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An unusual heat wave was observed at 83% of all recording stations in northeastern China, North China, and Inner Mongolia from mid-July to early August 2018. The local maximum temperatures exceeded 40°C and brought great impacts to people's lives and the social economy. Using NCEP/NCAR reanalysis data and station data from the China Meteorological Administration, we study the characteristics and formation of this high-temperature event. The results show that a stable, deep, local, anomalous high over northern China was the main reason for this high-temperature event. A silk-road teleconnection circulation appeared in the upstream part at the midlatitudes of Eurasia and was accompanied by clear energy dispersion of an eastward midlatitude Rossby wave, which favored the divergence of wave energy over Northeast China and led to an increase in geopotential heights and the formation and maintenance of the local anomalous high in North China. Simultaneously, the northern typhoons “Ampil” and “Jongdari” had connections with the local anomalous high, generated obvious secondary meridional circulations, and amplified the downdrafts in the region of the high and the maintenance and intensification of high temperatures. Further analysis revealed that the sea surface temperature anomalies (SSTAs) in the middle of the North Atlantic Ocean in earlier periods would initiate negative vorticity sources on the northwestern side in the high-level troposphere and have a great impact on the generation and maintenance of the high-level silk-road teleconnection.
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INTRODUCTION

The fifth report of the Intergovernmental Panel on Climate Change (IPCC) pointed out that global warming has been obvious over the past 100 years (Pachauri et al., 2014). With this background, the substantial increasing mean temperature lead to high risks of extreme high-temperature events (Stocker et al., 2013). Especially since the late 20th century, the frequency and strength of extreme high-temperature events have increased (Frich et al., 2002; Grotjahn et al., 2014). The heat wave that swept across Europe in 2003 caused nearly 25,000 deaths (Garcaí-Herrera et al., 2010). Additionally, Moscow experienced extremely high temperatures exceeding 30°C for 33 days in 2010, and more than 15,000 people died, the accompanying fires and drought caused 15 billion USD losses (Alexander, 2010).

Due to global warming, the number of heat wave events in China has increased since the middle of the 20th century (Ding et al., 2010; Wei and Chen, 2011; Wang et al., 2012). Since 1999, extremely hot periods lasting more than 10 days have appeared nearly every year (Li et al., 2013). In North China, located at higher latitudes, the summertime temperatures are lower than those of the southern regions such as the southwestern, Jianghuai, and South China regions. The strength of high-temperature events has clearly increased since the 1960s, and the rate of increase has reached 5°C/10 years (Li et al., 2017).

Research has revealed that general circulation anomalies are the direct cause of the high-temperature events in North China. Sun et al. (2011) indicated that the persistent extremely high temperatures in North China in the period from mid-July to late August are related to positive geopotential height anomalies in the mid/high levels of the troposphere. Positive geopotential height anomalies favor solar radiation reaching the ground and lead to local high temperatures. The interannual variations in the Okhotsk High (Sato and Takahashi, 2005) and polar vortex (Gu and Yang, 2006) as well as the Eurasian teleconnection (Li and Ruan, 2018) are closely associated with summertime temperatures in North China. In addition, mid-latitude teleconnections like the silk road pattern (Enomoto et al., 2003), contributing to the formation of the Bonin high, the West Pacific Subtropical high during summer, may also influencing the air temperature and precipitation around the Asian jet regions (Enomoto et al., 2009; Ye and Lu, 2011). Wakabayashi and Kawamura (2004) also noted that the western Asia-Japan teleconnection is an important teleconnection that affects summertime temperatures in Japan. Besides, external forcing, such as the snow cover on the Tibetan Plateau (Wu et al., 2012) and El Nino events (Niu and Guo, 1998), are related to summertime heat waves in North China.

In the midsummer of 2018 (July 18th to August 5th), heat waves dominated the northeastern, northern part, and Inner Mongolia in China; the number of days with high temperatures and maximum temperatures broke records in many places and exerted great effects on the local economy and people's lives (Wang et al., 2019; Xu et al., 2019). However, the dynamical formation mechanism for these persistent high-temperature events and its possible extremal forcing factors are still unclear. We will focus on these regional high-temperature events in North China. Through analyzing the characteristics of the general circulation anomalies and the abnormal activities of Rossby waves at midlatitudes, as well as the sea surface temperatures in the North Atlantic, we will further study the mechanisms and forcing.



DATA AND METHODOLOGY


Data

The data used in this study were as follows: (1) daily surface observations from 160 stations from 1959 to 2018 supplied by the National Meteorological Information Center, including daily maximum and mean temperatures; (2) the paths and the strengths of typhoons Ampil and Jongdari supplied by the website of Weather China for typhoons; (3) National Centers for Environmental Prediction/National Center for Atmospheric Research(NCEP/NCAR) reanalysis 1 (Kalnay et al., 1996) of daily data from 1959 to 2018 with a horizontal resolution of 2.5 × 2.5° and 17 vertical levels. The variables contained in these data are: 2 m temperatures, horizontal winds, geopotential heights, vertical velocities, and radiation fluxes. The climatic means of these variables use the 30-year (1979–2008) mean data from the NCEP/NCAR website; and (4) National Oceanic and Atmospheric Administration (NOAA) high resolution SSTs (Reynolds et al., 2007) from 1982 to 2018 with a horizontal resolution of 0.25 × 0.25°.



Definitions

(1) To define extreme high-temperature events, we use percentile-based extreme high- temperature thresholds, with one threshold for each calendar day, which is calculated as the 95th percentile (TX95p) of the distribution of daily maximum temperatures on that calendar day and across all years in the baseline period 1981–2010. A day when daily maximum temperatures (TX) >TX95p was defined as being an extremely high-temperature day.

(2) The definition of a heat wave: According to the latitude and threshold for historic extreme high temperatures, we used the World Meteorological Organization (WMO) definition of a station heat wave. When the station daily maximum temperatures exceed 32°C and last for 3 days or more, then these conditions are defined as a heat wave event (Qian and Wang, 2017), which can be discussed in the context of a persistent extreme high-temperature process.



Methodology

(1) Rossby flux: To investigate the characteristics of Rossby wave propagation during the studying period, we used the TN wave activity flux (Takaya and Nakamura, 2001) to diagnose the wave energy propagations. Assuming the wave is stationary, the formula of horizontal T-N Wave-Activity Flux could yield as followed:
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where ψ′ designates compute perturbation stream-function represented by geopotential anomalies in Quasi-Geostrophic assumption.

(2) SRI index: Enomoto et al. (2003) called the wave train in the midlatitudes the silk-road pattern. We used the silk-road pattern teleconnection index SRI (Wakabayashi and Kawamura, 2004; Wang L. et al., 2018) to describe the characteristics of the geopotential height teleconnection in the atmosphere from western Asia to eastern Asia.
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[image: image] denotes the normalized geopotential height at 200 hPa.




THE 2018 EXTREME HIGH-TEMPERATURE EVENTS IN NORTHEAST AND NORTH CHINA


The Characteristics of Extremely High-Temperature Events

In midsummer, 2018, a persistent regional high temperature events affected Northeast China, part of North China and the eastern parts of Inner Mongolia. According to Table 1, from July 18th to August 5th, heat wave was observed at 25 of 30 selected stations (83.3%), the mean maximum temperature reached 36°C, and the local maximum temperatures exceeded 40°C, which were 2–3°C higher than those in the corresponding period and formed the largest anomaly in this area since 1959. Meanwhile, most stations experienced two heat wave events that exhibited two fluctuating processes in this period.


Table 1. Showing the statistics of heat wave events (July 18th to August 5th).

[image: Table 1]

As shown in Figure 1 the ratios of extremely high-temperature days to the total days during July 18th - August 5th in most of North China (25 stations) are higher than 60%, including 5 stations experienced an extremely persistent hot condition during the whole study period. This indicates a regional and long-lasting hot midsummer occurred in North China.


[image: Figure 1]
FIGURE 1. The distribution of the 30 selected stations and the high-temperature characteristics (solid dots indicate the stations that experienced heat wave events; shading represents the ratio of the number of days with extremely high temperatures to the total number of days; the dots denote stations with no heat wave events).




The Effects of Anomalous Local High Temperatures

In late July 2018, a ridge of subtropical high abnormally crossed to the north of 40°N (figure not shown). Figure 2 shows the mean anomalies of the geopotential height at 500 hPa and the 2 m temperatures from July 18th to August 5th, 2018. When the subtropical high was north of its normal position, there was an anomalous local upper high in North China and the heat wave-affected regions including Inner Mongolia, Shanxi, North China and most parts of Northeast China were covered by this abnormal local high.


[image: Figure 2]
FIGURE 2. July 18th-August 5th mean anomalies of the geopotential heights (contours, gpm) and 2 m temperatures (shaded, °C); the rectangle denotes the region that was primarily affected by this high-temperature process.


Using the main region (e.g., 110–130°E, 35–47.5°N) that was influenced by this high-temperature process, we show the regional mean geopotential heights and temperatures in Figure 3. Figure 3A shows the time series of the normalized high-temperature regional mean 2 m temperatures and 500 hPa geopotential heights from July 18th to August 5th. The regional mean geopotential heights and temperatures evolved with each other. Both exhibited two fluctuations and the correlation coefficient reached 0.81. Figure 3B shows the normalized geopotential heights and temperatures for the corresponding period averaged from 1959 to 2018. On an interannual timescale, the geopotential heights were in phase with the temperatures, and the correlation coefficient reached 0.69, which was significant at 99% confidence level. The temperatures and geopotential height anomalies in this region were significantly positively related. The geopotential height anomalies for the corresponding period in 2018 reached the maximum values for these 60 years (e.g., 1959 to 2018) (Figure 3B), thus showing that the 2018 anomalous high in North China was stronger than that in normal years (Figure 2). Through the above analysis, the anomalous local high in North China may be a key cause leading to the persistent high-temperature events in North and Northeast China.


[image: Figure 3]
FIGURE 3. High-temperature regional means (110–130°E, 35–47.5°N) of (A) daily normalized 2 m temperatures and 500 hPa geopotential heights from July 10th to August 10th, 2018; (B) normalized 2 m temperatures and 500 hPa geopotential heights in the multiyear mean daily data from July 18th to August 5th from 1959 to 2018.


Figure 4 shows the longitude-height section for 35–47.5°N for the averaged geopotential heights and vertical velocities from July 18th to August 5th. An abnormal high existed in the troposphere in the region from North China to the middle part of Japan (120–140°E); the center of this high was located near 200 hPa and exhibited a deep quasibarotropic structure (Figure 4A). In the vertical velocity section (Figure 4B), downdrafts appeared from the surface to 200 hPa in North China from 120 to 130°E; the center of the maximum was near 300 hPa in the troposphere. The vertical velocity anomalies in this region were positive, i.e., in this high-temperature process, there were strong downdrafts in North China that were consistent with the results shown in Figure 4A. All suggested that the dynamic effect may be an important cause for the formation and maintenance of this anomalous local high.


[image: Figure 4]
FIGURE 4. Longitude-height section of 35–47.5°N mean from July 18th to August 5th in 2018 (A) geopotential heights (contours) and geopotential height anomalies (shading), latitudinal mean subtracted, units: gpm; (B) vertical velocities (contours) and vertical velocity anomalies (shading), multiplied by 100, units: Pas-1.


Figure 5 shows the OLR anomalies and downward shortwave radiation anomalies averaged from July 18th to August 5th. Positive centers of OLR (Figure 5A) and downward shortwave radiation (Figure 5B) anomalies existed in the region of the anomalous high over North China. Notable positive OLR anomalies displayed in North China suggests dominant downdrafts and decrease of clouds in the anomalous high region. These explain the downward shortwave radiation increased and heated the surface leading to local temperature increases. Therefore, it is evident from Figure 2 that the positions of the positive 2 m temperature anomalies and local anomalous high were close to each other.


[image: Figure 5]
FIGURE 5. July 18th-August 5th averaged (A) OLR anomalies; (B) downward shortwave radiation anomalies in 2018 units: Wm−2.




The Effects of Typhoons Ampil and Jongdari

During the high-temperature period, Typhoons Ampil, and Jongdari prevailed over the western Pacific to the south of the anomalous high (Figure 6). In particular, Typhoon Jongdari followed an anomalous track: after its generation on July 25th, it turned around twice to the south of Japan and the East China Sea in sequence and made landfall in Shanghai on August 3rd. During the emergence of Typhoon Jongdari, the intensity of the local anomalous high reached its maximum in North China. As shown in Figure 6, the track of Typhoon Jongdari coincided with the outer flow of the anomalous high after the westward turn of Jongdari. Along a line connecting the center of the anomalous high and typhoon low (Figure 7A), we constructed a vertical section of the divergent winds (Figure 7B). A strong, closed secondary circulation was located between the anomalous high and the typhoon and induced local low anomalies, whose centers were in the mid-troposphere and the wide sinking branch was on the southeastern side of the anomalous high. As shown in Figure 2, the center of the positive temperature anomalies was on the southeastern side of the anomalous high. This indicates that the secondary circulation formed by the anomalous high and typhoon strengthened the downdrafts in northeastern Asia and further contributed to the maintenance of local high temperatures.


[image: Figure 6]
FIGURE 6. Tracks of typhoons Ampil and Jongdari. The shaded areas are the 850 hPa geopotential height anomalies averaged from July 18th to August 5th in 2018 (gpm).



[image: Figure 7]
FIGURE 7. The values averaged from July 18th to August 5th of 2018 for (A) the 500 hPa geopotential height anomalies (gpm) where the straight line runs between the center of the local high and typhoon and (B) the secondary vertical circulation over the local high and typhoon centers, where the streamlines denote the vertical circulation formed by horizontal divergent winds and by vertical motion over the line connecting the centers. Shading represents the vertical velocity (Pa.s−1).





POSSIBLE DYNAMIC MECHANISMS FOR THE ANOMALOUS HIGH


The Characteristics of the Upstream Rossby Wave

From the analysis above, the anomalous high in North China exhibited a deep vertical structure, whose maximum center was near the top of the troposphere ~200 hPa and indicated the leading role of upper level circulation on the lower level circulation as well as its role on the abnormal weather. Rossby wave activity at midlatitudes may have great effects on the formation and maintenance of local highs at midlatitudes (e.g., Enomoto et al., 2009). The distribution of the relative vorticity anomalies (60°W−180°E, 20–80°N) averaged between July 18th and August 5th at 200 hPa (Figure 8A) shows that a region of strong negative vorticity stretched from North China to mid-Japan and that the anticyclonic system was obvious at 200 hPa. From investigating the upstream circulations of the anomalous high at 200 hPa (Figure 8A), we see that a zonal wave train with vorticity anomalies in the western North Atlantic (–)—Mediterranean (+)—Caspian Sea (–)—Balkhash Lake (+)—northern China (–) was located at the mid/high latitudes. This pattern resembles that of a “silk-road” wave train (Enomoto et al., 2009; Kosaka et al., 2009).


[image: Figure 8]
FIGURE 8. (A) The distribution of anomalous vorticity (shaded; s−1); (B) wave activity fluxes (vector; m2.s−2) and divergence of wave activity fluxes (shaded; m.s−2); both were averaged between 18 July and 05 Auguest at 200 hPa.


To further investigate the possible effects of the anomalous Rossby wave activity at mid/high latitudes by using the T-N wave activity fluxes described by Takaya and Nakamura (2001), we calculated the wave activity fluxes (WAFs) from the North Atlantic to Japan; their spatial distributions are shown in Figure 8B. The midlatitude Rossby wave train arose near 60°W in the North Atlantic, propagated to the east, passed the Caspian Sea and Balkhash Lake and reached China. Meanwhile, the wave fluxes converged in Northeast China, North China and mid-Japan and indicated that, through dispersion, the upstream midlatitude wave train favored the intensification and the maintenance of the local anomalous high over North China.

To study the effects of the silk-road teleconnection and midlatitude Rossby wave activity on the local anomalous high, the interannual variations in the regional mean normalized temperatures, geopotential heights, and the SRI index are investigated (Figure 9). The year-to-year evolution of the high-temperature region, temperature anomalies, and SRI exhibit high consistency, and the correlation coefficient among them reached 0.617, which was significant at 99% confidence level. This indicated that the intensification of the silk-road teleconnection favored temperature increases in northern China and increased the probability of the emergence of local heat wave events. Meanwhile, the regional mean geopotential heights were positively correlated with the SRI, and their correlation coefficients reached 0.704. In particular, the SRI index, regional temperature anomalies, and geopotential heights all presented increasing tendencies after 2000 and all reached their maxima in 2018. These factors indicated that the midlatitude Rossby-related SRI exhibited an intensifying trend that resulted in increasing geopotential heights over North China and mid-Japan, followed by intensified downdrafts and increases in surface shortwave radiation, thus bringing local extreme high-temperature events in recent years such as those in 2018.


[image: Figure 9]
FIGURE 9. Interannual series of the regional mean (high-temperature region 110–130°E, 35–47.5°N) normalized 2 m temperatures, 500 hPa geopotential heights and SRI.




The Effects of the Atlantic SSTA on Rossby Wave Activity

The thermodynamic effects of oceans on the atmosphere above cause anomalies in geopotential heights and divergent winds in high level of the troposphere and hence, the rotation initiated can be the Rossby wave source (Held et al., 2002; Li et al., 2019). To study the relationship between SSTA and the “silk-road” midlatitude Rossby wave, we analyzed the correlations between SRI indexes in the study period and SSTA during the preceding 2 weeks (Figure 10). The previous SSTA in the middle of the North Atlantic and the Black Sea were positively and significantly correlated with the SRIs and were significant at the 0.05 level. This indicates that when there were positive SSTA in the middle part of the North Atlantic in previous periods, it may have been easier to initiate a “silk-road” Rossby wave, which leads to higher temperatures in North China and Northeast China.


[image: Figure 10]
FIGURE 10. The distribution of correlation coefficients between SSTA (July 1st-July 15th averaged) and SRIs (July 18th-August 5th averaged) (the dots are significant regions at 95% confidence level and the rectangle denotes the chosen key SST region).


Based on the SSTA variations in the North Atlantic in June and July 2018 (Figure 11A) and before the emergence of the heat wave in Northeast China, the SSTs in the North Atlantic increased significantly and lasted from July 1st. It can be seen from the averaged SSTA in early July 2018 (Figure 11B) that the SSTA in the North Atlantic exhibited a tripolar pattern with positive anomalies in the middle of the North Atlantic (e.g., 30–45°N). The summertime positive SSTA in the North Atlantic could have induced the low-level anomalous cyclonic circulation and the high-level divergent field to its northwestern side through the Gill response (Gill, 1980). Correspondingly, the anomalies generated anticyclonic circulation in the high-level troposphere on the northwestern side of the SSTA, which would be consistent with the negative vorticity source in the high-level troposphere in this process (Figure 8). The vorticity source, which was forced by the positive SSTA, stimulated a downstream silk-road Rossby wave train pattern. The geopotential heights increased in North China and led to high temperatures. The North Atlantic tripolar SSTA index exhibited an intense positive phase (figure omitted). Before the emergence of the high-temperature event, the SSTA had a positive-negative distribution from south to north (Figure 11B), which may be related to the maintenance of the springtime tripolar SSTA in the North Atlantic (Sun, 2014).


[image: Figure 11]
FIGURE 11. (A) Longitude-time section of SSTA (32.5°N-42.5°N averaged); (B) SSTA in North Atlantic in the previous period (01 July-15 July).





CONCLUSION AND DISCUSSION

Based on NCEP/NCAR reanalysis and daily data from the National Meteorological Information Center of the China Meteorological Administration, we discussed the mechanisms leading to the 2018 mid-summer heat wave in North China. In addition, we analyzed the generation of the local anomalous high in North China through Rossby wave dispersion and by oceanic thermodynamic forcing.

This high-temperature process in North China lasted from July 18th to August 5th. The region impacted covered Liaoning and Jilin Provinces, and neighboring provinces such as Inner Mongolia and Hebei were also affected to some extent. The mean maximum temperature reached 36°C, which was 2–3°C higher than that of the corresponding period and was the maximum high temperature in this region in nearly 60 years. Analyzing the anomalous circulations during the same period, the strongest deep anomalous high since 1959 appeared over North China. The maintenance of this local anomalous high was the main cause of the high-temperature event in North China. Under the control of this anomalous high, extremely strong downdrafts prevailed in North China, leading to fewer clouds and more shortwave radiation arriving at the surface. As a result, local temperatures increased. Meanwhile, with the interaction between the northward typhoon and the local anomalous high, strong secondary circulation formed, and intensified the downdrafts over the region being influenced by high temperatures, thus causing the high-temperature events to persist and become more intense.

The Rossby wave activity in the midlatitudes of Eurasia played an important role in the generation and maintenance of the local anomalous high. From the calculation of wave activity fluxes, we found an anomalous wave train similar to the “silk-road” teleconnection at the midlatitudes of Eurasia during this period. This wave train originated from the North Atlantic at the midlatitudes and propagated eastward. Due to downward energy dispersion, the local anomalous high in North China intensified and persisted.

During the previous period of this heat wave event, the SSTs in the middle of the North Atlantic Ocean displayed pronounced positive anomalies, resulting in a negative vorticity source on the northwestern side of the North Atlantic in the high-level troposphere and initiated a “silk-road” teleconnection wave train, finally leading to the local anomalous high in North China and the generation of high temperatures.

The results of this study indicate that this high-temperature event is attributed to the stable and persistent local anomalous high in North China and to the “silk-road” teleconnection wave train, which was initiated by the upstream North Atlantic SSTA. In addition, studies of the causes of the 2018 extreme high-temperature event rely on correlation analyses and dynamic diagnostic methods; we will verify these results through numerical tests and build a physical model in our future work.
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