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Abstract 21 

The Qinghai–Tibetan Plateau and Arctic both have an important influence on global climate, but 22 

the correlation between climate variations in these two regions remains unclear. Here we 23 

reconstructed and compared the summer temperature anomalies over the past 1120 years (AD 900–24 

2019) in the Qinghai–Tibetan Plateau and Arctic. The temperature correlation during the past 25 

millennium in these two regions has a distinct centennial variation caused by volcanic eruptions. 26 

Furthermore, the abrupt weak-to-strong transition in the temperature correlation during the 16th 27 

century could be analogous to this type of transition during the Modern Warm Period. The former 28 

was forced by volcanic eruptions, whilst the latter was controlled by changes in greenhouse gases. 29 

This implies that anthropogenic, as opposed to natural, forcing has acted to amplify the 30 

teleconnection between the Qinghai–Tibetan Plateau and Arctic during the Modern Warm Period. 31 

Keywords: Qinghai–Tibetan Plateau, Arctic, temperature correlation, volcanic eruption, centennial 32 

scale 33 
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1 Introduction 35 

The Qinghai–Tibetan Plateau (the third pole on Earth) and Arctic store more snow, ice, and 36 

glaciers than anywhere else in the Northern Hemisphere (Yao et al., 2012). They play a vital role 37 

in the ecological and environmental changes of the polar regions, and also impact other regions to 38 

varying degrees through atmospheric and oceanic circulations and the water cycle (Gao et al., 2019; 39 

Pithan and Mauritsen, 2014; Sévellec et al., 2017; Tao and Ding, 1981; Wu et al., 2012). Thus, the 40 

“two poles” in the Northern Hemisphere are typified by their multi-layer interaction with the global 41 

climate system (Li et al., 2020; Yao et al., 2019). 42 

The past millennium includes both the Modern Warm Period, which has been dominated by 43 

anthropogenic forcing, and the Medieval Warm Period and Little Ice Age, which were mostly 44 

controlled by natural forcing. It therefore provides an opportunity to understand the relative 45 

contribution of human and natural factors to the impact of the changing climate of the Qinghai–46 

Tibetan Plateau and Arctic. Previous studies focused mainly on individual temperature 47 

reconstructions in the Qinghai–Tibetan Plateau (Liang et al., 2008; Liu et al., 2009; Yang et al., 48 

2003) and Arctic (Kaufman et al., 2009; McKay and Kaufman, 2014; Shi et al., 2012) separately. 49 

Several studies have investigated the impact of the internal mode of Arctic climate variability (i.e., 50 

the North Atlantic Oscillation) on the climate of the Qinghai–Tibetan Plateau (Fang et al., 2010; 51 

Liang et al., 2008; Wang et al., 2013; Wang et al., 2003). However, few studies have considered 52 

the temperature relationship between these two cryosphere-dominated regions in the Northern 53 

Hemisphere. 54 

The two classifications that are used here are the climate index reconstruction and climate 55 

field reconstruction (Christiansen and Ljungqvist, 2017; Shi et al., 2017b). The polar temperature 56 

index reconstruction uses ice core records obtained from an ice sheet or a high mountain glacier. 57 



The oxygen isotope variations of four ice cores in the Qinghai–Tibetan Plateau (the Puruogangri, 58 

Guliya, Dasuopu, and Dunde ice cores) distinctly characterize the temperature change there over 59 

the past millennium (Thompson et al., 2006; Yao et al., 2007). International programs such as the 60 

Greenland Ice Core Project (GRIP) in the Arctic region provide key materials for analyzing Arctic 61 

temperature variations over the past 2000 years (Greenland-Ice-core-Project-(GRIP)-Members, 62 

1993). As the physical meaning of the oxygen isotopes in different areas is not always clear (Cheng 63 

et al., 2016; Clemens et al., 2018; Liu et al., 2017), other proxy records, such as tree rings, which 64 

provide additional independent evidence, help to identify the real temperature variations in polar 65 

regions. Pioneering research in the early 21st century has reconstructed the temperature variations 66 

on the Qinghai–Tibetan Plateau from the past two millennia based on 16 multi-proxy records (Yang 67 

et al., 2003). Further proxy records, developed with rigorous data quality control measures, 68 

reconstructed regional temperature variations in China, including the Qinghai–Tibetan Plateau (Ge 69 

et al., 2010). In the Arctic, 21 multi-proxy records were used to composite Arctic summer 70 

temperature variations over the past two millennia with decadal resolution (Kaufman et al., 2009). 71 

With the updates of Shi et al. (2012) and McKay and Kaufman (2014), we use the improved 72 

temperature index with annual resolution in our work.  73 

The climate field reconstruction estimates past climate patterns from before the instrumental 74 

period using climate proxies and homogenization methods (Mann et al., 1998; Neukom et al., 75 

2019b; Riedwyl et al., 2009). The gridded climate field reconstruction in the Arctic has been 76 

released recently (Werner et al., 2018), and there has been great progress in the integration and 77 

assimilation of global temperature field reconstructions, along with the publication of the Past 78 

Global Changes project (PAGES) 2k dataset (Neukom et al., 2019b; Tardif et al., 2019). The Asia 79 

2k regional group, as part of the PAGES2k Network, agreed to independently produce two gridded 80 



reconstructions of East Asian summer temperatures from the past millennium using two 81 

approaches (Sano et al., 2012): one based on tree ring data (Cook et al., 2013) and the other based 82 

on multi-proxy records (Shi et al., 2015). The tree ring reconstruction utilizes multiple high-quality 83 

tree ring width chronologies in the Qinghai–Tibetan Plateau, developed by Edward R. Cook’s team 84 

and Xuemei Shao’s team. These were not included in the multi-proxy reconstruction. On the other 85 

hand, some tree ring chronologies in the Qinghai–Tibetan Plateau developed by Bao Yang’s team, 86 

along with some other types of proxy records (Wang et al., 2007), were not used in the tree ring 87 

reconstruction, but were used in the multi-proxy reconstruction. The reconstructions of Cook et al. 88 

(2013) and Shi et al. (2015) were conducted independently and integrating these two 89 

reconstructions can provide better information about temperature changes in East Asia. 90 

In this study, based on existing temperature reconstructions, we compare the summer 91 

temperature variations in the Arctic and Qinghai–Tibetan Plateau over the past millennium. We 92 

then analyze the correlation between these over different timescales and explore the physical 93 

mechanisms responsible for the variations. 94 

 95 

2 Data and Methods 96 

 2.1 Data 97 

High data quality was ensured in our study as follows: (1) the resolution of the reconstruction 98 

is on an annual scale, which facilitates the subsequent analysis of the temperature lead-lag 99 

relationship; (2) the gridded climate reconstruction was prioritized, since homogenization can 100 

effectively remove the inherent non-climatic errors of single-proxy records (e.g., the low-101 

frequency trend in one tree ring record is usually indistinguishable because of the mitigating effects 102 

of tree age bias). 103 



We utilized 12 datasets covering the period AD 900–1999, including two summer temperature 104 

gridded datasets from the Qinghai–Tibetan Plateau (Cook et al., 2013; Shi et al., 2015), two 105 

summer temperature series from the Arctic (McKay and Kaufman, 2014; Shi et al., 2012), a 106 

summer temperature gridded dataset from the Arctic (Werner et al., 2018), six global gridded 107 

annual temperature reconstruction datasets (Neukom et al., 2019b), and a last millennium 108 

reanalysis dataset with seasonal resolution (Tardif et al., 2019). 109 

Comparison of the summer temperature reconstructions in the Qinghai–Tibetan Plateau and 110 

Arctic over the past millennium (AD 900–2000) (Fig. S1) shows that the temperature anomalies 111 

in the two regions both have a visibly increasing trend over the last century, and that the 112 

consistency of the Arctic summer temperature series is better than that of the Qinghai–Tibetan 113 

Plateau. However, there are still distinct differences in phase, magnitude, and amplitude between 114 

different reconstructions for the same region. Thus, a combination of various reconstructions is 115 

needed to mitigate their distinct regional coverage. 116 

The summer temperature anomalies (with respect to AD 1961–1990) from the CRUTEM4v 117 

temperature dataset (Jones et al., 2012) during the period AD 1880–2019 was taken as the 118 

reconstruction target. The difference among the instrumental datasets during the instrumental 119 

period was ignored, since it is not the main factor affecting the uncertainty of the reconstruction 120 

record. 121 

The Community Earth System Model Last Millennium Ensemble (CESM-LME) experiments 122 

(Otto-Bliesner et al., 2016) and LOch–Vecode-Ecbilt-CLio-agIsm Model-Large Common Era 123 

Ensemble (LOVECLIM-LCE) experiments were used to explore the mechanisms controlling the 124 

temperature correlation between the Qinghai–Tibetan Plateau and Arctic. The main forcings 125 

(including volcanic eruptions, greenhouse gases, and solar activity) used to drive the simulations 126 



are those recommended by the third phase of the Paleoclimate Modelling Intercomparison Project 127 

(PMIP3) (Schmidt et al., 2012). There are 13 members in the CESM-LME simulation and 70 128 

members in the LOVECLIM-LCE simulation. 129 

The range of latitudes used to calculate the integrated temperature in the Arctic (60°N–90°N) 130 

is consistent with previous studies (Shi et al., 2012), whilst the area of the Qinghai–Tibetan Plateau 131 

(27°N–36°N, 77°E–106°E) is defined with regard to distinctive climatic and geographical 132 

characteristics (Zhou et al., 2014). The average regional temperature series were calculated as the 133 

latitude-weighted averages of the global gridded temperature data according to the above ranges. 134 

 135 

2.2 Optimal information extraction method 136 

The optimal information extraction (OIE) method is a variant of the composite-plus-scale 137 

method (Bradley and Jones, 1993), which is based on the ensemble-local method (Christiansen, 138 

2011; Shi et al., 2012), generalized likelihood uncertainty estimation method (Wang et al., 2017), 139 

and ensemble reconstructions (Neukom et al., 2014). 140 

We used the OIE version 2.0 method (Neukom et al., 2019a) to reconstruct the summer 141 

temperatures in the Qinghai–Tibetan Plateau and Arctic. The reconstructions shown in Fig. S1 142 

have a high correlation because of the same target and similar dataset (i.e., the six global 143 

reconstructions were derived from the same proxy dataset; (Neukom et al., 2019b). Thus, elastic 144 

net regularization is introduced to deal with multi-co-linearity in the OIE method. Elastic net 145 

regularization is a convex combination of ridge and Lasso regressions that penalizes the sum of 146 

the squared coefficients and sum of the absolute values of the regression coefficients. This method 147 

is designed to improve the simple linear regression model and reduce over-fitting via 10-fold cross-148 

validation (Zou and Hastie, 2005). Random labeled predictor variables during the different 149 

calibration periods were also applied as recommended by McShane and Wyner (2011), because 150 



the different calibration periods have substantial influence on the regression model. The high 151 

correlation between the instrumental and reconstructed temperatures in Fig. S2 shows the robust 152 

performance of our reconstruction, as verified through a random 10-fold cross-validation. 153 

 154 

2.3 Data assimilation method 155 

Data assimilation for paleoclimate combines proxy climate records and the underlying 156 

dynamical principles from climate models to develop mechanistically consistent estimates of 157 

paleoclimate variations (Evans et al., 2017). Two approaches (off-line and on-line methods) have 158 

previously been applied in paleoclimate data assimilation (Goosse et al., 2012). The difference 159 

between these methods is whether the climate model propagates the proxy information forward in 160 

time or not (Matsikaris et al., 2015).  161 

In this study, an off-line approach is used to assimilate the temperature data in the two regions 162 

under consideration. The weighted-mean of the covariance between the model simulation and the 163 

proxy reconstruction is calculated by: 164 

𝑤𝑖,𝑗
′ = 1

(𝑥1𝑖,𝑗−𝑦1𝑗)
2
−(𝑥2𝑖,𝑗−𝑦2𝑗)

2  (1) 165 

where the term 𝑥1𝑖.𝑗 is the simulated temperature in the Qinghai–Tibetan Plateau for ensemble 166 

member 𝑖 in the year 𝑗, and the term 𝑦1𝑗 is the reconstructed temperature in the Qinghai–Tibetan 167 

Plateau in the year 𝑗. The terms 𝑥2𝑖,𝑗 and 𝑦2𝑗 are the corresponding temperatures in the Arctic. 168 

The term 𝑤𝑖,𝑗
′  is the weight of the simulated temperature for ensemble member 𝑖 in the year 𝑗. The 169 

weights are non-negative, at most one, and sum up to one. Thus, the weight is revised according 170 

to formula (2),  171 

𝑤𝑖,𝑗 =
𝑤𝑖,𝑗
′

∑ 𝑤𝑖,𝑗
′𝑛

𝑖=1
             (2) 172 



where the term 𝑤𝑖,𝑗 is the final weight for ensemble member 𝑖 in the year 𝑗, and 𝑛 is the number 173 

of ensemble members; 𝑛 = 13 for the CESM-LME experiments (Otto-Bliesner et al., 2016) and 174 

𝑛 = 70 for the LOVECLIM-LCE experiments. 175 

2.4 Ensemble empirical mode decomposition method 176 

The ensemble empirical mode decomposition (EEMD) method (Wu and Huang, 2009) was 177 

used to decompose the original signal into different modes of temporal variability. The ratio of the 178 

standard deviation of the added white noise to the original signal. is set to 0.3, and the number of 179 

ensemble members is set to 1000, following (Qian, 2016). Two noise amplitudes (0.2 and 0.3) 180 

were used to assess the decomposition performance; we found the differences to be minor. The 181 

large ensemble approach means the method is largely invariant to moderate levels of added noise 182 

(Qian, 2016). The classification of the different modes of temporal variability was made following 183 

previous studies (Mann et al., 1995; Shi et al., 2017a). 184 

 185 

3 Results 186 

The reconstructed summer temperature anomalies during the period (900–2019 CE) in the 187 

Qinghai–Tibetan Plateau and Arctic are shown in Figs 1a and S3. The correlation coefficient 188 

between the reconstructed temperatures in the two regions over the past 1120 years is 0.57. The 189 

mean temperature over the most recent 100 years (1920–2019 CE) in these two regions is larger 190 

than in other periods, which indicates that the Modern Warm Period is unprecedented within the 191 

last millennium (Fig. 1b). The temperature difference between the two regions is very small during 192 

the Medieval Warm Period, reaches a maximum during the Little Ice Age, and then decreases to a 193 

minimum during the Modern Warm Period (Fig. 1b). The temperature correlation between the two 194 

regions exhibits an obvious centennial variation during the period (900–2019 CE) (Fig. 1c). A 195 



prominent feature is that an abrupt transition from a weak to a strong temperature correlation 196 

during the 16th century is similar to that occurring during the 20th century. This is supported by 197 

independent evidence from the summer temperature in Europe (Luterbacher et al., 2016) (Fig. S4), 198 

where the correlation with the Arctic temperature also shows an abrupt weak-to-strong transition 199 

around the 16th century, indicating that volcanic eruptions at that time had a widespread influence. 200 

The various modes of temporal variability in the two regions are shown in Fig. 2, obtained 201 

using the EEMD method. The correlation and variance of these modes increase from interannual 202 

to multi-decadal scales (Fig. 2a–c). The most significant correlation occurs on a centennial scale 203 

(Fig. 2d) except for the trend correlation in Fig. 2e. The long-term temperature trend in these two 204 

regions gradually decreases from the Medieval Warm Period to the Little Ice Age, and then 205 

gradually increases to the Modern Warm Period (Fig. 2e), which is in line with the overall variation 206 

of the temperature in the Northern Hemisphere (Shi et al., 2013). However, one marked and 207 

dominant difference between the regions is that the temperature decrease during the Little Ice Age 208 

is substantially bigger in the Arctic than in the Qinghai–Tibetan Plateau (Fig. 2e).  209 

The lead-lag relationship of the summer temperature variability in the two regions over 210 

different timescales is shown in Fig. 3. The interdecadal and multi-decadal components of the 211 

summer temperature variation in the Arctic lead that of the Qinghai–Tibetan Plateau by 3 years 212 

and 1 year, respectively (Fig. 3c–d). The raw data and other modes of variability in Figs. 3a, b, and 213 

e all show a clear contemporaneous correlation. These results imply that the interaction mechanism 214 

is one that occurs on quasi-biennial and multi-decadal timescales, and needs to be further explored. 215 

 216 

4 Discussion 217 

To understand the mechanism controlling the temperature correlation in these two regions, a 218 



simple data assimilation method was used to incorporate the CESM and LOVECLIM simulations 219 

(Figs S5–S6). The proxy-based temperature reconstructions compare well with those obtained 220 

through data assimilation. The correlation coefficient between the proxy-reconstructed and CESM 221 

data assimilation-based temperatures in the Qinghai–Tibetan Plateau over the period (900–2005 222 

CE) is 0.60 in Fig. S5a, whereas the value is 0.21 for the correlation between the proxy-223 

reconstructed temperature and ensemble mean temperature of the CESM-LME simulations (Figure 224 

not shown). Correspondingly, the same correlation coefficient but for the Arctic is improved from 225 

0.43 to 0.72 during the period (900–2000 CE). Comparing the proxy-reconstructed and data 226 

assimilation-based temperatures in the Qinghai–Tibetan Plateau (Fig. S5a) and Arctic (Fig. S5b), 227 

the temperature response to volcanic eruptions is more significant in the assimilation than in the 228 

reconstruction (e.g., the volcanic eruption in 1258 CE). The 100-year moving correlation between 229 

the data assimilation-based temperatures in the two regions is broadly consistent with that of the 230 

reconstructed temperatures, except for some high levels (e.g., the correlation coefficient between 231 

the data assimilation-based temperatures in the two regions is at a high level around 1258 CE; Fig. 232 

S5c). This suggests the influence of volcanic activity on the temperature correlation between the 233 

two regions may be important. 234 

The LOVECLIM data assimilation-based results are highly consistent with those from the 235 

CESM (Fig. S6), indicating that the result does not strongly depend on which of the two climate 236 

models is used for data assimilation. There is greater consistency between the proxy-reconstructed 237 

and data assimilation-based temperatures from the LOVECLIM simulations than from the CESM 238 

simulations. The correlation coefficient between the proxy-reconstructed and data assimilation-239 

based temperatures in the Qinghai–Tibetan Plateau is 0.69, whereas the value is 0.25 for the 240 

correlation between the reconstructed temperature and the ensemble mean temperature of the 241 



LOVECLIM-LCE simulations, and in the Arctic the same correlation coefficient is improved from 242 

0.41 to 0.84. Compared with the results of the FESM-LME results in Fig. S5, the 70-member 243 

LOVECLIM-LCE simulation performs better than the 13-member CESM-LME simulation. It also 244 

means that the identification of a mechanism to explain the temperature correlation between the 245 

two regions can be investigated just as well using the data assimilation-based reconstructions as 246 

the proxy reconstructions. 247 

The 100-year variance of volcanic eruptions in the Northern Hemisphere and the 100-year 248 

variance of global CO2 concentrations were used to explore their link with the temperature 249 

correlation between the Qinghai–Tibetan Plateau and Arctic. The variance of volcanic eruptions 250 

over the past millennium (Fig. 4c) has a high correlation with both the data assimilation-based 251 

temperature reconstructions of the CESM-LME (Fig. 4a) simulation and the LOVECLIM-LCE 252 

simulation (Fig. 4b) data assimilation-based temperature correlation between the two regions.  253 

While the two quick transitions from a weak to a strong correlation during the 11th and 16th 254 

centuries appears to be primarily attributable to volcanic eruptions (as radiative forcing in the form 255 

of an equivalent Total Solar Irradiance) (Fig. 4c), the rapid transition in the Modern Warm Period 256 

is more linked to the 100-year variance of the global CO2 concentration (Fig. 4d). The inter-257 

regional correlations, as part of the hemispheric mean signal, are likely stronger when the forcing 258 

itself is stronger, but it is difficult to quantify the relative contributions of various local feedbacks 259 

and influence of internal variability on the amplitude of the signal. 260 

Figures 5 and 6 compare the data assimilation-based temperature reconstruction from the 261 

CESM with the temperature simulated in the CESM-LME single- and full-forcing experiments in 262 

the Qinghai–Tibetan Plateau and Arctic, respectively. The temperature variability in the full-263 

forcing experiment is dominated by volcanic forcing, with the correlation coefficient between the 264 



full-forcing experiment and volcanic single-forcing experiment being 0.83 for the Qinghai–265 

Tibetan Plateau and 0.69 for the Arctic (Figure not shown). However, when considering the data 266 

assimilation-based reconstruction, greenhouse gas forcing is the dominant factor, with the 267 

correlation coefficient between the data assimilation-based reconstruction and greenhouse gas 268 

single-forcing experiment being 0.47 for the Qinghai–Tibetan Plateau and 0.49 for the Arctic (Figs 269 

5–6). The influence of solar activity is significant, but is less important than the volcanic activity 270 

and greenhouse gases, with the correlation coefficient between the data assimilation-based 271 

reconstruction and solar single-forcing experiment being smaller than the above two factors. Land 272 

change and orbital forcing are not important, as indicated by their small correlation coefficients 273 

with the proxy-based reconstruction. The correlations of the CESM-LME single-forcing 274 

experiments with the full-forcing experiments and data-assimilation-based reconstructions both 275 

indicate that volcanic forcing has directly modulated the temperature variability in the Qinghai–276 

Tibetan Plateau and Arctic over the last millennium. 277 

 278 

5 Conclusions 279 

The summer temperature variations in the Qinghai–Tibetan Plateau and Arctic during the 280 

period (900–2019 CE) were compared using the OIE method, based on previous regional and 281 

global reconstructed datasets. The reconstructed results show that the summer temperatures in the 282 

Qinghai–Tibetan Plateau and Arctic during the Modern Warm Period (1920–2019 CE) are 283 

unprecedented in the last 1120 years (900–2019 CE), highlighting how greenhouse gas emissions 284 

have amplified warming in the Arctic and on elevated plateaus. Compared with the temperature 285 

anomalies in the Qinghai–Tibetan Plateau, there is more significant cooling in the Arctic region 286 

during the Little Ice Age, and somewhat colder temperatures during the Medieval Warm Period. 287 



The simulations fail to reproduce the warming during the Medieval Warm Period and the cooling 288 

during the Little Ice Age shown in the proxy-based temperature reconstructions. 289 

In the past millennium, the correlation between summer temperatures in the Qinghai–Tibetan 290 

Plateau and Arctic has varied on a centennial timescale, which appears to be related to the 291 

centennial variations in volcanic forcing. The simulated temperature variations exhibit a high 292 

sensitivity to volcanic activity. Furthermore, the abrupt transition from a weak to a strong 293 

temperature correlation between these two regions in the Modern Warm Period is analogous to the 294 

weak-to-strong transition that occurred in the 16th century. The former was forced by changes in 295 

greenhouse gases, the latter was linked with the impact of volcanic eruptions. 296 

It was also found that the summer temperatures in the Qinghai–Tibetan Plateau in the past 297 

millennium lag the Arctic summer temperature by three years on an interdecadal timescale and by 298 

one year on a multi-decadal timescale. The results of this work suggest that the teleconnection 299 

mechanism controlling the relationship between summer temperatures in the Qinghai–Tibetan 300 

Plateau and Arctic should be further investigated. 301 

 302 

 303 
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Figure captions 478 

 479 

Figure 1. Comparison of the composited summer temperature anomalies (unit: °C, with respect to 480 

1961–1990) over the period 900–2019 CE in the Qinghai–Tibetan Plateau (black line) and in the 481 

Arctic (red line). (a) The raw data, (b) 100-year moving average, where the dashed lines indicate 482 

the 100-year (1920–2019 CE) average temperatures, and (c) 100-year moving correlation of the 483 

proxy-based reconstructed temperatures (blue line). The blue shaded bars indicate transitions from 484 

a weak to a strong correlation.  485 

 486 

Figure 2. Comparison of temperature anomalies (unit: °C, with respect to 1961–1990) in the 487 

Qinghai–Tibetan Plateau and in the Arctic over the period (900–2019 CE) based on the EEMD 488 

method with their correlation coefficient (r). (a) The interannual, (b) interdecadal, (c) multi-489 

decadal, and (d) centennial components, and (e) long-term tendency.  490 

  491 

Figure 3. The lead-lag correlation of the composited summer temperature anomalies (with respect 492 

to 1961–1990) in the Qinghai–Tibetan Plateau and in the Arctic. (a) The raw data and (b) 493 

interannual, (c) interdecadal, (d) multi-decadal, and (e) centennial components. Negative (positive) 494 

lags mean that the temperature in the Qinghai–Tibetan Plateau lags (leads) that of the Arctic.  495 

 496 

Figure 4. The 100-year moving correlations of the temperature anomalies (with respect to 1961–497 

1990) in these two regions for the proxy-based reconstruction (blue line) and data assimilation 498 

(green line) temperatures using the (a) CESM-LME and (b) LOVECLIM-LCE simulations. The 499 

100-year variance of (c) volcanic eruptions (unit: W2/m4) in the Northern Hemisphere and (d) 500 



global CO2 concentrations (unit: ppm2). The blue shaded bars indicate the transitions from weak 501 

to strong temperature correlations. 502 

 503 

Figure 5. Comparison of the data assimilation-based temperature anomalies (unit: °C, with respect 504 

to 1961–1990, black lines) and the CESM-LME simulated temperature anomalies (unit: °C, with 505 

respect to 1961–1990, blue lines) using single-forcing and full-forcing in the Qinghai–Tibetan 506 

Plateau. Smoothing is applied with an 11-year running mean. The ‘r’ value is the correlation 507 

coefficient between the simulation and data assimilation during the period (855–2000 CE). 508 

 509 

Figure 6. Same as Fig. 5, but for the Arctic.  510 

 511 
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 28 

Fig. S1. Comparison of reconstructed temperature anomalies (unit: °C, with respect to 1961–29 

1990 CE) over the past millennium (900–2000 CE) in the (a) Qinghai–Tibetan Plateau and (b) 30 

Arctic based on different reconstructions.  31 
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 33 

 34 

 35 

Fig. S2. Comparison of the reconstructed and instrumental summer temperature anomalies (unit: 36 

°C, with respect to 1961–1990 CE) used in this study over the period 1880–1999 CE in the (a) 37 

Qinghai–Tibetan Plateau and (b) Arctic. The red and black lines are the instrumental and proxy 38 

reconstructed data, respectively, and their correlation (r) is shown in each panel.  39 
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 40 

Fig. S3. Comparison of the composited summer temperature anomalies (unit: °C, with respect to 41 

1961–1990 CE) over the period 900–2019 CE in the (a) Qinghai–Tibetan Plateau and (b) Arctic. 42 

The gray line is the uncertainty.  43 
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 44 

Figure S4. Comparison of the proxy reconstructed summer temperature anomalies (unit: °C, with 45 

respect to 1961–1990 CE) over the period AD 900–2003 in the Arctic (red line) and in Europe 46 

from Luterbacher et al. (2016) (black line). (a) The raw data, (b) 100-year moving average, where 47 

the dashed lines are the 100-year (AD 1920–2019) average temperatures, and (c) 100-year moving 48 

correlation of the proxy reconstructed temperatures. The blue shaded bars indicate the transitions 49 

from weak to strong temperature correlations. 50 
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 52 

Figure S5. Comparison of the proxy reconstructed (red line) and data assimilation-based (black 53 

line) summer temperature anomalies (unit: °C, with respect to 1961–1990 CE) using the CESM-54 

LME simulation in the (a) Qinghai–Tibetan Plateau and (b) Arctic. (c) Comparison of the data 55 

assimilation-based temperature anomalies using the CESM-LME simulation in the Qinghai–56 

Tibetan Plateau (black line) and Arctic (red line).  57 
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 60 

Figure S6. Same as Fig. S5, but using the LOVECLIM-LCE simulation for data assimilation. 61 
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