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Abstract: 

Monsoon precipitation and temperature are the crucial components of the Indian 

monsoon climate, yet their spatial-temporal relationship remains unclear. In this study, 

we reconstruct the changes in monsoon precipitation and mean annual temperature 

simultaneously over the past 16,000 years using multiple proxies, including 

isoprenoid glycerol dialkyl glycerol tetraethers (isoGDGTs) and n-alkanes, from an 

alpine lake in southwestern China. On the one hand, the reconstructed monsoon 

precipitation shows a long-term increasing trend during the last deglaciation and a 

gradual decrease during the Holocene, with the highest-humidity period occurring in 

the early Holocene. Our result displays good consistency with the changes in regional 

mean annual precipitation, summer precipitation, and monsoon intensity during the 

last deglaciation and the Holocene. On the other hand, the reconstructed mean annual 

temperature inferred from the n-alkane proxy shows a long-term warm trend since the 

last deglaciation. Our result is consistent with the regional reconstruction of both 

mean annual and summer temperatures during the last deglaciation, while evident 

seasonal differences were observed for Holocene records with a cooling trend of 

summer temperature and a warm trend of mean annual temperature. Comprehensive 

comparison reveals that monsoon precipitation in the Indian monsoon region is 

mainly related to changes in the Intertropical Convergence Zone (ITCZ) and land-sea 

thermal contrast controlled by boreal summer insolation. In addition, the increase in 

temperature during deglaciation is primarily attributed to the escalation of greenhouse 

gases (GHGs), while the divergent trend of seasonal temperature during the Holocene 

is mainly attributed to the changes in local seasonal insolation. Our research 

emphasizes that monsoon precipitation is a summer signature in the Indian monsoon 

region, which is consistent with the changes in summer temperature, while contrasting 

with the changes in mean annual temperature. Therefore, it is necessary to consider 

the seasonal difference in temperature changes when investigating the hydrothermal 

combination in Indian monsoon regions.
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1. Introduction 

The Indian summer monsoon (ISM) is an important component of Asian summer 

monsoon systems and plays a crucial role in the transfer of heat and moisture from the 

tropical Indian Ocean to the Asian subcontinent (Sun et al., 2019; Zhang et al., 2017b). 

The impact of climatic change has significant implications for human activities and 

economic development, particularly in this densely populated region, where 

approximately 75% of the world's population is affected (Chen et al., 2014; Xiao et al., 

2015). Monsoon climate variability can lead to significant impacts such as widespread 

droughts or floods, and influence a large population (Yao et al., 2019). Therefore, we 

investigate the natural fluctuations in precipitation and temperature in the 

spatial-temporal changes of in the ISM regions to understand the driving factors 

behind these variations and further enhance our ability to forecast future climate 

changes. 

Numerous studies have been conducted to reconstruct temperature changes 

during the Holocene using various proxies from geological archives in the ISM region 

(Wu et al., 2018; Zhao et al., 2021a; Zhang et al., 2017a; Zhang et al., 2023a). 

However, these reconstructions have yielded complex and sometimes contradictory 

results in terms of annual and summer temperatures. For instance, mean annual 

temperature records based on brGDGTs indicate a warming trend (Zhao et al., 2021a; 

Zhang et al., 2023a), while pollen- and chironomid-based summer temperature 

records suggest a long-term cooling trend (Wu et al., 2018; Zhang et al., 2017a). 

Additionally, monsoon hydroclimate variation has also been reconstructed using 

different climatic archives, such as stalagmite δ18O (Dykoski et al., 2005; Fleitmann et 

al., 2003; Liu et al., 2020; Wang et al., 2005), lake carbonate δ18O (Sun et al., 2019; 

Wu et al., 2018), and leaf wax δD (Zhao et al., 2021a, 2021b) in southwestern China. 

These records all indicate a gradual decline in Holocene monsoon precipitation. 

However, there have been relatively few studies investigating the hydrothermal 

combination relationship in the Holocene. Sediment records from Tengchongqinghai 

Lake in southwestern China, for example, show inconsistent changes in warming 

mean annual temperature and decreased summer monsoon precipitation (Zhao et al., 
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2021a). Conversely, a consistent pattern can be observed for the reconstructed 

summer temperature cooling and summer rainfall decrease in this area (Wu et al., 

2018). The characteristics of hydrothermal combinations in the ISM-influenced region 

since the Holocene remain unclear, which may be due to seasonal bias in temperature 

and monsoon hydrological changes. Further investigation of the combination pattern 

of temperature and precipitation in different seasons is necessary. 

Isoprenoidal glycerol dibiphytanyl glycerol tetraethers (isoGDGTs) are a suite of 

membrane lipids produced by some species of archaea, such as Thaumarchaeota and 

Euryarchaeota (Schouten et al., 2013). The acyclic GDGT-0 is a frequently occurring 

isoGDGT that can be produced by archaea such as ammonia-oxidizing 

Thaumarchaeota and anaerobic methane-oxidizing archaea (Blaga et al., 2009; 

Schouten et al., 2013). IsoGDGTs including 1-3 cyclopentyl moieties (GDGT-1, 

GDGT-2, GDGT-3) are commonly found in Thaumarchaeota and Crenarchaeota 

(Schouten et al., 2013). In addition, isoGDGTs also include crenarchaeol, and its 

isomer crenarchaeol’ is produced by Thaumarchaeota (Blage et al., 2011). GDGT-0 

and crenarchaeol are much more abundant than GDGTs 1-3 in cultivated 

Thaumarchaeota (Blage et al., 2011). However, previous studies have suggested that 

the deep-sea environment rich in methane shows different distribution characteristics 

of isoGDGT; that is, GDGT-1, GDGT-2 and GDGT-3 are dominant, which is caused 

by methane-oxidizing archaea with methane hydrates (He et al., 2022; Zhang et al., 

2011). These findings indicate that the methane index 

(GDGT-1+GDGT-2+GDGT-3)/(GDGT-1+GDGT-2+GDGT-3+crenarchaeol+ 

crenarchaeol′) can serve as a marker for the lipid involvement of methanotrophic 

archaea (Kim and Zhang et al., 2023; Zhang et al., 2011). Methanotrophic archaea, as 

anaerobic archaea, contribute more in deep environments, corresponding to higher 

methane index values, and vice versa (Kim and Zhang et al., 2023; Zhang et al., 2011). 

Thus, the applicability of the methane index in lake environments has been verified 

and could reflect changes in water depth and regional precipitation (Cao et al., 2021; 

Daniels et al., 2021; Yao et al., 2022). 
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In this study, we present a multiproxy record, including isoGDGTs and n-alkanes 

in lake sediment at Tingming Lake in southwestern China since the last deglaciation. 

We aimed to: (1) reconstruct effective precipitation and temperature changes 

simultaneously since the last deglaciation, (2) investigate the regional pattern of 

hydrothermal combination in different seasons, and (3) elucidate possible causes of 

monsoon hydroclimate and temperature changes in different seasons. 

2. Materials and methods 

2.1 Study site 

Tingming Lake (26°35′N, 99°01′E, 3,779 m a.s.l.) is located in the Hengduan 

Mountains, approximately 88.5 km northwest of Liuku County in Yunnan Province, 

southwestern China (Fig. 1a). This lake has a surface area of 1.5 km2. The lake basin 

is surrounded on three sides by mountains. The maximum water depth of Tingming 

Lake is 19.2 m. Tingming Lake has perennial inflows and outflows, and is mainly 

recharged by precipitation and lake catchment, and the change in lake water depth is 

mainly affected by precipitation. The dominant presence in the upper vegetation is 

made up of sparse Abies forest, which is mostly composed of mixed Rhododendron 

shrubland and herbs (Fig. 1c; Sun et al., 2021; Wang et al., 2023). 

This region is influenced by the Indian summer monsoon, which is a subsystem 

of the Asian summer monsoon circulation. During the summer season, it is mainly 

affected by warm and moist air currents from the Indian Ocean and the Bay of Bengal, 

in addition to the impact of the local climate on the Qinghai-Tibet Plateau. 

Meteorological data from the Liuku station (25°50′N, 98°51′E, 950 m a.s.l.) indicated 

that the mean annual precipitation (MAP) was 974 mm with 71% rainfall from May to 

September, and the annual mean temperature was 20.3 oC over the period of 

1977-2017 (Fig. 1b; Sun et al., 2021).   
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2.2 Sample collection and age model 

In fall 2017, a 312 cm-long sediment core (denoted as 17TM3) was drilled from 

the lake center at a water depth of 16.1 m using a piston corer (Fig. 1c). Modern 

samples including terrestrial plants, catchment soil, and lake surface sediments, were 

collected from Tingming Lake and the lake basin. The sediment cores were 

transported to the laboratory and subsequently subsampled at 1 cm intervals and 

stored at 4 oC preserving until analysis.  

The dating results of long core 17TM3 were previously reported by Sun et al. 

(2021) and Wang et al. (2023). AMS 14C dating of 14 terrestrial plant materials and 2 

organic sediments or gyttja was used to develop age models for the cores from 

Tingming Lake. The resulting 16 14C dates were calibrated to calendar ages and then 

an age model was reconstructed using the IntCal13 dataset (Reimer et al., 2013). The 

age model was then developed using a Bayesian model in the Bacon program 

(Blaauw and Christen, 2011).  

2.3 Lipid extraction and GDGT analysis 

A total of 146 sediment samples from the long core (17TM3), 7 surface sediment 

samples, 2 catchment soils and 7 terrestrial plants were analysed for lipid extraction 

following the below chemical pretreatment (Sun et al., 2021; Yan et al., 2023; Zhang 

et al., 2022). Freeze-dried samples (3 g) were ultrasonically extracted four times using 

dichloromethane:methanol (9:1, v/v). After concentrating with N2, the extracted total 

lipids were saponified using 6% KOH in methanol solution for 12 hours. The 

supernatant was collected after adding NaCl and n-hexane and centrifuging. Finally, 

the neutral supernatant containing n-alkanes and GDGTs was extracted through silica 

gel column chromatography using n-alkane and MeOH solutions, respectively. 

The n-alkanes were measured by an Agilent 7890 Gas Chromatography (GC) 

device equipped with a flame ionized detector and a split injector, HP1-ms GC 

column (60 m*0.32 mm, 0.50 μm film thickness) at the State Key Laboratory of Lake 

Science and Environment in Nanjing Institute of Geography and Limnology. The 
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detailed oven procedure is to hold for 1 minute at 40 oC, heat to150 oC at a rate10 

oC/min, then rise to 310 oC at a rate of 6 oC/min, and finally hold for 60 minutes at 

310 oC (Yan et al., 2023; Zhang et al., 2019a).  

Multiple n-alkane proxies have been proposed to evaluate the lake sediment 

sources and their relationship with relative climate changes, such as ACL (Ficken et 

al., 2000; Lin et al., 2023) and total long-chain n-alkane concentration (∑C31-33) 

(Cranwell et al., 1987),  

ACL=∑(n×Cn)/∑Cn (17≤n≤33) 

∑C31-33=∑C31-33/∑C16-33 

The GDGTs were analysed using a UPLC-APCI-MS (ACQUITY I-Class 

plus/Xevo TQ-S system) equipped with two coupled UPLC silica columns (BEH 

HILIC columns, 3.0*150 mm, 1.7 μm; Waters) in series, fitted with precolumn and 

maintained at 30 oC. The device can completely separate 5- and 6-methyl isomers by 

an improved chromatographic procedure. The sample was dissolved in 1000 μl of 

n-hexane and injected with 4 μl. GDGTs were eluted at a constant flow rate of 0.4 

ml/min for 80 minutes. The mobile phases of A and B, where A = hexane and B = 

hexane: isopropanol (9:1, v/v), were run isocratically with 82%A and 18 %B for 25 

min, followed by a linear gradient to 65 % A and 35 % B for 25-50 minute, then to 

100 % B for 50-60 minute with 20 minute of re-equilibration. GDGTs were ionized in 

the APCI source at a probe temperature of 550 oC, voltage corona of 5.0 μV, voltage 

cone of 110 V, gas flow desolvation of 1000 l/h, gas flow cone of 150 l/h and collision 

gas flow of 0.15 ml/min. GDGT isomers were detected using the selective ion 

monitoring (SIM) mode to target specific m/z values, including 1302 (GDGT-0), 1300 

(GDGT-1), 1298 (GDGT-2), 1296 (GDGT-3) and 1292 (crenarchaeol and 

crenarchaeol’). The results are expressed as the fraction of the sum of the isoGDGTs 

based on the integration of the peak areas of the [M+H]+ ions. 

The methane index (MI) was calculated according to Zhang et al. (2011) and 

Kim and Zhang (2023). 

MI=(GDGT-1+GDGT-2+GDGT-3)/(GDGT-1+GDGT-2+GDGT-3+crenarchaeol+ 

crenarchaeol′). 
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3. Results 

Our reconstructed chronology shows that the long core spans the last 

deglaciation period (16000 years) with an average sedimentation rate of 25 cm/1000 

years. The modern n-alkane results show clear odd to even predomination among 

different types of samples (Fig. 2a-2d). In all samples including plants, surface soils, 

surface sediments and core samples, the n-alkane components are in the range from 

C16 to C33, with C29 and C31 being dominant. The ACL values varied from 27.6 to 29.2 

(mean 28.65, Fig. 3a). The C31-C33(%) ranged from 0.38 to 0.20 (mean 0.32, Fig. 3b).  

GDGT-0 (42.88% and 43.83%) dominated in isoGDGT in surface sediments and 

core samples, but crenarchaeol (44.95%) dominated in the surface soils (Fig. 2e). The 

MI proxy in the core sediments of Tingming Lake showed obvious fluctuations, 

ranging from 0.12 to 0.62, with an average value of 0.39 (Fig. 3c). The 

isoGDGT-inferred effective precipitation record displays a long-term increasing trend 

during the last deglaciation and shows an abrupt drop during the YD period. From the 

Holocene to the present, humidity records reveal a gradually decreasing trend (Fig. 

3c). 

4. Discussion 

4.1 Climatic significance of multiple proxies in Tingming Lake  

GDGTs in lake sediments can originate from lake catchment soils and 

autochthonous production. Recent studies in Tingming Lake have shown that the 

contribution of brGDGTs is mainly from authigenic production rather than 

transportation from catchment soils (Sun et al., 2021). Similarly, the isoGDGTs in 

Tingming Lake are also from authigenic production rather than exotic input from 

catchment soils. This is because the distribution of isoGDGTs in core samples is 

consistent with surface sediments from Tingming Lake but differs from surface soils 
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in the lake catchment (Fig. 2e). The main source of isoGDGTs in lake sediments is 

predominantly derived from authigenic production, as supported by many previous 

studies. For example, the concentration of GDGT-0 in lake sediments is much higher 

than that in surrounding soils (Blage et al., 2011; Cao et al., 2021; Hu et al., 2016; 

Inglis et al., 2015; Schouten et al., 2013), indicating an in-situ production of 

isoGDGTs, which aligns with our results (Fig. 2e). The MI index is widely used to 

differentiate between anaerobic methane oxidation environments and normal marine 

conditions (Kim and Zhang, 2021; Zhang et al., 2011). The lower values are likely 

from the oxidation surface of the sediment in shallow water, whereas the high values 

reflect anaerobic oxidation of methane in deep-water (Kim and Zhang, 2023; Zhang et 

al., 2011). As methanogenic archaea thrive in anoxic environments of bottom water or 

water-sediment interfaces (Blage et al., 2011; Cao et al., 2021). Previous studies have 

indicated that oxygen concentrations are lower in deeper lake regions, providing a 

more favourable environment for anaerobic microorganisms (Cao et al., 2021; Daniels 

et al., 2021; Yao et al., 2022; Zhang et al., 2023b). As a result, the MI index is 

proposed to reflect variations in lake water depth. For example, there is a positive 

correlation between MI and lake water depth in Gonghai Lake (Fig. 4; Cao et al., 

2021) and Fuxian Lake (Fig. 4; Zheng et al., 2022). Our modern investigation shows a 

strong positive correlation (R2=0.57) between the MI index and lake water depth in 

Tingming Lake (Fig. 4), suggesting that the MI can serve as an indicator of lake water 

depth changes. Considering that Tingming Lake is a closed, precipitation 

supply-based lake, the change in lake water depth is affected by precipitation and 

evaporation, mainly reflecting the change in regional effective precipitation. 

Therefore, the MI inferred from isoGDGTs can reflect effective precipitation changes 

in southwestern China. 

The ACL records are based on the concentrations of C17~C33 alkanes, which 

represent the average number of carbon atoms (Poynter and Eglinton, 1990). Alkane 

ACL is a useful indicator of climate change that has previously been found to be 

related to chain compounds by biosynthesis (Bush et al., 2015; Leider et al., 2013; 

Zhou et al., 2010). In warmer climates, plants produce longer chain compounds with 
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higher melting points, while cooler temperate regions produce shorter chain 

compounds (Bush and McInerney, 2013; Zhou et al., 2010). Consequently, higher 

ACL values are typically associated with warmer climates, while lower values 

indicate cooler climates (Leider et al., 2013; Sachse et al., 2006; Wang et al., 2016). 

The change in the alkane ACL of Tingming Lake may reflect temperature changes, 

but it is also influenced by other factors, such as precipitation (He et al., 2014; Shi et 

al., 2021) and plant types (Bush et al., 2013; Nott et al., 2000). In our study, the 

sediments of Tingming Lake, including surface sediments and core samples (Fig. 

2c-2d), are dominated by C29- and C31-alkanes, which account for more than 70% of 

the total n-alkanes. This distribution pattern is consistent with that of surface soil and 

terrestrial plants (Fig. 2a-2b). Our results align with previous studies on the 

distribution of n-alkanes in the lakes of southwestern China (Yan et al., 2023; Zhao et 

al., 2021b). Additionally, Tingming Lake has very few aquatic plants and little in-situ 

production of short chain alkanes. On the other hand, in Yunnan Province, China, 

precipitation is sufficient, and vegetation growth is mainly controlled by temperature. 

Thus, the n-alkane ACL may be used as an indicator of changes in the mean annual 

temperature. 

4.2 Monsoon hydroclimatic variation in southwestern China 

The monsoon precipitation change is reconstructed based on the MI in Tingming 

Lake since the last deglaciation. Our record reveals a gradual increase in wetness 

during the last deglaciation with a rapid dry event during the YD period (Fig. 5h). 

This result is consistent with other palaeoclimatic records in ISM regions, such as 

rainfall amount and monsoon intensity (Wu et al., 2018; Xu et al., 2019; Zhang et al., 

2020, 2023c; Zhao et al., 2021b). For example, the quantitative MAP based on a 

pollen proxy in Tengchongqinghai Lake demonstrated a continuous increase during 

the last deglaciation (Fig. 5a; Zhang et al., 2023c), and this result can also be observed 

from pollen-derived moisture level changes in the same lake (Zhang et al., 2020). The 

increase in monsoon precipitation is also supported by regional vegetation changes 
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with an increase in Pinus pollen (which flourishes in a semi-humid setting) (Xiao et 

al., 2015, 2020). In addition, precipitation isotopic records including leaf wax 

hydrogen isotopes (δDwax) in Lugu Lake (Fig. 5d; Zhao et al., 2021b), carbonate δ18O 

in Tiancai Lake (Sun et al., 2019) and stalagmite δ18O in Dongge Cave (Fig. 5b; 

Dykoski et al., 2005) in southwestern China exhibit negative excursions, suggesting 

an intensification of ISM intensity and increasing rainfall. Moreover, a noteworthy 

millennial-scale oscillation in monsoon precipitation variation was documented 

during the YD period. This oscillation manifests as a dramatic weakening of the 

summer monsoon intensity (Fig. 5b; Dykoski et al., 2005; Liu et al., 2020) and a 

precipitation reduction (Fig. 5a; Zhang et al., 2023c), further leading to a low lake 

level (Xu et al., 2019). Other multiproxy records, including pollen (Xiao et al., 2020), 

diatoms (Li et al., 2018) and grain size records (Zhang et al., 2017b), are analysed in 

lakes sediments. The results from these studies show an increase in drought-resistant 

plants (Xiao et al., 2020), an increase in coarser grain sizes of mineral particles 

(Zhang et al., 2017b), and increased water alkalinity (Li et al., 2018), indicating a 

reduction in regional monsoon precipitation during the YD. In addition, the δDwax 

record of marine core SO188-342KL in the Bay of Bengal, which carries a signal of 

rainfall isotopes from terrestrial leaf wax, shows a consistent variation with our 

effective precipitation records (Fig. 5f; Contreras-Rosales et al., 2014). From the same 

region, sea surface salinity records derived from δ18Osw in cores RC12-344 and 

KL126 (Fig. 5g; Kudrass et al., 2001; Rashid et al., 2007), which are influenced by 

monsoon rainfall in the Asian subcontinent through Irrawaddy River drainage (Zhang 

et al., 2017b), show consistent long-term trends and millennial-scale variations with 

our results. Therefore, monsoon precipitation shows a gradual increasing trend in the 

ISM region, superimposed by a pronounced millennial-scale dry event during the YD 

period.  

During the Holocene period, reconstructed effective precipitation presents a 

gradual decreasing trend, with the highest value in the early Holocene (Fig. 5h). 

Consistent changes can also be documented by other geological archives, including 

lakes (Li et al., 2018; Hou et al., 2021; Rades et al., 2015; Wu et al., 2018; Xiao et al., 
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2020; Zhang et al., 2023c; Zhao et al., 2021a, 2021b) and stalagmites (Dykoski et al., 

2005; Fleitmann et al., 2003; Liu et al., 2020; Wang et al., 2005). For example, the 

MAP record, reconstructed by high-resolution pollen from Tengchongqinghai Lake 

and Caohai Lake in southwestern China (Fig. 5a; Zhang et al., 2023c), shows a 

gradual moisture reduction trend from the early to late Holocene. This can also be 

supported by changes in elevated lake levels, indicating wetter conditions during the 

early Holocene (Hou et al., 2021; Rades et al., 2015). Additionally, the gradual shift to 

wettest environment in the early Holocene is also supported by pollen (Xiao et al., 

2020), diatoms (Li et al., 2018), and grain size (Zhang et al., 2017b) in lake sediment 

records, in which the increased semi-humid evergreen broad-leaved forest, increased 

water acid and increased small grain-size fraction resulted from increased monsoonal 

precipitation. Similarly, the highest monsoon rainfall is related to an enhanced ISM in 

the early Holocene, as indicated by precipitation isotopic records from stalagmites in 

southern Oman (Fig. 5c, Qunf Cave, Fleitmann et al., 2003) and southwestern China 

(Fig. 5b; Dykoski et al., 2005; Liu et al., 2020; Wang et al., 2005), and from lacustrine 

δDwax records (Fig. 5d; Zhao et al., 2021a, 2021b) and carbonate δ18O record (Fig. 5e; 

Wu et al., 2018) in southwestern China, all consistently demonstrating a negative 

trend. In addition, it is worth noting that the MAP record shows a declining tendency 

throughout the entire Holocene and is consistent with records of monsoon intensity 

and monsoon rainfall (Fig. 7a-7e, 7h). This is because precipitation in southwestern 

China predominantly occurs during the summer season, with approximately 70% of 

the rainfall falling between June and August. In addition, marine records from the Bay 

of Bengal suggest a gradual decrease in rainfall throughout the Holocene. This is 

indicated by increased δDwax values (Fig. 5f; site SO188-342KL; Contreras-Rosales et 

al., 2014) and rising sea surface salinity (Fig. 5g; site RC12-344 and KL126; Kudrass 

et al., 2001; Rashid et al., 2007). Furthermore, this pattern aligns with records in and 

around the Arabian Seas, which display higher rainfall and stronger monsoon activity 

in the early Holocene than in the late Holocene (Anand et al., 2008; Jung et al., 2002). 

In summary, our study of Tingming Lake presents a continuous decreasing trend in 

precipitation variations in the Holocene. 
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4.3 Seasonal temperature variation in southwestern China 

Our reconstructed temperature change inferred from n-alkane ACL displays a 

long-term warming trend since the last deglaciation in Tingming Lake (Fig. 6b). To 

investigate the temperature change, we compiled quantitative temperature records 

during the last deglaciation and the Holocene. During the last deglaciation, our 

reconstructed record aligns with numerous regional temperature records, showing a 

continuous warming trend (Fig. 6). For example, the brGDGT-derived mean annual 

temperature at Tengchongqinghai Lake (Fig. 6c; Zhao et al., 2021a), Chenghai Lake 

(Sun et al., 2023), XimenCo Lake (Herzschuh et al., 2014) and Hongyuan peat (Yan et 

al., 2021) in southwestern China, displays a gradual warming trend. Likewise, the 

diatom- and chironomid-derived summer temperatures reveal a gradual slight 

warming trend at Tiancai Lake (Fig. 6f; Wang et al., 2023; Zhang et al., 2019b), as 

does the alkenone-based temperature at Qinghai Lake (Fig. 6g; Hou et al., 2016) and 

the pollen-based temperature at Xingyun Lake (Wu et al., 2018). Meanwhile, 

integrated seasonal temperature records, including mean annual temperature (Fig. 6a) 

and summer temperature (Fig. 6e), suggest a continuing warming trend in the last 

deglaciation (Zhang et al., 2022). In addition, sudden temperature drops during the 

YD period are identified in our reconstructed result (Fig. 6b) and regional mean 

annual temperature records (Fig. 6a, 6c-6d), which interrupt the overall warming trend 

of the last deglaciation. However, compared to the mean annual temperature records 

(Fig. 6a-6d), the YD signature is less pronounced in summer temperature records, 

such as the chironomid-inferred (Fig. 6f; Zhang et al., 2019b), alkenone-based (Fig. 

6g; Hou et al., 2016) and diatom-inferred records (Wang et al., 2023). Therefore, the 

reconstructed temperature records in southwestern China indicate an overall warming 

trend during the last deglaciation, whereas the millennial-scale YD cold event is not 

evident in the summer temperature records. 

During the Holocene, reconstructed temperature records indicate distinct 

seasonal variations in southwestern China, which is inferred from our results and 

reviewed temperature data (Fig. 6). For example, the brGDGT-based mean annual 
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temperature record indicates a well-defined gradual warming trend at Lugu Lake (Fig. 

6d; Zhao et al., 2021a), Tengchongqinghai Lake (Fig. 6c; Zhao et al., 2021a), 

Chenghai Lake (Zhang et al., 2023c) and Hongyuan peat (Yan et al., 2021). 

Additionally, the integrated mean annual temperature records throughout the 

Holocene confirmed this overall warming trend (Fig. 6a; Zhang et al., 2022). 

However, the temperature trends in other seasons are different. Summer temperature 

records show a long-term cooling pattern, as observed in the chironomid-inferred 

temperature record from Tiancai Lake (Fig. 6f; Zhang et al., 2017a), the 

alkenone-reconstructed temperature record from Qinghai Lake (Fig. 6g; Hou et al., 

2019), and the pollen-inferred temperature records from Xingyun Lake (Wu et al., 

2018). Similarly, the recently stacked entire Holocene summer temperature record 

suggests a general cooling trend towards the present in southwestern China (Fig. 6e; 

Chen et al., 2020; Zhang et al., 2022). In addition, it is worth noting that our 

temperature record also displays a distinct decline-temperature period at 3000-4500 

years. A similar trend can be observed for the diatom-inferred mean annual 

temperature in same lake (Wang et al., 2023), which is similar to the mean annual 

temperature records in Tengchongqinghai Lake and Lugu Lake (Fig. 6c-6d; Zhao et 

al., 2021a), and the summer temperature record in Qinghai Lake (Fig. 6g; Hou et al., 

2016). Previous studies have suggested that the temperature cooling between 

3000-4500 years may be related to a southwards migration of the Intertropical 

Convergence Zone (ITCZ) (Hou et al., 2016), which is in line with our reconstructed 

result (Fig. 7a, 7f). In summary, the reconstructed Holocene temperature records show 

distinct seasonal biases in southwestern China with a long-term warming trend for 

mean annual temperature but a gradually cooling trend for summer temperature. 

4.4 Hydrothermal combination in southwestern China and its driving mechanism 

We further investigated the hydrothermal combination and its potential driving 

mechanism since deglaciation in southwestern China. During the last deglaciation, the 

monsoon hydrological and temperature records show consistent changes towards a 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



gradually warm-wet trend (Fig. 7a-7d). Despite changes in the amplitude of seasonal 

temperature, the overall pattern of summer and mean annual temperature is consistent 

in the last deglaciation (Fig. 7a-7b). Similarly, the trends of monsoon precipitation 

and mean annual temperature are also consistent (Fig. 7a, 7c). By comparison, the 

observed temperature changes align with the global warming trend identified by 

proxy-based palaeotemperature reconstructions and climate model simulations (Fig. 

7a-7b; Shakun et al., 2012; Liu et al., 2014). Proxy-based temperature warming 

tendencies are attributed to increasing CO2 concentrations in the last deglaciation 

(Shakun et al., 2012; Zhang et al., 2022). Similarly, the simulated results of the 

CCSM3 model indicate that the main driver of deglaciation warming is the rise in 

atmospheric greenhouse gases (Zhang et al., 2022). Thus, the increased temperature is 

primarily attributed to the rising CO2 concentration during deglaciation (Fig. 7g; Lüthi 

et al., 2008). In addition, reconstructed monsoon hydrological records show good 

consistency with the ITCZ variations in both the long-term trend and millennial-scale 

fluctuations (Fig. 7c-7d). Previous studies have indicated that the ITCZ could 

influence rainfall changes in southwestern China (Deplazes et al., 2013; Dykoski et al., 

2005; Fleitmann et al., 2023; Sun et al., 2019). During the last deglaciation, the 

northwards displacement of the ITCZ (Fig. 7f; Haug et al., 2002) followed by the 

gradual increase in boreal summer insolation (Fig. 7h; Laskar et al., 2004), can 

strengthen the ISM intensity and then increase rainfall (Fig. 7c-7d; Dykoski et al., 

2005; Zhang et al., 2023c; Zhao et al., 2021b). Meanwhile, the ISM intensity is 

influenced by the thermal contrast between the Indian Ocean and the Asian land mass 

(Fig. 7e; Böll et al., 2015; Naidu et al., 2005). This temperature difference leads to the 

transport of water vapour to the Asian subcontinent, which in turn affects monsoon 

rainfall (Fig. 7c-7d; Dykoski et al., 2005; Zhang et al., 2023c; Zhao et al., 2021b). 

Additionally, proxy-derived hydrothermal combination indicates significant cooling 

and drying climatic conditions at the millennial time scale during the YD period (Fig. 

7a, 7c-7d), which are probably related to the Atlantic Meridional Overturning 

Circulation (AMOC, McManus et al., 2004). Previous studies have suggested a 

relatively strong correlation between temperature records and the strength of AMOC 
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(Sun et al., 2021; Wu et al., 2019; Zhang et al., 2022) inferred from Pa/Th (McManus 

et al., 2004). Specifically, the YD event occurred during the long-term warming phase 

due to the influx of freshwater into the North Atlantic, causing the shutdown of the 

AMOC (McManus et al., 2004). This disruption reduced heat and moisture transfer 

from low latitudes to the middle and high latitudes (Shakun et al., 2012). Additionally, 

the weakened AMOC could further result in the southwards displacement of the ITCZ 

and the weakening of the monsoon intensity and rainfall (Fig. 7c-7d; Dykoski et al., 

2005; Zhang et al., 2023c; Zhao et al., 2021b). 

Due to the obvious seasonal bias in Holocene temperature, seasonal differences 

need to be considered to understand the Holocene hydrothermal combination in 

southwest China. At the annual scale, the hydrothermal combination exhibits opposite 

variations, manifesting as a warming trend in temperature (Fig. 7a) and a decline in 

MAP (Fig. 7c). In contrast, at the summer scale, the hydrothermal combination 

displays a consistent shift from a warm and humid climate in the early Holocene to 

gradually becoming cold and dry conditions. In southwestern China, the reconstructed 

annual mean temperature records align with the simulated result of regional 

temperature with a long-term warming trend (Zhang et al., 2022), consistent with the 

increase in local annual insolation (Fig. 7h; Laskar et al., 2004). However, the 

continuous decrease in proxy-reconstructed summer temperature records coherent 

with the regional simulated summer temperature records (Fig. 7b; Marcott et al., 

2013), is in accord with the decrease in local summer insolation (Fig. 7h; Laskar et al., 

2004). In the long-term trend, the monsoon hydrological records in southwestern 

China are notably consistent with summer insolation (Fleitmann et al., 2003; Liu et al., 

2020; Wang et al., 2005; Wu et al., 2018). The decreasing summer insolation weakens 

the monsoon intensity and further reduces the monsoon precipitation in our study area 

(Fig. 7c-7d, 7h; Dykoski et al., 2005; Zhang et al., 2023c; Zhao et al., 2021b). 

Moreover, the persistent decline in monsoon precipitation may be related to the 

southwards migration of the ITCZ (Fig. 7f; Fleitmann et al. 2003; Haug et al., 2001) 

and the decreasing thermal contrast between the Indian Ocean and Asian subcontinent 

(Fig. 7e; Böll et al., 2015; Naidu et al., 2005), which results in a decrease in 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



meridional water vapour transport from tropical regions to the Asian subcontinent 

(Sun et al., 2019; Zhang et al., 2017b).  

In summary, the monsoon variation is a summer phenomenon, reflecting summer 

conditions, rather than an annual condition. Seasonal changes in temperature need to 

be considered when investigating the hydrothermal combination in the southwestern 

China region in the future. 

5. Conclusions  

In this study, we investigated the changes in hydrothermal combinations by 

multiple proxies, including isoGDGTs and n-alkanes from Tingming Lake. Our main 

results are as follows: 

(1) Modern investigation indicates that isoGDGTs are primarily produced in situ, 

as inferred from the different distribution pattern between catchment soils and lake 

sediments. The MI calculated from isoGDGTs can effectively reflect the changes in 

lake water depth and further indicate the variation in regional effective precipitation. 

High MI values indicate high effective precipitation, and vice versa. n-Alkanes in 

Tingming Lake sediments are dominated by long-chain C29 and C31, mainly from 

catchment plants. The ACL index calculated from n-alkanes is mainly controlled by 

regional temperature, which can reflect the changes in regional mean annual 

temperature. 

(2) Our reconstructed mean annual temperature displays a long-term warming 

trend during the last deglaciation and Holocene. Through further comparison, both 

summer and mean annual temperature show a warming trend during the last 

deglaciation, while Holocene summer temperature shows a cooling trend but a 

warming trend for mean annual temperature. Our reconstructed monsoon precipitation 

exhibits significant consistency with the changes in regional MAP, summer 

precipitation, and monsoon intensity during the last deglaciation and the Holocene. 

(3) By regional comparison, the hydrothermal combination shows a consistent 
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increase change during the last deglaciation in southwestern China. In the Holocene, 

the hydrothermal combination exhibits declining pattern in the summer season but is 

inconsistent annually. The monsoon rainfall is attributed to NH summer insolation 

through modulating the meridional migration of the ITCZ and thermal difference 

between the land and oceans, while the warming temperature is primarily influenced 

by rising CO2 during the last deglaciation, and the summer and mean annual 

temperature in the Holocene are driven by local summer and annual insolation, 

respectively. 
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Figure. 1 Location and setting. (a) Map showing the location of our study site 

(Tingming Lake, red square) and other referenced sites in this text (green dots). Lugu 

Lake (LG; Zhao et al., 2021a, 2021b), Tengchongqinghai Lake (TCQH; Zhang et al., 

2023c; Zhao et al., 2021a), Caohai Lake (CH; Zhang et al., 2023c), Xingyun Lake 

(XY; Wu et al., 2018), Dongge Cave (DG; Dykoski et al., 2005; Wang et al., 2005), 

Qunf Cave (QF; Fleitman et al., 2003), SO188-342KL (Contreras Rosales et al., 2014), 

RC12-344 (Rashid et al., 2007), SO90-93KL (Böll et al., 2015), and ODP723A 

(Naidu et al., 2005); (b) Mean monthly temperature and precipitation at the Liuku 

Meteorological Station, Yunnan Province, China (data retrieved from the 

Meteorological Administration of China, http://data.cma.cn/); (c) Sampling sites for 

Tingming Lake. The red star represents the location of sediment core 17TM3, and the 

blue and red dots represent the locations of surface soils and surface sediments, 

respectively. 
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Figure. 2 Average n-alkane distributions in (a) plants, (b) surface soils, (c) surface 

sediments and (d) core sediments of Tingming Lake. Relative abundance of 

isoGDGTs in (e) core samples, surface sediments and surface soils. 
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Figure. 3 Various n-alkane-based proxies for Tingming Lake. (a) ACL, (b) C31-C33 

(%), (c) methane index. The gray bar implies the YD event. 
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Figure. 4 Correlations between the methane index and lake water depth of Tingming 

Lake (blue), Gonghai Lake (green, Cao et al., 2021) and Fuxian Lake (orange, Zheng et 

al., 2022). R2 represents the correlation coefficient.  
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Figure. 5 Comparison of (h) effective humidity record from Tingming Lake (this 

study) with (a) mean annual precipitation reconstructed from Tengchongqinghai Lake 

and Caohai Lake (Zhang et al., 2023c); (b) stalagmite δ18O records from Dongge 

Cave (Dykoski et al., 2005; Wang et al. 2005); (c) stalagmite δ18O record from Qunf 

Cave (Fleitmann et al. 2003); (d) leaf wax δD from Lugu Lake (Zhao et al., 2021b); (e) 

carbonate δ18O record from Xingyun Lake (Wu et al., 2018); (f) δDwax record from 

core SO188-342 KL in the northern Bay of Bengal (Contreras Rosales et al., 2014); (g) 

surface-water δ18O data for sea-surface salinity reconstructions from core RC12-344 

(Rashid et al., 2007).  
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Figure. 6 Deglaciation and Holocene reconstructed temperature in this study 

compared with other palaeotemperature records in southwestern China. (a) Stacked 

annual temperature anomaly (Zhang et al., 2022); (b) alkane ACL of Tingming Lake 

(this study); (c) MAAT of Tengchongqinghai Lake (Zhao et al., 2021a); (d) MAAT of 

Lugu Lake (Zhao et al., 2021a); (e) stacked summer temperature anomaly (Zhang et 

al., 2022); (f) summer temperature of Tiancai Lake (Zhang et al., 2017a, 2019b); (g) 

summer temperature of Qinghai Lake (Hou et al., 2016). 
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Figure. 7 Correlations of reconstructed temperature with other climate records. (a) 

Alkane ACL in Tingming Lake (this study), stacked annual temperature (Zhang et al., 

2022); (b) stacked summer temperature anomaly (Zhang et al., 2022); (c) MAP 

(Zhang et al., 2023c) and methane index from Tingming Lake (this study); (d) δDwax 

of Lugu Lake (Zhao et al., 2021b) and δ18O of Dongge Cave (Dykoski et al., 2005); (e) 

SST for SO90-93KL (Böll et al., 2015) and ODP723A (Naidu et al., 2005) from the 

Indian Ocean; (f) Ti content from the Cariaco Basin (Haug et al., 2001); (g) CO2 

concentration from the Dome C ice core (Lüthi et al., 2008); (h) insolation anomaly 

(Laskar et al., 2004). 

 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Conflict of Interest: 

The authors declare that they have no known competing financial interests. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Highlights: 

 Our reconstructed monsoon precipitation and mean annual temperature 

synchronously increase during the deglaciation. 

 Monsoon precipitation shows a general decline during the Holocene while an 

overall increase for mean annual temperature.  

 Monsoon precipitation is primarily driven by summer insolation, while the mean 

annual temperature is mainly affected by greenhouse gases during the 

deglaciation and by local annual insolation in the Holocene. 

 Monsoon precipitation is a summer signature, consistent with summer 

temperature changes but contrasting with mean annual temperature changes. 
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