caused by local
conditions. Core 4, located in a depression, could receive extra snow from snow drifting, whereas Core 3,
located on the summit, could lose snow due to wind scouring (Hou et al., 2018). More details on the five
ice cores can be found in Hou et al. (2018, 2019).

2.2. Isotopic Measurements

Measurements of water stable isotopic ratios (δ18O and δD) were performed on Core 2 and Core 3. Core 2
was cut at ~10‐cm intervals from the depth of 13.2 m to the depth 134.3 m and at ~1 cm from 134.3 m to
the bottom, yielding 1,301 samples in total. The bottom ~20 cm above the ice‐bedrock contact is not analyzed
because it consists of a mixture of ice and sediment (Zhang, Hou, & Yi, 2018). Core 3 was cut into 1956 sam-
ples with a resolution of ~3 cm. Isotopic measurements were performed at Nanjing University by a
Wavelength Scanned Cavity Ring‐Down Spectrometer (WS‐CRDS, model: Picarro L2120‐i), with the analy-
tical uncertainty of less than 0.1‰ for δ18O and 0.5‰ for δD (Tang et al., 2015). For both Core 2 and 3, δD
values are closely correlated with the δ18O values, and their δD‐δ18O slopes are slightly higher than 8
(Figure S1 in the supporting information). This suggests that the isotopic data of Chongce is reliable for
paleoclimate studies.

2.3. Ice Core Dating

The chronology of the Chongce ice cores was established and described in details in Hou et al. (2018). For
dating, we made use of a recently developed technology that enables the extraction of WIOC particles at
microgram level (>10 μg) from carbonaceous aerosol trapped in glacier ice for acceleratormass spectrometry
(AMS) 14C dating (Jenk et al., 2007, 2009; Sigl et al., 2009; Uglietti et al., 2016). Measurements of 14C on
WIOC particles were performed from 22 samples collected along Core 4 (Table S1) and nine samples along
Core 2 (Table S2) by the Mini Carbon Dating System (MICADAS) at the University of Bern LARA laboratory
(Hou et al., 2018). In order to avoid the potential influence of older carbonaceous particles (e.g., dust origi-
nated from the weathering of old carbonate rocks), we used a relatively low combustion temperature (340°C)

Figure 1. Location and schematic of Chongce ice cores. (a) Map showing the location of the Chongce site (ice blue),
nearby meteorological stations (blue) (1: Pishan; 2: Hetian; 3: Yutian; 4: Minfeng; 5: Qiemo; 6: Shiquanhe), and other
records discussed in the text including ice core records (ice blue), stalagmite caves (green), peat cores (orange), and
the Lena River Delta ice wedge record site (magenta). The red dotted line marks the approximate limit of the modern
Asian summer monsoon (Chen et al., 2008). The map is created by the Surfer software (Surfer 16.0; https://www.
goldensoftware.com) and World Imagery Basemap (http://www.digitalglobe.com) is used as the background. (b) Map of
the Chongce ice cap with the drilling sites for all cores. Blue lines are contour lines of ice thickness.
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to separate organic carbon from elemental carbon. The resulting CO2 was measured by the MICADAS
(Hou et al., 2018; Uglietti et al., 2016). In addition, contributions from fossil fuels could also introduce an
old bias in 14C ages for samples younger than 200 years (since the industrial revolution). For instance, the
top four 14C ages of Core 4 were likely biased due to such anthropogenic contribution (Hou et al., 2018;
Table S1). The overall 14C dating uncertainty is around 10–20% (variable depending on sample age)
(Uglietti et al., 2016). More details on sample preparation procedures and analytical methods can be found
in previous publications (Jenk et al., 2007, 2009; Sigl et al., 2009; Uglietti et al., 2016). In addition, the β activ-
ity was measured for 22 samples from the top to a depth of 10.3 m of Core 3 using an alpha‐beta multidetec-
tor (Mini 20, Eurisys Mesures) at the National Key Laboratory of Cryospheric Sciences, China. The β activity
peaks associated with the 1963 nuclear testing peak and the 1986 Chernobyl nuclear accident occurred at
depths of 8.2–8.4 and 4.8–5.1 m respectively (An et al., 2016).

The depth‐age relationship for Core 2 (Figure S2) was established by applying a two‐parameter flow model
(2p model) (Bolzan, 1985) constrained by the 14C ages of Core 2, age at bedrock estimated from Core 4, and
the two β activity peaks of Core 3, assuming a similar depth‐age relationship for the upper parts of Core 2 and
Core 3. The modeled age at the depth of the oldest 14C sample is 5.2±1:9

1:4 ka BP, similar to the actual 14C age of
6.3 ± 0.2 ka BP, given the uncertainty range (Hou et al., 2018). More details on the dating of Core 2 and Core
4 can be found in Hou et al. (2018).

2.4. The Combined Chongce δ18O Record of Core 2 and Core 3

The sampling resolution of Core 3 (~3 cm) is higher than that of Core 2 (~10 cm). The δ18O profile of Core 3 is
similar to that of Core 2 at 13.2–58.8 m (Figure S3) as the two drilling sites are only ~2 m apart. When
resampled at the common resolution of 10 cm, δ18O values of Core 2 and Core 3 are highly correlated at
depths of 13.2–58.8 m (r = 0.36, p < 0.001, n = 457). Therefore, the δ18O profile from the depth of 58.8 m
to the bottom of Core 2 is combined with the δ18O profile of the top 58.8 m of Core 3 to form a single
δ18O profile. Using the established depth‐age relationship of Core 2, the combined δ18O record of Core 2
and Core 3 was dated back to ~7.0 ka BP (Hou et al., 2019).

2.5. The TraCE‐21 ka Simulation

TraCE‐21 ka temperature output data were used to analyze the long‐term temperature conditions in our
study area. TraCE‐21 ka is a climate simulation of the last 21,000 years using a synchronously fully coupled
atmosphere‐ocean‐sea ice‐land surface Community Climate System Model 3 (CCSM3) at the T31_gx3
resolution (Carlson et al., 2012; Liu et al., 2009). This full TraCE model is forced with transient forcing
changes in greenhouse gases, orbital‐driven insolation variations, ice sheets, and meltwater fluxes, but the
realistic forcing changes of volcanic aerosol and solar activity are not included. The CCSM3 data were
spatially resampled into 2.0° × 2.0° resolution because the original resolution (about 3.75° × 3.75°) is too
coarse. The TraCE‐21 ka output data are available at the National Center for Atmospheric Research
(at https://www.earthsystemgrid.org).

3. Results

The δ18O record of Core 3 has a significant positive correlation with observed mean annual temperatures
from nearby meteorological stations (Table 1 and Figure S4), as well as the regional annual temperature
extracted from the HadCRU4 (Brohan et al., 2006) from the Climatic Research Unit at the University of
East Anglia (Figure S5). The correlations are significantly improved when 5‐year running averages are used
(Table 1), likely due to the dating uncertainty (±1 year during the recent decades) (An et al., 2016). In addi-
tion, the Chongce δ18O record is also positively correlated with cold (December–May, DJFMAM) and warm
(June–November, JJASON) season temperatures at nearby meteorological stations (Table 1 and Figure S4).
The results suggest that temperature in the northwestern TP could be reconstructed by the Chongce δ18O
record. We calculated the isotope/temperature relationship (δ18O/T) based on the 5‐year running averages
of the Chongce δ18O and the mean annual temperature of nearby meteorological stations, yielding an
average slope of 1.61 ± 0.22‰/°C (Table 1). Using this value, we converted the Chongce δ18O record to
temperature anomaly relative to the mean value over the past 7 millennia.
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The Chongce ice core δ18O record and its reconstructed temperature anomalies are presented in Figure 2a. It
shows a warming trend during the middle to late Holocene (~7.0–2.0 ka BP). The reconstructed temperature
increased steadily until ~3.0 ka BP. It then started to fluctuate at a relatively high level before it dropped
sharply at ~1.8 ka BP. After the abrupt cooling, the temperature remained in a relatively cool condition until
the significant warming since the start of the industrial revolution around the midnineteenth century. The
temperature in recent decades (1981–2010 CE) was almost the highest during the past 7 ka (Figure 2a).

4. Discussion
4.1. The Possible Sources of Uncertainty for Temperature Reconstruction

Despite the close correlation between the δ18O record of Chongce and the instrumental temperature in
recent decades, precipitation δ18O at Chongce could be affected by several factors other than temperature,
leading to uncertainties for the δ18O/T slope over time. First, annual average δ18O is affected by the seasonal
distribution of precipitation, which could change over time (Buizert et al., 2014; Guillevic et al., 2013;
Masson‐Delmotte et al., 2011). Second, precipitation δ18O might be impacted by shifts of moisture source
resulting from changes in large‐scale atmospheric circulations, for example, the north‐south migration of
the westerlies associated with the phase shift of the North Atlantic Oscillation (NAO) (Baker et al., 2017;
Liu et al., 2015). Third, the δ18O in precipitation at Chongce is affected by the local recycling of moisture,
which is an important source for precipitation on the northwestern TP (An et al., 2017). Finally, the
δ18O‐temperature relationship could be dependent on elevation. The present δ18O/T slope was derived from
temperatures of meteorological stations at much lower elevations (Table 1). This might be different with the
actual δ18O/T slope at Chongce due to enhanced sensitivity to climate change at high elevations.

Despite these uncertainties, the calculated δ18O/T slope (1.61 ± 0.22‰/°C) is largely comparable with those
reported for other TP ice cores (An et al., 2016; Kang et al., 2007; Tian et al., 2006). It is, however, much
higher than most δ18O/T slopes observed over middle‐ and high‐latitude regions (0.6–0.7‰/°C)
(Dansgaard, 1964; Johnsen et al., 1989; Rozanski et al., 1992; Tian et al., 2003; Yao et al., 1996). This discre-
pancy suggests that some of the factors discussed above might have important influence on the δ18O/T rela-
tionship. Unfortunately, we currently cannot quantify these effects due to a lack of observations. As the
averagemiddle‐ and high‐latitude δ18O/T slope (0.6–0.7‰/°C) would lead to unreasonably large variabilities
in the reconstructed temperature series, we chose to use the calculated δ18O/T slope (1.61 ± 0.22‰/°C) for
the temperature reconstruction.

4.2. Middle to Late Holocene Warming

The reconstructed temperature record shows a long‐term warming trend during the middle to late Holocene
(~7–2 ka BP) (Figure 2a). In order to explain this warming, we examined a variety of climate forcings against
the Chongce record, including orbitally driven insolation, atmospheric greenhouse gases (GHGs), solar
activity (total solar irradiance), and volcanic eruptions. It seems that the middle to late Holocene warming

Table 1
Correlation Coefficients and Slopes Between Chongce δ18O and Mean Annual, Cold (DJFMAM), and Warm (JJASON) Season Temperatures at Meteorological
Stations Surrounding Chongce

Station
Latitude
(°N)

Longitude
(E°)

Altitude
(m)

Correlation coefficient Slope (‰/°C)
Period
(CE)Annual DJFMAM JJASON Annual DJFMAM JJASON

Hetian 37.133 79.933 1375.0 0.265* (0.585**) 0.198 (0.520**) 0.307* (0.557**) 1.31 1.16 1.19 1954–2012
Minfeng 37.067 82.717 1409.5 0.371 **(0.651**) 0.240 (0.598**) 0.378** (0.650**) 1.49 1.40 1.41 1957–2012
Shiquanhe 32.500 80.083 4278.6 0.427** (0.756**) 0.303* (0.673**) 0.502** (0.811**) 1.63 1.34 1.83 1961–2012
Yutian 36.850 81.650 1422.0 0.248 (0.422**) 0.163 (0.480**) 0.205 (0.226) 1.54 1.52 0.75 1956–2012
Pishan 37.617 78.283 1375.4 0.374** (0.663**) 0.180 (0.487**) 0.443** (0.718**) 1.93 1.35 1.93 1959–2012
Qiemo 38.150 85.550 1247.2 0.266* (0.618**) 0.163 (0.579**) 0.325* (0.598**) 1.78 1.63 1.60 1954–2012
Mean — — — — — — 1.61 ± 0.22 1.40 ± 0.16 1.45 ± 0.44 —

Note. Numbers in brackets are correlation coefficients for 5‐year running average. The slope between the Chongce δ18O and temperature at each station is cal-
culated using the 5‐year running averages considering the Chongce ice core dating uncertainty (±1 year) during the recent decades (1953–2012) (An et al., 2016).
*Correlation is significant at the 0.05 level (p < 0.05). **Correlation is significant at the 0.01 level (p < 0.01).
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trend at Chongce (Figure 2a) cannot be explained by the NHSI, which
shows a long‐term decreasing trend (Figure 2c), or solar activity
(Steinhilber et al., 2012; Figure 2e) and volcanic eruptions (Castellano
et al., 2005; Kobashi et al., 2017; Figure 2f), which do not show any
significant trends. The warming, on the other hand, is consistent with
the rising Northern Hemisphere winter insolation (NHWI) (Laskar
et al., 2004; Figure 2c) and the increase of radiative forcing from GHGs
(Joos & Spahni, 2008; Figure 2d). Incorporating these climate forcings
(except the solar activity and volcanic eruptions), the transient climate
model CCSM3 (Carlson et al., 2012; Liu et al., 2009) also simulated a
warming trend in mean annual temperature at Chongce (Figure 2g).
Therefore, the middle to late Holocene warming at Chongce was
likely forced by increasing NHWI and GHGs. However, the extratropical
(30–90°N) Northern Hemisphere (Chongce within this region) tempera-
ture reconstruction shows an overall cooling trend during the middle to
late Holocene (Marcott et al., 2013; Figure 2b). It is likely that these
reconstructions have summer biases (e.g., the marine records from the
northern Atlantic Ocean), and the resulting temperatures are more influ-
enced by the NHSI (Figure 2c). This result seems to imply summer cooling
caused by decreasing NHSI more than offset the warming effect of GHGs
during the middle to late Holocene. Therefore, the middle to late
Holocene warming at Chongce is likely driven primarily by the rising
NHWI. This inference also suggests that the Chongce ice core δ18O record
could have a slight winter bias. This is supported by the significant
positive correlations between the Chongce δ18O record and the winter
half‐year (DJFMAM) temperatures at meteorological stations (Table 1
and Figure S4). Based on the monthly precipitation data of 2001–2013
extracted from the High Asia Refined Reanalysis (HAR) (Maussion
et al., 2014), for the most part of northwestern TP, more than 60% of
precipitation occurs in the winter half‐year (DJFMAM) (Figure 3a), with
less than 40% of precipitation in the summer half‐year (JJASON)
(Figure 3b). Monthly precipitation data at Chongce extracted from the
HAR (Figure S6a) show 59% of precipitation falls in the winter half‐year
and 41% in the summer half‐year. In addition, seasonal snow accumula-
tion can be inferred from the δ18O cycles (low values in winter and high
values in summer) recorded in Core 3 (Figure S6b). The result suggests
56% of snow falls in the winter half‐year and 44% in the summer half‐
year, assuming a constant snow density over a year. This winter
precipitation regime in the northwestern TP results from the eastward
propagating midlatitude cyclones from the Mediterranean region called
the Western Disturbances (WDs), and the moisture carried by the WDs
is intercepted by the high terrains and condensed over the northwestern
TP (Liu et al., 2017; Pang et al., 2014; Syed et al., 2006). Therefore, the win-
ter precipitation regime at Chongce supports the slight winter bias of the
Chongce ice core δ18O record.

The warming trend during 7–2 ka BP recorded in the Chongce record
(Figures 2a and 4a) is also observed in some of the Holocene temperature
reconstructions, including the mean annual temperature record based on
pollen data from North America and Europe (Marsicek et al., 2018;
Figure 4b); the speleothem δ18O record of the Kinderlinskaya Cave in
the southern Ural Mountains, which is biased toward winter temperature
because the epikarst is rechargedbywinter precipitation (Baker et al., 2017;
Figure 4c); the ice wedge δ18O record from the Lena River Delta in the

Figure 2. Temperature reconstructions, climate forcing, and temperature
simulation for the past eight millennia: The Chongce δ18O and its
reconstructed temperature anomaly relative to the Holocene mean (thick
blue line indicates 50‐year means, and the gray dashed lines represent the
mean values over the whole period and the period of 1981–2010 CE
respectively) (a); the extratropical Northern Hemisphere (30–90°N)
reconstructed temperature anomaly relative to 1961–1990 CE mean
(Marcott et al., 2013) (b); mean insolation at 35°N for January (red) and July
(blue) (Laskar et al., 2004) (c); greenhouse gas radiative forcing (Joos &
Spahni, 2008) (d); solar forcing (Steinhilber et al., 2012) (e); volcanic activity
(derived from Greenland GISP2 record (blue) and Antarctic Dome C
record (red)) (Castellano et al., 2005; Kobashi et al., 2017) (f); temperature
anomaly (30‐year running means) at Chongce relative to the mean
over the past eight millennia simulated by CCSM3 climate model (g).
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Siberian Arctic, which is considered as a winter temperature proxy because the ice wedge is formed when
thermal contraction cracks open in winter and spring snowmelt fills and refreezes the cracks (Meyer
et al., 2015; Figure 4d); the peat brGDGTs‐based mean annual temperature reconstruction from an alpine
Sahara sand wetland in the southern Altai Mountains (Wu et al., 2020; Figure 4e); and the Holocene
stalagmite δ18O record from Kesang Cave in the western Tianshan Mountains (Cheng et al., 2012;
Figure 4f), which is considered an indicator of temperature rather than moisture (Rao et al., 2019). A
similar increasing trend is also observed for the middle to late Holocene in the δ18O records of Dunde ice
core from the northeastern TP (Thompson et al., 2005; Figure 4g), Puruogangri ice core from the central
TP from ~6.5 to ~4.0 ka BP (Thompson et al., 2006; Figure 4h), and the Grigoriev ice core from the western
Tianshan Mountains (Takeuchi et al., 2014; Figure 4i). In addition, the Chongce δ18O record also
resembles the speleothem δ18O records from caves at the upwind locations from the study area in the
westerlies zone, including the Ton Cave (Cheng et al., 2016; Figure 4j), the Soreq Cave (Bar‐Matthews
et al., 2003; Figure 4k), the Sofular Cave (Göktürk et al., 2011; Figure 4l), and the Poleva Cave (Constantin
et al., 2007; Figure 4m). These speleothem δ18O records should also have a winter bias because the
majority of precipitation occurs during the winter half‐year. Although these upwind speleothem δ18O
records are not necessarily strict wintertime temperature proxies, their similarity to the Chongce δ18O
record indicates that they are likely controlled by temperatures through the common atmospheric

Figure 3. Seasonal precipitation regimes on the northwestern Tibetan Plateau. Percentage of annual precipitation for the
winter half‐year (DJFMAM) (a) and summer half‐year (JJASON) (b), calculated from the High Asia Refined analysis
dataset (2001–2013 CE) with spatial resolution 10 km (Maussion et al., 2014). The black dot indicates the Chongce ice
core site.
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circulation, that is, the westerlies. The results seem to indicate that the Holocene warming trend, likely
mainly ascribed to winter warming, is regionally coherent over much of the westerlies‐dominated
continental Eurasia.

Figure 4. Records showing warming during the middle to late Holocene: Temperature anomaly (50‐year means)
reconstructed by the Chongce δ18O record relative to the Holocene mean (a); mean annual temperature
reconstruction for North America and Europe relative to the mean of 1,450–1950 CE (Marsicek et al., 2018) (b); spe-
leothem δ18O from Kinderlinskaya Cave (Baker et al., 2017) (c); ice wedge δ18O from Lena River Delta (Meyer
et al., 2015) (d); peat brGDGTs mean annual temperature reconstruction from Sahara sand wetland (Wu et al., 2020) (e);
speleothem δ18O from Kesang Cave (Cheng et al., 2012) (f); ice core δ18O records from Dunde ice cap (Thompson
et al., 2005) (g), Puruogangri ice cap (Thompson et al., 2006) (h), and Grigoriev ice cap (Takeuchi et al., 2014) (i); spe-
leothem δ18O records from Ton Cave (Cheng et al., 2016) (j), Soreq Cave (Bar‐Matthews et al., 2003) (k), Sofular Cave
(Göktürk et al., 2011) (l), and Poleva Cave (Constantin et al., 2007) (m); Guliya ice core δ18O record (Thompson
et al., 1997) (n); the GDGT reconstruction of mean annual temperature from Habahe peat core (Zhang, Yang, et al., 2018)
(o); and a synthesis temperature index reconstructed by a compilation of pollen records from the Altai Mountains and
surrounding regions (Zhang & Feng, 2018) (p).
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In contrast to the significant middle to late Holocene warming trend at Chongce, several temperature recon-
structions from the northwestern TP and its surroundings show a different trend over the same period. For
example, the nearby Guliya ice core δ18O record, ~30 km from Chongce, shows a cooling trend from the
mid‐Holocene to ~3 ka BP (Thompson et al., 1997; Figure 4n). The GDGT reconstruction of mean annual
temperature from Habahe peat core from Altai Mountains exhibits a long‐term cooling trend since ~7 ka
BP (Tang, 2014; Zhang, Yang, et al., 2018; Figure 4o). The synthesis temperature reconstruction by pollen
records from the Altai Mountains and surrounding regions shows a cooling trend since the mid‐Holocene
(Zhang & Feng, 2018; Figures 4p). Apart from the Guliya ice core, other records are largely based on biolo-
gical proxies. It has been shown that many biological archives of palaeoclimate (e.g., tree ring, pollen, and
alkenone) have summer biases because they are more sensitive toward growing season temperatures
(Christiansen & Ljungqvist, 2017; PAGES 2k Consortium, 2017; Rehfeld et al., 2016). The cooling trend in
these proxies is likely linked to decreasing NHSI (Liu et al., 2014; Figure 2c). With respect to the nearby
Guliya ice core, Hou et al. (2019) recently suggest that the apparent discrepancy between the Holocene
δ18O records of the Guliya and the Chongce ice cores may be attributed to a possible misinterpretation of
the Guliya ice core chronology, that is, an overestimation of age.

4.3. Abrupt Cooling at ~1.8 ka BP

The reconstructed temperature record shows an abrupt cooling at ~1.8 ka BP (Figure 2a). This rapid shift to
colder conditions was unlikely driven by the gradually decreasing NHSI (Figure 2c). Instead, at ~1.8 ka BP,
there seemed to be a slight decrease in the solar activity (Figure 2e) and an increase in the volcanic activity
(Figure 2f; Castellano et al., 2004, 2005; Kurbatov et al., 2006). Therefore, the observed abrupt cooling at
~1.8 ka BP could be driven by these negative forcings.

The large drop in the Chongce δ18O record, however, may not be completely attributed to temperature
change. Instead, it could be affected by other changes that might be triggered by the initial temperature
decrease at ~1.8 ka BP driven by solar and volcanic activities. For example, the cooler conditions could have
initiated a southward shift in the westerlies caused by the onset of the negative phase of the NAO, which
could in turn have led to changes in moisture source for Chongce. Previous studies showed that moisture
source changes associated with the NAO activity have a strong impact on precipitation δ18O in the
westerlies‐dominated region (Baker et al., 2017; Liu et al., 2015). Moreover, the temperature drop at
~1.8 ka BP could lead to an increase in winter precipitation, resulting in the abrupt drop of the δ18O record
at Chongce. Therefore, the possible shift of moisture source to northern locations and/or precipitation
seasonality toward winter could partly account for the abrupt drop of the δ18O record at Chongce around
1.8 ka BP.

The abrupt cooling at ~1.8 ka BP in the Chongce record was not observed in other records presented in
Figure 4. It is possible that this abrupt cooling was a regional phenomenon that only occurred in the high
northwestern TP. The high elevation of Chongce ice core (>6,000 m a.s.l.) makes it more sensitive to climate
forcings such as the increase of volcanic eruptions and the weak solar activity at ~1.8 ka BP because of the
high‐elevation amplification (Mountain Research Initiative EDWWorking Group, 2015; Wang et al., 2014).
On the other hand, the response at lower elevations (most records in Figure 4 are located at lower than
4,000 m a.s.l.) was probably weaker to the same climate forcings. In addition, the weather systems respon-
sible for precipitation in the high northwestern TP are mostly westerly upper‐tropospheric synoptic‐scale
low‐pressure systems. Snowstorms generally occur only when the low‐pressure disturbances are locked by
high terrains (Lang & Barros, 2004; Liu et al., 2017; Pang et al., 2014; Syed et al., 2006). Therefore, precipita-
tion mechanism and seasonality at the high elevation (e.g., Chongce) could be different from those at lower
elevations. Such differences could be another reason why the abrupt cooling at ~1.8 ka BP was not observed
in the records from the lower elevations.

Given the importance of understanding rapid climate change, we need to further corroborate the abrupt
cooling at ~1.8 ka BP observed in the Chongce record and examine its potential causes. This requires addi-
tional high‐resolution climate reconstructions on the high northwestern TP and its surroundings.

4.4. Cool Period Over the Past Two Millennia Before the Industrial‐Era Warming

The reconstructed temperature record shows an abrupt decrease at ~1.8 ka BP and remained in a relatively
cool condition until the start of the industrial‐era warming around the midnineteenth century (Figures 2a,
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4a, and 5a). Most previous hemisphere/global temperature reconstructions show a gradual cooling trend
over the past two millennia (2k) until the nineteenth century when the industrial‐era warming started.
Such examples include the temperature reconstruction for the extratropical Northern Hemisphere
(Ljungqvist, 2010; Figure 5b), the Northern Hemisphere temperature reconstruction (Moberg et al., 2005;
Mann et al., 2008; Figures 5c and 5d), and the global temperature reconstruction (PAGES 2k
Consortium, 2013; Figure 5e). Such cool conditions in Chongce record as well as other reconstructions
over the past 2k could be a response to the negative forcings of volcanic activity (Sigl et al., 2015;
Figure 5f) and solar irradiance (Steinhilber et al., 2012; Figure 5g). However, in contrast to a
gradual cooling trend in most other reconstructions, the Chongce temperature record remains relatively
stable after the initial drop (Figure 5a). The difference could be attributed to the seasonal biases of

Figure 5. Temperature reconstructions and climate forcings over the Common Era: temperature anomaly (30‐year
means) reconstructed by the Chongce δ18O record (a); the extratropical Northern Hemisphere temperature anomaly
(Ljungqvist, 2010) (b); the Northern Hemisphere temperature reconstructions of Moberg et al. (2005) (c) and Mann
et al. (2008) (d); the global temperature reconstruction (PAGES 2k Consortium, 2013) (e); the volcanic forcing (Sigl
et al., 2015) (f); and solar forcing (Steinhilber et al., 2012) (g). All temperature anomalies are relative to the mean of
1961–1990 CE.
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past temperature reconstructions, as many proxy records with summer biases (e.g., tree ring, pollen,
and alkenone) were used in the previous hemisphere/global temperature reconstructions (e.g.,
Ljungqvist, 2010; Mann et al., 2008; Moberg et al., 2005; PAGES 2k Consortium, 2013). Therefore, the
decreasing summer insolation during the past 2k (Figure 2c) could partly account for the observed gradual
cooling in these reconstructions. Since the Chongce record has a slight winter bias, the general cooling
effects of volcanic and solar activities could be partly counteracted by the warming effect of increasing winter
insolation (Figure 2c), leading to relatively stable temperatures at Chongce during the past 2k. Our study
highlights the need for more proxy records with unambiguous climatological significance to further con-
strain the long‐term trend of hemisphere/global temperature reconstructions during the past 2k.

The decoupling of Chongce temperature from winter insolation and GHGs over the past 2k suggests that
temperature at high elevations could be highly sensitive to the negative forcings of volcanic activity and solar
irradiance, probably due to the strong positive feedback from snow and ice (Singh et al., 2015; Winter
et al., 2017). This decoupling is not observed or weak in other reconstructions at low elevations, such as
the speleothem and ice wedge δ18O records presented in Figure 4. This seems to suggest that the negative
forcings of volcanic and solar activities were weak at low elevations and could be masked by the forcings
of increasing winter insolation and GHGs during the past 2k (Figures 2c and 2d).

4.5. Industrial‐Era Warming in the Northwestern TP

The Chongce reconstruction shows that the present temperature (1981–2010 CE) is 1.45 ± 0.20°C warmer
than the preindustrial period (1851–1880 CE), which is higher than the concurrent average global tempera-
ture rise of ~0.85°C (Stocker et al., 2013). This is likely caused by the warming amplification with elevation
(Liu & Chen, 2000; Mountain Research Initiative EDW Working Group, 2015; Pepin & Lundquist, 2008).
The temperature in recent decades (1981–2010 CE) was almost the highest during the past 7 ka, with the
exception at ~3.1 ka BP (Figure 2a). Over the past 2k, where the Chongce record has sufficient resolution
for calculating decadal temperature (Figure S7), the 50s CE and 1450s CE are the only two decades with tem-
peratures comparable to recent temperatures. A few decades with anomalously high δ18O values before the
preindustrial period could result from changes in moisture source at Chongce rather than local temperature.
According to Baker et al. (2017), changes in moisture source has the strongest impact on precipitation δ18O
in the midlatitudes, when the midlatitude westerlies are strengthened by enhanced meridional pressure
gradient. They indicated that the enhanced westerly flow over the North Atlantic region results in a more
southerly moisture source and relatively high precipitation δ18O over the midlatitudes. Therefore, the anom-
alously warming in recent decades, forced by anthropogenic GHGs, are very likely unprecedented over the
past 7.0 ka BP in our reconstructed record.

5. Conclusions

In this study, we present a new high‐resolution δ18O‐based temperature records from the Chongce ice cores
to bedrock recovered from the northwestern TP, which were dated back to 7 ka BP using a recently estab-
lished AMS 14C dating technique. We found the Chongce ice core isotopic record has a slight winter bias
because of the winter precipitation regime in the northwestern TP caused by the westerlies. The recon-
structed temperature record at Chongce shows a significant middle to late Holocene warming, which
challenges the widely recognized Holocene reconstruction from the neighboring Guliya ice core δ18O record.
The Chongce temperature record shows an abrupt decrease at ~1.8 ka BP and remains relatively stable until
the start of the industrial‐era warming. It is different frommany previous temperature reconstructions, most
of which have summer biases and show a long‐term cooling trend over the past two millennia. Finally, our
record shows that temperature during the recent decades (1981–2010 CE) is almost the highest during the
past 7 ka BP, highlighting the unusual warming forced by anthropogenic GHGs.

Data Availability Statement

High Asia Refined analysis data set is provided by the Chair of Climatology, TU Berlin. The isotopic data
and temperature reconstructions at Chongce are available from National Tibetan Plateau Data Center
(at http://data.tpdc.ac.cn/en/data/d658445d‐c0a0‐4624‐8a56‐291e5a58a61f/).
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