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As the recent permafrost thawing of northern Asia proceeds due to anthropogenic climate change, precise and detailed palaeoecological records from past warm periods are essential to anticipate the extent of future permafrost variations. Here, based on the modern relationship between permafrost and vegetation (represented by pollen assemblages), we trained a Random Forest model using pollen and permafrost data and verified its reliability to reconstruct the history of permafrost in northern Asia during the Holocene. An early Holocene (12–8 cal ka BP) strong thawing trend, a middle-to-late Holocene (8–2 cal ka BP) relatively slow thawing trend, and a late Holocene freezing trend of permafrost in northern Asia are consistent with climatic proxies such as summer solar radiation and Northern Hemisphere temperature. The extensive distribution of permafrost in northern Asia inhibited the spread of evergreen coniferous trees during the early Holocene warming and might have decelerated the enhancement of the East Asian summer monsoon (EASM) by altering hydrological processes and albedo. Based on these findings, we suggest that studies of the EASM should consider more the state of permafrost and vegetation in northern Asia, which are often overlooked and may have a profound impact on climate change in this region.
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INTRODUCTION

Permafrost is defined as ground that remains entirely frozen for at least two consecutive years (Washburn, 1973; Brown et al., 2002). It occurs across approximately 17% of the Earth’s land surface and 24% of the Northern Hemisphere land (Zhang et al., 1999), and is highly vulnerable to the increasing global temperature. With the background of global warming, it is indisputable that the permafrost is thawing and will further degrade in the future (Intergovernmental Panel on Climate Change, 2013, 2019; Biskaborn et al., 2019), especially at high latitudes, where temperatures have risen more than average due to polar amplification (Miller et al., 2010). As a carbon reservoir, permafrost will release greenhouse gases, such as CO2 and CH4, as it thaws, which will enhance the greenhouse effect and therefore produce a positive feedback to climate warming (Knoblauch et al., 2018; Natali et al., 2021). Permafrost thawing also changes hydrology and geomorphology, such as the development of thermal karstification, coastline erosion, and liquefaction of the ground, affecting a wide range of permafrost regions (Anisimov and Reneva, 2006). Estimating the extent of permafrost degradation has become a vital component of predicting future warming.

Since the observational record is insufficient to meet our understanding of permafrost degradation (temporal restriction; Boike et al., 2019; Vasiliev et al., 2020), the challenge is how to capture the long-term behavior of permafrost in response to changing climate. Scrutinizing past permafrost variability during a long-term period may provide us with a useful insight into the potential conditions of permafrost in the future. However, palaeo-permafrost and palaeo-periglacial evidence, which can directly reveal the formation and development of past permafrost, is not easily found and has been subjected to various controversial interpretations (Jin et al., 2019). Several proxies such as the formation history of speleothems and thermokarst lakes have been used to reconstruct the evolution of past permafrost (Vaks et al., 2013, 2020; Brosius et al., 2021; Li et al., 2021), but due to the scarcity of research materials, these proxies are inevitably problematic in the continuity of space-time distribution and quantitative research. Therefore, other suitable indicators to reconstruct past permafrost conditions are desirable. In previous permafrost reconstruction, pollen, as one of the most common and mature proxies in investigating past vegetation changes, was often only used as a supplementary means to judge the status of regional permafrost conditions by reconstructing palaeo-temperature and palaeo-flora (Streletskaya et al., 2013; Jin et al., 2019). Although the high variability of the modern vegetation cover over the entire Asian continent, over the long course of geological and biological evolution, an ecological balance has been formed between vegetation and permafrost (Chang et al., 2012), and some plants can be used as indicators of permafrost in different area (Brown, 1963; Tyrtikov, 1973; Black, 1976), such as larch-pumila forest and larch-Ledum forest in the Greater and Lesser Hinggan Mountains of China (Zhang, 1983), or the bryophyte forest in the northern taiga of western Siberia (Guo et al., 1998). Therefore, we can use pollen as a potential tool to track past permafrost and its relationship with global climate.

Current global warming is triggering a strong and rapid positive feedback to the phenomenon of greening in the Arctic (Elmendorf et al., 2012; Myers-Smith et al., 2020), but research at long-term scales has suggested that permafrost can cause a disequilibrium between vegetation and climate to persist for several millennia (Herzschuh et al., 2016), implying that, in addition to climate, vegetation changes are also subject to the extent and state of permafrost (Tchebakova et al., 2006). Thus, the question arises of whether the changes in vegetation and state of permafrost are the result of passive acceptance of the effects of climate change. Previous studies have shown that the interplay of climate, vegetation, and permafrost is complex. Under the warm and wet 127 ka climate, for example, a 10% increase in EASM precipitation in the dry region in north China contributed to vegetation feedback (Zhang and Chen, 2020). A numerical simulation model also confirms that changes in the global frozen soil have profound impacts on the East Asian climate (Xin et al., 2012).

As an important part of the global climate system, the fluctuation in EASM intensity will influence the distribution of precipitation and the evolution of the ecological environment in the monsoon region (Wang, 2006; Clift and Plumb, 2008) – a topic that has been extensively studied at a suborbital scale (Xiao et al., 2004; Chen et al., 2015; Liu et al., 2015; Kang et al., 2020; Xu et al., 2020). These studies unanimously find that there is a lag (∼4 ka) between EASM intensity and solar radiation in the early Holocene. Although this lag is generally considered to be related to the decrease of the Northern Hemisphere land-ice volume, associated with the weakening of the Atlantic meridional overturning circulation (Barber et al., 1999; Carlson et al., 2008; Yu et al., 2010), much of the research focuses on ice sheets in North America and Europe, discarding northern Asia, particularly Siberia and the central and northern Mongolia regions, which have abundant ice stored underground in the form of permafrost (Karlsson et al., 2012; Wang et al., 2021).

Here, we constructed a Random Forest (RF) model using modern pollen data and permafrost distribution in northern Asia, and then applied the trained model to reconstruct the permafrost history of the late Quaternary based on fossil pollen data (Cao et al., 2020). The objectives of this study are to (1) assess the relationship between pollen and permafrost and the reliability of the trained model; (2) reveal the permafrost changes in northern Asia during the Holocene; and (3) explore the potential impact of variations in the permafrost on the early-to-middle Holocene East Asian monsoon system.



DATA AND METHODS


Pollen and Permafrost Data

A total of 2,212 modern pollen assemblages published previously (Figure 1) for northern continental Asia (east of 50°E and north of 45°N) are included in our analyses: most of them are extracted from topsoil, moss samples, or lake core-top samples. The Chinese and Mongolian modern pollen data primarily come from Cao et al. (2014), while Siberian data primarily come from Bordon et al. (2009) and Natalia et al. (2020). Other data include records for the northern and central Yakutia (Müller et al., 2010), the Russian Far-East (Tarasov et al., 2011), and the Khatanga River region (Niemeyer et al., 2015; Klemm et al., 2016). The fossil pollen records (Figure 1) were obtained from lacustrine sediments and peat from the same area of northern Asia, and comprise 6,873 fossil pollen assemblages from 199 records (Cao et al., 2020). For these modern and fossil pollen data, pollen names were taxonomically harmonized at the family or genus level generally and pollen percentages were re-calculated based on the total number of terrestrial pollen grains, following the method described by Cao et al. (2013, 2020). Based on calibrated radiocarbon dates, an age-depth model was established for each record using a Bayesian approach (further details are described in Cao et al., 2013). In this study, we selected records between 12.5 and 0 cal ka BP, covering the Holocene.
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FIGURE 1. Distribution of the 2212 modern pollen sites (green circles) together with the 199 fossil record sites (beige crosses) and permafrost extent in northern Asia.


Modern permafrost data was downloaded from the open database Circum-Arctic Map of Permafrost and Ground-Ice Conditions (version 2) (Brown et al., 2002), which maps the distribution of permafrost in the Northern Hemisphere from 20°N to 90°N. Based on the estimated percentage of area, the permafrost extent is divided into continuous permafrost (90–100%), discontinuous permafrost (50–90%), sporadic permafrost (10–50%), isolated patches (<10%), and no permafrost. For easier classification, we merged the three transitional states between continuous permafrost and no permafrost into one category of non-continuous permafrost. The resulting three states of continuous permafrost, non-continuous permafrost, and permafrost-free are used throughout our research. Using this distribution map of permafrost, conditions prevailing at the modern pollen sites are assigned.



Modeling the Response of Permafrost to Pollen Taxa

We fitted a logistic regression model to estimate the probability of the presence of permafrost in northern Asia by relating modern pollen percentages from 74 pollen taxa shared by modern and fossil pollen records to the permafrost data. To obtain more reliable regression results, we only selected samples from regions with permafrost-free and continuous permafrost. The association between the pollen percentage (predictor variable) and the presence of permafrost (response variables) was assessed by the Wald test. A p-value less than 0.05 is considered statistically significant. The logistic regression was implemented using the glm function in the stats package in R version 4.0.3 (R Core Team, 2020).



Random Forest

Random Forest is a machine-learning algorithm that can be used to solve regression and classification problems (Breiman, 2001). RF operates by constructing a multitude of decision trees. Although factors such as the number of trees in RFs may bias the regression results to some extent (Strobl et al., 2007; Arlot and Genuer, 2014), RFs have been successfully used in the field of earth science to predict future species distributions, and to reconstruct local and even global past tree species distributions (Prasad et al., 2006; Benito Garzón et al., 2007; Lindgren et al., 2021; Qin, 2021).

Our RF model was trained on 74 pollen taxa from the 2,212 modern samples that were matched to permafrost conditions. For the 2,212 samples, 70% of samples served as the training set for RF, while the remaining 30% of samples served as a test-set. We conducted three separate training runs using RF to assess the stability of the model and selected the training model with the highest overall statistical accuracy and Kappa value. The trained RF was then applied to down-core palynological records from 199 boreholes, sampled in northern Asia to reconstruct past permafrost conditions. These steps were implemented collectively using the R version 4.0.3 built-in package randomForest (version 4.6-14; Liaw, 2018).




RESULTS


Response of Different Pollen Taxa to Permafrost

Pollen data from topsoil together with current permafrost extent offer a unique opportunity to understand the relationship between the presence of permafrost and the occurrence of specific pollen taxa. Among the 74 pollen taxa analyzed, 20 taxa significantly correlate with the presence of permafrost (P < 0.05). Alnus (shrub), Betula (shrub), Larix, and another 13 taxa are positively correlated with the presence of permafrost, while Abies, Pinus (Diploxylon), Picea, and another 7 taxa are negatively correlated with the presence of permafrost (Supplementary Figure 1). Using Larix and Abies as examples, the probability of permafrost being present increases as the percentage of Larix pollen increases but decreases as the percentage of Abies pollen decreases (Figure 2). This suggests that the variability of pollen taxa can reflect shifts between the presence or absence of permafrost and thus be used to reconstruct permafrost conditions.
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FIGURE 2. Logistic regression curves for Larix and Abies.




Random Forest Performance

Based on assessments of the test-sets of three separate training runs, the RF model has great stability with a mean accuracy of 0.84 and a mean Kappa value of 0.76 (Table 1) and almost no variance between the runs. Mean Decrease Accuracy and Mean Decrease Gini of a taxon indicate the importance of that taxon to the accuracy of permafrost state classification. Of the 74 taxa used in our classification model, 30 had a Mean Decrease Accuracy value of more than 10 and 29 had a Mean Decrease Gini value of more than 10 (Figure 3). Obviously, these taxa play a key role in classifying the state of permafrost.


TABLE 1. Summary of the Random Forest training runs.
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FIGURE 3. Importance of pollen taxa in pollen-based permafrost classification model for test-set measured by the Mean Decrease Accuracy and Mean Decrease Gini.


The precision and recall rate are two important statistical metrics to evaluate the classification quality, measuring the fraction of relevant instances among the retrieved instances and the fraction of relevant instances that were retrieved, respectively. The precision and recall rate of our RF classification for different states of permafrost differ slightly (Table 2) being best for continuous permafrost and worst for non-continuous permafrost.


TABLE 2. Summary of precision and recall rate for the classification of permafrost state.
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Temporal and Spatial Variability of Permafrost Conditions

To gain an understanding of the overall condition in different time periods, we take the most frequently reconstructed state of each record in each 1000-year window. For different time slices of the Holocene, the distribution of permafrost changed significantly, especially in the early-to-middle Holocene (Figure 4 and Supplementary Figure 2). From 12 to 5 cal ka BP, in addition to Asia north of 60°N, which is currently the main distribution area of continuous permafrost, the vast northern Asia region south of 60°N, such as the West Siberian Plain, southeastern Siberia, Lake Baikal region, and Kamchatka peninsula, sporadically experienced continuous permafrost state. Focusing on the West Siberian Plain, despite the widespread permafrost conditions before 9 cal ka BP, no continuous permafrost was reconstructed for this region at 7 cal ka BP. The main distribution of non-continuous permafrost between 12 and 5 cal ka BP is found in northern Asia south of 60°N, especially in the Tianshan-Altai region and the Mongolian Plateau region. However, there is no obvious spatial pattern in the distribution of sites with non-continuous permafrost. In contrast to the area north of 60°N, a permafrost-free state is frequently reconstructed from sites in the area south of 60°N. Additionally, on the West Siberian Plain between 9 and 7 cal ka BP, permafrost-free states increased significantly.


[image: image]

FIGURE 4. Temporal and spatial changes in permafrost state (continuous permafrost: white circles; non-continuous permafrost: beige circles; permafrost free: green circles) reconstructed for northern Asia from 12 to 5 cal ka BP.


The percentages of the three states at different time slices portray the evolution of permafrost in northern Asia during the Holocene (Figure 5). Continuous permafrost is always the highest among the three states throughout the Holocene, ranging from 41.6 to 67.1%. Continuous permafrost clearly decreases in the early Holocene (12–8 cal ka BP), with the rate of decline slowing down after reaching 48.8% at 8 cal ka BP. A slight increase in this state is observed in the most recent 1 ka. The proportion of non-continuous permafrost ranges from 19.0 to 24.7%, with an average value of 21.5%. Although the proportion of non-continuous permafrost has a stable trend during the Holocene, there was a slight increase at 1 cal ka BP followed by a decrease. In corollary, the percentage of permafrost-free state shows a sharply increasing trend from 12 to 8 cal ka BP and a gradually increasing trend after 8 cal ka BP until the late Holocene when it decreased. The decrease during 2–1 cal ka BP is caused by the formation of more non-continuous permafrost, while the decrease during 1–0 cal ka BP is caused by an increase in continuous permafrost.
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FIGURE 5. Temporal variation of relative extent of permafrost state in northern Asia (the numbers on the bars indicate the number of samples).





DISCUSSION


Reliability of Pollen-Based Permafrost Reconstructions

Reconstructing past permafrost conditions using pollen data is credible as confirmed by logistic regression and statistical metrics from test-set. The relationship between pollen taxa and permafrost has been identified by logistic regression, and the results presented here imply that we can reconstruct the history of permafrost using pollen data. Additionally, the high average accuracy (0.84) based on the test-set means that the state of permafrost down-core can be reconstructed with a reasonably low error, while the Kappa statistic (up to 0.76) also suggests a substantial classification quality of the RF model (Landis and Koch, 1977). The precision and recall rate of continuous permafrost reach 0.90 and 0.88, respectively, indicating a good ability of the model. Although some of the samples in the test-set were mismatched by our trained RF model, it is worth noting that these misallocated samples are mainly distributed in marginal regions where the permafrost is in a state of flux (Supplementary Figure 3) and the pollen taxa show transitional characteristics. Overall, the classification results of samples within the different permafrost states are very reliable.

The synchrony of changes in permafrost conditions with the Northern Hemisphere climatic signal and consistency with other permafrost proxies in northern Asia further support the reliability of pollen-based permafrost reconstructions (Figure 6). The freezing and thawing of permafrost have a close relationship to climate, and our reconstruction demonstrates the variation in permafrost state in northern Asia could depend on suborbital variations in summer solar insolation (Laskar et al., 2004). During the early Holocene, permafrost thawed rapidly (Figure 6C, from 12 to 8 cal ka BP), coinciding with a sharp increase in Northern Hemisphere temperature and North Atlantic air temperature after the Younger Dryas (Figures 6A,B; Andersen et al., 2004; Shakun et al., 2012; Marcott et al., 2013). After the northern hemisphere temperature reached a maximum in the middle Holocene, the rate of permafrost thawing in northern Asia slowed as the temperature and summer solar insolation decreased. The decreasing trend in proportion of permafrost-free during the late Holocene (Figure 6D) can also be explained by variation in the Northern Hemisphere temperature anomalies (Figure 6B). Continuous permafrost expanded during 2–0 cal ka BP when the stacked temperature anomalies show a return to under 0°C. The temporal and spatial variation of permafrost in western Siberia is very significant, which is consistent with the traditional research results of permafrost. Research on the palaeo-permafrost and palaeo-periglacial evidence shows that the severe freezing conditions that developed during Last Glacial time persisted of western Siberia in early Holocene, but until the Holocene optimum (7.5–4 cal ka BP), the southern boundary of surficial permafrost receded northward to near the Arctic Circle (Supplementary Figure 4; Velichko et al., 1984). Additionally, thermokarst lake formation history (Figure 6H), which can indicate permafrost degradation on a large scale, has recently been published for northern mid- to high-latitudes (Brosius et al., 2021) and the result of northern Asia suggests a rapid permafrost thawing period during the early Holocene (12–8 cal ka BP) and a relatively slow decreasing rate of thaw in the mid-late Holocene (7–2 cal ka BP): this result is consistent with our reconstruction based on pollen data.
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FIGURE 6. Comparison of the northern Asian permafrost reconstruction with various other regional and global environmental signals. (A) 60°N summer insolation (red line, Laskar et al., 2004) together with North Greenland ice core δ18O records indicative of North Atlantic air temperature (blue line, Andersen et al., 2004). (B) Northern Hemisphere temperature anomaly (Marcott et al., 2013). (C) Percentage of continuous permafrost reconstructed from Holocene pollen assemblages (this study). (D) Percentage of permafrost-free conditions reconstructed from Holocene pollen assemblages (this study). (E) Percentage of evergreen conifer tree taxa in Northern Asia (modified from Cao et al., 2019). (F) Stacked normalized magnetic susceptibility from Loess sections showing the intensity of the EASM (Kang et al., 2020). (G) Precipitation trends in north China during the Holocene (orange dots, Herzschuh et al., 2019) and reconstructed precipitation from Lake Gonghai in northern China (blue line, Chen et al., 2015). (H) Normalized frequency of lake formation in northern Asia (modified from Brosius et al., 2021).




Effect of Permafrost State on Vegetation in Northern Asia

A reanalysis of vegetation turnover (Figure 7), including evergreen conifer tree, summer-green conifer tree, summer-green broad-leaved tree, and non-tree vegetation from northern Asia based on pollen records (Cao et al., 2019) is instructive for our understanding of the relationship between permafrost and vegetation. Although an early-to-middle Holocene (12–7 cal ka BP) decreasing trend is observed in the non-tree vegetation component, the other vegetation components do not show a corresponding increasing trend. It was not until 8 ka that evergreen conifer species, dominated by pine and spruce, increased significantly, which is consistent with the increase of permafrost-free conditions. A re-analysis of the spatiotemporal distribution of the four vegetation types (Figure 8) shows that summer-green conifers (larch) were the main trees in northern Asia in the early Holocene, and the transition from summer-green conifer trees to evergreen conifer trees occurred around 8 cal ka BP, especially on the Western Siberian Plain (G2, G3, G8, G9), which coincided with the establishment of permafrost-free conditions.
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FIGURE 7. Temporal variation in relative percentage of four vegetation types in northern Asia.
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FIGURE 8. Temporal changes in relative percentage of vegetation types for northern Asia during the early Holocene (10–7 cal ka BP; G*: site group; modified from Cao et al., 2019).


It is reasonable to assume that the presence of permafrost in the early Holocene inhibited the spread of dark coniferous taiga. Despite increases in temperature, permafrost could not thaw deeply enough across Siberia to support dark coniferous taiga (dominated by pine) during the early Holocene. Traditional proxy-based climate reconstructions in the Northern Hemisphere suggest abrupt warming occurred at the onset of the Holocene, followed by a long-term cooling trend throughout the middle-to-late Holocene (Shakun et al., 2012; Marcott et al., 2013), which should be consistent with afforestation. However, the turnover of vegetation is not simply driven by changes in climate as traditionally thought, such as seed dispersal strategy of specific species (Travis et al., 2013), competition to the existing dominant vegetation (Meier et al., 2012), the existence of permafrost (Tian et al., 2018; Cao et al., 2019), and extensive fires (Schulze et al., 2012), which may affect the progress of plant migration. Research in northeast Asia has challenged the general view that the vegetation-climate lag is last no more than a few centuries, suggesting that during the Plio-Pleistocene, interglacial vegetation was influenced by the persistence of permafrost, mainly reflects conditions of the previous glacial period, lagging the climate by several millennia (Herzschuh et al., 2016). Therefore, compared with other non-permafrost regions, the extensive and deep permafrost in our study area, northern Asia, may have a profound impact on vegetation. Previous studies have demonstrated that larch can survive on permafrost with an active layer depth of less than 40 cm (Osawa et al., 2010), while pine requires at least 1.5 m of active layer to grow (Tzedakis and Bennett, 1995). In Alaska, permafrost with a shallow active layer is assumed to limit the northward extent of Picea (Lloyd, 2005). A pollen-based biochemical study also finds that during the early Holocene, only larch forests could survive on these shallow active-layer permafrost regions in northern Asia (Tian et al., 2018). A large amount of heat is needed to thaw permafrost and it takes time for deep permafrost to thaw (Galushkin, 1997; Vaks et al., 2013). However, our studies have not taken all relevant geoecological causal chains and their interactions into account. Our knowledge of permafrost and vegetation delay is thus still limited.



Potential Relationship Between Permafrost and the East Asian Summer Monsoon

The freezing and thawing of permafrost can change the hydrological processes, and the turnover in vegetation controlled by permafrost could affect the land-surface albedo. The thawing of frozen soil will lead to changes in the ice/water ratio, altering the thermal and hydraulic qualities of the soil, and also affecting ground surface temperature (Xin et al., 2012). Numerical simulations with a supercooled soil-water model show that the thawing of frozen soil has a great impact on winter and spring soil moisture as well as temperature in Eurasia (Li et al., 2011; Xin et al., 2012). Landscapes with trees generally have a lower albedo than landscapes without trees and this difference may be magnified when there is snow cover. The albedo values of tundra and grassland when covered by fresh snow, can reach 0.76 and 0.65, respectively, while the average albedo value of three other vegetation types with trees is only 0.27 (Schaeffer et al., 2006). In addition, larch, being a deciduous coniferous species, lacks a canopy in winter and has a poor ability to cover snow compared to evergreens (Betts and Ball, 1997), with a peak winter albedo value of up to twice that of evergreen coniferous forest (dark taiga forest; Shuman et al., 2011).

A series of global atmospheric circulation models has suggested that the Eurasian snow cover has a significant effect on the Asian summer monsoon (Yang and Xu, 1994; Liu and Yanai, 2002; Wu et al., 2009; Xu et al., 2021), with a recent study showing that when there was excessive spring snowmelt in Siberia between 1981 and 2014, the EASM was weaker, resulting in less summer precipitation in north China (Xu et al., 2021). The inter-decadal variation of snow cover and summer monsoon can essentially be attributed to altered soil hydrology and albedo, which affect the surface and atmospheric temperature and soil moisture, leading to changes in thermal contrast and atmospheric circulation and thus regulating the intensity of the Asian summer monsoon rainfall (Cohen, 1994; Liu and Yanai, 2002; Jacob et al., 2005). Given the rapid thawing of permafrost and the high albedo caused by sparse evergreen coniferous trees in northern Asia during the early Holocene (Figures 6C–E), similar hydrological and atmospheric responses may have occurred, reducing the intensity of the early Holocene EASM (Figure 6G; Chen et al., 2015; Herzschuh et al., 2019; Kang et al., 2020). This mechanism, however, requires a mechanism model for further validation.




CONCLUSION

Reconstructed permafrost in northern Asia during the Holocene using an RF model based on pollen data largely corresponds with inferences from climate proxies and other permafrost reconstructions. Our reconstruction indicates a sharp thawing trend in the early Holocene (12–8 cal ka BP), a relatively slow thawing trend in middle-to-late Holocene (8–2 cal ka BP), and a freezing trend of permafrost after 2 cal ka BP in northern Asia. Additionally, permafrost degradation was clear on the West Siberian plain during 8–7 cal ka BP. The spatiotemporal consistency of the records of permafrost and evergreen coniferous trees variation suggests that the presence of permafrost in the early Holocene could inhibited the spread of vegetation. Furthermore, permafrost and permafrost-controlled vegetation types may affect the intensity of the EASM by influencing hydrological processes and albedo. This study reminds us that it is necessary to pay more attention to environmental factors in northern Asia, as they have potential impacts on climate change in the East Asian monsoon regions.
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