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A Persistently Increasing Precipitation Trend Through the Holocene in Northwest China Recorded by Black Carbon δ13C From Sayram Lake
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Precipitation is an important requirement for the stable and sustainable development of ecosystems and communities in arid areas, which are vulnerable to the influences of climate change. The changes in precipitation throughout the Holocene, as well as its long-term characteristics in arid northwest China, are not well understood, and records to reconstruct the precipitation trends are needed. Therefore, this study established a well-dated black carbon (BC) stable isotope-inferred (δ13C) precipitation record based on a sediment core from Sayram Lake, Tianshan Mountains (Xinjiang province, northwest China). The record spans the last 12880 cal. yr BP. Variations in BC δ13C showed that between ∼12280 and 9260 cal. yr BP, regional precipitation gradually decreased, but then increased continually until the present, with millennial to centennial scale fluctuations. During the Holocene, a distinct period of low precipitation was observed between 9800 and 8800 cal. yr BP, and two episodes of high precipitation were observed between 8000 and 7600, and 5800 and 2500 cal. yr BP. The maximum precipitation occurred at ∼3800 cal. yr BP. Generally, the persistently increasing precipitation trend is consistent with other records from arid northwest China and adjacent areas. The trend was possibly controlled by Northern Hemisphere solar insolation and associated substantial ice sheet remnants, due to the influence of the North Atlantic Ocean sea surface temperatures and intensities of the Westerlies, which regulate the transport of water vapor to Xinjiang. The results provide a better understanding of the mechanisms driving the evolution of precipitation through the Holocene.
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INTRODUCTION

Northwest China is a vast territory characterized by an arid climate and fragile ecosystem (Chen et al., 2008). To maintain such a fragile regional ecosystem and ensure the sustainable development of human communities in these areas, water is a crucial factor. Precipitation, which has significantly affected the evolution of human civilizations, is one of the most important sources of water in northwest China (Zhao et al., 1995). Considering the impact of potential changes to water availability on ecosystems and societies, it is important to assess their vulnerability to predicted warming of the climate. For such an assessment, understanding the evolution of regional precipitation over a historical period is necessary (Swann et al., 2018). Meteorological observations from northwest China, however, have been recorded over a duration that is too short to evaluate the evolution of precipitation over different timescales, or to predict future changes. Therefore, to provide a scientific basis for understanding regional water availability in response to future climate warming, over the past two decades, geological archives have been used to reconstruct the long-term evolution of precipitation/moisture in the region. Examples of such geological archives include: cave stalagmites (Cheng et al., 2012, 2016; Cai et al., 2017), desert sand dunes (Ran and Feng, 2014; Long et al., 2017), loess deposits (Chen et al., 2016; Xie et al., 2018), tree rings (Gou et al., 2015; Deng et al., 2016, 2017; Yang et al., 2019), lake sediments (Jiang et al., 2007, 2013; Liu et al., 2008; An et al., 2011; Li et al., 2011; Wang W. et al., 2013; Huang et al., 2015, 2018; Zhao et al., 2015, 2018), ice cores (Thompson et al., 1997, 2018), and peat deposits (Zhang and Feng, 2018; Xu et al., 2019). However, the results of these studies are contradictory with regard to the evolution of precipitation/moisture (Chen et al., 2008; Long et al., 2017). For example, arboreal pollen abundances from Bosten Lake, which are indicative of the moisture level in the lake catchment area, indicated that the Holocene climate was the wettest during 8–6 ka (Tarasov et al., 2019), whereas abundances of Ephedra from the same area and same elevation range suggested that the climate was relatively dry throughout the Holocene (Huang et al., 2009). As another example, a profile of the Big Black Peatland in the Southern Altay Mountains showed the middle Holocene to be dry, while a profile of the Kelashizi Peat, only 140 km away, showed a wet middle Holocene (Wang and Zhang, 2019; Xu et al., 2019). The reasons for these different understandings and interpretations of the same climate proxy are unclear. Similarly, the proposed mechanisms, as well as the sensitivity of indexes, that reflect responses to precipitation are inconsistent. Thus, more records on precipitation variation are needed to deepen our understanding of regional Holocene moisture changes, as well as the associated mechanisms.

Black carbon (BC) is a product of the incomplete combustion and pyrolysis of biomass and fossil fuels. It includes a series of carbonaceous materials with different degrees of carbonization, such as charcoal, carbon chips, graphite carbon, and soot (Masiello, 2004; Bird and Ascough, 2012). Owing to its chemical stability, including a strong resistance to oxidation and decomposition, it can remain unchanged in soil, and in ocean, lake, and other sediments for a long time. Recently, the stable isotope, δ13CBC, which is present in the BC in lake sediments, has been extensively used in the reconstruction of paleofires, paleovegetations, paleoclimates, and paleoenvironments. This is because it can trace and provide information on the features of burned plants and their surrounding climatic and environmental conditions (Bird and Gröcke, 1997; Wang X. et al., 2013; Sun et al., 2015, 2017; Zhang et al., 2015; Zhang E. et al., 2018).

To enable the reconstruction of the evolution of regional precipitation, this study will generate a well-dated BC stable isotope-inferred precipitation record using Holocene sediments from Sayram Lake in arid northwest China. The record will be compared with published Holocene precipitation data from the study area as well as from adjacent areas, to identify potential correlations and understand possible driving mechanisms for climate change on millennial to centennial scales.



STUDY SITE

Sayram Lake (44°30′–44°42′ N, 81°05′–81°15′ E, 2071.9 m a.s.l.) is located on the western side of the Tianshan Mountains in Xinjiang province, northwest China. It is a vast closed alpine lake (Figure 1a) that is approximately elliptical (30 km long from east to west, and 27 km wide from north to south) (Figure 1b). It covers a total area of 453.0 km2 and its catchment has a total area of 1408 km2 (Wang and Dou, 1998). The lake has a storage capacity of 261 × 108 m3 and in 2012 its maximum and average water depths were 99 and 56 m, respectively (Wu et al., 2012).
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FIGURE 1. (a) Location map of Sayram Lake (red triangle) and other mentioned and discussed research sites (colored circles with numbers). 1, Caspian Sea (Leroy et al., 2014); 2, Aral Sea (Cretaux et al., 2013); 3, VA loess section in central Kazakhstan (Ran and Feng, 2014); 4, Issyk-Kul in north-western Tianshan Mountains, Kyrgyzstan (Ricketts et al., 2001); 5, Kesang cave stalagmites (Cheng et al., 2012, 2016; Cai et al., 2017); 6, Sand dune in the central TianShan Mountains (Long et al., 2017); 7, LJW loess-paleosol section in the Tianshan Mountains (Chen et al., 2016; Xie et al., 2018); 8, Bosten Lake (Huang et al., 2009); 9, Lop Nur (Liu et al., 2016; Jia et al., 2017); 10, Balikun Lake (An et al., 2011; Zhao et al., 2015); 11, Tuolekule Lake (An et al., 2011); 12, Chaiwopu peat (Hong et al., 2014); 13, Lake sediments profile in Yili Valley (Li et al., 2011; Zhao et al., 2013); 14, Narenxia and Tielisha peat in Altai Mountains (Zhang et al., 2016, Zhang D. et al., 2018); 15, Wulungu Lake (Jiang et al., 2007; Liu et al., 2008); 16, Aibi Lake (Wang W. et al., 2013). (b) The SLM2009 core site (red triangle) and the isobathymetric map of Sayram Lake. (c) Bayesian model age-depth curve.


The Sayram Lake area, climate within the Eurasian continental temperate zone, is characterized by a continental semi-arid. It freezes in late October, and remains frozen (ice thickness: 0.7–1.1 m) for ∼150 days (i.e., from October to early May) (Wang and Dou, 1998). According to observational data collected during 1958–2018 from the nearest Wenquan County meteorological station (∼30 km away, and 1354.6 m a.s.l.), the annual average temperature and precipitation were ∼3.9°C and ∼236 mm, respectively. About 80% of precipitation (primarily derived from water vapor carried by westerly circulation) occurs between May and September (Zhang and Deng, 1987; Aizen et al., 2001). Between October and April, precipitation primarily results from the Siberian anticyclone, which accounts for <20% of the mean annual precipitation (Zhang and Deng, 1987; Aizen et al., 2001).

Water supply into Sayram Lake primarily results from precipitation, groundwater flow, and melted ice and snow. Thirty-two rivers (predominantly distributed along the western- and northwestern lake margins) drain into the lake (Hu, 2004). Among the rivers, seven are perennial and the others are seasonal. Sagakele River is the largest river (18.0 km long) and the only river that flows directly into the lake. Its average annual runoff is ∼0.24 × 108 m3, which mainly results from precipitation. The other rivers recharge the lake via surface runoff or groundwater flow, with an inflow of ∼0.68 × 108 m3. Surface precipitation into the lake is ∼1.6 × 108 m3, and accounts for 63% of the total lake water recharge. Water loss from the lake is primarily due to evaporation on the lake surface, with an average annual evaporation of 550.0 mm (Wang and Dou, 1998) and total annual evaporation of 2.49 × 108 m3. Presently, annual inflow is ∼2.52 × 108 m3, and there is an approximate balance between inflow and outflow (Wang and Dou, 1998). Additionally, the glacier area in the Sayram Lake basin is small, i.e., ∼ 4.28 km2 (Hu, 2004). It only accounts for ∼0.3% of the total basin area. Thus, the impact of glacial melt water on surface runoff and lake water level/area may be negligible (Lan et al., 2019).



MATERIALS AND METHODS

In July 2009, a 300-cm long sedimentary core was extracted from the center of Sayram Lake (Figure 1b, SLMH2009, 44°34′59.0″ N, 81°09′12.3″ E) at a depth of 86.0 m using a piston corer attached to a UWITEC drilling platform. After extraction, the sediment core was transported to the laboratory, where it was cut longitudinally, and sampled at 1-cm intervals. The samples were then stored in a refrigerator at 4°C until analysis.

To establish the sedimentary chronology, the accelerator mass spectrometry (AMS) 14C dating method was used. Without any suitable terrestrial plant residues, only bulk organic matter in the lake sediments was used for dating. Fourteen samples from different depths along the core were dated. The dating analyses were performed by the AMS Laboratory of Tokyo University (Japan) and by the Beta Analytic Radiocarbon Dating Laboratory in Miami (United States). All AMS 14C dates, of which twelve had been previously reported by Jiang et al. (2013), were calibrated to calendar years using the Calib 7.1 program under the IntCal13 model (Reimer et al., 2013). Additionally, an age-depth curve was derived using the Bayesian model in the Bacon 2.2 program in R v3.4.4 (Blaauw and Christen, 2011; R Development Core Team, 2013).

For δ13CBC analyses, 150 samples of bulk sediment were collected at 2-cm intervals. To extract and isolate BC from the lake sediments, the chemical oxidation method developed by Lim and Cachier (1996) was used. About 1.0 g of the dry powder bulk sediment was weighed. Carbonates and some of the silicates were removed via treatment with HCl (3 mol/L), HF (10 mol/L), HCl (1 mol/L), and HCl (3 mol/L) in sequence. To completely remove kerogen and soluble organic matter, K2Cr2O7 (0.2 mol/L) and H2SO4 (2 mol/L) were added to oxidize the acid-treated samples (60 h, 55°C). After treatment, refractory carbon in the sediment was considered to be BC, which represents charcoal and soot resulting from regional fires and other earlier sources (Lim and Cachier, 1996). Determination of δ13CBC was performed by the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences using a Thermo Delta V Advantage isotope mass spectrometer coupled with a Flash EA 1112 element analyzer. The δ13CBC values obtained were expressed using the delta per mil (δ, %) notation relative to Vienna Pee Dee Belemnite (V-PDB) as a standard. The accuracy of isotopic analyses was calibrated and evaluated based on replicate measurements using standard laboratory materials, and an accuracy of greater than ±0.2% was obtained.



RESULTS

Table 1 shows the dating results of the 14 sediment samples. One sample, Slm1-245, diverged from the age-depth line that fits the other dates and has been excluded from the chronology of Sayram Lake. Lakes with carbonates in their basin can be affected by the “reservoir” effect, which is caused by the mixing of “old carbon” from the bedrock. There is usually uncertainty in age-depth models established using radiocarbon dates of bulk organic matter samples from such lakes (Hou et al., 2012). Generally, the “reservoir” effect is considered as the difference between zero and the age at the sediment-water interface obtained via linear extrapolation of the age-depth curve. The carbon reservoir age of the Sayram Lake was inferred to be 778a (Figure 1c and Table 1). This is approximately equal to the difference (∼800a) between AMS14C and 137Cs dating results at a core depth of 15 cm (Supplementary Figures 1–3). Even though this estimation for the late Holocene radiocarbon reservoir effect is slightly smaller than that proposed by Lan et al. (2019) (1073a), which could be attributed to the estimations being made at different times, it is still close to the reservoir effect estimated for other lakes in Xinjiang province, including Wulungu Lake (760a, Liu et al., 2008), Balikun Lake (790a, An et al., 2011), and Bosten Lake (200–1140a, Huang, 2006). Therefore, the reservoir-corrected estimation of 778a was considered reliable. After subtracting 778a from the final age-depth model presented in Figure 1c, the 13 reliable dating results were converted to calendar years. The mean weighted age at the base of the SLMH2009 core was found to be ∼12280 cal. yr BP, and the sedimentation rate through the core was between 0.17–0.34 cm/yr. With an average sedimentation rate of 0.26 cm/yr, the average resolution of the δ13CBC record from Sayram Lake was ∼50 yr.


TABLE 1. AMS 14C dating results.

[image: Table 1]The δ13CBC values ranged from −30.9 to −22.1%, with a mean of −27.4% (Figure 2a). The general variation in δ13CBC could be roughly divided into three stages: Stage 1, 12280–9260 cal. yr BP, during which δ13CBC increased from −26.9 to −22.1%, with a mean of −25.0%; Stage 2, 9260–8000 cal. yr BP, during which δ13CBC decreased abruptly from −22.1 to −30.4%; and Stage 3, 8000 cal. yr BP to present, during which δ13CBC increased from −30.9 to −26.8%, with a mean of −28.1%. These overall δ13CBC trends were punctuated by several millennial-scale excursions, which included δ13CBC enrichments centered at 9200 and 7400 cal. yr BP, and depletions at ∼8000–7600 and 5800–2500 cal. yr BP.
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FIGURE 2. Comparisons between a BC carbon isotope record of Sayram Lake (a) and other records from arid northwest China and the adjacent regions. (b) A/C Ratio of Sayram Lake (Jiang et al., 2013). (c) Ephedra% of Bosten Lake (Huang et al., 2009). (d) Summer precipitation reconstruction from Tianshan Mountains Loess (Xie et al., 2018). (e) Humification degree in Tielisha Peat (Zhang et al., 2016). (f) PC1-pollen factor scores of the Caspian Sea (Leroy et al., 2014). (g) Synthesized pollen-based Holocene precipitation-index from Altai Mountains and its adjacent areas (Zhang D. et al., 2018). (h) Simulated summer precipitation in arid central Asia (Zhang et al., 2017). (i) Synthesis moisture index from the Mongolian Plateau and its adjacent areas (Wang and Feng, 2013); Black dotted dash line represents proxies’ variation trend.




DISCUSSION


Interpretation of the δ13CBC in Sayram Lake

Studies have demonstrated that δ13CBC can be influenced by several factors (Bird and Ascough, 2012), including the stable carbon isotope compositions of the burned precursors (e.g., Street-Perrott et al., 1997; Huang et al., 2001; Zhang et al., 2003), relative abundances of different burned plant species (e.g., Wang X. et al., 2013; Sun et al., 2015, 2017; Zhang et al., 2015), isotope fractionation during pyrolysis, and modification that occurs during diagenesis (e.g., Bird and Ascough, 2012; Sun et al., 2015, 2017).

During photosynthesis, the δ13C values of terrestrial plants can be modified via carbon isotope fractionation, and plants can be classified into three types depending on their carbon-fixation pathways: C3, C4, and CAM plants (O’Leary, 1981, 1988). The C3 plants, which include trees, most shrubs and grasses, and sedges, are characterized by the C3 carbon-fixation pathway under cold climatic conditions, and their δ13C values range from −34 to −20%, with a mean of −27% (Bird et al., 1996). The C4 plants, which include most grasses and sedges, are characterized by the C4 carbon-fixation pathway under warm climatic conditions, and their δ13C values are relatively higher, and range between approximately −16 to −10%, with a mean of −13% (Smith and Epstein, 1971; O’Leary, 1981; Farquhar et al., 1989). The CAM plants, which include most succulents, and can survive in extremely dry environments, are characterized by both the C3 and C4 carbon-fixation pathways, and they have a large range of δ13C values, from −28% to −11% (O’Leary, 1988; Lüttge, 2004).

Carbon isotope fractionation of plants during pyrolysis to BC varies with pyrolysis temperature and the amount of oxygen available. It also varies with the proportion of carbon components as well as the isotopic composition of different plant tissues (Sun et al., 2017). Most pyrolysis experiments have confirmed that the variation of plant carbon-isotope fractionation during pyrolysis is in the range of 1–2%, with an average carbon-isotope depletion of 0.3 and 1.7% for C3 and C4 plants, respectively (Bird and Gröcke, 1997; Bird and Ascough, 2012; Wang X. et al., 2013).

Black carbon is usually considered stable, and remains unchanged after deposition (Bird and Ascough, 2012), especially if buried in low-temperature and non-oxidizing environments. Due to the relatively high altitude, relatively deep, low temperature, and anoxic bottom of Sayram Lake, post-depositional modification of the isotopes in BC was considered negligible. Thus, the δ13CBC values of the lake sediment samples were primarily determined by the variation in C3 and C4 terrestrial plants inhabiting the area, as well as the variation of their proportions during combustion. This means that δ13CBC values are generally indicative of the regional paleovegetation in a given area (Bird and Gröcke, 1997; Bird and Cali, 1998; Clark et al., 2001; Jia et al., 2003; Sun et al., 2015; Zhang et al., 2015). The δ13CBC values for Sayram Lake were less than −27%, suggesting that over the past ∼12280 yr, the lake basin and surrounding region were predominantly inhabited by C3 plants. This is consistent with the findings from loess areas of Xinjiang, which also suggested that arid northwest China was mainly inhabited by C3 plants throughout the Holocene (Xie et al., 2018).

During photosynthesis in C3 plants, climatic factors including temperature, precipitation, and atmospheric CO2 concentration, as well as vital effects, directly affect the fractionation of carbon isotopes (Sage et al., 1999; Kohn, 2010). Globally, there is a significant negative correlation between δ13C and mean annual precipitation. Furthermore, for C3 plants, the correlation between δ13C and mean annual precipitation is much more significant than that between δ13C and mean annual temperature (Rao et al., 2017). This has been confirmed by studies on the Loess Plateau in China, which showed that the δ13C of C3 plants generally increased with decreasing precipitation (Wang et al., 2008, 2018). The atmospheric CO2 concentration was generally stable during the Holocene (Monnin et al., 2004), and its effects on carbon-isotope fractionation in C3 plants were considered negligible (Schubert and Jahren, 2012). Even though these factors are uncertain for the Sayram Lake area, the δ13CBC values of the Sayram Lake sediment samples can be used as a paleo-precipitation proxy, with more positive δ13CBC values indicating lower precipitation, and vice versa.

The relationship between BC isotope composition and climate factors, such as precipitation and temperature in the study area, had not been investigated. However, studies on the correlation between climate factors and the carbon isotopes in modern plants, as well as topsoil organic matter in the Tianshan Mountains (Supplementary Figures 4–9), have shown that the organic carbon isotope composition of modern plants and topsoil organic matter are strongly negatively correlated with precipitation, and weakly positively correlated with temperature. These relationships were stronger when only the isotope compositions of samples from the northern slope of the Tianshan Mountains, where Sayram Lake is located, were considered. These findings establish precipitation as a key factor that controls the organic carbon isotope composition in modern plants and topsoil organic matter. Most importantly, BC isotopes can be used as an alternative indicator of precipitation and its evolution in an area.



Variations of Holocene Precipitation in Northwest China

The variation of δ13CBC from ∼12280 to 9260 cal. yr BP revealed a gradual decrease in precipitation in the study area. Thereafter, it increased persistently through the Holocene with millennial- to centennial-scale fluctuations superimposed (Figure 2a). A distinct low-precipitation episode appeared between 9800 and 8800 cal. yr BP, with the lowest precipitation at 9260 cal. yr BP. Two high precipitation episodes were also observed between 8000 and 7600, and 5800 and 2500 cal. yr BP, and the highest precipitation was observed at ∼3800 cal. yr BP.

The gradually decreasing and increasing precipitation trends before and after 9260 cal. yr BP, respectively, based on the δ13CBC data from Sayram Lake, were found to be consistent with the moisture changes reconstructed using Artemisia and Chenopodiaceae pollen percentage ratios (i.e., A/C, Figure 2b) from the same sediment core (Jiang et al., 2013). However, there were also some differences between the precipitation and moisture levels recorded in this study and those reported in previous studies. Jiang et al. (2013) reported that precipitation increased sharply during the early Holocene, while moisture levels increased at a relatively slower pace. This difference could be attributed to the higher evaporation rate caused by higher temperature instability during this period.

Variations in δ13CBC-inferred Holocene precipitation observed in this study generally resemble those observed in other lake sediment records from adjacent regions in northwest China. Even though characterized by significant fluctuations, similar moisture evolution trends have been observed in Bosten, Wulungur, and Swan Lake based on Ephedra abundance, A/C ratios, and Cyperaceae/Poaceae ratios, respectively, as shown in Figure 2c (Jiang et al., 2007; Liu et al., 2008; Huang et al., 2009, 2015). The principle component 1 values of pollen abundance and carbonate content in sediments from Balikun Lake showed a moisture threshold at ∼8000 cal. yr BP, which increased rapidly for a short while, and thereafter decreased slowly, accompanied by significant fluctuations. The studies on Balikun Lake showed a very wet late Holocene period (An et al., 2011; Zhao et al., 2015). Based on A/C ratios, moisture records from Aibi Lake sediments also showed a mildly dry early Holocene, a progressively wet middle Holocene, and a very wet late Holocene after 2000 cal. yr BP (Wang W. et al., 2013). The annual precipitation record from Kanas Lake reconstructed using a palynological transfer function also showed a continuously increasing Holocene wetness trend (Huang et al., 2018).

Moreover, other sedimentary records within arid northwest China also support the generally increasing precipitation pattern recorded in Sayram Lake. Holocene moisture variation based on magnetic parameters χARM/SIRM from a loess-paleosol section in the Tianshan Mountains showed a continuously increasing humidity trend, with the wettest period during the late Holocene (Chen et al., 2016). An organic carbon isotope-based summer precipitation reconstruction from the same loess-paleosol profile also indicated an increasing precipitation trend throughout the Holocene (Figure 2d; Xie et al., 2018). Additionally, AP/NAP pollen ratios from Narenxia Peat (Altay Mountains), humification degree data from Tielisha Peat (Altay Mountains), and δ13C value of α-cellulose from Chaiwopu Peat (eastern Tianshan Mountains) also showed gradually increasing Holocene moisture trends with large fluctuations (Figure 2e; Hong et al., 2014; Zhang et al., 2016; Feng et al., 2017).

Records from studies outside the northwest China region also confirm a persistently increasing precipitation trend in arid areas during the Holocene. Organic carbon δ13C from the VA loess section in Kazakhstan showed that the moisture level fluctuated along a constant line between early to mid-Holocene, and then increased during the last ca. 5000 yr (Ran and Feng, 2014). The principle component 1 scores based on pollen measurements from the Caspian Sea indicated that moisture levels increased consistently from 12440 to 2430 cal. yr BP (Figure 2f; Leroy et al., 2014). In addition to the pollen data, dinocyst assemblages from the Caspian Sea clearly revealed a 6000-yr long highstand sea level between 10550 and 4110 cal. yr BP, implying a higher precipitation/moisture level (Leroy et al., 2014).

The synthesized pollen-based Holocene precipitation-index for the lowland Altay Mountains and adjacent areas (Figure 2g; Zhang D. et al., 2018), the simulated summer precipitation variations in arid central Asia (Figure 2h; Zhang et al., 2017), and the synthesized moisture index from the Mongolian Plateau and adjacent areas (Figure 2i; Wang and Feng, 2013) also indicated an increasing precipitation trend throughout the Holocene, even though since 1000 cal. yr BPit has been declining.

Notably, all the above-mentioned precipitation and moisture level records showed different precipitation rate and range changes. However, the general trend is for gradually decreasing precipitation during the early Holocene, followed by a persistent increase in precipitation until the present. The tread is clear even though the proxy records are possibly affected by age uncertainties, regional climate differences, and the impacts of a variety of climate factors (Liu et al., 2006; Rao et al., 2019).



Possible Forcing for Holocene Precipitation Changes in Northwest China

Modern observations and paleoclimate simulations have confirmed that water vapor originating from the North Atlantic Ocean, and the Mediterranean, Black, and Caspian Seas, and transported by Westerlies, represents the dominant moisture source that supplies precipitation to arid northwest China (Zhang and Deng, 1987; Aizen et al., 1997, 2001; Jin et al., 2012; Wang B.L. et al., 2013; Zhao et al., 2013; Huang et al., 2017; Xu et al., 2019). Therefore, sea surface temperatures (SST) of the North Atlantic Ocean and the intensity of the Westerlies are probably the primary factors that directly influence rainfall patterns in the study area. This inference is supported by the nearly synchronous Holocene evolution of the precipitation changes recorded in Sayram Lake and changes in the intensity of the Westerlies recorded in the Tianshan Mountains (Jia et al., 2018), Qinghai Lake (An et al., 2012), and SST data from the North Atlantic Ocean (Berner et al., 2008).

Previous studies have shown that solar insolation in the Northern Hemisphere is the main factor that controls the intensity of Westerlies (Jin et al., 2012). The winter and summer insolations at mid-latitudes increase and decrease, respectively, faster than that at high latitudes; the insolation gradient between the middle and high latitudes has increased gradually from the early Holocene period onward (Figure 3; Jin et al., 2012; Routson et al., 2019). This increased insolation gradient possibly results in more intense Westerlies (Routson et al., 2019), which could have potentially transported more moisture from the North Atlantic Ocean to northwestern China, bringing about the increase in precipitation during the Holocene.
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FIGURE 3. Possible forcing for Holocene precipitation changes in northwest China. (a) Black carbon isotope record from Sayram Lake (This study). (b) Holocene sea surface temperature (SST) of North Atlantic (Berner et al., 2008). (c) Substantial remnants of ice sheets in the Northern Hemisphere (Carlson et al., 2008). (d) Reconstruction of sunspot number in the past 11400 yr (Solanki et al., 2004). (e,f) Summer and winter solar insolation on 45°N (Berger and Loutre, 1991). (g,h) Summer and winter insolation gradient between middle and high latitudes (Routson et al., 2019).


Additionally, both Northern Hemisphere solar insolation and the substantial ice sheet remnants, including the Laurentide and Fennoscandian ice sheets (Peltier and Fairbanks, 2006; Carlson et al., 2008), can significantly influence SSTs of the North Atlantic Ocean (Chen et al., 2016; He et al., 2017). Increasing winter insolation during the Holocene could have possibly warmed the sea surface, thereby enhancing evaporation over the North Atlantic Ocean (Chen et al., 2016). Thus, both the strengthened Westerly wind and the increased evaporation could have increased the moisture supply to northwestern China, leading to a wetter winter climate through the Holocene (Chen et al., 2016). The corresponding decreasing summer insolation possibly resulted in the decreasing summer precipitation in northwestern China. However, a higher summer temperature during the early Holocene would have increased the melting of ice sheets, resulting in their expansion over the North Atlantic Ocean (Figure 3). This probably slowed down the Atlantic Meridional overturning circulation and reduced thermal transport from the equator to the middle and high latitudes, resulting in decreases in SSTs (McManus et al., 2004). As the Northern Hemisphere ice sheets gradually diminished, SST increased; coupled with more intense Westerlies, much more vapor was transported to northwest China, resulting in a persistently wet summer climate. Furthermore, a higher summer temperature resulting from higher summer insolation during the early Holocene could have caused northward displacement of the subtropical high, which inhibits precipitation development in northwest China (Chen et al., 2016). As summer temperatures decreased from the middle to late Holocene, the subtropical high could have migrated southward, leading to higher precipitation in this area. The enhanced precipitation in both summer and winter probably resulted in the increasing precipitation trend observed in the Sayram Lake area.

It is suggested that the persistently increasing precipitation trend observed in northwest China during the Holocene resulted from changes in Northern Hemisphere solar insolation and the substantial ice sheet remnants due to the influence of North Atlantic Ocean SSTs and increased intensity of the Westerlies.



CONCLUSION

In this study, to illustrate Holocene precipitation variation in arid northwest China, a BC isotope-inferred precipitation record of an alpine lake in the Tianshan Mountains in Xinjiang was presented. The chronology of the studied lake sediment core, which had a mean basal age of ∼12280 years, was established using 13 AMS 14C dates. The δ13CBC record showed that precipitation decreased between ∼12280 and 9260 cal. yr BP, and then increased during the mid- to late Holocene. The reliability of the δ13CBC record, particularly the persistently increasing precipitation trend throughout the Holocene, was further supported by published precipitation and moisture records from northwest China and surrounding regions. It was inferred that the evolution of precipitation in arid northwest China throughout the Holocene was linked to Northern Hemisphere solar insolation and the substantial ice sheet remnants due to the influence of North Atlantic Ocean SSTs and the intensity of the Westerlies. Considering the importance of understanding the Holocene evolution of regional precipitation, as well as its driving mechanisms in arid areas, more reliable Holocene precipitation reconstructions are needed for further study.
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