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Abstract

:

Linking sinuosity, a fairly recently developed metric, with high temperature extremes (HTEs) can be both useful and insightful to better understand the physical mechanisms behind HTEs. However, it is not clear whether there exists a relationship between the sinuosity changes and HTE changes in present and future climate conditions over southeastern China. In this paper, the anomalous characteristics of the atmospheric circulation are quantified by sinuosity. Three sinuosity metrics are used in this study: individual sinuosity (SIN), aggregate sinuosity (ASIN), and comprehensive sinuosity (CSIN). Furthermore, we examine the relationship between sinuosity changes and HTE changes in present and future climate conditions. ASIN is strongly correlated with surface air temperature (SAT). We find that the influence of individual sinuosity (SIN) at different latitudes on the SAT of southeastern China is different. The SIN of low (middle) latitude isohypses has significant positive (negative) correlations with the SAT of southeastern China. The SIN of high-latitude isohypses is rather limited and can therefore be ignored. The projected relationship between the sinuosity changes and HTE changes in the late 21st century suggests similar results. The change in SAT is related to the changes in climate variables over southeastern China in the future, and these changes increase with the increase in Z500 or V850 and the decrease in U500. Moreover, the frequencies of large (small) comprehensive sinuosity (CSIN) values at low (mid) latitudes will increase. At the end of the 21st century, Z500 isohypses at different latitudes will have an obvious poleward shift. Our results indicate that measuring the aggregate waviness of the midtropospheric flow (via sinuosity) can provide insight regarding HTEs, and the climate model output can be used to examine the future likelihood of increased HTE.
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1. Introduction


The probability of high temperature extreme (hereafter HTE) occurrences is ever increasing over many parts of the world. In line with the intensifying global warming, the intensities and durations of HTEs have also increased [1,2,3,4,5]. It is expected that this warming trend will continue in the 21st century [6,7,8,9]. Southeastern China is one of the most vulnerable regions, and it plays a decisive role from societal and economic points of view. It is of great scientific and practical significance to analyze and study the characteristics and formation mechanism of HTEs in southeastern China, whether to understand the climate characteristics in this area or to predict HTEs in the future.



Previous studies have shown that anticyclonic anomalies are among the causes of high temperatures and high pressures in various regions (e.g., [1,10,11,12]). On the one hand, the subsidence associated with anticyclonic anomalies can increase air temperature through adiabatic heating. On the other hand, clouds can be reduced, and solar radiation on the earth’s surface is enhanced [13,14,15,16,17]. Many factors affect surface air temperature (SAT) change. In addition to vertical flows, horizontal flows also affect SAT through temperature advection [18,19]. Overlying geopotential height anomaly at middle to upper levels and temperature advection by the meridional wind at lower levels are the two most important circulation factors affecting SAT [20,21,22]. The factors that cause HTEs in China are significantly different in the southern and northern regions. In the north of China, HTEs occur frequently when the geopotential height is high. Different from the north, the HTEs over the central and southern regions of China are related to not only geopotential height anomalies but also the advection of cold and warm air in the lower level. Therefore, it is important to analyze not only SAT but also the variables closely related to SAT in order to comprehensively understand the internal physical mechanisms that play dominant roles [21].



Sinuosity, a metric used to characterize the sinuosity of the isohypse of 500 hPa geopotential height (representing the isohypse departure from a purely zonal orientation of 500 hPa geopotential height), is defined as the ratio of the curvilinear length of a 500 hPa geopotential height isohypse to the perimeter of its equivalent latitude [23,24]. The isohypse and equivalent latitude enclose the same area within the regional boundaries. Using the sinuosity metric, atmospheric waviness can be quantified, and closed circulation systems (such as blocking highs and cutoff lows) can also be considered. The sinuosity metric has previously been shown to be a useful tool [23,24,25,26], although it has not yet been applied to southeastern China.



Because China has a vast territory and complex terrain, there are likely significant spatial differences in the distribution of the general atmospheric circulation responsible for the occurrence of HTEs. In addition, the physical mechanisms and related effects are very different between regions [27]. In consideration of HTEs having obvious regional characteristics in the specific change process and amplitude, the local character of the southeastern China region should be considered in this study. Moreover, in view of the distribution and seasonal movement of the pressure belt and wind belt, maybe the impacts of circulation at different latitudes on southeastern China also differ.



In the future, atmospheric dynamics will be expected to be affected by the latitudinal expansion of the tropics under the effect of global warming [28]. The position and intensity of westerlies will all be changed. Through this study, we seek to answer the following questions: (1) Can the sinuosity metric quantify the anomalous characteristics of atmospheric circulation? (2) Does there exist a relationship between SAT changes and sinuosity changes in the future? (3) Are future changes in SAT due to bending changes of SIN or due to the northward movement of the pressure belts and wind belts?



A set of sinuosity metrics is used in this study to evaluate whether the anomalous characteristics of atmospheric circulation can be quantified efficiently. The first objective of this study is to examine whether the sinuosity metrics can be used to quantify waviness and to examine whether there is a significant correlation between sinuosity and climate variables. The second objective of this study is to simulate the future change in SAT under very strong greenhouse forcing and to analyze the relationship between sinuosity changes and SAT changes. The third objective of this study is to investigate whether the northward movements of the air pressure belts and the wind belts the fundamental cause of SIN changes and SAT changes. This manuscript is organized as follows: The data and analysis methods used in this study are described in the next two sections (Section 2 and Section 3). The major results are presented in Section 4. Section 5 provides the summary and discusses the results.




2. Data


The reanalysis data are from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR), which provided NCEP-DOE reanalysis II (NCEP 2) [29], which is available from 1979 to the present. We assume that the NCEP 2 reanalysis (2.5° × 2.5°) is a reasonable representation of the observed record for our intended impact study because it uses an updated forecast model, updated data assimilation system, improved diagnostic outputs, and fixes for the known processing problems of the NCEP-NCAR reanalysis [29].



August was chosen for the analysis because HTEs in southeastern China are most likely to appear in August, and the analysis will be representative. In this study, daily gridded data of geopotential height at 500 hPa (Z500), the u component of the wind at 500 hPa (U500), and the v component of the wind at 850 hPa (V850) for August during 1979–2016 were used. The purpose of selecting these variables was to analyze and determine the important circulation factors affecting SAT. In addition to the dataset above, gridded daily mean SAT was obtained from a set of observed data, referred to as CN05 [30], which was available at 0.5° × 0.5° daily resolution over China from 1961 to 2005 and provided a long-term consistent dataset.



To assess how SAT will change at the end of the 21st century, a state-of-the-art global model was selected from the Coupled Model Intercomparison Project Phase 5 (CMIP5; [31]). The simulated atmospheric data from both historical and projected (Representative Concentration Pathways 8.5 (RCP8.5)) simulations are from the Beijing Climate Center Climate System Model version 1.1 with a moderate resolution (bcc-csm1-1-m), which produces realistic climatologies in the CMIP5 suite of Chinese models [32,33]. The resolution of model bcc-csm1-1-m is 1.125° × 1.125° (archived by the PCMDI at http://pcmdi9.llnl.gov/esgf-web-fe/: accessed on 3 September 2012). To facilitate the analysis of future changes, all the climate fields (SAT, Z500, U500, and V850) mentioned above were also calculated accordingly using bcc-csm1-1-m model data. Two 20-year time windows (1981–2000 and 2081–2100) were chosen, and we extracted bcc-csm1-1-m model data from the corresponding two periods.




3. Methods


3.1. Analysis Domains


We chose the research area in southeastern China for three reasons. First, southeastern China is highly urbanized [34,35,36]. Second, the area is mainly a plain area [37], so it is not necessary to consider the foehn effect caused by topographic fluctuations. Third, this area is significantly affected by monsoons [38,39,40], so the meridional wind should be considered in the analysis of this paper.



We performed this analysis on two spatial domains: a “small” domain (25°–35° N, 110°–120° E) in southeastern China that occupies the mid- or low-latitude location and a “large” domain (0°–90° N, 100°–130° E), a narrow rectangle from the Equator to the North Pole that covers all of southeastern China and all different latitudes. In order to extract reasonable circulation information, the sinuosity metrics were all calculated in the large domain. Suitable isohypses were selected according to a specific location. The small domain was only used to calculate the regional mean of the climate fields. We calculated the sinuosity metrics by using Z500. SAT, U500, and V850 were used for an in-depth analysis of such aspects as the generation mechanism.




3.2. Metrics


3.2.1. Individual Sinuosity (SIN)


To express the circulation state within a latitude interval, we followed the methodology of [23] and created the individual sinuosity (SIN) that characterizes waviness in the study area. There are two kinds of isohypses: closed and nonclosed. For global problems, as shown in Figure 1a, the ratio of the perimeter can be directly calculated because of closed graphics. In more cases, we will only study the situation in a certain region so that isohypses will not be closed (Figure 1b). We can calculate the ratio between the length of the curve and the length of the line. In this specific operation, there are different situations, for example, those shown in Figure 1c. There are a number of contour lines at the same height. If there are several identical isohypses at the same height, the ratio of the sum of the lengths of the isohypses to the sum of the equivalent lengths of the isohypses is taken as the SIN result of those isohypses.




3.2.2. Aggregate Sinuosity (ASIN)


We calculated aggregate sinuosity (ASIN) as a ratio of the sum of the isohypse lengths divided by their equivalent latitude lengths. For example, if there are five 500 hPa isohypses (5760, 5640, 5520, 5400, and 5280 m), the ASIN metrics can be expressed as


  A S I N =    [   L  5760   +  L  5760   +  L  5760   +  L  5760   +  L  5760    ]       [  E  L  5760   + E  L  5760   + E  L  5760   + E  L  5760   + E  L  5760    ]   ′     



(1)




where L and EL represent the lengths and the equivalent lengths of the isohypses within the study domain, respectively. In this specific calculation, a reasonable contour line will be selected according to its location. In this way, the circulation state within a latitude interval can be expressed by boiling down the entire regional circulation into a single metric. In this study, we selected corresponding isohypses according to different latitudes and calculated the metric according to the above formula.




3.2.3. Comprehensive Sinuosity (CSIN)


The comprehensive sinuosity (CSIN) metric follows that of Vavrus et al. [24]. CSIN can obtain more information on the spatial variations of waviness within the domain by expressing SIN as a function of latitude. The CSIN metric offers several advantages over SIN and ASIN, for example, in expressing SIN as a function of latitude accounts for the confounding effect of inflating geopotential heights in a warming climate [41], and identifies potentially different subregional changes in the magnitude of SIN [24].



Briefly, the CSIN metric proceeds as follows: (1) obtain a quasi-continuous magnitude of sinuosity across a span of geopotential height characteristics of the extratropics, (2) compute the zonally averaged geopotential height across each latitude band on every day, (3) assign to each latitude the SIN corresponding to the height contour representing that latitude. Further details about the procedure for the CSIN metric can be found in Vavrus et al. [24].






4. Results and Analysis


4.1. Quantification of Anomalous Circulation States Using ASIN


4.1.1. Correlation between ASIN and Climate Variables


In order to have an outline understanding of ASIN as a whole, we calculated the probability density function (PDF) of the ASIN metric in the “large” domain. There are 13 isohypses (varied from 5350 to 5950 m in steps of 50 m) of geopotential height of 500 hPa in the calculation formula of ASIN. For the other variables (SAT, Z500, U500, and V850), a spatial mean over the whole domain was also considered. All variables were computed in January and the whole year (Annual) in order to compare with the results in August.



PDF results were plotted in Figure 2. The three curves in each subgraph represent the PDF of Annual (black), January (blue), and August (red), respectively. The values of variables in August were often larger than those in January, except for U500. This suggests that greater westerly winds in winter will bring cold air and lead to lower temperatures. Additionally, the westerly wind in summer becomes weaker, which is conducive to the accumulation of heat and leads to the rise of temperature.



If there exists a strong correlation between ASIN and climate variables, it would help us to analyze the possible causes of HTEs in depth. For that purpose, we calculated the correlations between ASIN and the regional average of climatic variables in the large domain, adopting three different means of calculation: (a) daily variation, (b) climatic mean, and (c) interannual variability. The results are presented in Table 1.



Correlating ASIN and the different variables, we found significantly positive correlations (at the 95% confidence level) between ASIN and SAT (0.24, 0.75, and 0.41) and between ASIN and Z500 (0.35, 0.71, and 0.58) for all the calculation means. In contrast, the relationship between ASIN and U500 (−0.24, −0.78, and −0.51) was significantly negative (at the 95% confidence level) by all the means. The correlation coefficient between ASIN and V850 was 0.12 based on daily variation and 0.43 based on climatic mean (at the 95% confidence level). In contrast, the relationship between ASIN and V850 based on interannual variability was weaker (r = 0.23). These results suggest that ASIN can quantify exceptional circulation states effectively.




4.1.2. Different Circulation States in August


Having analyzed the correlations between ASIN and different variables for the large domain, the next step is to understand the laws of different circulation states corresponding to different metric values in August. Figure 3a,b shows the states of Z500 corresponding to the highest and lowest ASIN in August. A very zonally oriented flow with an ASIN of 1.03 occurred on 10 August 2003 (Figure 3a). In this case, the isohypses on the map are straight, meaning that HTEs are difficult to achieve when ASIN reaches its lowest level. In contrast, the remarkably muddled circulation pattern on 06 August 2002 yielded a record-high ASIN of 1.79 (Figure 3b). In this case, isohypses are distorted, the zonal wind is restricted, and heat is easily accumulated. This means that HTEs are more likely to occur when ASIN reaches its peak.



Choosing two single days does not lead to robust conclusions. It would be more convincing if the composite of the 5% highest and 5% lowest ASIN days would be considered. Figure 3c,d shows the mean of the 5% lowest ASIN days (ASIN < P_05th) and the mean of the 5% highest ASIN days (ASIN > P_95th). During the 5% lowest ASIN days (ASIN < P_05th), isohypses are more straight (Figure 3c). During the 5% highest ASIN days (ASIN > P_95th), isohypses are more bending (Figure 3d). This result further confirms the previous conclusion that HTEs are more likely to occur when ASIN is in the 5% highest ASIN days.




4.1.3. Sensitivity Testing of the Choice of Different Size Areas


To quantify how sensitive our analysis is to the choice of area sizes, we calculated the correlation coefficients between ASIN and SAT, adopting three different means of calculation (daily variation, climatic mean, and interannual variability) for four different size areas: 10° × 10° (25°–35° N, 110°–120° E), 20° × 20° (20°–40° N, 105°–125° E), 30° × 30° (15°–45° N, 100°–130° E), and 40° × 40° (10°–50° N, 95°–135° E).



We found significantly positive correlations (at the 95% confidence level) occurring over all domains and all means of calculation. For daily variation, the calculation results were 0.24, 0.17, 0.18, and 0.18, respectively. For climatic mean, the calculation results were 0.75, 0.77, 0.76, and 0.76 respectively. For interannual variability, the calculation results were 0.41, 0.35, 0.35, and 0.31 respectively. The calculation results all showed a significant correlation (at the 95% confidence level). We can conclude that the sensitivity of the choice of area sizes is small enough for the analysis in this paper.





4.2. Influence of Sinuosity at Different Latitudes on SAT in Southeastern China


4.2.1. SIN


Southeastern China is the most significant area of the East Asian summer monsoon. The average value of each variable in a large area failed to reflect the particularity of the regional area (Section 4.1). We are more concerned about whether the method is also applicable to that region. Therefore, we narrowed the study area to the small domain. To investigate the effect of different isohypses on the small-domain SAT, the individual sinuosity (SIN) of different latitudes was used for calculation and analysis. We calculated the correlation coefficients between the SIN of the 13 isohypses (5950–5350 m) and the SAT of the small domain, respectively. The results are shown in Table 2. The significant correlations (at the 95% confidence level) are shown in boldface.



The correlations vary widely from one isohypse to another, ranging from positive to negative. There are two negative correlation positions: one is between 5800 and 5700 m, and the other is between 5450 and 5350 m. A highly positive correlation between the SIN and the SAT of the small domain suggests that the SAT will rise (decrease) with the increase (decrease) in the SIN of the isohypse (such as 5900 m). In contrast, a very negative correlation here means that the SAT will rise (decrease) with the decrease (increase) in the SIN of the isohypse (such as 5800 m). The above results show that the SIN of different isohypses have different effects on the SAT in southeastern China. It is well known from dynamic relationships that SAT is not a linear function of the baric gradients in the mid atmosphere. The presence of the turbulent boundary layer in the low troposphere is characterized by the complex variability of the vertical turbulent coefficient. It causes the complex (nonlinear) relationship between baric fields and SAT.



Observing the average location of each isohypse (not shown in the figure), we can find that the values of the isohypses are arranged unevenly from high to low from the Equator to the North Pole. In particular, the proportion of the part above 5800 m is approximately one-third of the total area. Comparing the distribution of U500, we found that 30° N latitude is an obvious dividing line of U500 (not shown in the figure). U500 is negative (positive) to the south (north) of that line. In particular, at 40°–45° N, U500 reached the highest value (8 m/s).




4.2.2. ASIN


To understand the influence of ASIN at different latitudes on the SAT of the small domain, three groups of isohypses (from minimum value to maximum value in steps of 10 m) were selected in three regions: low latitude (5850–5900 m), middle latitude (5750–5800 m), and high latitude (5400–5450 m). The average SATs corresponding to different percentiles of ASIN were calculated (Figure 4a–c). As illustrated in Figure 4, the SAT in the small domain will increase with the increase in ASIN at low latitudes but will decrease with the increase in ASIN at middle or high latitudes.



These results suggest that the influence of the ASIN of isohypses at low latitudes (Figure 4a) is obvious in the small domain. The larger the ASIN is, the more likely it is to block the propagation of U500. It is attributed to the ASIN of these isohypses that cover southeastern China. Thus, heat can be easily accumulated, and HTEs can be easily formed. The ASIN of isohypses in the middle latitudes (Figure 4b) plays a role in the isolation zone, and its effect on the SAT in the small region is also obvious. The zonal wind is generally strong from the west and can block cold air going south. When the west winds are strong in the high latitudes (Figure 4c), the cold air in the area cannot easily move south and affects the SAT in the middle and low latitudes.





4.3. Future Changes of Climate Variables in Southeastern China


4.3.1. Changes of SATs


Figure 5a,b shows the mean SAT of southeastern China at the end of the 20th century and the end of the 21st century, respectively. Additionally, Figure 5c shows the difference between the two periods.



Projected SAT changes in southeastern China show a regional warming with respect to the present climate. Viewing the SAT across southeastern China, we find that the lower (higher) the SAT was, the larger (smaller) the change was. Projections of the mean SAT indicate a northwest–southeast gradient warming in August over southeastern China. On the whole, SAT changes are very uneven. Our findings are consistent with previous studies that pointed out the RCP8.5 scenario with the greatest global mean temperature increase [42]. Further analysis is needed regarding what reason leads to its inhomogeneous changes.




4.3.2. Relationship between Wind, Pressure, and Temperature


To analyze the possible causes of SAT changes in depth, the relationships between SAT and several climate variables were calculated in the small domain (Figure 6). On the field of geopotential height (Figure 6a), we find that SAT will increase with the increase in Z500. On the wind field (Figure 6b), we find that SAT will decrease with the increase in U500. Therefore, there is a significant negative correlation between SAT and zonal wind. In contrast, SAT increases with the increase in V850 (Figure 6c), which shows that SAT has a significant positive correlation with the meridional wind (V850) in the local troposphere.




4.3.3. Changes in Wind and Pressure


Figure 7 shows the histograms of daily August Z500, U500, and V850 in the late 20th century and the late 21st century. We find that the histogram of Z500 has shifted significantly to the right. U500 will decrease. That is, the frequency of westerly winds will decrease, and the frequency of easterly winds will increase. In contrast, V850 will become larger. In other words, the frequency of north winds will decrease, and the frequency of south winds will rise. All of these changes are very conducive to the formation of HTEs.





4.4. Distribution Regularities in Different Latitudes for Each Climate Variable


To determine whether the change in SAT in the small domain depends on the changes of other climatic variables in that domain or is influenced by a wider range, isohypses were expanded to the North Pole at the end of the 21st century (Figure 8). Higher isohypses will move poleward and replace the lower ones. Isohypses near the North Pole will continue to retreat until they disappear. For example, those at 5950 m will be replaced by those at 6050 m, and those at 5400 m and below will disappear.



By observation and analysis, it can be found that there is a very regular distribution of isohypses from the Equator to the North Pole. The distribution of SAT also shows a certain gradient (but not very regular) from low latitudes to high latitudes (Figure 8d,e). What needs special attention is that the place with the greatest change in SAT is in the middle latitudes (Figure 8f).



To more clearly see the distribution of the other climate variables at different latitudes, we plot the averages for each variable at the different longitudes in Figure 9. The first row shows the states of the 20th century (blue line) and the 21st century (red line). The differences between the two periods are shown in the second row, which can be divided into four belts, which are described as follows.



4.4.1. 50° N–60° N


In this interval, U500 is the area where the westerly wind increases the most, and the latitude belt acts as a barrier. In the future, it will still block the cold air coming from the high latitudes. With the northward movement of U500, the lower the latitude is, the higher the SAT is in this interval. The change in Z500 is also similar to the SAT change. The change in V850 is almost zero, and it will not change.




4.4.2. 35° N–50° N


In this interval, the increases in SAT and Z500 are the most obvious. U500 is still westerly but will decrease significantly in most areas. At the same time, V850 is southerly and will have a certain degree of increase. These conditions are beneficial to the rise of SAT.




4.4.3. 20° N–35° N


In this interval, the increases in SAT and Z500 have a certain gradient. The increases are greater at higher latitudes. East winds increase and have a certain gradient. The easterly winds increase with increasing latitude. In addition, the weak north winds will evolve into weak south winds.




4.4.4. 0° N–20° N


In this interval, the increases in SAT and Z500 are small. The increase in westerly winds and decrease in southerly winds will be unfavorable to the increase in SAT.





4.5. Distribution Regularities in Different Latitudes for Each Climate Variable


At the end of the 20th century, the 5950 m (low latitude), 5850 m (middle latitude), and 5450 m (high latitude) isohypses were representative of the Z500 isohypses. At the end of the 21st century, they will be replaced with 6050 m, 5900 m, and 5500 m. The frequencies of CSIN changes are shown in Figure 10.



At low latitudes, the frequencies of CSIN up to 2.5 show a significant increase, indicating that the isohypses near low latitudes will become more curved with the exception of 2.6–2.8. This means that the accumulation of heat in the small domain becomes easier. In the mid latitudes, the frequencies of CSIN in the 1.1–1.3 interval will be significantly higher, and the frequencies of CSIN in the 1.7–2.0 interval will decrease obviously, indicating that the middle latitude isohypses will become straighter. With the westerly wind becoming larger, the cold air coming from high latitudes will be blocked, and the accumulation of heat in the small domain will be easier. In the high latitudes, the frequencies of CSIN in the 1.1–1.3 interval will clearly decrease, indicating that the Arctic Oscillation will be more intense and that the Arctic amplification effect will be strengthened. However, the effect of the Arctic Oscillation on the SAT of the small region is limited due to the strengthening of the barrier effect of the westerly belt.





5. Summary and Discussion


Using three sinuosity metrics, circulation waviness (expressed as sinuosity) was examined by linking it to HTEs, and their future changes were projected. The main conclusions are summarized as follows:




	
The exceptional circulation states can be quantified by ASIN. The HTEs can more easily appear when ASIN is at its peak.



	
Influences of SINs at different latitudes on the SAT of southeastern China differ. The SAT of southeastern China becomes higher with greater ASIN. ASIN in the mid latitudes is the equivalent of a barrier here, which can effectively prevent the cold northern air from going south.



	
Projections of future average SAT indicate a significant increase and a northwest–southeast gradient warming in August over southeastern China.



	
In the bigger picture, SAT changes in southeastern China can be explained by the CSIN of Z500 isohypses at different latitudes. At the end of the 21st century, Z500 isohypses at different latitudes will obviously have a poleward shift. Moreover, the frequencies of large (small) CSIN at low (mid) latitudes increased.








The results can be used as a basis for understanding a broad scale of relationship, such as circulation waviness and its influence on HTEs. Moreover, it can be both useful and insightful to better understand the physical mechanisms behind this phenomenon.



In Vavrus et al. [24], it was demonstrated that changes in SIN are inversely correlated with changes in U500 at nearly all latitudes, both in the projections and as observed during recent decades. Similarly, in this study, we find the same rules on the region from the Equator to the North Pole and covering southeastern China. The occurrence of HTE has a strong regularity. For example, it often occurs when U500 is smaller or V850 is bigger. This indicates that the weaker and wavier flow promotes drying and enhanced heating, thus favoring more intense summer weather [24].



Our study generally supports previous studies’ findings that anticyclones with bigger ASIN values (higher meandering) are more likely to cause high temperature weather [23,24]. However, in principle a situation that features a blocking low would also give a high ASIN index, while the circulation pattern is reversed.



Moreover, some of our results differ from those of previous studies [23,24] for the regional differences. When we focus our attention on southeastern China and study the impacts of ASINs in different latitudes on this region, ASINs in different latitudes have different effects on the SAT in southeastern China. A reason for this could be the meridional distribution and movement of pressure belts and wind belts.



A comparison of our results with those of previous studies [23,24] indicates that the climate conditions are more favorable for generating HTEs in the future by calculating the frequency variations of the different magnitudes of the climate variables, although the average states fail to directly reveal the performance of future climate changes on the weather scale. These results also suggest that based on analysis carried out for the sinuosity of isohypses at different latitudes, the effect on HTEs in southeastern China can produce different results. Considering the projected northward shift of the subtropical jet and the expansion of the Hadley cell, the impacts will be more complicated in the future. In addition, our work is more focused on a local scale because local climate change is more complicated. However, further analyses are required to better understand those changes.



Global warming will be a great challenge for us because extreme weather and climate events occur more frequently in the presence of global warming. The relationship between regional circulation modes and temperature changes is very complicated. Changes in SAT and HTE may be influenced by foehn circulation [43,44], in addition to anticyclonic anomalies. The causes of these events need to be further investigated in depth in the future so as to provide more references for the prediction of persistent high temperature events. In addition, the method presented in this paper can be extended to other high-impact phenomena, such as extreme precipitation and drought. The following work is planned for the future, such as improved modeling of rainfall fields under changing climates [45,46], waiting time between two consecutive rainfall events, and a reasonable link by increasing or not increasing the likelihood of heavy and localized rainfall events [47].
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Figure 1. Example of sinuosity calculations for simple hemispheric and complex regional cases. The three different situations that are generally encountered are: (a) when the latitudes are closed within the whole northern hemisphere; (b) when the latitudes are not closed within a local area; and (c) when there is more than one contour line of the same numerical size in a region. The blue lines in the figures indicates a geopotential height contour at 500 hPa, and the red lines indicates the latitude. 
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Figure 2. Probability density functions (PDFs) of (a) ASIN, (b) SAT (°C), (c) Z500 (m), (d) U500 (m/s), and (e) V850 (m/s) in the “large” domain. The three curves in each subgraph represent Annual (black), January (blue), and August (red). 
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Figure 3. Different circulation states corresponding to different ASIN values in August, illustrated at Z500 (m). (a) Lowest (ASIN = 1.03), (b) highest (ASIN = 1.79), (c) mean of the 5% lowest ASIN days (ASIN < P_05th), (d) mean of the 5% highest ASIN days (ASIN > P_95th). 
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Figure 4. The influence of ASIN at different latitudes—(a) low latitude (5850–5900 m), (b) middle latitude (5750–5800 m), (c) high latitude (5400–5450 m)—on the SAT (°C) in southeastern China. 
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Figure 5. SAT (°C) changes in southeastern China at the end of the 21st century under future scenarios (Representative Concentration Pathways 8.5 (RCP8.5)): (a) late 20th century, (b) late 21st century, (c) difference between the two periods. 
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Figure 6. Relationship between SAT (°C) and climate variables: (a) Z500 (m), (b) U500 (m/s), (c) V850 (m/s). 
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Figure 7. Changes to several climatic variables in southeastern China under the future scenario: (a) Z500 (m), (b) U500 (m/s), (c) V850 (m/s). 
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Figure 8. Z500 (m) and SAT (°C) changes in the first row and the differences between the two periods are shown in the second row: (a,d) late 20th century, (b,e) late 21st century, (c,f) difference between the two periods. 
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Figure 9. Averages of the different variables for each latitude: (a) SAT (°C), (b) Z500 (m), (c) U500 (m/s), (d) V850 (m/s). Future changes for (e) SAT (°C), (f) Z500 (m), (g) U500 (m/s), (h) V850 (m/s). 
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Figure 10. CSIN changes at different latitudes at the late 21st century: (a) low latitudes, (b) medium latitudes, (c) high latitudes. 
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Table 1. Correlation coefficients r between ASIN and SAT (°C), Z500 (m), U500 (m/s), and V850 (m/s) in August. The bold font marks the correlations as being significant (at the 95% confidence level).
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	Climate Variable
	Daily Variation
	Climatological Mean
	Interannual Variability





	SAT
	0.24
	0.75
	0.41



	Z500
	0.35
	0.71
	0.58



	U500
	−0.24
	−0.78
	−0.51



	V850
	0.12
	0.43
	0.23
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Table 2. Analysis of individual sinuosity (SIN) and SAT (°C) correlation coefficients of the 13 isohypses from 5950 to 5350 m of Z500. Bold font marks the correlations as significant (at the 95% confidence level).
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	Isohypse
	5950
	5900
	5850
	5800
	5750
	5700
	5650
	5600
	5550
	5500
	5450
	5400
	5350





	r values
	0.01
	0.20
	0.04
	−0.21
	−0.13
	−0.02
	0.02
	0.15
	0.11
	0.03
	−0.07
	−0.07
	−0.05
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