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Abstract 

Quantitative reconstruction of past climate plays an important role in understanding global and 

regional climate changes and validating climate models. Although some important progress has 

been made in quantitative paleoclimate reconstructions based on terrestrial records in the Indian 

summer monsoon region, high-resolution quantitative studies spanning the last ~20 ka are still 

relatively sparse with differing results. This study presents high-resolution quantitative variations 
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in mean temperature of the coldest month (MTCM, the first controlling factor of the regional 

vegetation), mean annual temperature (MAT, the second controlling factor), and mean annual 

precipitation (MAP) from Lake Tengchongqinghai in southwestern China, based on an updated 

modern pollen dataset and the fossil pollen record spanning the last 18.5 ka. The results show that 

temperature and precipitation increased gradually from 18.5 ka, and peaked from 7.2-4.5 ka when 

MAT was on average 1.0 °C higher than the modern observational value (14.5 °C), corresponding 

to the mid-Holocene climatic optimum, and then decreased gradually. The total reconstructed 

ranges are between -2.2 and 9.2 °C for MTCM, 7.7 and 17.2 °C for MAT, and 840 and 1300 mm 

for MAP. On top of this overall climate trend, seven abrupt cold and dry events were detected 

during the periods of 16.2-14.8 ka, 12.8-11.5 ka, ~11.1 ka, 9.1-8.4 ka, ~7.7 ka, 4.3-3.7 ka, and 

0.68-0.009 ka (1270-1950 CE). The results of this quantitative reconstruction were validated by 

both statistical and ecological evaluations. We conclude that the trend of climatic change since 

18.5 ka in this study area was primarily driven by June, July, August, and September solar 

insolation and changes in radiative forcing and greenhouse gas concentrations. The abrupt changes 

may be caused by changes in the Atlantic meridional overturning circulation, solar activity, the 

position of the Intertropical Convergence Zone, and volcanic activity. 

Keywords: Pollen; Quantitative reconstruction; Temperature and precipitation; Abrupt events; 

Indian summer monsoon; Since the last deglaciation; Southwestern China 

1. Introduction 

Quantitative paleoclimate reconstruction has always been the core goal of paleoclimatology 

research and drives paleoclimatology innovation. It plays an important role in understanding the 
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laws of past global and regional climate changes and in reducing the uncertainty of future climate 

change prediction (Wright et al., 1993; Joussaume and Teylor, 1995; IPCC, 2013). Pollen has long 

been considered as a powerful proxy for quantitative paleoclimate reconstruction based on modern 

relationships between pollen and climate (Webb and Bryson, 1972; Davis, 2003; Seppä et al., 

2004; Chevalier et al., 2020). Robust pollen-based climate reconstructions are mainly controlled 

by the quality of the modern pollen and climate variable calibration sets, the spatial extent of the 

calibration sets, the sensitivity of vegetation to climate variables, and the selection of 

reconstructed climate indicators and appropriate numerical approaches (Birks et al., 2010; Cao et 

al., 2017; Chevalier et al., 2020; Zhao Y et al., 2021). However, due to the restriction of various 

factors such as database quantity and quality, computer techniques and statistical methods, most of 

early studies of pollen-based quantitative paleoclimate reconstruction quantitatively reconstructed 

the subjectively selective climate factors based on database owned by researchers by using one or 

two quantitative reconstruction methods with no statistical validation. Therefore, there is 

uncertainty regarding the reliability of the reconstructions. Recently, the number of modern pollen 

sites has rapidly increased, filling in many spatial gaps, and the quality of modern pollen databases 

has been significantly improved. With the development of computer techniques and statistical 

methods, the methods and systems of pollen-based quantitative paleoclimate reconstruction are 

becoming increasingly mature (Chevalier et al., 2020; Liang et al., 2020; Zhao Y et al., 2021). 

Therefore, in order to reliably and quantitatively reconstruct climate, it is necessary to perform 

modern pollen data screening, carefully select calibration sets, perform major climate factor 

analysis, select appropriate models, and assess results using statistics and ecologies. 

The Indian summer monsoon (ISM) intensively impacts human activity and economic 
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development in the regions adjacent to the Himalayas and Tibetan Plateau (TP) where 

approximately 75% of the world’s population lives (Overpeck et al., 1996; Benn and Owen, 1998), 

making it of great scientific importance. Southwestern China is in close proximity to the TP, and 

strongly affected by the ISM, making it a key region to reconstruct paleoclimate changes and 

environmental effects from the ISM. Over the past ~20 ka, the global climate has experienced an 

overall warming trend from the Last Glacial Maximum (LGM) to the Holocene thermal maximum 

(HTM), followed by a general cooling trend. During this interval, a series of millennial- and 

centennial- scale abrupt events characterized by rapid warming or cooling occurred in the 

Northern Hemisphere (NH), such as the Heinrich Event 1 (H1, ~17.5 to 16.0 ka) and the 

associated Oldest Dryas cold period (~18.0 to 14.7 ka), the Bølling/Allerød warm period (B/A, 

~14.7 to 12.9 ka), the Younger Dryas cold event (YD, ~12.9 to 11.7 ka) (Alley and Clark, 1999; 

Shakun and Carlson, 2010), the 8.2 ka and 4.2 ka cold events, the Medieval Warm Period (MWP), 

and the Little Ice Age (LIA) et al. (Bond et al., 1997; Wang et al., 2005; Mann et al., 2009). Thus 

this interval covers a wide range of warming/cooling events and increase/decrease in precipitation 

of different amplitude and rates. Accurate quantitative reconstruction of paleoclimate over the past 

20 ka also allows us to explore the response of past ecosystems, which facilitates a comprehensive 

understanding of climate change mechanisms and consequences. 

Early quantitative paleoclimate reconstructions mainly focused on sea surface temperatures 

(SSTs) in the ISM region (Sonzogni et al., 1998; Kudrass et al., 2001; Naidu and Malmgren, 2005; 

Huguet et al., 2006; Govil and Naidu, 2010; 2011; Mohtadi et al., 2014) and in recent years 

quantitative paleoclimate reconstructions based on terrestrial records have rapidly increased (Shen 

et al., 2006, 2008; Lu et al., 2011; Herzschuh et al., 2014; Opitz et al, 2015; Wu et al., 2018; 
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Zhang et al., 2017; 2019; Tian et al., 2019; Liang et al., 2020; Sun et al., 2021; Wang et al., 2021; 

Yan et al., 2021; Zhao C et al., 2021; Zhao Y et al., 2021; Zhang C et al., 2022). However, there 

are still relatively few high-resolution terrestrial quantitative paleoclimate records that span the 

last ~20 ka. Moreover, the reconstructed climatic factors are also not the same, such as: July 

temperature based on subfossil chironomids (Zhang et al., 2017; 2019), mean annual temperature 

(MAT) and temperature in ice-free seasons based on branched glycerol dialkyl glycerol tetraethers 

(brGDGTs) (Tian et al., 2019; Zhao C et al., 2021; Wang et al., 2021; Yan et al., 2021), and MAT, 

mean temperature of the warmest month (MTWM), and mean annual precipitation (MAP) based 

on pollen (Herzschuh et al., 2014; Opitz et al, 2015; Zhao Y et al., 2021), etc. Among these 

published studies, even quantitative reconstruction results for the same climate factor based on the 

same proxy differed greatly. For example, MAT results based on brGDGTs since 20 ka from Lake 

Tengchongqinghai showed that the range reconstructed by Tian et al. (2019) was between 11.9 and 

15.6 °C, but was 15.2 and 19.2 °C for Zhao C et al. (2021). Quantitative reconstructions of 

precipitation are fewer, while change of precipitation is more complex and regional than 

temperature. Thus, it is urgent to strengthen the quantitative paleoclimate reconstruction including 

temperature and precipitation based on different proxies in the ISM region over the past ~20 ka. 

This study reconstructs quantitatively reliable sequences of climate variables spanning the 

last 18.5 ka from southwestern China based on pollen data, using the comprehensive framework 

for pollen-based quantitative reconstruction approaches established by Liang et al. (2020). Our 

objectives are to: (1) identify the main climate control on vegetation change at different spatial 

extents around the study area; (2) provide high-resolution and reliable quantitative sequences of 

temperature and precipitation for the ISM region since 18.5 ka; (3) explore mechanisms of climate 
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change by comparing the results of the quantitative reconstruction with climate forcings and by 

performing cross correlation, wavelet coherence, and spectral analysis. 

2. Study area 

Lake Tengchongqinghai (25°7'56.75" N，98°34'19.16" E, 1885 m a.s.l.) is a small crater lake 

located in the Hengduan Mountains at the southeastern margin of the TP (Fig. 1a). It is 

hydrologically recharged by precipitation, surface runoff and groundwater, without a natural 

outflow at present (Wang et al., 2002). The study region is characterized by a subtropical humid 

monsoon climate. It is mainly affected by the warm-humid airflow from the Indian Ocean and 

Bengal Bay in the summer and by the southern branch of the westerly airflow in the winter. The 

climate in the region is warm and very humid in summer and mild and moderately dry in winter. 

MAT at the Tengchong meteorological station (25º 01′ N, 98 º 30′ E, 1654 m a.s.l.) about 15 km 

away from Lake Tengchongqinghai is 15.4°C (based on data from 1981 to 2010 downloaded from 

China Meteorological Administration: http://data.cma.cn), with average monthly temperatures in 

July and January of 19.8 °C and 8.6°C, respectively. The MAP is 1506 mm, with an average of 

19.9 mm in January and 291.3 mm in July, and most of the precipitation (85%) is concentrated in 

the May to October period (Xiao et al., 2015).  

 

Fig. 1. (a) Location map of Lake Tengchongqinghai (yellow triangle) from southwestern China and monsoon 
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pathways. Other sites (red circles) located in the Indian summer monsoon region and mentioned in Section 5.2 are 

also shown. (b) The sample sites of the modern pollen calibrate set. The sample sites in the green circle with a 

1200 km radius around core TCQH1 (yellow triangle) form the selected calibration set. 

Vegetation in Yunnan Province is the most abundant in China, and vertical vegetation belts 

flourish. Vegetation belts range from tropical monsoon rain forest to sparse alpine regions in a less 

than 600 km region between Xishuangbanna and the Yulong Mountains; this mimics global 

vegetation type distribution (Compiling Group of Yunnan Vegetation, 1987). The regional 

vegetation around Lake Tengchongqinghai is semi-humid evergreen broadleaved forest, mainly 

composed of Castanopsis delavayi and Lithocarpus spp., accompanied by other trees such as 

Pinus yunnanensis, P. armandii, Alnus nepalensis, and Exbucklandia populnea. Due to the strong 

disturbances of human activities, the vegetation in the catchment of the lake is mainly composed 

of artificial monoculture forests such as Taiwania cryptomerioides, Cunninghamia lanceolata and 

A. nepalensis at present (Xiao et al., 2015). 

3. Materials and methods 

3.1. Materials 

3.1.1. Fossil pollen record 

A high-resolution pollen record spanning the last 18.5 ka from Lake Tengchongqinghai (core 

TCQH1) was used for quantitative reconstruction. From 278 samples, a total of 241 pollen types 

were identified. Its detailed chronology, pollen sequence, and vegetation history have been 

presented and discussed qualitatively in a prior publication (Xiao et al., 2015). A brief description 

of the pollen record and comparison with the other two pollen records in the same lake are shown 

in the supplemental files (SI Text). In this record, Quercus (evergreen) include Quercus 
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semicarpifolia type (or Quercus sect. Heterobalanus, commonly called alpine oaks) and 

Cyclobalanopsis type (or Quercus sect. Cyclobalanopsis) due to morphologically 

indistinguishable under light microscopy (LM). However, their ecological characteristics are 

significantly different. Quercus semicarpifolia type has 9-11 species and is concentrated in the 

Himalayas-Hengduan Mountains (Zhou et al., 2007), which is mainly distributed at the higher 

altitude regions (>2600 m a.s.l.) with relatively cold climatic conditions. The Cyclobalanopsis 

type is mostly distributed at the lower altitude regions (<2600 m a.s.l.) with relatively warm 

climatic conditions in southwestern China (Huang et al., 1998). Because only percentages of 

pollen types are considered in quantitative reconstruction, unlike in qualitative analysis, the 

overall characteristics of pollen assemblage are considered. Combining Quercus semicarpifolia 

with Cyclobalanopsis as Quercus (evergreen) has a disproportionately large impact on quantitative 

reconstructions, which may lead to inaccurate results. In order to solve this problem, we 

performed a scanning electron microscopy (SEM) analysis of the fossil samples to classify 

Quercus pollen grains into three types (Quercus (deciduous), Quercus semicarpifolia type and 

Cyclobalanopsis type) (SI Text). The pollen percentages of Quercus (deciduous), Quercus 

semicarpifolia type, Cyclobalanopsis type and the other major pollen taxa are presented in the 

pollen diagram (Fig. 2). 
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Fig. 2. Pollen percentage diagram of the major taxa from Lake Tengchongqianghai. 

3.1.2. Modern pollen dataset 

For the quantitative reconstruction we used an updated modern pollen dataset comprising 

4258 samples (Figure 1b) based on Liang et al. (2020)’s 3133 samples and 1125 new samples 

mainly concentrating in southwestern China. This dataset included 525 terrestrial pollen types. In 

order to obtain a high-quality calibration set, we first deleted 43 samples with <100 pollen grains 

and 16 samples from air-traps, 127 samples with potential outliers identified using hierarchical 

cluster (H-cluster) analysis, and 107 samples strongly influenced by human activity. 3965 samples 

remained and acted as the calibration set for our quantitative reconstruction. 525 terrestrial plant 

pollen types were merged into 241 pollen types according to the fossil pollen dataset. Quercus 

semicarpifolia and Cyclobalanopsis are the two types of Quercus (evergreen) which are the major 

tree species in southwestern China; they were not distinguished in our modern pollen dataset due 

to their similar morphological characteristics. We can only classify roughly Quercus (evergreen) 

into Quercus semicarpifolia type (Quercus (evergreen) distributed above 2600 m a.s.l.) and 
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Cyclobalanopsis type (Quercus (evergreen) distributed below 2600 m a.s.l.) according to their 

altitudinal distribution range. 

3.1.3. Modern climate data 

The climatic parameters for modern pollen sample sites are necessary database for 

quantitative reconstruction. Here, we selected seven meteorological parameters including MAT, 

MTWM, mean temperature of the coldest month (MTCM), MAP, mean precipitation of the 

warmest month (MPWM), mean precipitation of the coldest month (MPCM), and growing degree 

days above 5 °C (GDD5). The thin plate spline regression (Hijmans et al., 2005) was applied to 

interpolate the modern climate data of the 3965 sample sites from 756 stations across China for 

the interval of 1981–2010, using the R package Fields (Nychka et al., 2020). 

3.2. Methods 

3.2.1. Reconstruction models and calibration sets 

In this study, 5 models including Weighted Average with inverse deshrinking (WA. inv), 

Weighted averaging partial least squares (WAPLS), Modern Analogue Technique (also known as 

the best analogue method, in order not to confuse the abbreviations of mean annual temperature 

(MAT), we adopted BAM as the abbreviated form of Modern Analogue Technique), 

Locally-Weighted Weighted-Averaging (LWWA) and Locally-Weighted Weighted-Averaging 

partial least squares (LWWAPLS) were used to perform quantitative reconstruction. For the 

transfer function models (WA, WAPLS), two methods were used to select an appropriate range of 

modern pollen calibration set. One is based on geographical distance within a series of radii (500, 

800, 1000, 1200, 1300, 1400, 1500, 1800, 2000 km, and all dataset) of the modern sites around the 

core site (Cao et al., 2017). The other is to select a certain number (k=10, 15, 20, 25, 30, 35, 40, 45, 
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50, 60, 80, and 100) of modern analogues for each fossil sample and combine these analogues into 

a calibration set (Liang et al., 2020). For the BAM model, the dissimilarity between each fossil 

sample and the modern samples is defined by the minimum squared chord distance (SCD) (Birks 

et al., 2012). The value of k (number of analogues) was chosen based on the lowest root mean 

squared error (RMSE) via cross-validation method. In LWWA and LWWAPLS models, a dynamic 

calibration set was established based on the several closest analogues for each fossil sample 

separately (Birks, 2012; Liang et al., 2020). Numerical comparisons were employed among 

different number of k (10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 80, and 100), which is similar to the 

selection process of BAM. 

3.2.2. Main climatic controlling factors for the calibration sets with different spatial extent 

The determination of main climatic controlling factors for regional vegetation is a 

prerequisite for accurately quantitative reconstruction of paleoclimate. Prior to the quantitative 

reconstruction, relationships between modern pollen data and climatic variables were assessed by 

ordination techniques, based on the square root transformed pollen data (144 pollen taxa with their 

percentages ≥ 1% in at least 10 samples). To check the underlying linearity of the pollen data, a 

detrended correspondence analysis (DCA) was initially carried out. The gradient lengths of the 

first axis in DCA were all >3.0 standard deviation (SD) for the calibration sets with different 

spatial extents, indicating that a unimodal-based Canonical correspondence analysis (CCA) was 

appropriate for exploring species-environment relationships (ter Braak and Šmilauer, 2012). To 

test the explanatory potential of the climatic variables, a series of constrained CCAs are run with 

each climatic variable separately using forward selection (999 Monte-Carlo permutations; P ≤ 0.05) 

(ter Braak, 1988). The ratio of the first constrained eigenvalue (λ1) to the first unconstrained 
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eigenvalue (λ2) for each climatic variable was used to evaluate which climatic variables with a 

high λ1/λ2 ratio can be potentially reconstructed (ter Braak, 1988; Juggins, 2013). Pearson 

correlation coefficients between the climate variables and the variance inflation factors (VIF) 

derived from CCA were used to check collinearity relationships among variables (Juggins and 

Birks, 2012). Variables with a large VIF (>20) indicate high multicollinearity with other climatic 

variables and do not bring any unique contribution to the explanatory power of all variables (ter 

Braak and Prentice, 1988). All these ordination analyses were performed using statistical program 

CANOCO version 5.0 (ter Braak and Šmilauer, 2012).  

3.2.3. Result evaluation and validation 

Evaluating a reconstruction is a complex process that relies on both statistical indicators and 

expert knowledge (Chevalier et al., 2020). Here, five methods (coverage of fossil taxa in modern 

calibration set, a goodness-of-fit analysis, cross-validation, significant test and ecological 

explanation) were applied to assess reliability of the quantitative reconstruction results (SI Text). 

This evaluation process is more advantageous than the traditional technique which only assesses 

model performance.  

All of the above analyses except for CCA were employed in software R (version 3.6.0). 

Package “rioja” was used for WA, WAPLS, BAM, LWWA, and LWWAPLS models, and package 

“PalaeoSig” was used for significant test. Cross correlation and spectral analysis adopted later 

were performed in PAST software version 4.11 (Hammer et al., 2001), and wavelet coherence was 

performed with a Matlab software package (wavelet-coherence-master) by Grinsted et al. (2004). 

The improved ensemble empirical mode decomposition with adaptive noise (ICEEMDAN) was 

carried out in MatLab using code provided by Colominas et al. (2014). 
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4. Results 

4.1. Identification of main climatic controlling variable(s) and selection of reconstruction model 

and calibration set 

The explanatory potential results of seven selected climatic variables as sole predictor for the 

calibration sets with different spatial extents showed that: 1) MAP was the first controlling factor 

for the calibration sets with radii larger than 1300 km, 2) MTCM was the first controlling factor 

for the calibration sets with radii between 1300 and 1000 km, and 3) GDD5 was the first 

controlling factor for the calibration sets with radii less than 1000 km (Table 1). The numerical 

performance of all the models in the different calibration sets for MTCM and MAP was calculated 

based on leave-one-out cross validation and summarized in Table 2. The results indicate that the 

BAM model shows the lowest RMSEP and higher R
2
 for MTCM and MAP, however, their 

reconstruction results indicate “flatter” profiles and abnormal features of climate change (Fig. S1), 

which may be ‘noisy’ reconstructions because the models exhibit too much local structure in the 

calibration set due to spatial autocorrelation (Telford and Birks, 2005; Zhao Y et al., 2021). After 

removing the BAM model, the values of RMSEP, R
2
, the RMSEP as a percentage of the climatic 

gradient range of the calibration set, and the ratio of change in RMSEP to change in R
2
 (relative to 

the lowest RMSEP for the WAPLS model in the calibration set with a 500 km spatial extent) were 

comprehensively compared, and then the WAPLS model and the calibration set with a 1200 km 

spatial extent were selected as the most reliable model and the most appropriate calibration set for 

final climate reconstruction. For the selected calibration set with a 1200 km spatial extent, the first 

controlling factor is MTCM, then MAT, GDD5, and MAP. 

Table 1 Explain powers of climatic variables as sole 

predictor     
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Calibration-set radius 

(km)/Climatic variables 

M

AT 

MT

WM 

MT

CM 

GD

D5 

M

AP 

MP

WM 

MP

CM 

p-va

lue 

all data 3.9 2.5 4.5 3.7 5.3 5.2 3.4 
0.00

2 

<2000 4.2 3.3 4.9 4 5 4.9 3.2 
0.00

2 

<1800 4.3 3.4 4.9 4.2 5 5 3.1 
0.00

2 

<1500 4.5 3.7 4.9 4.3 5 4.9 3.3 
0.00

2 

<1400 4.5 3.7 4.8 4.2 5 4.9 3.5 
0.00

2 

<1300 4.6 3.9 5 4.4 5 4.9 3.3 
0.00

2 

<1200 4.7 4.2 4.8 4.5 4.4 4 3.3 
0.00

2 

<1000 4.1 3.8 4.1 4.1 3.5 2.8 2.7 
0.00

2 

<800 4.4 4.2 4.5 4.6 3.5 2.6 2.9 
0.00

2 

<500 4.3 4.1 4.4 4.5 4 3.8 2.6 
0.00

2 

Red highlights indicate the highest explanatory power, and gray highlights indicate the lowest explanatory power. 

 

 

 

Table 2 Error estimates (RMSEP) of mean temperature of the coldest month (MTCM, ºC) and mean 

annual precipitation (MAP, mm) for various reconstruction models. The calibration sets were chosen on 

distance range or by the modern analogue approach. 

Mode

l 

Para

meter 

Sa

mp

le 

nu

mb

er 

MTCM   MAP 

analog.

/comp.

*1 

RM

SE

P 

R
2
 

the 

rat

io
*

2
 

grad

ient    

(ºC) 

R

MS

EP 

% 

of 

gra

d*3 

  

analog.

/comp.

*1 

RM

SE

P 

R
2
 

th

e 

rat

io
*

2
 

grad

ient 

(m

m) 

R

MS

EP 

% 

of 

gra

d*3 

BAM 500 k 10 k=5 2.0 0.
 

-12. 6.7
 

k=5 10 0.
 

560 7.3
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.7 
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8
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70 
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km 

18

59 
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9
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.7 

6.8
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0.

8
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70 

6.6
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1300 

km 

20

51 
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9
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.1 

6.6
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11
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8
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1 
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8  
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km 
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72 
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9
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3-24

.0 

6.0
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k=5 

11

5  

0.

9

1  
 

48-

197

1 

5.9

9  

1500 

km 

24

59 
k=4 

2.9

0  

0.

8

9  
 

-25.

3-25

.0 

5.7

6   
k=4 

14

0  

0.

8

8  
 

37-

197

1 

7.2

4  

1800 

km 

27

31 
k=4 

2.8
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0.

9
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The λ1/λ2 results of seven climatic variables for the selected calibration set (Table 3) show 

that MTCM, MAT, MAP, and MPWM with relatively high λ1/λ2 ratios can be potentially 

reconstructed. Pearson correlation coefficients of seven climatic variables for the selected 

calibration set (Table 4) indicate that there is a strong collinearity among the temperature variables 

(their Pearson coefficients are all greater than 0.9). Pearson coefficients for MAP vs. MAT, MAP 

vs. GDD5, and MAP vs. MPWM are also greater than 0.8, indicating relatively strong collinearity 

between MAP and MAT (GDD5 and MPWM). Combined with the results of Pearson's correlation 

analysis, the VIF results indicate that MTCM, MAT, and MTWM contain much co-varying 

information (Table 3). Firstly, one temperature variable (MTWM) and one precipitation variable 

(MPCM) with the lowest explanatory power are removed, the results show that the VIF values of 

MTCM, MAT and GDD5 still exceed 20. When GDD5 and MAT are removed in turn, there are 

still variables with VIF values greater than 20. Finally, only when MAT, GDD5 and MPCM are 

removed, the VIF values of the remaining variables are less than 20. Therefore, MTCM, MAP, 
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MPWM and MTWM have potentially more explanatory power for the selected calibration set. 

 

Table 3 Summary statistics for Variance Inflation Factors (VIF), explanatory powers of 7 climatic 

variables as sole predictor and the ratio of the first constrained eigenvalue to the first unconstrained 

eigenvalue with 7 variables for the selected calibration set using canonical correspondence analysis 

(CCA). 

Climate 

variables 

 VIF 

Run1 

 VIF 

Run2 

 VIF 

Run3 

 VIF 

Run4 

 VIF 

Run5 

Explains % as 

sole predictor 
λ1/λ2 

MTCM 868.72  90.95  80.83  20.78  16.41  4.80  0.91  

MAT 2685.73  169.13  79.64  - - 4.70  0.85  

MAP 22.75  8.27  8.01  7.59  8.21  4.40  0.80  

MPWM 15.65  7.74  7.73  6.02  8.69  4.00  0.80  

GDD5 52.84  46.97  - 22.12  - 4.50  0.77  

MTWM 425.73  - - - 14.61  4.20  0.71  

MPCM 5.56  - - - - 3.30  0.54  

 

Table 4 Pearson correlation matrix of 7 climate variables for the selected calibration set. 

Pearson MAT MTWM MTCM GDD5 MAP MPWM MPCM 

MAT 1 0.97045 0.98766 0.98485 0.80638 0.72438 0.62723 

MTWM 0.97045 1 0.92199 0.97012 0.76643 0.60116 0.68485 

MTCM 0.98766 0.92199 1 0.96113 0.79971 0.77228 0.57176 

GDD5 0.98485 0.97012 0.96113 1 0.81653 0.70482 0.64885 

MAP 0.80638 0.76643 0.79971 0.81653 1 0.8703 0.7541 

MPWM 0.72438 0.60116 0.77228 0.70482 0.8703 1 0.41234 

MPCM 0.62723 0.68485 0.57176 0.64885 0.7541 0.41234 1 

Based on these results, MTCM is the most appropriate climate variable for the final 

reconstruction and MAP is also suitable. Although MAT and MTCM contain co-varying 

information, the MAT reconstruction may provide an additional annual perspective. Thus, MTCM, 

MAP and MAT are selected for the final quantitative reconstruction. 

4.2. The reconstruction results 

The quantitative reconstruction results of MTCM, MAP and MAT for the fossil pollen record 

from Lake Tengchongqinghai based on the calibration set with a 1200 km spatial extent and the 

WAPLS model (Fig. 3) show that MTCM and MAT change synchronously, whereas the trends of 
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MTCM and MAP are generally similar, except for some small differences. The climatic changes 

since 18.5 ka around the studied area are listed as follows: 

 

Fig. 3. Temperature and precipitation reconstructions based on the calibration set with a 1200 km spatial extent and 

the WAPLS model. (a) Reconstructed mean temperature of the coldest month (MTCM) and mean annual 

temperature (MAT) and their 5-point running means (magenta and orange thick lines). (b) Reconstructed mean 

annual precipitation (MAP) and its 5-point running mean (green thick line). The light-blue shadings indicate cold 

and dry events. The light-red shadings indicate warm and humid periods. Gray short bars indicate bootstrap 

sample-specific estimates of uncertainties for each reconstructed values. Red dotted lines indicate the modern 

observational means (1981-2010) of MAT, MTCM and MAP for Lake Tengchongqinghai. 

Temperature and precipitation from 18.5-14.8 ka were the lowest since 18.5 ka, and the 

lowest values were concentrated between 16.2 and 14.8 ka (MTCM: averaging -0.8 °C, ranging 

from -2.2 to 0.6 °C; MAT: 8.6 °C, 7.7-9.6 °C; MAP: 870 mm, 840-930 mm). From 14.8 ka, 

temperature and precipitation increased markedly, and are in obvious high values between 14.8 

and 12.8 ka (MTCM: averaging 3.3 °C, ranging from 1.1 to 5.4 °C; MAT: 12.1 °C, 10.1-13.5 °C; 

MAP: 1030 mm, 960-1110 mm). At 12.8 ka temperature declined significantly and the 
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precipitation decreased slightly with particularly low values from12.8-11.5 ka (MTCM: averaging 

2.0 °C, ranging from -1.3 to 4.1 °C; MAT: 10.7 °C, 8.4-12.2 °C; MAP: 990 mm, 910-1090 mm). 

Between 11.5 and 7.2 ka, temperature and precipitation increased variably with three significant 

low intervals around 11.1 ka, 9.1-8.4 ka, and ~7.7 ka. Temperature and precipitation attained their 

highest values between 7.2 and 4.5 ka (MTCM: averaging 6.6 °C, ranging from 4.6 to 9.2 °C; 

MAT: 15.5 °C, 13.6-17.1 °C; MAP: 1190 mm,1060-1300 mm). A significant decrease in 

temperature occurred at 4.5 ka, whereas a significant decrease in precipitation occurred at 4.3 ka. 

Between 4.5 and 1.2 ka, MTCM (averaging 6.3 °C) was only slightly lower than that during the 

period 7.2-4.5 ka, whereas MAT (averaging 14.6 °C) was substantially lower. The precipitation 

during the period 4.3-1.6 ka (averaging 1110 mm) was markedly lower than that during the period 

7.2-4.3 ka. Additionally, a low temperature and precipitation interval occurred between 4.3 and 3.7 

ka (MTCM: averaging 5.5 °C, ranging from 3.5 to 7.0 °C; MAT: 14.0 °C, 12.8-15.3 °C; MAP: 

1100 mm, 1030-1180 mm). Subsequently a significant warm-wet period occurred at around 

1.09-0.84 ka (860-1110 CE) and the values of MTCM, MAT and MAP almost reached similar 

peak levels from 7.2-4.5 ka (MTCM: averaging 7.0 °C, ranging from 6.6 to 7.9 °C; MAT: 15.4 °C, 

15.1-16.2 °C; MAP: 1170 mm, 1150-1250 mm). Following this warm-wet period, the coldest and 

driest event during the late Holocene occurred at about 0.68-0.009 ka (1270-1950 CE) (MTCM: 

averaging 4.2 °C, ranging from 1.6 to 7.6 °C; MAT: 12.7 °C, 11.2-14.8 °C; MAP: 1040 mm, 

960-1130 mm). From 1950 CE, the temperature and precipitation increased rapidly and reached to 

the modern levels. 

5. Discussion 

5.1. Reliability of the reconstruction results 
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The reconstruction results are evaluated from a statistical, ecological, and climatological 

perspective. From statistical perspective, the plot of maximum abundance of taxa indicates that the 

selected modern pollen dataset covers the range of taxon abundance in the fossil samples of core 

TCQH1 well (Fig. 4), which reduces the possibility of no modern analogues for the fossil 

assemblages. This is confirmed by the goodness-of-fit analysis that shows that all fossil samples 

from Lake Tengchongqinghai have good or fair analogues (Fig. 5). The leave-one-out cross 

validation results for MTCM, MAP, and MAT of predicted (residual) vs. observed values (Fig. 6) 

indicate that the prediction power of WAPLS model based on the selected calibration set for 

MTCM and MAT is good, although there is a slight underestimate for sites with MTCM>10 °C 

and MAT>16 °C and a slight overestimate for sites with MTCM<-10 °C and MAT<2 °C (MTCM: 

RMSEP=3.35 °C, R
2
=0.85; MAT: RMSEP=3.12 °C, R

2
=0.81). The prediction power of MAP 

decreases slightly compared with that of MTCM and MAT with an underestimate for sites with 

MAP>1150 mm and an overestimate for MAP<600 mm (RMSEP=142 mm, R
2
=0.78). This leads 

to some underestimation of MAP in the Middle Holocene, 1 ka, and present-day, with otherwise 

accurate results. The RMSEP values are smaller than the ranges of climatic variables since 18.5 ka. 

Furthermore, bootstrap sample-specific errors of MTCM, MAT, and MAP for each fossil sample 

average 0.57 °C (maximum values < 0.97 °C), 0.31 °C (maximum values < 0.54 °C), and 20 mm 

(maximum values < 41 mm), respectively, which are 16.9%, 10.0%, and 14.5% of the entire 

RMSEP values, respectively, indicating that they are reasonable (Juggins and Birks, 2012). A 

significance test (Telford and Birks, 2011) of the pollen-based climate reconstructions for Lake 

Tengchongqinghai shows that MTCM, MAT, MTWM, and GDD5 explain more variance than 95% 

of all the random reconstructions (Fig. 7). Although MAP fails to pass the threshold of the 95% 
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significance level, it passes the test of the 90% significance level (p=0.1) (Fig. S2), indicating that 

the MAP reconstruction may also be reliable.  

 

Fig. 4. Scatter plot of the maximum abundance of each taxon in the selected modern pollen dataset against that in 

the fossil pollen assemblage. The red circles indicate taxa in the modern pollen dataset that are not found in the 

fossil samples. 

 

 

Fig. 5. Analogue quality for the reconstruction of mean temperature of the coldest month (MTCM) based on a 

goodness-of-fit analysis. The blue and cream shadings show the 5th and 10th percentiles of the pair-wise 

distribution of squared-chord distances between the fossil samples and the best analogues from the modern 

calibration set, respectively. Distances smaller than the 5th percentile of all distances between the calibration-set 

samples are considered to be good “analogues”, while distances larger than the 10th percentile are considered to be 

“no-analogue”. Distances between the 5th percentile and the 10th percentile are considered to be fair “analogues”. 
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Fig. 6. Scatter plots of predicted climatic variables and residuals for WAPLS components (3 for MTCM; 2 for 

MAP and MAT) vs. observed values. The red lines indicate a LOWESS smoother fitted to highlight trends. The 

grey thin lines are 1:1 or y-axis origin lines. 

 

 

Fig. 7. Significance test results of the pollen-based climate reconstructions for Lake Tengchongqinghai. Solid 

black lines indicate the proportion of variance explained by different environmental variables. The red dotted line 

represents the test line of 95% significance level. The histogram in grey indicates the proportion of variance. The 

black dashed line indicates the proportion of variance explained by the first axis of a principal component analysis 

of the fossil pollen data. MAT: mean annual temperature, MTWM: mean temperature of the warmest month, 

MTCM: mean temperature of the coldest month, MAP: mean annual precipitation, MPWM: mean precipitation of 

the warmest month, MPCM: mean precipitation of the coldest month, GDD5: growing degree days above 5 °C. 

From an ecological perspective, the quantitative reconstruction results of temperature and 

precipitation are roughly consistent with the qualitative reconstruction based on the fossil pollen 
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assemblage (Xiao et al., 2015). The WA optima and tolerance ranges for 38 major pollen taxa 

against MTCM, MAP and MAT (Fig. 8) show that Myrica, Eurya, Macaranga/Mallotus, 

Castanopsis/Lithocarpus, and Cyclobalanopsis have the highest WA optima for temperature 

(MTCM: 10.1, 9.2, 8.8, 8.2 and 7.3 °C; MAT: 16.4, 16.2, 16.3, 15.5 and 14.9 °C, respectively) and 

precipitation (MAP: 1260, 1200, 1210, 1320, 1140 mm, respectively), and their lowest tolerance 

ranges of MTCM, MAT and MAP are 2.0 °C, 9.9 °C and 860 mm, respectively. The highest pollen 

percentages of Castanopsis/Lithocarpus and Macaranga/Mallotus, and high Cyclobalanopsis 

percentages from 8.0-4.5 ka indicate the warmest and most humid climatic conditions since 18.5 

ka. MTCM, MAT, and MAP are likely not less than 7.3 °C, 14.9 °C, and 1140 mm, respectively. 

Cyperaceae, Amaranthaceae/Chenopodiaceae, and Artemisia have very low WA optima for 

temperature (MTCM: -11.3, -8.9, and -6.5 °C; MAT: -0.4, 1.6, and 3.3 °C, respectively) and 

precipitation (MAP: 570, 520, and 620 mm, respectively) with their highest tolerance ranges of 

MTCM, MAT, and MAP less than 1.6 °C, 9.9 °C, and 910 mm, respectively. The highest pollen 

percentages of Artemisia and Amaranthaceae/Chenopodiaceae and relatively high Cyperaceae 

percentages between 18.5 and 14.8 ka suggest the coldest and driest climatic conditions, and 

MTCM, MAT, and MAP during this period were almost less than 1.6 °C, 9.9 °C, and 910 mm, 

respectively. The WA optima and tolerance ranges of Alnus for MTCM, MAT, and MAP are 

relatively high compared to other pollen types which are 3.6 (-2.1~9.2) °C, 10.8 (5.8~15.8) °C, 

and 940 (730~1140) mm, respectively. The highest Alnus pollen percentages between 4.0 and 1.0 

ka indicate relatively high MTCM, MAT, and MAP which are only lower than that during the 

period from 7.2-4.5 ka. The WA optima and tolerance ranges for major pollen taxa against MTCM, 

MAP, and MAT further support the reliability of the reconstructions. 
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Fig. 8. Optima and tolerances of mean temperature of the coldest month (MTCM), mean annual precipitation 

(MAP) and mean annual temperature (MAT) for selected pollen taxa based on weighted averaging (WA) 

regression. The modern pollen data are from the selected calibration set. The yellow solid circles indicate the mean 

WA climate optima of the pollen taxa; the blue lines indicate their WA tolerances.  

From a climate perspective, the pollen-based reconstructions of MTCM, MAT, and MAP for 

the top of the core (the mean of the upper two samples) are 7.2 °C, 14.4 °C, and 1110 mm, 

respectively. The quantitatively reconstructed MTCM and MAT match the Tengchong 

meteorological station-based values of 7.9 °C and 14.5 °C reasonably well while the quantitatively 

reconstructed MAP is lower than the station-based value of 1240 mm. This corresponds to the 

MAP model underestimation for sites >1150 mm. The total reconstructed ranges are between -2.2 

and 9.2 °C for MTCM, 7.7 and 17.2 °C for MAT, and 840 and 1300 mm for MAP, which is 

covered by the modern climate range of pollen analogues (Fig. S3). The two brGDGT 

reconstructions of MAT (Fig. 9b, Tian et al., 2019; Zhao C et al., 2021) overlap with this study 

with similar fluctuating increases in MAT since 18.5 ka and the mid-HTM, albeit the two studies 

show differences from one another. The pollen-based reconstructed MAT for the top of the core in 

this study (14.1 °C) is closer to meteorological station-based value (14.5 °C) than that of Tian et al. 

(13.1 °C) and Zhao et al. (17.9 °C), indicating that our reconstructions may be more reasonable. A 
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recent pollen-based quantitative reconstruction spanning 68 ka from the same lake shows that the 

general trend of MAT since 18.5 ka is similar to this study with a temperature amplitude of 8.9 °C 

(Zhang et al., 2023). Compared with Yang et al. (2016) and Zhang et al. (2023)’s MAP 

reconstructions from the same lake, the overall trends and lowest values since 18.5 ka are 

generally similar to this study, but their fluctuation amplitudes are significantly higher. Yang et al. 

(2016)’s maximum MAP reached to 1660 mm at ~8.1 ka and Zhang et al. (2023)’s maximum 

MAP reached to 1520 mm at 8.6 ka with all values since 11.0 ka substantially higher than the 

modern mean of 1240 mm. This suggests that our study may underestimate MAP during wet 

periods, possibly due to the fewer samples with high MAP in the selected calibration set (Fig. S3). 

On the other hand, Yang et al. (2016) and Zhang et al. (2023) may overestimate MAP to some 

degree. Additionally, the reliability of all reconstructions may be influenced by human activity. 

Only 107 samples strongly influenced by human activity were excluded from the calibration set 

and the influence of human activity on the fossil pollen samples was not considered. This may be 

problematic in the late Holocene, after 4.3 ka, and especially after 1.0 ka when the landscape was 

strongly influenced by human activities (Xiao et al., 2015). This is an avenue for improvement in 

the future work. 
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Fig. 9. Regional and global correlations and forcings since 18.5 ka. (a) Reconstructed mean temperature of the 

coldest month (MTCM) and mean annual temperature (MAT) and their 5-point running means (MTCM: magenta 

thick line; MAT: blue thick line) (this study), and average summer insolation for 25º N (red thick line) and 

September insolation (wine red thick line) for 25 °N (Laskar et al., 2004). (b) brGDGT-inferred MAT 

reconstructions from Lake Tengchongqinghai, southwestern China (orange thick line from Tian et al., 2019; deep 

green thick line from Zhao C et al., 2021). (c) brGDGT-inferred MAT reconstruction from Lake Qionghai, 

southwestern China (Wang et al., 2021). (d) SST for Core MD79257, the southern Indian Ocean (Sonzogni et al., 

1998). (e) Reconstructed MATs for the latitude band of 0-30º N (deep yellow thick line, Kaufman et al., 2020) and 

the NH landmass (orange thick line, Zhang W et al., 2022). (f) Reconstructed mean annual precipitation (MAP) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



and its 5-point running mean (this study). (g) Pollen-based MAP reconstructions from Lake Tengchongqinghai, 

southwestern China (deep cyan thick line from Yang et al., 2016; mimosa yellow thick line from Zhang et al., 

2023). (h) Pollen-based MAP reconstruction from Lake Ximencuo, the eastern Tibetan Plateau (Herzschuh et al., 

2014). (i) The YZ1 stalagmite δ 18O record, southwestern China (Wu et al., 2020). (j) The δ 18O record of the 

planktic foraminifera G. rubber for core NOIP905, western Arabian Sea (Huguet et al., 2006). (k) The δ 18O record 

of the planktic foraminifera G. rubber for core KL 126 in the Bay of Bengal (Kudrass et al., 2001). (l) The δ 18O 

record from the NGRIP ice-core record (Lowe et al., 2008). (m) The 231Pa/230Th composite curve (9-point moving 

average) (Ng et al., 2018). (n) The combined radiative forcing from CO2, CH4, and N2O relative to preindustrial 

levels (Clark et al., 2012; Marcott et al., 2013). (o) Atmospheric CO2 concentrations from the Law Dome ice core 

(MacFarling Meure, et al., 2006) and EPICA Dome C ice core (Monnin et al., 2001). (p) The volcanic sulfate 

record in the GISP2 core (Zielinski et al., 1997). The light-blue shadings indicate cold and dry events. The 

light-red shadings indicate warm and humid periods. 

5.2. Comparisons with regional or over-regional climatic reconstructions 

The synchronous changes of MTCM, MAT, MTWM, and GDD5 (Fig. S4) in this study 

suggest that there are no obvious seasonal biases in temperature since the last deglaciation. This 

conclusion undermines the interpretation of seasonal biases in proxies as the main origin of 

model–data discrepancies (Liu et al., 2014; Bova et al., 2021). Additionally, temperature and 

precipitation are not decoupled even during the early Holocene (Fig. 3), which is different from 

pervious conclusions (Wu et al., 2018). Our results reveal that temperature and precipitation 

increased variably from 18.5 ka and peaked from 7.2-4.5 ka when MAT was on average 1.0 °C 

higher than the modern observation value and MTCM and MAP were often higher than the 

modern observation values; these values then decreased gradually (Fig. 3, 9a, f). This pattern of 

the warmest and wettest conditions in the middle Holocene is different from the prevailing view of 

an early Holocene or early to middle Holocene ISM maximum (Gupta et al, 2003; Dykoski et al., 

2005; Fuchs and Buerkert, 2008; Rao et al., 2016), but it exists commonly in other records in 

southwestern China and other regions affected by the ISM. For example, brGDGT MAT 

reconstructions from Lake Tengchongqinghai (Fig. 9b, Tian et al., 2019; Zhao C et al., 2021), 

Lake Qionghai (Fig. 9c, Wang et al., 2021), and Hongyuan Peatland (Yan et al., 2021) in 
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southwestern China show this pattern. Zhang et al. (2017) suggested a generally warmer period 

between ~8.5 and ~6.0 ka based on subfossil chironomids from Lake Tiancai, southwestern China. 

The pollen record from Lake Tianchi in southwestern China revealed maximum monsoonal 

precipitation between 7.1–6.4 ka, coinciding with peak Holocene warmth (Jiang et al., 2019). 

Slightly further afield, SSTs based on the unsaturation index of C37 alkenone from core MD79257, 

the southern Indian Ocean, suggested Holocene maximum SSTs at 7-6 ka (Fig. 9d, Sonzogni et al., 

1998). A pollen-based MAP reconstruction from Lake Ximencuo, the eastern TP (Fig. 9h, 

Herzschuh et al., 2014), a pollen record from Lake Tiancai in northwestern province (Xiao et al., 

2014a), the YZ1 stalagmite δ 
18

O record in southwestern China (Fig. 9i, Wu et al., 2020), sediment 

total reflectance from the northeastern Arabian Sea (Deplazes et al., 2013), and δ 
18

O records of 

the planktic foraminifera Globigerinoides ruber for core NOIP905 in western Arabian Sea (Fig. 9j, 

Huguet et al., 2006) and for core KL 126 in the Bay of Bengal (Fig. 9k, Kudrass et al., 2001) all 

suggested a mid-HTM. Considering these and other studies (Yi et al., 2003; Liew et al., 2006; Liu 

et al., 2015; Rao et al., 2016), we support Jiang et al. (2019)’s interpretation of synchronous 

changes in the ISM and the EASM since the last deglaciation. 

In addition, hemispheric and global-scale temperature reconstructions revealed similar results. 

Reconstructed NH annual, summer, and winter temperatures based on 1310 pollen records are all 

characterized by a rapid warming from the early to middle Holocene (11–7 ka) and gradual 

cooling after ~7 ka (Fig. 9e, orange thick line, Zhang W et al., 2022). Multi-method median global 

mean surface temperature reconstruction and MAT reconstruction for the latitude band of 0-30° N 

(Fig. 9e, deep yellow thick line, Kaufman et al., 2020) from the Temperature 12k database show 

that peak warmth was centered on about 6.5 ka. Recently, simulation results based on time slices 
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of the Community Earth System Model show that vegetation-induced warming gave rise to a 

mid-HTM at 6 ka, followed by a cooling trend toward the preindustrial era (PI) (Thompson et al., 

2022). This is consistent with our pollen-based reconstructions but contrasts with traditional 

simulations of long-term warming through the Holocene. Thompson et al. (2022) highlighted the 

role of NH vegetation change in driving a mid-HTM, providing a potential explanation for this 

discrepancy. 

Under the background of this trend, our quantitative reconstruction results revealed seven 

abrupt cold and dry events occurring at 16.2-14.8 ka, 12.8-11.5 ka, ~11.1 ka, 9.1-8.4 ka, ~7.7 ka, 

4.3-3.7 ka and 0.68-0.009 ka (1270-1950 CE), respectively. The cold and dry events during the 

periods of 16.2-14.8 ka, 12.8-11.5 ka, 4.3-3.7 ka, and 0.68-0.009 ka (1270-1950 CE) correspond to 

H1, the YD, the 4.2 ka event, and the LIA, respectively. During H1, MTCM, MAT, and MAP 

average 8.7 °C, 5.9 °C, and 370 mm drops relative to the modern observational values, 

respectively; during the YD, 5.9 °C, 3.8 °C, and 250 mm drops; for the 4.2 ka event, 2.7 °C, 

0.5 °C, and 130 mm drops; for the LIA, 3.7 °C, 1.8 °C, and 200 mm drops. Between the H1 and 

the YD, there is a warm and humid period (14.8-12.8 ka) corresponding to the Bølling/Allerød 

warm period (B/A), when MTCM, MAT, and MAP average 4.6 °C, 2.4 °C, and 210 mm lower 

than the modern observational values. Before the LIA, a warm and humid period from 1.09-0.84 

ka (860-1110 CE) corresponds to the Medieval Warm Period (MWP). Lastly, the rapid increases 

in the temperature and precipitation from 1950 CE match the Present Warm Period (PWP). Other 

high-resolution studies from southwestern China showed that the H1, the BA, and the YD during 

the last deglaciation were ubiquitous (Dykoski et al., 2005; Herzschuh et al., 2014; Xiao et al., 

2014b, 2015; Zhang et al., 2019; Wu et al., 2020). These abrupt events are also common in other 
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records from the ISM region, such as SSTs for core MD79257 in the southern Indian Ocean (Fig. 

9d, Sonzogni et al., 1998), sediment total reflectance from the northeastern Arabian Sea (Deplazes 

et al., 2013), δ 
18

O records from the planktic foraminifer G. ruber from core NIOP905 in the 

western Arabian Sea (Fig. 9j) (Huguet et al., 2006) and core KL126 in the Bay of Bengal (Fig. 9k) 

(Kudrass et al., 2001), as well as the EASM region (Wang et al., 2001; Chen et al., 2015; Yang et 

al., 2018), the North Atlantic (Duplessy et al.,1992; Waelbroeck et al., 2001; Yasuhara et al., 2019), 

and the Greenland ice core (Grootes and Stuiver, 1997; Lowe et al., 2008, Fig. 9l).  

The three cold-dry events that occurred in the early and middle Holocene (at 11.1 ka, 9.1-8.4 

ka, and ~7.7 ka) are not universal as H1, the B/A, and the YD, but are inferred at 

sites around the world. For example, the 11.1 ka cold-dry event corresponds to a weak ISM 

interval recorded in δ 
13

C values from the Hongyuan peat bog on the TP (Hong et al., 2003), and G. 

bulloides percentage in hole 723A from the northwestern Arabian Sea (Gupta et al., 2005), a 

subalpine pollen sequence in Taiwan (Liew et al. 2006), and abrupt ocean surface cooling 

characterized by the ice-rafted debris in the North Atlantic (Bond et al., 1997). The cold and dry 

event from 9.1-8.4 ka matches well with the cold event between 8.7 and 8.3 ka found on the 

central TP (Herzschuh et al., 2006), the weak ISM interval from 9.5-8.6 ka in hole 723A from the 

northwestern Arabian Sea (Gupta et al., 2005), the weak EASM event at ~9.5–8.5 ka (Chen et al., 

2015), and the pronounced cooling period between 8.9 and 8.3 ka reconstructed from Deep Lake 

in Minnesota, USA (Hu et al., 1999). Moreover, Mayewski et al. (2004) revealed a significant 

rapid climate change from 9-8 ka characterized by high-latitude cooling and low-latitude aridity. 

The ~7.7 ka cold-dry event was also detected on the central (Herzschuh et al., 2006) and western 

(Gasse, 1996) TP, in hole 723A from the northwestern Arabian Sea (Gupta et al., 2005), a 
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subalpine pollen sequence in Taiwan (Liew et al. 2006), and a deep-sea sediment core off South 

Australia (Moros et al., 2009). The 4.2 ka event is considered to have been a relatively sustained 

and widespread phenomenon throughout the low- and mid-latitude regions in the NH (Bond et al., 

1997; Johnsen et al., 1997; Thompson et al., 2002; Booth et al., 2005; Nakamura et al., 2016). It 

was widely reported in the ISM region (Hong et al., 2003; Gupta et al., 2005; Moros et al., 2009; 

Herzschuh et al., 2014; Nakamura et al., 2016; Wu et al., 2020, Fig. 9i) and the EASM region 

(Wang et al., 2005; Xiao et al., 2018; Cai et al., 2021; Wang et al., 2022), where it is characterized 

by weak summer monsoon. The significant warm-humid MWP and cold-dry LIA detected in this 

study also exist in most paleoclimate studies of the last 2,000 years around the world (Soon et al., 

2003). A warmer and more humid MWP than PWP are similar to results of other published studies 

(Soon et al., 2003; Ge et al., 2013). Ge et al. (2013) has suggested that all temperature sequences 

indicate warm conditions from 985-1140 CE and after 1945 CE with cold conditions between 

1440 and 1880 CE. Most sequences indicate warm conditions from 841 to 1290 CE, cold 

conditions between 1291 and 1910 CE, and warming again after 1910 CE (Ge et al., 2013). These 

warm and cold phases are temporally very consistent with the start and end times of MWP, LIA 

and PWP in this study. 

5.3. Possible dynamic mechanisms 

Comparing the quantitative reconstructed climatic sequences with climate forcings (Fig. 9), it 

can be seen that the general increasing trends in temperature and precipitation from 18.5 ka may 

be driven by the increase of summer (June, July, August) insolation at 25 ºN from ~20 ka (red line 

in Fig. 9a) (Laskar et al., 2004) and strengthened by the increases of the radiative forcing (Fig. 9n) 

(Clark et al., 2012; Marcott et al., 2013) and asmospheric CO2 concentrations (Fig. 9o) (Monnin et 
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al., 2001; MacFarling Meure et al., 2006) from ~17.5 ka. Temperature and precipitation 

culminated from 7.2-4.5 ka, which lagged peak summer insolation values by about 3000 years. To 

explain this lag, changes in glacial boundary conditions (e.g., ice volume, SST, albedo, and 

atmospheric trace-gas concentrations) have been cited as mechanisms that can alter the way in 

which the climate responds to summer insolation (deMenocal and Rind, 1993; Overpeck et al., 

1996; Griffiths et al., 2009). For example, the highest SSTs at ~7.0 ka documented in the western 

Arabian Sea (Naidu and Malmgren, 2005) and a plateau in sea-level rise at ~6.5 ka inferred from δ 

18
O values of Red Sea benthic foraminifera (Siddall et al., 2003) and Barbados coral reefs from the 

eastern Caribbean Sea (Peltier and Fairbanks, 2006) are very important regional forcing 

mechanisms for the mid-HTM in the ISM region (Xiao et al., 2014a, 2015). After 4.5 ka, the 

general declining trends in temperature and precipitation are in concert with slowly decreasing 

summer insolation. Additionally, temperature and precipitation trends match September solar 

insolation for 25°N (brown line in Fig. 9a), suggesting a possibly important factor for the study 

area (Xiao et al., 2015).  

The abrupt cold events during the last deglaciation (H1 and the YD) correspond well to the 

slowdown of the Atlantic meridional overturning circulation (AMOC) as indicated by the 

231
Pa/

230
Th proxy in sediment cores from the west and deep high-latitude North Atlantic (Fig. 9m) 

(Ng et al., 2018). Changes in AMOC directly affected North Atlantic climate, and in turn affected 

the monsoon and the mean latitudinal position of the Intertropical Convergence Zone (ITCZ) 

(Wang et al., 2007). This climate pattern was additionally facilitated by a slowdown of the rate of 

increased radiative forcing (Fig. 9n) and atmospheric CO2 concentrations (Fig. 9o) from 16.2-14.8 

ka and the decreases in the radiative forcing (Fig. 9n) and CO2 concentrations (Fig. 9o) from 
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12.8-11.5 ka which was also accompanied by elevated values of volcanic sulfates (Fig. 9p) 

(Zielinski and Mershon, 1997). AMOC (Alley et al., 1997; Barber et al., 1999) and solar forcing 

have been put forward to explain early Holocene climate instability (Herzschuh et al., 2006). 

However, the three cold-dry events at 11.1 ka, 9.1-8.4 ka, and ~7.7 ka correspond well to the 

increased values of volcanic sulfates (Fig. 9p), indicating the important role of volcanic eruptions. 

At about 4.2 ka, summer insolation reached its lowest level and September solar insolation also 

decreased significantly, which resulted in a southward retreat of the ITCZ (Fleitmann et al., 2007). 

Relatively low total solar irradiance (TSI) inferred from 
10

Be in polar ice cores and 
14

C in tree 

rings (Steinhilber et al., 2012) from 4.5-4.0 ka and a negative phase of the Indian Ocean Dipole at 

4.2 ka (Berkelhammer et al., 2012; Nakamura et al., 2016) also contributed to the widespread 4.2 

ka event. Based on the simulation results with all forcings, individual forcings, natural factor 

combinations, and human factor combinations (Ge et al., 2015), climate during the MWP and LIA 

was mainly controlled by changes in solar activity. This is supported by the high values from 

1.22-0.68 ka (730-1270 CE) and low values between 1270 and 1920 CE of TSI (Steinhilber et al., 

2012). The cause of warming during the PWP is clearly different than the MWP and is mainly 

controlled by the rapid increase of greenhouse gases (such as CO2) (Fig. 9o, MacFarling Meure et 

al., 2006) (Ge et al., 2015). 

A cross-correlation analysis between a final monotonic trend (IMF6: intrinsic mode functions) 

decomposed from the MAT through ICEEMDAN (Fig. S5) and average summer insolation (or 

September solar insolation) was conducted for this study. The results (Fig. 10) showed that the 

highest correlation values (mean of 0.97) between MAT and average summer insolation occurred 

at positive lags with ~70 samples, indicating that average summer insolation led MAT by ~5 ka. 
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The highest correlation values (mean of 0.96) between MAT and September solar insolation 

occurred at positive lags with several samples, indicating that September solar insolation only led 

MAT by several hundred years. These high correlation values and positive lags are strong 

evidence of driving forces. The modulation role of greenhouse gas concentrations and radiative 

forcing can be revealed with wavelet coherences (Fig. 11). The time series of IMF4 and IMF5 

decomposed from the MAT through ICEEMDAN (Fig. S5) and climate forcings with trends 

removed shows an in-phase relationship between CO2 (or radiative forcing) and MAT in the area 

of a time frequency plot above the 5% significance level, with CO2 (or radiative forcing) leading 

MAT. 

 

Fig. 10 Cross correlation between the trend of the reconstructed MAT and average summer insolation (or 

September insolation). (a) Time series plots for the reconstructed MAT and the trend of MAT, average summer 

insolation, and September insolation. (b) Cross correlation between the trend of MAT and average summer 

insolation. (c) Cross correlation between the trend of MAT and September insolation. Blue curve indicates the 

cross-correlation value at each lag time. Red curve indicates p values drawing the significance of the correlation. 

Each lag is 70 years. 
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Fig. 11 Wavelet coherences between climate forcings (the CO2 concentration and the radiative forcing) removing 

the trends and the reconstructed MAT time series (IMF4+5). The 5% significance level against red noise is shown 

as a thick contour. The relative phase relationship is shown as arrows (with in-phase pointing right, anti-phase 

pointing left, and climate forcings leading the reconstructed MAT by 90° pointing straight up). 

Spectral analysis can aid in delineating the factors that force the monsoon by looking at the 

cyclicity of climatic proxies. In this study, MTCM, MAT, and MAP were selected to carry out 

REDFIT spectral analysis (Figure 12). All exhibit the strongest 4650-year cycle above the 99% 

chi2 red-noise level and significant cycles of 250, 180, 160, and 130 years above the 90% chi2 

red-noise level. Spectral analysis of MTCM also reveals significant cycles of 530, 300, and 200 

years above the 90% chi2 red-noise level, and MAP has significant cycles of 190 and 150 years 

above the 90% chi2 red-noise level.  

 

Fig. 12. Spectral analysis of MTCM (a), MAT (b) and MAP (c). The spectral analysis was done using REDFIT 

spectral analysis in PAST software version 4.11 (Hammer et al., 2001). The utilized parameters were: window: 

welch; oversample: 2; segments: 3. The gray dash and solid lines represent the 99% and 90% of the chi-squared 

confidence level, respectively. 

The strongest 4650-year cycle matches well the 4670-year periodicity revealed in the 

ice-rafted debris records in the North Atlantic (Bond et al., 1997; Keeling and Whorf, 2000). 

Similar cycles were also found in the Tsuga pollen percentage time series from Lake Chenghai, 

southwestern China (at 4163 year) (Xiao et al., 2018), Arabian Sea upwelling (at 4400 year) 

(Leuschner and Sirocko, 2003), percent carbonate data from the western subtropical North 

Atlantic (at 4500 year) (Keigwin and Jones, 1994), carbonate time series from site 1061 in the 
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western North Atlantic (at 4000 year) (Grützner et al., 2002), the polar and low- to mid-latitude 

circulation index in the NH (at 4500 year) (Mayewski et al., 1997), δ 
18

O of diatom from Lake 

Malawi in Africa (at 4500 year) (Barker et al., 2007), and Vostok temperatures in Antarctica (at 

4400 year) (Yiou et al., 1991, 1995). All these indicate that the ~5000-year cycle is ubiquitous 

around the world. A combination of precessional and obliquity frequencies have been proposed as 

mechanisms behind this cycle (Pestiaux et al., 1988; Yiou et al., 1991, 1995).  

The cycles of 530, 300, 250, 200, 190, 180, 160, 150, and 130 years documented in this study 

are close to significant centennial cycles of 558, 206, and 159 years in the stalagmite δ 
18

O record 

from Dongge Cave, southern China (Wang et al., 2005) and 470, 320, 220, 156, and 126 years in 

sediments of the Arabian Sea (Thamban et al., 2007). Most of these cycles match closely with 

significant cycles of 512, 206, and 148 years in the Δ 
14

C record (Stuiver and Braziunas, 1993) and 

sunspot numbers (226, 209, 150, 132 years) (Gupta et al., 2005), indicating a century-scale 

relationship between solar changes and the ISM. In addition, the ~500-year cycle has been 

reported in many records in the ISM (Bhushan et al., 2001; Thamban et al., 2007; Kessarkar et al., 

2013; Gayathri et al., 2022) and EASM regions (Xu et al., 2014), the GISP2 δ 
18

O record (Stuiver 

et al., 1995), and North Atlantic Deep Water (NADW) circulation (Chapman and Shackleton, 

2000). All these imply that this cycle is widespread in the NH, which may be related to the AMOC 

control on incorporation of the 
14

C into the ocean (Stuiver and Braziunas, 1993; Chapman and 

Shackleton, 2000; Neff et al., 2001). In the ISM region, the ~500-year cycle was attributed to the 

modulation of monsoon by NADW formation (Bhushan et al., 2001). Considering the ITCZ 

connection of the ISM with the EASM, this cycle of 500 years could be also related to the position 

of the ITCZ (Kessarkar et al., 2013). The ~200-yr Suess solar cycle (Suess, 1980; Usoskin and 
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Mursula, 2003) is widely ascribed to be of solar origin (Stuiver and Braziunas, 1989, 1993; 

Stuiver et al., 1995; Agnihotri et al., 2002; Thamban et al., 2007), and has been noted in many 

paleoclimate records from the ISM region (Neff et al., 2001; Agnihotri et al., 2002; Berger and 

von Rad, 2002; Staubwasser et al., 2002; Fleitmann et al., 2003; Tiwari et al., 2005; Gayathri et al., 

2022). This century-scale relationship between solar activity and ISM variability reinforces the 

hypothesis that the intensity of Asian monsoon is affected by variations in solar activity (Kerr, 

2005; Tiwari et al., 2005; Wang et al., 2005). 

6. Conclusions 

Based on an updated modern pollen dataset comprising 4258 samples and a high-resolution 

pollen record spanning the last 18.5 ka from Lake Tengchongqinghai in southwestern China, this 

study quantitatively reconstructed several climate variables. This was performed by screening 

modern pollen data, selecting an appropriate calibration set, analyzing the major climate factors, 

selecting an appropriate model, and assessing the reconstruction results from using statistical, 

ecological, and climatic perspectives. The following conclusions are drawn: 

(1) MAP was the main controlling factor for the calibration sets with radii of the modern sites 

around the core site larger than 1300 km. MTCM was the main controlling factor for the 

calibration sets with radii between 1300 and 1000 km and GDD5 was the main controlling factor 

for sets with radius less than 1000 km. 

(2) The WAPLS model and the calibration set with the modern sites within a radius of 1200 

km around the core site were selected as the most reliable model and most appropriate calibration 

set for final quantitative reconstructions of MTCM, MAT, and MAP. 

(3) The quantitative reconstructions show that the temperature and precipitation in the study 
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area increased variably but gradually from 18.5 ka, and peaked from 7.2-4.5 ka when MAT was 

on average 1.0 °C higher than the modern observational value (14.5 °C), corresponding to the 

mid-HTM, and then decreased gradually. Additionally, seven abrupt cold and dry events were 

identified from 16.2-14.8 ka, 12.8-11.5 ka, 4.3-3.7 ka, and 0.68-0.009 ka (1270-1950 CE) which 

corresponded to H1, the YD, the 4.2 ka event, and the LIA, respectively. The other three, less 

common cold-dry events occurred at ~11.1 ka, 9.1-8.4 ka, and ~7.7 ka. 

(4) Using cross-correlation, spectral, and wavelet analysis, we conclude that the climate 

trends  since 18.5 ka in this study area were primarily driven by summer and September solar 

insolation, and changes in radiative forcing and greenhouse gas concentrations also played an 

important modulation role. Abrupt changes may be caused by AMOC, solar activity, the position 

of the ITCZ, and volcanic activity. 
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Highlights: 

We present high-resolution pollen-based quantitative variations in MTCM, MAT and MAP from 

southwestern China. 

The period 7.2-4.5 ka was the warmest and wettest period since 18.5 ka. 

Seven abrupt cold and dry events were detected over the past 18.5 ka. 

This study provides quantitative data support for ecological responses and climate mechanisms. 
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