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The westerly jet (WJ) in the upper troposphere, an important atmospheric circulation system, is critical for influencing global climate by changes of its north–south migration and intensity. However, its variations during the Holocene across the Eurasian and North America are not well evaluated, which restricts our understanding of climate change in those regions. Using general circulation model experiments, here we simulate the variations of WJ over the past 10 ka to show its intensity and position of WJ responding to astronomical insolation. Our results suggest that the summer WJ gradually migrates southward and strengthens over the Central Asia (CA), Japan, and North America from the early Holocene (EH) to late Holocene (LH); meanwhile, the positions of the winter WJ barely move and its intensity slightly change. These seasonally asymmetric changes can be attributed to the temperature structure, in which the surface latent and sensible heat flux both contribute.
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INTRODUCTION

The westerly jet (WJ), located in the upper troposphere, is the strong and narrow westerly wind belt with horizontal and vertical wind shears over the Northern Hemisphere (NH) throughout whole year. It is an important planetary-scale atmospheric circulation system affecting weather and climate anomalies; especially, its variations in the intensity and position play a vital role in affecting precipitation patterns in the middle and low latitudes (Yang et al., 2002; Schiemann et al., 2009; Zhao et al., 2014). Given the significance of WJ for global and regional climate, its variations have been widely investigated in recent years (Liang and Wang, 1998; Sung et al., 2006; Sampe and Xie, 2010; Huang et al., 2013, 2015; Wei et al., 2017).

Taken into consideration of the topographical complexity, such as the uneven of land and sea distribution and the topography of the Tibetan Plateau, the WJ has unique structural and seasonal characteristics in Asia (Kuang and Zhang, 2005; Shi et al., 2015). In view of the blocking effect of the Tibet Plateau, the south branch of the WJ is located at the south side of the Tibet Plateau in spring and winter with gradually northward migration in May; whereas it rapidly jumps to north site of Tibetan Plateau in June with continually northward migration in July away from the Tibetan Plateau (Lin and Lu, 2008). Due to intensification of the westerlies across the Tibetan Plateau, a pronounced enhancement of the East Asian rain band during the pre-Meiyu stage is proposed (Chiang et al., 2019).

Based on the synchronically occurrence time of modern westerly circulation and East Asian summer monsoon (EASM) precipitation, the synergistic changes of WJ and EASM during the Holocene have been widely investigated (Nagashima et al., 2007, 2011, 2013; Zhang et al., 2018; Herzschuh et al., 2019). By analysis of geochemical data of marginal sediments in Japan sea, Nagashima et al. (2007) proposed that, on the orbital timescale, the southward migration of WJ is accompanied by the intensified winter monsoon and southeastward migration of summer monsoon when the summer solar insolation decreased in NH. From 101 fossil pollen records, Herzschuh et al. (2019) proposed that the WJ-stream axis shifted gradually southward during the Holocene, which significantly influences the position of EASM rainband.

In addition to paleoclimate proxies, climate simulations have been employed to study the Holocene westerlies and monsoon changes, which are closely associated with the precipitation or moisture over Central and East Asia (Jin et al., 2012; Shi et al., 2012; Li et al., 2013; Chiang et al., 2015; Shi, 2016; Zhang et al., 2016, 2017; Kong et al., 2017). Nevertheless, there are apparently significant differences of westerly winds during the Holocene. For example, a strengthening trend of westerly during the Holocene in NW China has been suggested by the coupled climate models (Jiang et al., 2007; Jin et al., 2012; Zhang et al., 2016, 2017); meanwhile, the transient simulation, forced by Earth’s orbital parameters, draw an opposite relationship between the westerly and precipitation during the Holocene (Li et al., 2013).

Although the geological archives and modeling simulations gave useful information, the basic mechanisms for WJ during Holocene are still unclear and controversial. Thus, a better understanding of the temporal and spatial variation of the WJ and its forcing mechanisms is important for validating the regional-scale moisture conditions, which are paramount in assessing future climate change impacts. In this study, based on the Community Earth System Model (CESM) with a relatively high horizontal resolution, we explore the seasonal characteristics of WJ in the NH, especially the Asia, during the Holocene responding to astronomical insolation.



NUMERICAL MODEL AND TRANSIENT EXPERIMENTS

The CESM, released by National Center for Atmospheric Research (NCAR), was conducted in this study. The CESM is a fully coupled model of the earth system, mainly including atmosphere, ocean, ice, river, and carbon cycle (Kay et al., 2015). It is a flexible and extensible tool for studying global change and can be applied to explore the relationship of subsystems in the earth system at multiple time and spatial scale, providing up-to-date simulations of the earth’s past, present, and future. To save calculation resources, the atmospheric module CAM5 is coupled with a slab ocean, in which only the feedback of sea surface temperature is included. The horizontal resolution of the atmospheric module is chosen to be 0.47° × 0.63° in latitude and longitude, so that it provides a relatively high resolution to better capture regional features.

We conducted an accelerated transient experiment covering the past 10 ka by orbit acceleration technology (Li et al., 2013). In the simulation, only the changes in orbital parameters are included to purely examine the effect of astronomical insolation on the westerlies. Setting the orbital parameters to 10 ka BP, the model is integrated for 50 years as a spin up time. After that, the orbital parameters are prescribed to the values of every 50-year intervals at the end of each model year. Hence, a total of 200 model years are calculated for the whole of 10 ka by accelerating the variations in the orbital cycles with a factor of 50.

In addition, a more modern reanalysis product, the European Centre for Medium-Range Weather Forecasts (ECMWF)-Interim reanalysis (ERA-Interim) dataset from 1979 to 2014 is used for comparison with the simulated results. The horizontal resolution of the ERA data is 0.75° × 0.75°. In the analysis, the climate state in boreal summer refers to the average of June, July, and August (JJA), and the winter refers to the average of December, January, and February (DJF).



RESULTS


Model Validation

To verify the reliability on the spatiotemporal changes of WJ, the model results are compared with the observed meteorological data (Figures 1, 2). Figure 1 shows the winter and summer mean surface temperature in NH from the ERA data and the averaged data for 1-0 ka BP in our experiments. The model slightly underestimates the summer surface temperature over the high latitudes and overestimate over the North America and Eurasia (Figures 1A,B). Similarly, the simulated mean surface temperature in winter is also slightly lower than that of the ERA data over the high latitudes (Figures 1C,D). Considered that the simulated temperature is averaged for the last 1 ka, the spatial distributions of the simulated summer and winter mean surface temperature are in good agreement with the ERA data.
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FIGURE 1. Northern Hemisphere surface temperature (°C). The ERA-Interim reanalysis data for 1979–2014 (A,C), and the simulated results averaged for 1-0 ka BP (B,D).
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FIGURE 2. The 200 hPa wind fields (m/s) in boreal summer and winter for the ERA-Interim reanalysis data for 1979–2014 in (a,c) and simulated results averaged for 1-0 ka BP (b,d). Vectors are the 200 hPa horizontal winds (m/s) and the shading represents the jets with wind speeds more than 20 m/s in summer and 40 m/s in winter, respectively.


The spatial distributions and values of simulated summer and winter WJ are broadly consistent with the general features of ERA data, especially over the Asia (Figure 2). In summer, the WJ is located at 40°N with the center of the north of the Tibetan Plateau (Figures 2a,b). Our simulation underestimates the intensity of summer WJ, especially in the Japan and North America. In winter, the WJ generally shifts southward and the center over the North Pacific Ocean becomes stronger. Overall, both the intensity and position of WJ are well captured by our simulation, allowing us to further analyze the response of WJ to astronomical insolation during the Holocene.



The Spatiotemporal Variations of WJ

In order to evaluate the changes of WJ, we focus on three center areas including: the Central Asia (CA; 70–100°E, 15–55°N), the Japan (125–155°E, 15–55°N), and Northern America (NA; 60–100°W, 15–55°N). The intensity of WJ is defined as the mean 200 hPa wind speed in which the maximum westerly wind located on each longitude and its position is corresponding to the latitude of maximum wind speed at each region. Figure 3 illustrates the changes in intensity and position of winter and summer WJ over the three regions during the Holocene. Over the CA, the intensity and position of summer WJ show a gradual increasing trend (Figure 3a) and southward migration (Figure 3b) during the Holocene, respectively. In contrast, the intensity and position of winter WJ demonstrate a weakening but not significant trend (Figure 3c) and northward migration, respectively (Figure 3d). The intensity and position of summer WJ over the Japan illustrate a similar pattern with highly sensitive of its position compared with that of the CA (Figure 3f). A weakened trend of winter WJ is noticeable over the Japan (Figure 3g). However, the changes in intensity and position over the NA during the Holocene are quite different with that of the CA and Japan. The position of WJ in NA shows a southward migration both in summer and winter (Figures 3j,l), with almost no significant change in intensity (Figures 3i,k).
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FIGURE 3. Simulated changes in the intensity and position of WJ during the Holocene over Central Asia (a–d), Japan (e–h), and North America (i–l). The red line represents a 31-simulation-year moving average. The red pentagram indicates that slope is significant at the 99% significance level.


To examine the spatial features of the WJ, we compared the 200 hPa wind vector difference between early Holocene (EH; 10–9 ka BP) and late Holocene (LH; 1-0 ka BP) in summer and winter. A long band-shaped region with positive values of westerly wind speed at 15–40°N in summer indicates obvious southward shift during the Holocene over the CA, Japan and NA (Figure 4a). However, the wind field in winter shows a quite different distribution (Figure 4b). There is showing a striking anticyclone-like pattern over the Northern Pacific, eastern North Atlantic Ocean, and Northwest Siberia and a cyclone-like pattern over the Eastern America and Mediterranean. As illustrated in vertical structure, the summer westerlies occupy the north of 30°N with the strongest centers at 40–50°N over CA, Japan, and NA (Figures 5a,e,i). The difference of LH-minus-EH shows significant maximal positive values at approximately 30–40°N, implying intensified and southward summer WJ during the LH (Figures 5b,f,j). The intensified WJ spreads from middle to high troposphere. The winter westerlies in CA are located at north of 15°N (Figure 5c) with a slightly northward migration and a decreasing trend during the LH. This result is evidently supported by the distribution of differences of LH-minus-EH, which show a slightly negative value at 15–55°N (Figure 5d). The changes of winter WJ in Japan are illustrated in Figure 5g, which shows a dramatic increasing trend in winter and locates at north of 15°N. Both of positive and negative values in difference of LH-minus-EH between 15 and 55°N in Japan are suggested, revealing a slightly decreasing trend of intensity in winter WJ (Figure 5h). In NA, the westerlies reach the maximum at 35°N (Figure 5k). The differences of LH-minus-EH show a slightly positive value, indicating strengthened westerlies during the Holocene (Figure 5l).
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FIGURE 4. The differences in 200 hPa wind field (m/s) between late Holocene and early Holocene in summer (a) and winter (b). Red vectors indicate that the differences are significant at the 95% confidence level and the shading represents the differences in 200 hPa westerly winds are significant.
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FIGURE 5. Vertical profile of zonal mean westerly winds in boreal summer and winter averaged for Central Asia (a–d), Japan (e–h), and North America (i–l). The values for LH and the differences between LH and EH are both shown. Black shades indicate the differences at the 95% significance level.


We calculate the monthly variations of the intensity and position of WJ during the Holocene to examine the seasonal characteristics (Figure 6). From the seasonal variation of the WJ wind speed, the intensity of the WJ is strongest in winter and weakest in summer (Figures 6a–c). The maximum intensity of difference between the LH and EH periods appears in summer, slightly changing in other seasons. Comparison with the intensity, the position of WJ also shows highly seasonal variations. The WJ shifts to the northernmost position in summer, while it moves to the southernmost position in winter (Figures 6b–d). Over the CA and Japan, the WJ during the Holocene gradually and significantly shifted southward in spring and summer whereas it migrated northward in autumn and winter. Nevertheless, the shift of WJ over the NA is quite different with that of CA and Japan. It shifts southward in summer and winter whereas northward in spring and autumn. The maximum position of difference between the LH and EH appears in summer over the CA and Japan while in winter over the NA.
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FIGURE 6. Monthly variation of intensity and position of WJ over Central Asia (a,d), Japan (b,e), and North America (c,f). The red and blue lines represent the EH and LH, respectively.




Physical Mechanisms for WJ Variations

As shown in Figure 7, the most significant response of the 200 hPa geopotential height disturbance occurs over the NH, which is consistent with the pattern of wind vector. The negative LH-minus-EH differences in geopotential height disturbances in summer lie over northern North Pacific, Mediterranean, and Southern Siberia (Figure 7B), corresponding with the cyclone-like pattern in the wind field (Figure 4a). However, the positive LH-minus-EH differences in geopotential height disturbances in winter occupy Northern Pacific, eastern North Atlantic Ocean, and Northwest Siberia (Figure 7D), which are consistent with the anticyclone-like pattern in the wind field (Figure 4b). As illustrated in Figures 7, 8, the upper tropospheric geopotential height disturbance and the mid-tropospheric temperature disturbance are highly synchronized in the spatial patterns. The results show that the anomaly areas of geopotential height disturbance are broadly synchronous with that of temperature disturbance (Figure 8). The geographic distribution of averaged 500 hPa temperature and the zonal mean for LH as well as its differences (LH-EH) over the North Hemisphere are shown (Figure 9). During the LH, the summer temperature at 500 hPa exhibits a decreasing trend from low to high latitudes (Figure 9A). While the difference of LH-minus-EH is generally showing negative values with the minimum at the mid-latitudes around 60°N, which clearly imply that the summer temperature at 500 hPa in EH is higher and its variation is stronger in mid and high latitudes (Figure 9B). The winter temperature at 500 hPa during the LH demonstrates a decreasing trend with increased latitudes (Figure 9C). The LH-minus-EH difference indicates that the winter warming reaches the maximum value at 30°N with declining for both polarward and equatorward (Figure 9D). In addition, the profile of zonal mean surface air temperature during the LH and the difference of LH-minus-EH (Figure 10) are generally coeval with the temperature pattern at 500 hPa (Figure 9), which supports that the 500 hPa temperature is largely controlled by the surface.
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FIGURE 7. The 200 hPa geopotential height disturbance over the Northern Hemisphere during the Holocene. Summer and winter 200 hPa geopotential height disturbance in LH (A,C) and the LH-minus-EH difference (B,D). The line indicates the differences at the 95% significance level.
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FIGURE 8. The 500 hPa temperature disturbance over the Northern Hemisphere during the Holocene. Summer and winter 500 hPa temperature disturbance in LH (A,C) and the LH-minus-EH difference (B,D). The line indicates the differences at the 95% significance level.
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FIGURE 9. The 500 hPa temperature distributions and the zonal mean temperature profiles. Summer and winter 500 hPa temperature distributions and zonal mean temperature profiles in LH (A,C) and the LH-minus-EH difference (B,D). The line indicates the differences at the 95% significance level.
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FIGURE 10. Surface temperature distributions and the zonal mean temperature profiles. Summer and winter surface temperature distributions and zonal mean temperature profiles in LH (A,C) and the LH-minus-EH difference (B,D). The line indicates the differences at the 95% significance level.


The surface temperature is presumably associated with the influence of solar insolation, surface latent and sensible heat flux during the Holocene (Figures 11–13). From the forcing of astronomical insolation, the absolute maximum solar insolation of the LH-minus-EH difference appears at the equator in summer and winter (Figures 11B,D). However, the surface air temperature difference reaches the negative maximum around 60°N in summer and positive maximum around 30°N in winter (Figures 10B,D). In summer, both the negative peaks of LH-minus-EH differences for the surface latent and the sensible heat flux at 60°N, probably modulated by the land-sea distribution, are roughly similar with that of the surface air temperature (Figures 12B, 13B). The positive maximum of latent heat flux at 30°N is larger in winter which means more contributions on the surface air temperature (Figures 12D, 13D). Therefore, we can conclude that the surface air temperature influenced by the latent and sensible heat flux has shown significant local characteristics with seasonal changes, which further result in seasonal changes in the intensity and position of the WJ.
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FIGURE 11. Zonal mean profiles of solar insolation. Summer and winter solar insolation in LH (A,C) and the LH-minus-EH difference (B,D).
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FIGURE 12. Zonal mean surface latent heat flux. Summer and winter surface latent heat flux in LH (A,C) and the LH-minus-EH difference (B,D).
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FIGURE 13. Zonal mean surface sensible heat flux. Summer and winter surface sensible heat flux in LH (A,C) and the LH-minus-EH difference (B,D).




DISCUSSION

By analysis of this study, the summer WJ has experienced a substantial change both in term of intensity and position in CA, Japan, and NA. The summer WJ migrated southward and showed a strengthening trend during the Holocene. The WJ carries out a large amount of heat and water vapor from the middle and low latitude oceans to Eurasian and Northern American continents and then has a profound impact on the climate and environmental changes in those regions. It has been widely recognized that change of precipitation in northwestern China and CA during the Holocene is also closely related to the change of WJ, transporting the water vapor from North Atlantic Ocean, Mediterranean Ocean, Black Sea, and Caspian Sea (Chen et al., 2008; Jin et al., 2012; Wang et al., 2013; Huang et al., 2015; Xu et al., 2019; Zhang et al., 2020). Furthermore, as a recent study, Cai et al. (2017) have illustrated precipitation seasonality in CA, in which implies that precipitation in most of CA occurs in summer half year. Therefore, the southward and strengthened summer WJ during the Holocene probably results in an increasing trend of precipitation in CA. Indeed, a growing body of evidence, including lake sediments, loess-paleosol sequences, and peats, has revealed a generally wetting trend in the ACA during the Holocene (Wang and Feng, 2013; Hong et al., 2014; Long et al., 2014, 2017; Chen et al., 2016), which might indicate an increasing trend of WJ as simulated by our experiments. In addition to the multi-proxy records, a long-term transient simulation by another climate model, forced by changes in orbital parameters, also demonstrated a strengthening trend of WJ during the Holocene (Zhang et al., 2016), which supports that this response of WJ during Holocene is not model dependent.

Beside the climate over CA, the change of WJ has also significantly influenced on the EASM by its north–south migration (Lin and Lu, 2008; Chiang et al., 2015; Lan et al., 2020). The sway of the WJ axis is closely associated to the intensity of EASM (Nagashima et al., 2011), and consequently influence on the latitudinal location of the summer monsoon precipitation through changes in its residence time on the north and south sides of the Tibetan Plateau (Sampe and Xie, 2010; Nagashima et al., 2011; Chiang et al., 2015; Herzschuh et al., 2019). When the NH summer solar insolation decreased, the southward migration of WJ accompanied by the intensified winter monsoon and southeastward migration of summer monsoon should decrease (increase) precipitation in northern (southern) EASM area (Chiang et al., 2015). For example, based on oppositional precipitation changes during the Heinrich event 1 (H1) and Younger Dryas (YD) indicated by the ratio of trace elements and oxygen isotope in stalagmite at Haozhu Cave in the middle Yangtze River, Zhang et al. (2018) have suggested that the westerly circulation regulates the changes in precipitation in central and eastern China by affecting the length of the Meiyu period in East Asia. Our results reveal that the summer WJ also shows a southward migration during the Holocene, which means longer time stay on the southern side of the Tibetan Plateau during the Holocene. It should block the northward movement of the EASM, causing more precipitation in southern part of EASM region. Recently, Herzschuh et al. (2019) also found that the southward migration of WJ-stream axis during the Holocene was tracked by the summer monsoon rain band, resulting in a gradual southward migration of the precipitation maximum.



CONCLUSION

In this study, we evaluated the response of position and intensity of WJ to the astronomical insolation during the Holocene based on a high-resolution transient simulation. Our results reveal that the changes in the position and intensity of WJ in CA, Japan, and NA are broadly consistent in summer, which have experienced southward migration and strengthening trend during the Holocene. However, the changes position and intensity of winter WJ over the three regions have shown regional features, with northward migration and weakening over the CA, slightly southward migration and weakening over the Japan, and southward migration and strengthening over the NA, respectively. We therefore suggest that the WJ is primarily controlled by the surface air temperature, ultimately triggered by the surface latent heat and sensible heat flux. Further researches are necessary to understand the influences and forcing mechanisms of WJ on regional precipitation/moisture variations, especially interplays between the WJ and EASM during the Holocene, which would provide helpful information for the human-induced global warming.
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