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Numerous studies, spanning experimental, instrumental, historical, and modeled approaches, have delved into understanding climate change across the Holocene era and millennial-scale occurrences. However, the chronology and causes of centennial-scale climate events during the Holocene remain controversial. In this study, we overviewed 10 of the best-resolved and most accurately dated records detailing climate change in the Northern Hemisphere (NH) over the Holocene, obtained from different proxies across different climatic zones, and constructed a stack of temperature changes in the NH. Based on the constructed stack, we identified and categorized 15 notable Holocene centennial cooling events (HCCEs) in the NH (period with temperature decreases). To test the chronological validity of the constructed HCCEs, we compared them with the most accurately dated and highly resolved climate records during the last 3 kyr, which have been extensively investigated by the scientific community. Based on the close alignment of the outlined HCCEs with temperature records, we suggest that other HCCEs also match centennial climate cooling events over the last 10 kyr. To understand the origins of the established HCCEs, we compared them with potential climate influencing factors: total solar irradiance (TSI), explosive volcanic activity, Atlantic meridional overturning circulation (AMOC)-limited slowdowns, Intertropical Convergence Zone (ITCZ) fluctuations, and El Niño/Southern Oscillation (ENSO variability. Early Holocene HCCE 5, terminated by a prominent 8.2-ka cold event, was likely driven by the superposition of the AMOC limited slowdown, TSI minimum, and volcanic activity. The Holocene Thermal Maximum (HTM) happened between HCCEs 5 and 4a and was interrupted by HCCE 4c and 4b, coeval, with a significant southward shift of the ITCZ, likely related to cooling in the tropical zone. However, the sequence of HCCEs 3b, 3a, and 2b (over 4.53–3.42 BP), accompanied by small changes in the TSI, was likely forced by an increase in ENSO variability, leading to remarkable changes in the tropical processes and a southward shift of the ITCZ, coeval with the collapse of the Chinese Neolithic cultures and onset of the Holocene Neoglacial. Subsequent HCCEs 2a–0a were likely forced by the TSI minimum combined with the influence of ENSO and volcanism over the last 2 ka.
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1 INTRODUCTION
The warm climate of the present interglacial period, which began 11.7 kyr BP after the cold event of the Younger Dryas (Alley et al., 1993), contributed to the intensive development of human society. Although the Holocene climate was not stable, the sequence of sharp and strong climate changes, such as the Dansgaard–Oeschger cycles, which occurred during the last glaciation (Dansgaard et al., 1993), did not reoccur.
Multidecade, centennial, and millennial climate changes have brought significant environmental transformations across various regions (Denton and Karlén, 1973; Stager et al., 1997). Some of these shifts led to catastrophic disruptions of human civilizations, such as the collapses of well-documented Chinese Neolithic cultures and the Eastern Mediterranean Late Bronze Age (Dark Age) at approximately 4 kyr BP and 3.15–2.95 kyr BP, respectively (Wu and Liu, 2004; Sun et al., 2019; Kaniewski et al., 2010; Margaritelli et al., 2020). Therefore, high-resolution reconstruction of both local and global shifts in temperature and precipitation patterns across the Holocene period is paramount for understanding millennial–centennial natural climate changes over the Holocene and the external and internal origins behind them. Consequently, the scientific community has undertaken numerous experimental, theoretical, and modeling explorations into Holocene climate dynamics, with a notable surge in research activity (Bailey et al., 2018; Brooks et al., 2015; Döring and Leuenberger, 2022; Kaufman and Broadman, 2023; Kobashi et al., 2017; Mann et al., 2009; Mayewski et al., 2004; Moy et al., 2002; Marcott et al., 2013; Nazarova et al., 2021; Razjigaeva et al., 2022; Solomina et al., 2015; Sun et al., 2019; Wang et al., 2005; 2008; Wanner et al., 2011; 2015). The findings provided important insights into regional temperature and precipitation fluctuations throughout the Holocene through multiproxy investigations encompassing lakes, peatlands, tree rings, continental sediments in the Eurasian and American continents, and ice and marine sediment cores (Briffa et al., 2001; Bond et al., 2001; Brooks et al., 2015; deMenocal et al., 2000; Esper et al., 2002; Harding et al., 2023; Mann et al., 2008; Tarasov et al., 2019; Herzschuh et al., 2023).
Several generalizations of the climate and temperature changes throughout the Holocene have been attempted (Bond et al., 2001; Mann et al., 2008; Wanner et al., 2011; 2015; Marcott et al., 2013; Kaufman and Broadman, 2023). Consequently, the most important climatic events of the Holocene have been established: the cold event 8.2 kyr BP, the Holocene Thermal Maximum (HTM), the Mid-Holocene Optimum (MHO), the Roman Warm Period (RWP), the Medieval Warm Period (MWP), and the Little Ice Age (LIA) (Bond et al., 2001; Mann et al., 2009; Brooks et al., 2015; Wanner et al., 2015; Kobashi et al., 2017; Margaritelli et al., 2020). Bond et al. (2001) found several cycles of sea ice intensification in the North Atlantic sediments forced by climate cooling over the Holocene and related them to the persistent influence of solar irradiation on the climate. Marcott et al. (2013) compiled 73 quantitative marine–margin temperature records, reconstructed regional and global temperature anomalies for the past 11,300 years, and confirmed a pattern of early Holocene (10–5 ka) warmth, followed by 0.7°C of cooling through the middle to late Holocene with an averaged time resolution of approximately 120 years. Mann et al. (2008) presented an expanded set of proxy data for decadal to centennial climate change, updated instrumental data, and reconstructed new land and land–ocean climate records over the last 1.8 kyr through complementary methods and model simulation. Wanner et al. (2011) reconstructed six cold events throughout the Holocene based on published evidence of temperature and precipitation shifts and glacier advances documented in various natural repositories; these events were correlated to Bond-like cycles.
In contrast to proxy-reconstructed global temperature records, which mostly show climate cooling in the late Holocene, Liu et al. (2014), based on three coupled ocean–atmosphere models, demonstrated a gradual warming over the Holocene. This highlights the discrepancies between paleoclimate records and model simulations, the so-called “Holocene Temperature Conundrum.” Marsicek et al. (2018) re-analyzed pollen evidence from 642 sites across North America and Europe and inferred that long-term warming, instead of cooling, was defined in the Holocene until approximately 2 ka ago and concluded that long-term cooling over the Northern mid–high latitudes was limited to the North Atlantic. Recently, Herzschuh et al. (2023) overviewed 1,908 pollen records in the Northern Hemisphere (NH) extra-tropics and inferred pollen-based reconstructions of latitudinal and regional mean annual temperature, mean July temperature, and annual precipitation for the NH over the last 11 ka. The authors identified strong latitudinal patterns in the temperature trends and differences between subcontinents. If the circum-Atlantic regions in Europe and eastern North America show a pronounced mid-HTM, western North America shows only weak changes, while Asia mostly shows a continuous Holocene temperature increase. However, despite the significant increase in the number of proxy-based reconstructions over the past decades, there is still a lack of synthesis of the dated main modes of the Holocene climate and temperature variability and forcings behind them.
In this study, we focused on the synthesis of the marine–coastal NH temperature stack based on several newly published, well-dated climate change records over the last 10 ka with extra high time resolution, which mostly responded to mid–high-latitude NH temperature changes.
An important input into the very high temporal with excellent chronology reconstruction of the high-latitude NH temperature changes provides marine–margin compiled temperature records for 30–90 °N (Marcott et al., 2013), the Greenland ice core δ18O record (Rasmussen et al., 2014), and two new Greenland Summit temperature reconstructions using nitrogen and argon isotopes of trapped air within GISP2 ice core bubbles (Kobashi et al., 2017; Döring and Leuenberger, 2022). Isotopic geochemical studies of stalagmites from caves in China and other regions have made invaluable contributions to high-resolution and well-dated research on the Holocene climate (Neff et al., 2001; Wang et al., 2005; Ma et al., 2008; Dong et al., 2010; Li et al., 2019). The activity of the East Asia Summer Monsoon, inferred from the stalagmite δ18O records from the East China caves (Sanbao and Dongge), was mostly determined by regional precipitation variability and significantly forced by temperature changes in the tropical Pacific. The meridional migration of the northern boundary of the Intertropical Convergence Zone (ITCZ), determined in the Ti content of ODP site 1002 (Haug et al., 2001), also largely depends on the NH temperature changes. Records of ice-rafted debris (IRD) from the North Atlantic sediments (Bond et al., 2001; Moros et al., 2006) are obtained under strong variability of northern mid–high-latitude temperature changes. The records of multi-proxy physical and organic matter proxies of the lacustrine sediments in Iceland (Geirsdóttir et al., 2013) are also mostly forced by the temperature variability of the North Atlantic. In the last decades, the tight in-phase teleconnection of the millennial climate changes between the North Atlantic and the North Pacific by atmosphere circulation was established by numerous paleo investigations on the glacial and deglacial periods (Seki et al., 2004; 2009; Gorbarenko et al., 2007; 2017; Max et al., 2012; 2014; Riethdorf et al., 2013b; 2013a; Corrick et al., 2020; Duan et al., 2023). Therefore, although the mid–high-latitude NH temperature records (Figure 1) were obtained mainly for the North Atlantic, we suggest that these centennial events are responsible for the marine–coastal temperature changes in the mid–high latitudes of the NH over the Holocene.
[image: Figure 1]FIGURE 1 | Site locations used for temperature stack construction (Bond et al., 2001; Haug et al., 2001; Wang et al., 2005; Moros et al., 2006; Dong et al., 2010; Geirsdóttir et al., 2013; Rasmussen et al., 2014; Kobashi et al., 2017; Döring and Leuenberger, 2022) (red symbols) and for European temperature reconstructions based on tree rings (Büntgen et al., 2006; 2011) (green circle) and other mentioned sites (blue symbols).
Based on the synthesized marine–coastal temperature stack, we outlined the sequence of the most significant Holocene centennial cooling events (HCCEs) in the NH over the last 10 ka and investigated the potential external and internal forcing mechanisms that had affected the formation of these HCCEs detailed in our robust chronology. Although previous research had established linkages between Holocene climate shifts and solar activity (Bond et al., 2001; Wang et al., 2005), the variability in Holocene climate is influenced by an array of additional forcing factors beyond solar activity (Steinhilber et al., 2012).
2 MATERIALS AND METHODS
We synthesized highly resolved Holocene temperature changes in the NH by overviewing the 10 most accurately dated and highly resolved climate change records spanning the past 10 kyr. The main criteria for the selection of used climate records are as follows: detailed and robust age models based on the AMS 14C or 230Th dating, well-established tephrochronology, sediment physical proxy like paleomagnetic secular variation and layer counting; extremely high temporal resolution of records up to several years; marine/near coastal location of selected records at different parts of the North Hemisphere; longer and more discontinuous records throughout the Holocene; and a set of selected records that include several types of independent proxies (S1). These records are drawn from distinct locations across the NH, each falling within different climatic zones (Figure 1).
The selected records encompass δ18O data from the NGRIP Greenland ice core (Rasmussen et al., 2014), two Greenland Summit temperature reconstructions using nitrogen and argon isotopes of trapped air within GISP2 ice core bubbles (Kobashi et al., 2017; Döring and Leuenberger, 2022), a zonal temperature stack for latitudes 30°–60° in the NH (Marcott et al., 2013), IRD accumulation data from sediment cores VM29–191 and MD99–2269 in the North Atlantic (Bond et al., 2001; Moros et al., 2006), Ti content in sediments from ODP site 1002 in the northern Cariaco Basin (Haug et al., 2001), records of East Asian summer monsoon (EASM) changes from δ18O stalagmites in Chinese Dongge (Wang et al., 2005) and Sanbao (Dong et al., 2010) caves, and composite climatic records from Icelandic lakes (Geirsdóttir et al., 2013) (Figure 2). A brief overview of the used NH climate records with details of individual temporal resolution and accuracy of chronology over the Holocene is presented in Supplementary Material.
[image: Figure 2]FIGURE 2 | Published records used for stack construction, synthesis of the marine–coastal NH temperature stack, and cooling rate and outlined HCCEs. (A) Summer solar insolation at 60°N (Berger, 1978); (B) oxygen isotopic records of stalagmites from the Dongge Cave (Wang et al., 2005) and (C) Sanbao Cave (Dong et al., 2010); (D) and (H) Greenland Summit temperatures records obtained by Döring and Leuenberger (2022) and Kobashi et al. (2017), respectively; (E) and (I) IRD records in the North Atlantic sediment cores MD99–2269 (Moros et al., 2006) and VM29–191 (Bond et al., 2001), respectively; (F) composite climatic record from Icelandic lakes (Geirsdóttir et al., 2013); (G) zonal temperature stack for 30°–60° latitudes of the NH (Marcott et al., 2013); (J) titanium content in sediments of ODP site 1002 from the northern Cariaco Basin (Haug et al., 2001); (K) δ18O of Greenland ice core NGRIP (Rasmussen et al., 2014); (L) synthesized temperature stack; and (M) rate of temperature stack changes (cooling rate). Top records (B–K) are related to warming, while bottom records are related to cooling.
Based on a careful estimation of the 10 generalized best-dated records with the highest resolution, we excluded the famous IRD record obtained by Bond et al. (2001) because of the lower time resolution of the studied VM29–191 core, with a length of 2 m. We also excluded the Greenland temperature change estimation obtained by Kobashi et al. (2017) due to errors in temperature calculation, according to Döring and Leuenberger (2022) (Figures 2D,H).
For the construction of the NH temperature stack, we used the mentioned climate records on their original age model, and the age of each record was recalculated to a uniform age scale, where 1950 CE was taken as 0 (ka BP). While retaining the original age models for the selected best-dated climate records with the highest temporal resolution, we acknowledge some discrepancies in the timing of abrupt climate shifts due to age model imperfections and potential short-term sediment accumulation distortions in some individual cores. Thus, an age correction was applied to the lacustrine record obtained by Geirsdóttir et al. (2013), notably for the abrupt minima at 2.9 kyr BP, spanning 3.2–2.5 kyr BP, to align it with the well-dated Homeric Grand Solar Minimum (HGSM) (Goslar, 2003; Usoskin et al., 2007; Steinhilber et al., 2012) (Figure 2F). Given the evidence highlighting the significant impact of the HGSM on the abrupt climate decline in the NH (Wang et al., 2005; Steinhilber et al., 2012; Harding et al., 2023), we adjusted the Geirsdóttir stack minima by approximately 150 years, placing it within the HGSM at an age of 2.715 kyr BP (Usoskin et al., 2007). Furthermore, we introduced some corrections to the titanium content record in the sediments of ODP site 1002 from the study by Haug et al. (2001). When comparing the centennial–millennial trends in this record with those of EASM and other accepted records (Figure 2J), we observed a close consistency in trends throughout the Holocene, except for the interval spanning 3.2–2.5 kyr BP. The record obtained by Haug et al. (2001) over this period shows unusually strong zigzag changes, likely induced by sediment perturbation. To address the period of 3.2–2.5 kyr BP, we excluded data from the records obtained by Haug et al. (2001) and calculated the Holocene NH temperature stack for this specific period using seven other records. The gap in the SB43 record was filled with coeval data from SB10 while compiling the Sanbao composite record (Dong et al., 2010) (Figure 2C). The age model of the sediment core MD99–2269 (Moros et al., 2006) was adjusted following Stoner et al. (2007). Chronological uncertainties in the paleoclimate time series used for synthesizing the temperature stack are typically 1%–1.5% of the absolute age, for example, between 100 and 150 years for a 10,000-year-old sample.
To average the highly resolved and best-dated climate records used in this study, we constructed a marine–coastal NH temperature stack over the Holocene at the centennial scale. All records were linearly interpolated to 10-year resolution and detrended and normalized by subtracting the mean value and dividing by the standard deviation. The marine–coastal NH temperature stack was smoothed using a 150-year moving average window. The monsoon stack shown in Figure 4 was calculated in the same way using two EASM records (Wang et al., 2005; Dong et al., 2010).
[image: Figure 4]FIGURE 4 | Comparison of outlined HCCEs with potential climate forcings and related global climate changes. (A) Temperature difference between the Northern and Southern Hemispheres (Marcott et al., 2013) for poleward areas of 30°N and 30°S (blue line), mid-month insolation difference between December and June in the tropical latitudes (Berger et al., 1993) (ruby red line); (B) AMOC variability record (Hoffmann et al., 2018); (C) titanium content in sediments of ODP site 1002 from the northern Cariaco Basin (Haug et al., 2001); (D) δ18O of Greenland ice core NGRIP (Rasmussen et al., 2014); (E) and (F) ENSO variability records obtianed by Conroy et al. (2008) and Moy et al. (2002), respectively; (G) SH/NW record (Mayewski et al., 2004); (H) volcanic forcing (Kobashi et al., 2017); (I) TSI according to Steinhilber et al. (2012) and Egorova et al. (2018) (orange and green lines, respectively); (J) EASM stack (Wang et al., 2005; Dong et al., 2010); and (K) synthesized temperature stack. HCCEs are shown by light blue vertical bars with numbering at the top. HTM and MHO are shown by red lines at the top. HCCEs are depicted similar to Figures 2, 3.
Based on a constructed temperature stack, instead of typical cold climate events over the Holocene (Wanner et al., 2011), we detected the HCCEs that outline the sequence of periods with significantly decreased temperatures in the marine–coastal areas of the NH. Therefore, HCCE boundaries may be refined by the negative rate of the temperature stack changes over the Holocene (negative first derivative of the stack, d(stack)/dt, dt = 30 years) (Figure 2).
3 RESULTS
3.1 Synthesizing the multi-decadal–centennial record of Holocene temperature changes and HCCEs in the NH
The resulting temperature stack derived from 8 meticulously dated and highly resolved climate records presents the sequence of 15 larger and more prolonged centennial HCCEs labeled as 0a, 0b, 1a, 1b, 1c, 1d, 2a, 2b, 3a, 3b, 4a, 4b, 4c, 5, and 6, over the last 10 kyr, with numeration following Bond cycles (Bond et al., 2001) (Figure 2, Table 1). We should note that these 15 HCCEs derived from our new temperature stack might differ slightly from the equivalent events described in other studies. There are also other smaller and less prolonged cooling events suggested by our constructed temperature stack (Figure 2). However, the primary focus of this paper is the more remarkable and long-lasting changes in NH temperature over the Holocene. In this study, we concentrate on the natural Holocene climate changes and exclude the anthropogenic influence on climate, actively discussed by the scientific community. According to data presented by NOAA Climate.gov (https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide), CO2 emissions into the atmosphere started nearly since 1850 yr CE, and therefore, CO2 content in the atmosphere began to slowly increase after 1850 CE. Therefore, we suggest that the constructed temperature stack ends at nearly 1850 years of Common Era (100 years BP).
TABLE 1 | Sequence of HCCEs and their chronology in the Northern Hemisphere, outlined from synthesized temperature stack.
[image: Table 1]4 DISCUSSION
4.1 Comparing HCCEs with available climate records over the last 3,000 years
A comparison of the constructed temperature stack and HCCEs with several highly resolved and well-dated temperature and climate records of the NH and variability in the main centers of atmospheric circulation in the NH over the best-investigated last 3,000 years is crucial for the temporal verification of the reconstructed HCCEs over the last 10 ka (Figure 3).
[image: Figure 3]FIGURE 3 | Comparison of the synthesized stack and HCCEs with available temperature records and variability of the main centers of the NH atmosphere circulation over the last 3,000 years: (A) Mediterranean Sea surface water temperature (Margaritelli et al., 2020); (B) composite record of the Hvítárvatn Lake from Iceland (Geirsdóttir et al., 2013); (C) Central European temperature records (Büntgen et al., 2006; 2011); (D) NH land–ocean surface temperature record (Mann et al., 2008); (E) temperature variability in the extra-tropical NH (Ljungqvist, 2010); (F) NAO variability (Olsen et al., 2012); (G) SH/NW record (Mayewski et al., 2004); (H) EASM activity from oxygen isotopic records of the China Wanxiang Cave (Zhang et al., 2008); and (I) synthesized stack. HCCEs are indicated with blue bars. The RWP, MWP, and LIA are indicated with hatched bars. The yellow bar shows short-term warming between HCCEs 0a and 0b.
The HCCE 2a (2.96–2.70 kyr BP) is marked by significant temperature decreases in the Mediterranean Sea surface waters (Margaritelli et al., 2020) and climate records from the Hvítárvatn Lake of Iceland (Geirsdóttir et al., 2013) (Figures 3A, B). The action of the main NH atmospheric circulation centers and oscillations—Siberian High (SH)/North Westerly (NW) and North Atlantic Oscillation (NAO)—also contributes to the cooling of the NH (Figures 3F, G).
HCCE 1d (2.27–2.11 kyr BP) had occurred coeval with insignificant decreases in European temperature, cooling in the Hvítárvatn Lake (Geirsdóttir et al., 2013), and low temperature in the Mediterranean Sea surface waters (Margaritelli et al., 2020) (Figures 3A–C). A certain amount of weakening in the EASM activity (Figures 2B, C) and a shift to the negative phase of NAO were observed over the middle–late phase of HCCE 1d, consistent with the coeval temperature stack decrease in the NH (Figures 3F, I).
HCCE 1c (1.89–1.68 kyr BP) occurred approximately 80 years after the onset of the RWP, which was marked by a significant increase in temperature in European records (Büntgen et al., 2011) and extra-tropical NH (Ljungqvist, 2010) (Figures 3C, E). During HCCE 1c, a significant decrease in the NH extra-tropical temperature anomaly and a slight decrease in European temperature and atmospheric SH/NW oscillation (Figures 3C, E, G) occurred. The warmer part of the RWP likely occurred after HCCE 1c in its later phase, according to the Mediterranean water temperature and positive NAO (Figures 3A, F).
HCCE 1b (1.35–1.12 kyr BP) occurred coeval with a decrease in the temperature of the Mediterranean Sea (Margaritelli et al., 2020) and a significant weakening of the EASM activity recorded in the Wanxiang Cave (Zhang et al., 2008) related to NH cooling (Figures 3A, H). Other temperature curves and the NAO index do not contradict such changes (Figures 3A–F).
HCCE 1a (0.98–0.83 kyr BP) was also well defined by a temperature decrease in the European Alps record obtained by Büntgen et al. (2006), land–ocean reconstructions conducted by Mann et al. (2008), and extra-tropical NH observations obtained by Ljungqvist (2010) (Figures 3D, E). Weakening of the EASM, recorded in the Chinese cave Wanxiang (Zhang et al., 2008), also confirmed climate cooling during HCCE 1a (Figure 3H). HCCE 1a occurred after the onset of the MWP, which was outlined by a large increase in temperature of the European, NH land–ocean, and NH extra-tropical records and EASM activity in the Wanxiang Cave, with a lag of nearly 50 years (Figures 3C–E, H).
HCCE 0b (0.65–0.46 kyr BP) had occurred nearly 70 years earlier than the onset of the LIA (Mann et al., 2009), which was well recorded by the temperature decrease in Germany, the NH land–ocean record obtained by Mann et al. (2008), and extra-tropical NH records obtained by Ljungqvist (2010) (Figures 3C–E). The timing of the LIA was also consistent with cooling in atmospheric circulation (shift to negative NAO and enhancement of SH/NW) (Figures 3F, G). The onset of HCCE 0b was coeval with cooling in the European Alps temperature records (Büntgen et al., 2006; 2011), the extra-tropical temperature curve of the NH (Ljungqvist, 2010), and the EASM activity recorded in the Chinese Wanxiang cave (Zhang et al., 2008) (Figures 3C, E, H). Short-term warming between HCCEs 0b and 0a (0.46–0.37 ka BP) occurred coeval with an abrupt increase in European temperature (Büntgen et al., 2006), the NH temperature record obtained by Ljungqvist (2010), and the Iceland climate curve (Geirsdóttir et al., 2013) (Figures 3B, C, E). This short-term warming within the LIA was also accompanied by some amelioration in atmospheric circulation according to a shift to positive NAO (Figure 3F, F). NH temperature decrease, outlined by less pronounced HCCE 0a (0.37–0.26 ka BP), occurred coeval with most records of the temperature changes and cooling in the NH atmosphere circulation patterns (NAO and SH/NW) (Figures 3A–C, E–G).
The nearly close alignment of outlined HCCEs 2a, 1d, 1c, 1b, 1a, 0b, and 0a with most of the temperature reconstructions in NH, as well as correspondence with the variability in the main atmospheric circulation centers (NAO, SH/NW, and EASM) over the last 3 kyr (Figure 3), suggests that other HCCEs match centennial cooling over the last 10 kyr in the NH. HCCEs 1c and 1a clarify the decadal to centennial-scale climate fluctuations during the warmer periods of the Late Holocene, specifically the RWP and MWP, respectively.
4.2 Possible forcing mechanisms of the HCCEs
Multiple potential forcings have been deliberated within the scientific community as drivers behind Holocene centennial climate cooling linked to the outlined HCCEs, including variability in the total solar irradiance (TSI) (Bond et al., 2001; Wang et al., 2005; Solomon et al., 2007; Steinhilber et al., 2012; Egorova et al., 2018), large volcanic eruptions (Zhong et al., 2011; Sigl et al., 2015; Kobashi et al., 2017; Sigl et al., 2022), the episodic increases in the flux of freshwater to the North Atlantic caused by accelerated melting of the Laurentide ice sheets (Mauritzen and Häkkinen, 1997; Clark et al., 2001; Buckley and Marshall, 2016), El Niño/Southern Oscillation (ENSO) variability (Bjerknes, 1969; Wang et al., 2001; Cane, 2005), and meridional migration of the ITCZ (Haug et al., 2001; Schneider et al., 2014). These climate forcing mechanisms, in turn, influenced shifts in atmospheric circulation centers and their interactions within the ocean–atmosphere system, thereby resulting in changes in the climate and environmental conditions of the NH.
Cosmic radiation variations, inferred from Earth’s atmospheric radionuclide production, predominantly reflect solar modulation due to the correspondence between cosmic radiation maxima and grand solar minima (Steinhilber et al., 2012; Usoskin et al., 2016). Two distinct grand TSI minima types, shorter Maunder-type and longer Spörer-type, imply deterministic solar dynamo behavior likely governed by the combined gravitational energy influence of the Sun and closer planets (Simonenko, 2013; Scafetta et al., 2016; Usoskin et al., 2016). Small changes in the TSI and related ultraviolet radiation in the stratosphere may be transmitted downward into the troposphere, producing significant multi-decadal–centennial-scale changes in atmospheric circulation with significant impacts on global climate by “top-down” mechanisms; however, the “bottom-up” mechanisms of the Sun’s influence have also been discussed (Shindell et al., 2001; Kodera and Kuroda, 2002; Haigh et al., 2005; Meehl et al., 2009; Gray et al., 2010; Connolly et al., 2021). In this study, we used two estimations of the TSI: longer and more robust estimations obtained by Steinhilber et al. (2012), based on the cosmic ray-produced radionuclides (10Be and 14C), and those by Egorova et al. (2018) that additionally incorporated the variability of sunspot umbra, sunspot penumbra, and faculae when available.
Stratospheric volcanic aerosols injected from explosive volcanism preclude the penetration of solar irradiance into Earth’s surface and may have a strong effect on the climate and surface temperature despite their short residence time in the atmosphere (nearly 10 years or less) (Kobashi et al., 2017; Büntgen et al., 2020). Decadal-scale volcanic activity can induce multi-decadal–century cooling effects through the prolonged response times of the ocean surface water cooling and the expansion of sea ice following volcanic aerosol dispersion (Zhong et al., 2011; Sigl et al., 2015; 2022). In turn, explosive volcanic activity may be governed by the responses of the Earth’s crust to the formation and retreat of vast masses of continental ice sheets, the Earth’s dynamo evolution, or other external and internal factors.
Based on the measurements of the 231Pa/230Th ratio in a sediment core from the subtropical North Atlantic, a robust proxy of Atlantic meridional overturning circulation (AMOC), McManus et al. (2004) argued that AMOC was nearly, or completely, eliminated during the Heinrich Stadial 1, forced by large freshwater input into the North Atlantic due to the catastrophic iceberg discharge of the Laurentide ice sheet, and decreased sharply into the Younger Dryas cold event. They inferred that small changes in the hydrological cycle in the North Atlantic led to changes in AMOC and, in turn, to abrupt climate changes transmitted globally through atmospheric and oceanic feedbacks. Later, the measurements of two independent chemical water tracers (the isotope ratios of 231Pa/230Th and 143Nd/144Nd) in the North Atlantic ODP site 1063 obtained by Böhm et al. (2015) reveal consistent responses of the AMOC to the sequence of Heinrich stadials over the last glacial cycle through catastrophic iceberg discharges accompanied by freshwater pulses. This allows us to suggest that there is a persistent effect of the freshwater pulses into the North Atlantic on the significant or limited AMOC changes and, therefore, some influence on the global climate changes through the Pleistocene and Holocene, when large ice sheets covered the NH continents.
It is believed that ENSO, a coupled ocean–atmosphere instability in the tropical Pacific with vast heat storage in upper waters (200 m) and strong positive feedback between the atmosphere and upper ocean, possesses significant potential for inducing global climate shifts in the past, present, and future (Bjerknes, 1969; Wang et al., 2001; Cane, 2005). Several studies suggest that the dominant external forcing of ENSO variability, related to the frequency and magnitude of El Niño events, is a seasonal change in solar insolation coming into the low latitudes, which is governed by Earth’s orbit geometry (Münnich et al., 1991; Chang et al., 1994; Tziperman et al., 1997; Cane, 2005).
Over the last precession cycle, minimal differences in incoming solar insolation between winter and summer seasons in low-latitude regions occurred at approximately 12–8 kyr BP, gradually intensifying since 6–5 kyr BP, implying a coeval strengthening of ENSO variability (Clement et al., 2000; Cane, 2005). ENSO variability records derived from Laguna Pallcacocha in southern Ecuador (Moy et al., 2002) and El Junco Lake in the Galapagos Islands (Conroy et al., 2008) demonstrate low ENSO variability during the early Holocene, with a slight intensification approximately 7 kyr BP. ENSO variability was also subdued at the start of the middle Holocene, escalating from nearly 4 kyr BP, marked by several strong spikes over 2–0.5 kyr BP. This is consistent with ENSO reconstruction based on foraminifera chemistry from a marine sediment core, revealing relatively low-amplitude ENSO variability between 5.5 and 10 ka BP (White et al., 2018). This trend aligns with theoretical and modeled reconstructions of ENSO variability over the Holocene, showing minimal ENSO variability during the early Holocene and gradual intensification since 5–6 kyr BP (Koutavas and Joanides, 2012; Cobb et al., 2013; Sadekov et al., 2013; Carré et al., 2014). The intensification of ENSO variability likely contributed to warmer conditions in the eastern equatorial Pacific and colder conditions in the western region, accompanied by EASM weakening and decreased precipitation in eastern Asia.
ODP site 1002, investigated by Haug et al. (2001), is situated within the Cariaco Basin off the Venezuelan coast within the northern boundary of the ITCZ. This location is significant because the modern boreal summer/winter migration of the ITCZ recorded in site 1002 exhibits lesser seasonal shifting, contrary to those in the Indian Ocean. Therefore, fluctuations in the Ti content of this core allow for the sensitive monitoring of the meridional migration of the northern boundary of the ITCZ in the past. On the centennial–millennial time scale, the boreal–summer ITCZ appears to have migrated southward in line with NH cooling, which, in turn, is governed by Earth orbit geometry (Koutavas and Joanides, 2012; Schneider et al., 2014). An ITCZ meridional shifting, or its contraction/expansion in the latitudinal range over climate changes, regulates tropical heat distribution between hemispheres through surface water currents and atmospheric circulation (Conroy et al., 2008; Schneider et al., 2014; Yan et al., 2015).
Two EASM records obtained from the Sanbao (Dong et al., 2010) and Dongge caves (Wang et al., 2005), located in the eastern part of China, reflect changes in hydrological processes of the tropical Pacific and Indian Ocean by moisture transport into Eastern Asia, extending up to Japan and southeastern Russia (Wang et al., 2001; 2005; Cheng et al., 2012). These changes were associated with a seasonal reversal in surface winds and shifts in precipitation associated with the seasonal migration of the ITCZ (Dong et al., 2010; Cheng et al., 2012; Wang et al., 2017). It appears that the temporal variability of the EASM recorded from China was better defined by changes in the intensity and extension of the Western Pacific Warm Pool, also affected by ENSO variability.
The Siberian High (SH) atmospheric center during the winter season covers a large area of the Eurasian continent at mid–high latitudes and combines vast masses of cold air at the NH. The variability of the SH and the related upper atmosphere Northern Hemispheric Westerlies (NWs) during the Holocene were reconstructed based on terrigenous K+ ion content in Greenland ice core GISP2 (Mayewski et al., 2004). Higher SH/NWs create favorable conditions for the emergence of widespread NH cold events, attributed to the impact of weak external or internal triggers on the climate system.
4.3 Sequence of the outlined HCCEs through the Holocene and their origins
To understand the forcing mechanisms behind the outlined HCCEs in the NH, we compared the constructed climate stack and detected HCCEs with potential climate forcings—TSI (Steinhilber et al., 2012; Egorova et al., 2018), AMOC variability recorded in the 231Pa/230Th ratio from deep-sea sediments (Hoffmann et al., 2018), meridional shifting of the ITCZ (Haug et al., 2001), and ENSO variabilities recorded in the Laguna Pallcacocha (Moy et al., 2002) and El Junco Lake (Conroy et al., 2008) (Figures 4B, C, E, F, K). Kobashi et al. (2017) presented a record of explosive volcanic activity variability in the NH based on the modifications of the sulfate concentration in the Greenland ice core GISP2 (Mayewski et al., 1997). Based on sulfur measurements in the Greenland and Antarctica ice cores, Sigl et al. (2022) revealed the global estimation of the sulfur injection into the stratosphere by volcanic eruptions during the Holocene. The authors showed that from the total volcanic sulfur injected into the stratosphere, 70% originate from tropical eruptions and 25% from NH extratropical eruptions due to a bipolar difference in volcanic eruption distribution. Therefore, the record of volcanic activity obtained by Kobashi et al. (2017) is closely aligned with the globally inferred record obtained by Sigl et al. (2022), which we accept as evidence of volcanic activity forcing.
As evidence of AMOC variability as a climate forcing over the Holocene, we accept the 231Pa/230Th ratio measured in the sediment core at an intermediate depth from the North Atlantic (Hoffmann et al., 2018) as a more sensitive record of the AMOC formation changes, in contrast to that from the deep-sea sediment core obtained by McManus et al. (2004). Additionally, we incorporated the SH/NW records from the Greenland ice core (Mayewski et al., 2004) and the EASM stack, both representing the evolution of the NH main atmospheric circulation centers, along with the classical Greenland temperature record (Rasmussen et al., 2014) (Figures 4D, G, J).
HCCEs 6 and 5 were accompanied by the coeval superposition of the TSI minima and strong multi-decadal increases in explosive volcanism (Figures 4H, I), both contributing to a decrease in solar radiation on Earth’s surface and, therefore, NH climate cooling. However, HCCE 5 was also terminated by a certain increase in the 231Pa/230Th ratio in the sediment of the Atlantic core (Figure 4B), indicating a limited decrease in the AMOC (Hoffmann et al., 2018; Lippold et al., 2019). The freshwater pulse into the North Atlantic at 8.2 ka BP is also consistent with evidence of coeval accelerated collapsing of the Laurentide ice sheet in North America (Clark et al., 2001; Matero et al., 2017). HCCE 5 was mostly likely driven by freshening of the North Atlantic surface and limited AMOC slowdown, superimposed on the coeval TSI minima, and increases in explosive volcanism, leading to the globally extended 8.2-ka cold event (Clark et al., 2001; Alley and Agustsdottir, 2005; Carlson et al., 2008; Cheng et al., 2009; Rasmussen et al., 2014; Matero et al., 2017; Doring and Leuenberger, 2022; Duan et al., 2023).
The period between HCCEs 5 and 4a (8.16–5.62 kyr BP), often referred to as the HTM (Geirsdóttir et al., 2013; Marcott et al., 2013; Brooks et al., 2015; Kobashi et al., 2017; Hou et al., 2019; Kaufman and Broadman, 2023), exhibits pronounced temperature contrasts between the Northern and Southern Hemispheres in poleward regions of 30°N and 30°S, as reconstructed by Marcott et al. (2013), indicating a period of significant warmth of the NH (Figure 4A). The HTM was also marked by weak SH/NW and strong EASM formations related to warmer climatic conditions of the NH (Figures 4G, J). However, according to the synthesized temperature stack, the HTM was punctuated by HCCEs 4c and 4b. HCCEs 4c and 4b were accompanied by a coeval significant southward shift of the ITCZ, a certain decrease in the NH-SH temperature contract, and weakening of the EASM, likely related to cooling in the tropical area (Figures 4C, G, J). Moy et al. (2002) and Conroy et al. (2008) revealed some initial intensification of El Niño variability at approximately 7 kyr BP, coinciding with these tropical processes and aligning with some increase in seasonal differences in solar insolation at the low-latitude regions (Figures 4A, E). Significant multi-decadal peaks of volcanic activity during HCCE 4b, likely initiated these cooling events (Figure 4H). Notably, during HCCEs 4c and 4b, TSI values decreased insignificantly (Figure 4I). Therefore, climate cooling over HCCEs 4c and 4b, was most likely initiated by significant processes in the tropical zone, such as intensification of ENSO variability, southward ITCZ shifting, and EASM weakening that started to decrease the temperature contrast between the Northern and Southern Hemispheres during the HTM (Figures 4A, C, E, J).
HCCE 4a (5.64–5.34 kyr BP), accompanied by significant TSI minimum and some heightened explosive volcanic activity, had terminated the HTM and likely corresponded to highlighting the combined influence of solar factors and volcanism (Figures 4H, I). HCCE 4a occurred during the weakening of the EASM activity and the highest SH/NW values, which facilitated climate cooling initiated by external and internal forcings (Figures 4G, J).
The MHO, observed by Kobashi et al. (2017), occurred between HCCEs 4a and 3a during 5.34–3.94 kyr BP. Incorporated into the MHO, HCCE 3b was characterized by two cooling events, separated by small short-term stable conditions (Figures 2L, M). Nevertheless, this cooling was accompanied by a remarkable southward shift in the ITCZ, likely related to the initiation of significant processes in the tropical zone, as supported by the coeval decrease in the EASM activity (Figure 4C).
HCCEs 3a and 2b were accompanied by a certain decrease in TSIs; however, they were marked by a remarkable southward shift in the ITCZ, EASM weakening, and a decrease in the NH-SH temperature contrast (Figures 4A, C, I, J). Notably, these important changes in Earth’s climate system over the HCCEs 3b–3a–2b (4.53–3.42 ka BP) were also accompanied by a significant strengthening of the ENSO variability, according to Conroy et al. (2008) and White et al. (2018), leading to the significant reorganization of the Holocene climate, consistently with a significant decrease in the NH-SH temperature contrast and increase in seasonal insolation differences at the tropical areas (Figures 4A, E, F). The strengthening of the ENSO variability approximately 4 kyr BP led to warmer surface waters in the eastern equatorial Pacific, cooling in the western Pacific, and weakening of EASM formation in the western equatorial Pacific, resulting in decreased evaporation and moisture delivery to East Asia. Sun et al. (2019) investigated 130 well-dated geological records from sites located in climatically and topographically different regions of China and found dramatic climate changes related to extreme hydrological events in different regions of China, leading to the collapse of major, well-documented Chinese Neolithic cultures—approximately 4 kyr BP. The authors suggest that the destruction of Neolithic cultures in China and unfavorable living conditions were driven by decreasing warmth and wetness in the arid and semi-arid regions of China. A remarkable increase in ENSO variability and southward shifts in the ITCZ over HCCEs 3b, 3a, and 2b, accompanied by a temperature rearrangement between the Northern and Southern Hemispheres, were likely the main causes of the destruction of Neolithic cultures in China and the onset of the Neoglacial period of the Holocene (Figures 4A, C). The record of quartz content obtained by Moros et al. (2006) shows coeval cooling of the northwestern Atlantic environment (Figure 2E) during HCCEs 3b, 3a, and 2b, supporting the NH cooling since the Neoglacial period. HCCE 2b was forced by the significant intensification of explosive volcanism, leading to a decrease in the input of solar insolation to the Earth’s surface (Figure 4H).
HCCE 2a (2.96–2.70 ka BP) occurred during the maximum of SH/MW in NH atmosphere circulation, resulting in Earth climate cooling, consistent with the decrease in the Greenland temperature and weakening of the EASM (Figures 4D, G, J). This remarkable Homeric TSI minimum (HGSM) was likely the main driver of HCCE 2a (Figure 4I).
Subsequent HCCEs 1d–0a were accompanied or preceded by minima in coming solar insolation with variable intensities, along with strengthening ENSO variability (Figures 4E, I). These external and internal forcings were likely the main drivers of Earth’s climate cooling over the last 2 ka. Recent HCCEs 0b and 0a, preceded by intensification of volcanic activity, occurred during strong Sporer and Maunder solar grand minima, respectively, and remarkable maxima of the SH/NW in the NH atmosphere circulation (Figures 4G–I). As a result, the ages of HCCEs 0b and 0a are close to the onset of the LIA formation.
A comparison of the established HCCEs with potential drivers of the Holocene climate changes suggests that the temperature variability within the lower troposphere of the NH may be mostly explained in terms of solar variability, volcanic activity, and ITCZ/ENSO variability, consistent with the conclusion obtained by Soon et al. (2000), while initial HCCEs 6 and 5 were likely forced by AMOC influence.
4.4 Wavelet diagrams and spectral power density of the constructed climate stack and TSI and climate-dominated forcing
The Fourier spectral power of the TSI (Steinhilber et al., 2012) reveals centennial band periodicities at 130 years, 150 years, 208 years (very close to the well-known 205-year de Vries cycle), and 350 years, multi-centennial periodicities at 511 years, 703 years, and 938 years (Eddy cycle), and millennial scale of 2,252 years (Figure 5A, right side), aligning with TSI periodicities presented by Abreu et al. (2012).
[image: Figure 5]FIGURE 5 | Time series, wavelet power spectra (left panels), and Fourier power spectrum (right panel) of (A) TSI (Steinhilber et al., 2012) and (B) synthesized climate stack (this study) over the last 10 ka using Morlet wavelet, normalized by 1/σ2. Wavelet analysis was performed using a MATLAB code for wavelet and Fourier spectrum calculations, developed based on published data (Torrence and Compo, 1998). The color gamut of the wavelet spectrum reflects the minima (blue color) and maxima (red color) of the wavelet decomposition coefficients, showing the temporal evolution of the amplitudes of the various periodicities. Black lines outline areas with a confidence level > 95% for a red-noise process with a lag-1 of α = 0.72. Yellow lines indicate the “cones of influence,” where edge effects cannot be neglected. In the right panels, black solid lines indicate the global wavelet spectra, and red solid lines indicate the Fourier power spectra normalized by N/(σ2). Blue dashed lines are the mean red-noise spectra assuming a lag-1 of α = 0.72. Black dashed lines indicate the 95% confidence spectra. (C) Volcanic forcing record (Kobashi et al., 2017); the blue line indicates raw data (right scale), and the red line presents the 50-year window averaged data (left scale) of raw sulfate concentration in Greenland ice core GISP2 (Mayewski et al., 1997) modified by Kobashi et al. (2017). The centennial (120, 208, and 350 years), multi-centennial (500, 700, and 930 years), and millennial (1,130, 1,460, and 2,250–2,550 years) band periodicities are shown by chain, dotted, and solid lines, respectively (A,B). Blue bars show the HCCEs, as shown in Figures 2–4.
Notably, the longest TSI cycle corresponds closely to the astronomical origin of the Hallstatt cycle found in the Holocene by Scafetta et al. (2016). The Hallstatt cycle frequency is influenced by the evolution of the Sun’s planetary mass center alongside larger planets like Jupiter, Saturn, Uranus, and Neptune, whose rotations oscillate with variable periodicities of 2,100–2,500 years (Scafetta et al., 2016).
The wavelet diagram of the TSI proposed by Steinhilber et al. (2012) showed that the centers of the strongest amplitudes of higher-frequency cycles (130, 150, 208, and 350 years) predominately vary throughout the Holocene with an average timing of approximately 8.2, 5.5, 2.6, and 0.7 kyr BP (Figure 5A, chain lines). Such periodicities with the strongest amplitudes in high-frequency TSI cycles are nearly close to the maxima of the SH/NW in atmospheric circulation (Figure 4G), indicating its causal linkages with atmospheric circulation at the NH.
The spectral power of the constructed temperature stack showed changes with centennial periodicities of 140 and 320 years, multi-centennial bands of 602 and 930 years, and millennial cycles of 1,138, 1,427, and 2,560 years, which resemble periodicities of the TSI record (Figure 5B, chain lines). However, according to the wavelet diagram of the temperature stack, the temporal evolution of the amplitudes of the centennial (100–350 years), multi-centennial band (500–930 years), and millennial-band periodicities significantly differed from those of the TSI cycles (Figures 5A, B, chain, dotted, and solid lines, respectively). The temporal evolution of the amplitudes of the centennial (100–350 years) cycles in the temperature stack reveals itself to be much weaker between the 7 and 3 ka BP than those of the TSI. This indicates that factors other than solar activity influence the Holocene climate changes. Millennial periodicities of the temperature stack, such as 1,138 years and 1,427 years, appear in the wavelet diagram of the temperature stack, contrary to the Fourier and wavelet spectra of the TSI record (Figures 5A, B). These millennial periodicities of temperature stacks may be formed as the heterodyne response of Earth’s climate system to centennial-scale TSI forcing (Clemens, 2005), for example, 1/350–1/511= 1/1111. The Hallstatt cycle (2,250–2,550 years) seems to be observed in both the temperature stack and TSI record.
Figure 5C demonstrates the significant influence of volcanic eruptions on the climate and formation of HCCEs (Figures 5B, C) when intensification of volcanisms preceded or occurred during the HCCEs. For example, the series of abrupt and large intensifications of volcanisms between 9.1 and 8.1 kyr BP likely facilitate the formation of HCCEs 6 and 5, along with other forcings—TSI minima and AMOC-limited slowdown. A strong increase in volcanisms over 5.95–5.40 kyr BP may also force the termination of the HTM around HCCE 4a, together with the TSI driver (Figures 5A, C; 4H). Remarkably, the pronounced intensification of explosive volcanism over nearly 800–600 years BP and after 400 years BP likely served as a primary driving force behind the LIA (HCCEs 0a and 0b) (Figure 5C). A comparison of the wavelet diagrams of the TSI and temperature stack with volcanic activity (Figures 5A–C) indicates the significant influence of volcanic eruptions on the Holocene climate in the NH, consistent with the study by Kobashi et al. (2017) and Büntgen et al. (2020).
The pattern and chronology of the synthesized temperature stack and, therefore, of the HCCEs are limited by the uncertainties and temporal resolution of the time series used, which is estimated as several decades. An additional uncertainty in the age boundaries of the identified HCCEs is introduced by the incomplete synchronization of time series with each other. Obtaining new high-resolution and well-dated records of Holocene climate changes in the NH with the identification of new robust time markers of the Holocene will help clarify the chronology of the centennial climate cooling presented in this work and provide insights into the external and internal drivers behind them.
5 CONCLUSION
In this study, we used eight highly resolved and best-dated published temperature and climate records from different climatic zones, utilizing various proxies, to construct a Holocene marine–coastal temperature stack in the NH. To this end, we used the original age models of these records, with minor modifications for two them. Based on the constructed temperature stack, we established the chronology of 15 prominent HCCEs, periods with decreased temperature: 0a, 0b, 1a, 1b, 1c, 1d, 2a, 2b, 3a, 3b, 4a, 4b, 4c, 5, and 6, following the numbering from Bond cycles, each lasting 1–4 centuries over the last 10 kyr.
To test the chronological validity of the constructed HCCEs, we compared them with the best-dated and highly resolved temperature records of the NH and variability of the main centers of atmospheric circulation (NAO and SH/NW) and EASM over the last 3 kyr. Based on the nearly close alignment of the outlined HCCEs 2a, 1d, 1c, 1b, 1a, 0b, and 0a with the mentioned temperature records in the NH, as well as their correspondence to the main variability of atmospheric circulation over the last 3 kyr, we suggest that other HCCEs also correspond to centennial climate cooling in the NH over the last 10 kyr.
The synthesized Holocene centennial climate change stack and outlined HCCEs broadly correspond to major established Holocene climate events in the NH: the 8.2-kyr BP cooling, HTM, MHO, collapse of Chinese Neolithic cultures, 2.8-kyr BP cooling linked to the HGSM, and LIA. However, established HCCEs indicate a higher resolution of centennial-scale climate cooling during the Holocene and allow for a better understanding of the underlying force.
To understand the external and internal natural forcings of the Holocene temperature decreases in the NH, we conducted a comparative analysis of the sequence of outlined HCCEs with potential climate drivers responsible for them. These included the TSI record, explosive volcanic activity, AMOC formation changes, ITCZ fluctuations, ENSO variability, and related NH atmospheric circulation changes recorded in the EASM and SH/NW curves. For example, the recognized 8.2-kyr BP cooling event (HCCE 5) was likely driven by the superposition of the AMOC-limited slowdown, TSI minimum, and volcanic activity. However, HCCEs 3b, 3a, and 2b (over 4.53–3.42 BP), accompanied by small changes in the TSI, were likely mainly forced by an increase in ENSO variability, leading to remarkable changes in the tropical processes and a southward shift in the ITCZ, coeval with the collapse of the Chinese Neolithic cultures and the onset of the Holocene Neoglacial. The RWP and MWP experienced abrupt and robust warming over several decades, followed by gradual cooling spanning several centuries outlined by HCCEs 1c and 1a, respectively, and concluded by mild warms. Subsequent HCCEs 0b and 0a were likely forced by the TSI minimum combined with the increased role of ENSO and volcanism over the LGM. Therefore, the outlined HCCEs reflect the complicated origin of Holocene climate changes governed by the variability of Earth’s orbital geometry, sunspot dynamics, and the evolving interplay between the Sun and Earth within the gravitational field of the solar system.
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