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Abstract

:

Many previous studies have reported that atmospheric circulation anomalies are generally the direct cause of extreme high-temperature (EHT). However, the atmospheric circulation anomalies of EHT days with different humidity and the differences between them are less often discussed, while humidity plays an important role in how people feel in a high-temperature environment. Therefore, this study uses 1961–2016 CN05.1 daily observational data and NCEP/NCAR reanalysis data to classify summer EHT days in China into dry and wet. Furthermore, we investigate the atmospheric circulation anomalies associated with the dry and wet EHT days in the middle and lower reaches of the Yellow River (MLRYR). The results reveal that dry EHT days are likely to be caused by adiabatic heating from anomalous subsidence, while wet EHT days are more likely caused by the low-latitude water vapor and heat anomalies brought by the Western Pacific Subtropical High (WPSH). This may be due to a remarkable westward/southward/narrowed extension of the Continental High (CH)/WPSH/South Asian High (SAH) accompanied by an occurrence of dry EHT day. The opposite pattern is observed for wet EHT days. Moreover, a wave train like the Silk Road pattern from the midlatitudes could affect the dry EHT days, while wet EHT days are more likely to be affected by a wave train from high latitudes. Knowing the specific characteristics of dry and wet EHT days and their associated atmospheric circulations could offer new insights into disaster risk prevention and reduction.
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1. Introduction


Due to global warming, extreme high-temperature (EHT) events have become more frequent and have had more disastrous impacts on public health and the socio-economic system [1,2,3,4]. For example, the 2003 summer EHT in Europe resulted in more than 20,000 deaths, and the economic loss was estimated to exceed 13 billion euros [5]. In China, heatwave-related mortality has risen by a factor of four from 1990 to 2019, reaching 26,800 deaths in 2019 [6]. Furthermore, a recent study [7] indicated that if the global temperature continues to rise, China’s urban agglomerations are likely to experience an increase of 3–13 heat danger days in the near future (2041–2060) compared to in recent period (1995–2014). Moreover, the influence of anthropogenic activities is detectable in the frequency of EHT days over China, and it is expected that the frequency and intensity of EHT days may increase in the future [8,9,10].



In recent years, studies on change in EHT have attracted the attention of government officials and scientific communities. Researchers indicated that EHT over China witnessed an insignificant trend from the 1960s to the 1980s, while an increasing trend was observed from the 1990s onwards. However, the change varies slightly from one region to another [11,12,13,14]. Many studies indicated that EHT days in China are mainly due to the Western Pacific Subtropical High (WPSH), South Asian High (SAH), subtropical westerly jet in East Asia, Pacific-Japan (PJ), and Eurasia-Pacific (EUP) teleconnection patterns [15,16,17,18].



Many previous studies [11,12,13,14,15,16,17,18] have discussed EHT based only on temperature. However, human thermal sensation depends not only on temperature but also on relative humidity. The difference in humidity brings completely different thermal sensations to the human body, even at the same temperature. When the temperature is high and the humidity is low, the human body can effectively dissipate heat, while if the humidity is also high, it may cause heatstroke or even death [19,20,21].



A few studies [22,23,24,25,26] investigated the changes in wet EHT in China and their causes. Tan [22] indicated that when the environment is hot, the increase in air humidity will significantly increase the thermal sensation of the human body. Tian et al. [23] showed that when the ambient air temperature is greater than 28 °C and the Relative Humidity (RH) is greater than 70%, the relative air humidity significantly impacts the thermal feeling and thermal comfort. When the RH reaches 90%, its influence is much more significant than 70% and 80%. Various techniques have been employed to categorize EHT into dry and wet. Ding et al. [24] classified the dry and wet heat events with the heat index from the United States (US) National Weather Service (NWS) and counted the severe dry and wet events under different conditions, and then investigated their interannual variability. Chen et al. [25] used 850-hPa specific humidity to differentiate dry and wet EHT events at Beijing station between July and August 1979–2008. Xu et al. [26] investigated the spatial and temporal changes of dry and humid heat waves (HWs) in China based on the heat index, and found that the humid HWs in China occur 20% more frequently than dry HWs. The largest increment of dry and humid HW frequency appears in the northwest and southeast China respectively. In estimating projected changes in high-temperature conditions, numerous studies show that if humidity is taken into account, the global heatwave-related disasters at the end of this century will be higher than in the recent past; heatwaves may increase by 5 to 10 times [27,28,29,30]. Although numerous studies on dry and wet EHT days have been carried out in China, those were limited to a single site and mainly focused on the impacts of dry and wet EHT days on the human body’s comfort [31,32,33]. Less attention was paid to their associated atmospheric circulation anomalies and physical mechanisms, which may affect EHT prediction accuracy.



Therefore, the present study aims first to find a significant area of overlapping dry and wet EHT days in China and then compare the atmospheric circulation difference between the dry and wet EHT days in this area, which will be crucial to understand the origins of dry and wet EHT days. The rest of this study is organized as follows. First, Section 2 describes the data and methods. Then, in Section 3, atmospheric circulation anomalies of two types of high temperatures are elaborated. Finally, the conclusions are presented in the Section 4.




2. Data and Methods


2.1. Data


The daily CN05.1 maximum temperature and relative humidity gridded datasets from the National Climate Center of China were used in the present study. This data comprises of high-quality controlled in-situ datasets interpolated into 1.0° × 1.0° resolution [34]. In addition, the daily atmospheric circulation fields were retrieved from the National Centers for Environmental Prediction—National Center for Atmospheric Research (NCEP–NCAR) Reanalysis I datasets with a 2.5° × 2.5° horizontal resolution from 1961 to 2016, including the zonal and meridional winds, geopotential height, and specific humidity in pressure levels from 100 hPa to 1000 hPa, air temperature and relative humidity from 300 hPa to 1000 hPa [35]. This dataset was used to analyze the atmospheric circulation in and around Asia. The summer is from June to August in this study.




2.2. Methods


2.2.1. Definition of Dry and Wet EHT Days


This study adopted a heat index (HI) from the US National Weather Service (NWS). The same HI definition has been used in the previous study [36] to identify dry and wet EHT days. The present study uses the same definition as described in Equation (1) to calculate the HI using the CN05.1 maximum temperature and relative humidity data.


HI = −42.379 + 2.04901523 ∗ T + 10.14333127 ∗ RH − 0.22475541 ∗ T ∗ RH − 0.00683783 ∗ T ∗ T − 0.05481717 ∗ RH ∗ RH + 0.00122874 ∗ T ∗ T ∗ RH + 0.00085282 ∗ T ∗ RH ∗ RH − 0.00000199 ∗ T ∗ T ∗ RH ∗ RH



(1)




where T and RH denote temperature in degrees Fahrenheit and relative humidity (RH) in percent.



If the RH is less than 13% and the temperature is between 80 and 112 °F (26.7 and 44.4 °C), the following adjustment (Equation (2)) is subtracted from HI. On the other hand, if the RH is greater than 85% and the temperature is between 80 and 87 °F (26.7 and 30.6 °C), the following adjustment (Equation (3)) is added.


  A D J U S T M E N T =   13 − RH  4  ∗     17 −  |  T − 95  |    17        



(2)






  A D J U S T M E N T =   RH − 85   10   ∗   87 − T  5     



(3)







Note that when the heat index value is below 80 °F (26.7 °C), the calculation of HI needs to be used the following simpler formula:


HI = 0.5 ∗ [T + 61.0 + (T − 68.0) ∗ 1.2 + (RH ∗ 0.094)]



(4)







Different levels of heat index of health risks are described in Table 1 which is provided by NWS.



According to Table 1, it can be found that the risk of heat exhaustion and even heat stroke will likely occur if the HI is greater than 90 °F (32.2 °C), indicating the weather is likely an EHT day. Thus, the RH needs to be considered an important factor in identifying of wet and dry EHT. According to previous studies [37,38], when the temperature is higher than 30 °C and humidity higher than 84–85%, it is not easy to regulate body temperature and heatstroke can easily happen. While conditions below 60% humidity are not considered as wet environment [39], and thermal discomfort is limited [40]. Therefore, it can be seen from the above research that it is reasonable to select 60% and 85% as the relative humidity threshold of dry and wet EHT, respectively.



Therefore, the wet EHT day is defined when weather with HI greater than 90 °F and relative humidity greater than 85% occur; weather with HI greater than 90 °F and relative humidity less than 60% is defined as dry EHT day. We counted the number of days with dry and wet EHT for each grid point across China and identified a region with overlapping dry and wet EHT days and retained all the days with 1/3 of the region satisfying dry or wet EHT days.




2.2.2. Wave Activity Flux


The wave activity flux (WAF) will be calculated to describe the propagation of Rossby waves in the Eurasian region. The formulation of the two-dimensional wave activity flux by Plumb [41] is expressed as:


   F s  =  P   P 0    c o s ϕ ×  (        v ′  2  −  1  2 Ω a s i n 2 ϕ     ∂  (   v ′   Φ ′   )    ∂ λ         −  u ′   v ′  +  1  2 Ω a s i n 2 ϕ     ∂  (   u ′   Φ ′   )    ∂ λ        )   



(5)




where  Φ  denotes the geopotential,  Ω  the Earth’s rotation rate,  P  the air pressure,    P 0    the value of 1000 hPa,  u  and  v  are the zonal and meridional wind, respectively,  ϕ  the latitude,  λ  the longitude, and  a  the radius of the Earth. The superscript  ′  indicates a partial derivative.




2.2.3. Identification of Some High-Pressure Systems


The pattern differences of well-known High-pressure systems between dry and wet EHTs are investigated in this study. These systems include SAH represented by the 12,500 geopotential meter (gpm) isoline at 200 hPa. WPSH is represented by the 5860 gpm isoline at 500 hPa. We take the northern boundary index of the WPSH as the latitude location of the WPSH in this study, i.e., the average latitude of northern grids intercrossed by the 5860 gpm isoline at 500 hPa and longitudes within the region (0°–60° N, 80°–160° E). And referring to the definition of CH in Tan et al. [42], it will be identified as a CH when an obvious anticyclone at 500 hPa appears in the area (32.5°–55° N, 80°–140° E) and the longitude difference of distance between the north and south of this anticyclone is greater than 7.5 latitudes. Then, the average longitude of the anticyclone is computed as the zonal location of this CH.






3. Results and Discussion


The dry and wet EHT days in China from 1961 to 2016 are shown in Figure 1. It can be found that the dry EHT days mostly occurred in northern China, especially in northwest China, while the wet EHT days mostly occurred in southeast China, which is consistent with the results of a previous study [24]. The overlapping area between the dry and wet EHT days is from the middle-lower valley of the Yangtze River to the eastern part of northeast China, with a large value center in the middle-lower reaches of the Yellow River (MLRYR). Therefore, we take the area (32.5°–40° N, 110°–120° E) as MLRYR that frequently suffers from not only dry EHT days but also the wet EHT days, which poses severe impacts for agriculture, the social-economic system, and public health. The MLRYR region is considered to have a dry (wet) EHT day if more than 1/3 of the grids in this region meet the definition of dry (wet) EHT. This definition reveals 553 dry EHT days and 445 wet EHT days in the study period. Next, continuous dry and wet days are regarded as a single event and the first day of occurrence is defined as the EHT day, including single dry (wet) EHT days. As a result, 192 dry EHT onset days and 222 wet EHT onset days were used to explore the possible mechanisms leading to the formation of dry and wet EHT days.



The direct and local cause in the heat index increase of dry and wet EHT days can perhaps be seen from Figure 2 and Figure 3. It can be seen that a rise in temperature near the ground, and low relative humidity for dry EHT days. The relative humidity is not more than 60% in the whole troposphere, except the lower troposphere of east MLRYR (Figure 2c). The pattern of wet EHT days is quite different from that of dry EHT days. The overall temperature change is much smaller than that found in dry EHT days, and there is even a small drop near the ground with the ascending motion. However, the relative humidity is mostly above 85% with sufficient water vapor. The noticeable changes occur on EHT onset days, regardless of whether the EHT is related to dry or wet weather. When dry EHT day occurs, the strong downward motion of air, resulting from the converged air with a negative GPH anomaly in the upper troposphere and the diverged air with a positive GPH anomaly in the lower troposphere, appears on day −2 (Figure 3b) and intensifies on day 0 (Figure 3c). That is to say, the increase in the heat index in dry EHT days is most likely caused by the rise in temperature caused by adiabatic heating from anomalous subsidence, while wet EHT days are more likely to be caused due to the large increase in relative humidity, which could make people feel hot and uncomfortable even if the temperature is not particularly high. Research shows that with the strengthening of people’s awareness of high-temperature prevention, the wet EHT days in which the temperature is not too high but the humidity is at a high level are more likely to lead to heatstroke than with simple high temperatures [19].



Some studies [43,44] have suggested that water vapor transport and diabatic heating in China are closely related to the location of the WPSH. The times of the two northward jumps of the WPSH correspond well to the position of the main rain belt in eastern China. Thus, northward WPSH can bring more water vapor to northern China. Water vapor can directly affect the relative humidity in the air, so the difference in water vapor is crucial for the two types of EHT. The difference in water vapor between dry EHT and wet EHT days can be seen in Figure 4. There is less water vapor in the MLRYR for dry EHT days. However, when a wet EHT day occurs, there is more water vapor, showing a clear convergence of water vapor brought by the south wind, which mainly comes from the western Pacific and the northern Indian Ocean. Thus, this difference in the amount of water vapor may be due to the location difference of the WPSH in dry and wet EHT days.



For EHT in southern China, the Western Pacific Subtropical High (WPSH) and South Asian High (SAH) are the key systems [9,10,42,45]. In addition to these high-pressure systems, some atmospheric teleconnection patterns (e.g., the Silk Road pattern teleconnection, East Asia–Pacific teleconnection) are also essential factors for generating EHT [9,46]. To compare the difference of geopotential height (GPH) between the dry and wet EHT days in MLRYR, a composite analysis of GPH was conducted. Figure 5 shows the composite GPH anomalies and the areal averaged WPSH and the SAH corresponding to dry and wet EHT days. The calculations of anomalies in the present study are based on historical averages for the same period. When a dry EHT day occurs (Figure 5a), the middle latitude of the Asian continent presents a ‘+ − +’ Rossby wave train with two anticyclonic anomalies over the ocean surface of eastern Japan and Mongolian Plateau and a cyclonic anomaly over northeast Asia, with an eastward shift of this wave train from the upper troposphere to the lower troposphere. For wet EHT days, the pattern was almost the opposite of that seen in dry EHT days. While both types of EHT days showed positive anomalies at 500 hPa over MLRYR, the GPH positive anomalies are more westward in dry EHT days but are more eastward in wet EHT days. This distribution is consistent with Chen and Lu [25], who suggested an anticyclonic anomaly in the west of the key area for dry EHT days. Looking at the location of some key systems, the SAH/WPSH tends to become narrower than normal and has a southward direction during dry EHT days, and it conversely becomes larger and has a northward direction for wet EHT days.



Some studies [40] suggested that a positive GPH anomaly south of Lake Baikal in summer may indicate strengthened Continental High (CH), increasing the temperature in northern China.



To investigate the influence of differences in the zonal movement of CH, Table 2 gives the distribution of the zonal location of CH for dry and wet EHT days. It shows that the presence of the CH can be detected in more than 60% of dry or wet EHT days. Considering that 110° E is the zonal center of the area (32.5°–55° N, 80°–140° E) taken to define CH, and is also the left boundary of the MLRYR, we take 110° E as the demarcation line of the zonal location of CH. It can be clearly seen that when dry (wet) EHT day occurs, the CH is mostly located in the west (east) of 110° E, with the highest frequency in 90°–110° E (120°–140° E).



As mentioned above, the longitudinal position of the WPSH could also influence both dry and wet EHT days in MLRYR. Thus, there is a need to quantify the exact latitude of the WPSH for both dry and wet EHT days. And adiabatic heating from anomalous subsidence under the control of CH results in a rise of temperature near the ground. Meanwhile, there is less water vapor if WPSH is southward, which leads to low humidity and easy occurrence of dry EHT.



To investigate the influence of the movement of the CH and WPSH on these two types of EHT days, their scatter diagrams are presented in Figure 6. Considering that 30° N is approximately the average latitude of the northern boundary index of the WPSH in summer, we take 30° N as the demarcation line of the latitude of the WPSH. The results show that most of the dry EHT days, which account for 54.7% of dry EHT days, are found in the third quadrant, indicating that they are related to a southward WPSH and a westward CH. Conversely, most wet EHT days, which account for 52.2% of wet EHT days, are found in the first quadrant, indicating a northward WPSH and an eastward CH. Therefore, the WPSH and CH locations have an important influence on the two types of EHT days.



Figure 7 shows the evolution of composited 200 hPa GPH and wave activity flux anomalies for dry and wet EHT days. We investigated a larger area to look at teleconnections. It can be found that there exist different atmospheric teleconnections in these two types of EHT days. When a dry EHT day occurs, there is a wave train with a “− + −” GPH anomaly pattern over Eurasia, with two negative GPH anomalies located over the eastern Caspian Sea and northeast Asia and a positive center over Xinjiang. This pattern at day −5 to day −4 before the onset is similar to the Silk Road pattern [47] and continues to strengthen until the onset. It reaches its strongest point from day −1 to day 0 with the strongest wave activity flux. The negative center of the GPH anomaly over the eastern Caspian Sea is relatively static, and the wave energy propagates eastward and strengthens the GPH anomaly over MLRYR from day −5 to day 0, indicating that this negative GPH anomaly seems to be a potential early signal for the occurrence of dry EHT. However, the evolution of wet EHT is different from that of dry EHT. It can be found that the positive GPH anomaly over the east of the MLRYR comes from the positive GPH anomaly over the Sea of Okhotsk and is strengthened. Unlike dry EHT, the wave train for wet EHT mainly comes from a higher latitude and appears as a “− + − +” pattern with negative GPH anomaly centers located in Europe and northwest China and positive GPH anomaly center located in the southern Novaya Zemlya and northeast China. The negative GPH anomaly over Europe seems to be a potential early signal for wet EHT, and wave energy propagates eastward.



Although the present study discusses the difference in atmospheric circulation between dry and wet EHT days in MLRYR, the dynamic and thermodynamic diagnoses for the formation mechanism of these types of EHT days are less investigated and need to be conducted in our future work. We also note that some potential early signals exist for these two types of EHT days, such as negative GPH anomalies over Europe for wet EHT days and over the eastern Caspian Sea for dry EHT days. In addition, a previous study [48] has shown that a concurrent variability of heatwaves existed in northern China and eastern Europe. We should further verify whether these potential early signals can be used to forecast the dry or wet EHT days. The Silk Road pattern [45] is characterized by the GPH anomalies of “+ − + −” (or its opposite) in eastern Europe, central Asia, Mongolia, and the Korean Peninsula–Japan in the upper troposphere over Eurasia, along the axis of the Asian subtropical jet stream (about 40° N), which is close to the position of GPH anomalies for dry EHT days. Therefore, it is worth exploring whether changes in the Silk Road pattern are related to dry EHT. In addition, the interannual and interdecadal variability [49] of dry and wet EHT days in MLRYR and their relationships with forcing factors have been proven to have a significant impact on EHT in China (e.g., sea surface temperature [50,51], sea ice [52], soil moisture [53,54]), and these are also worth exploring in future research.




4. Conclusions


Based on CN05.1 observational daily data and NCEP/NCAR reanalysis data from 1961 to 2016, we have classified extreme summer high-temperature (EHT) days in China into dry and wet EHT days. It was found that northwest China and southeast China are dominated by dry and wet EHT days, respectively, with a key overlapping area of these two types of EHT days in the middle and lower reaches of the Yellow River (MLRYR). Dry EHT days could be affected by adiabatic warming from subsidence motion, while wet EHT days are more likely affected by the increased amounts of water vapor brought by the Western Pacific subtropical High (WPSH) from the low-latitude oceans. The atmospheric circulation anomalies of these two types of EHT days in MLRYR are quite different. When a dry EHT occurs, there is a ‘+ − +’ Rossby wave train over the middle latitude of the Asian continent, with two anticyclonic anomalies over the ocean surface of eastern Japan and Mongolian Plateau, and a cyclonic anomaly over northeast Asia. However, wet EHT days present an almost opposite pattern to dry EHT days. In addition, the Continental High (CH)/WPSH/South Asian High (SAH) moves more westward/southward/narrowed than normal for dry EHT days, which is the opposite of what happens in the case of wet EHT. The evolution of atmospheric circulation anomalies at synoptic scale suggests that dry EHT is more likely affected by a Rossby wave train from midlatitudes, similar to the Silk Road pattern, while wet EHT is more likely affected by a wave train from high latitudes.
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Figure 1. The sum of EHT frequency distribution of dry and wet in China from 1961 to 2016 in summer (June-august) (unit: day). (a) Dry EHT area, (b) wet EHT area, (c) overlapped area. Black box (32.5°–45° N, 110°–120° E) indicates the regions of the MLRYR. The value in (c) is the minimum of dry and wet EHT days. 
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Figure 2. Vertical cross-sections of the average zonal air temperature anomaly (colors; unit: K) and relative humidity (isopleth) from 32.5° to 40° N on dry EHT and wet EHT days in the MLRYR (from day −4 to day 0 (a–c): dry EHT onset days, (d–f): wet EHT onset days). 
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Figure 3. Vertical cross-sections of GPH anomalies (shadings; unit: gpm) and zonal vertical velocity (vector; vertical velocity; unit: pa/s, scale 100 pa/s; zonal wind; unit: m/s) averaged from 32.5° to 40° N from day −4 to onset day for dry EHT days (a–c) and wet EHT days (d–f). 
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Figure 4. Composite anomalies of the whole layer (from 300 hPa to 1000 hPa) water vapor flux (vector; unit: 102 kg/(m·s)) and its divergence (shadings; 10−5 kg/(m2·s)) in (a) dry and (b) wet EHT days in MLRYR. 
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Figure 5. Composite anomalies of GPH (shadings; unit: gpm; dotted areas are significant at the 99% confidence level) and wind (vector; unit: m/s) for dry and wet EHT days in MLRYR. (a–c): dry EHT, (d–f): wet EHT. The solid green lines are the climatological-mean bodies of SAH at 200 hPa and WPSH at 500 hPa, and the red (blue) lines at 200 hPa and 500 hPa are SAH and WPSH bodies for the dry (wet) EHT days. 
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Figure 6. Scatter diagram of the zonal location of CH and the latitude location of the WPSH for (a) dry and (b) wet EHT days. The percentage in each quadrant is the proportion of EHT days in this quadrant to EHT days in these four quadrants. 






Figure 6. Scatter diagram of the zonal location of CH and the latitude location of the WPSH for (a) dry and (b) wet EHT days. The percentage in each quadrant is the proportion of EHT days in this quadrant to EHT days in these four quadrants.



[image: Atmosphere 12 01265 g006]







[image: Atmosphere 12 01265 g007 550] 





Figure 7. Composite evolution of 200 hPa Plumb wave activity flux (vectors; unit: m2/s2) and geopotential height anomalies (colors; unit: gpm) (from day −5 to day −4 for (a–e): dry EHT onset days, (f–j): wet EHT onset days). 
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Table 1. Different levels of a heat index of health risks.
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	Heat Index
	Description





	80–90 °F (26.7–32.2 °C)
	Caution: Fatigue is possible with prolonged exposure and/or physical activity.



	90–103 °F (32.2–39.4 °C)
	Extreme caution: Sunstroke, muscle cramps, and/or heat exhaustion possible with prolonged exposure and/or physical activity.



	103–125 °F (39.4–51.6 °C)
	Danger: Sunstroke, muscle cramps, and/or heat exhaustion likely. Heatstroke is possible with prolonged exposure and/or physical activity.



	>125 °F (51.6 °C)
	Extreme danger: heat stroke likely.
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Table 2. Zonal locations distribution of continental high on dry and wet EHT days.
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	Zonal Location
	80°–90° E
	90°–110° E
	110°–120° E
	120°–140° E





	Dry EHT
	13.54%
	30.73%
	11.46%
	11.46%



	Wet EHT
	8.10%
	17.57%
	15.32%
	31.08%
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