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Explosive extratropical cyclones (EECs) have long been a research focus for the meteorological society as they often cause serious economic losses and casualties. However, after a long period of research, there still remain some knowledge gaps about their rapid development. In this article, we conducted the first study by using both vorticity and kinetic energy (KE) budgets simultaneously on a typical EEC, which was the strongest EEC that affected the coastal areas of China in the last 3 years, to further the understanding of the mechanisms governing its rapid enhancement in rotation and wind speed. The vorticity budget shows that the lower-level convergence-related vertical stretching and the vertical transport of vorticity acted as the most and second most favorable factors for the increase in the cyclone's cyclonic vorticity, respectively, which were different from those findings based on the Zwack–Okossi vorticity budget. In contrast, the horizontal transport of vorticity and tilting mainly decelerated the EEC's development. Energetics features governing the rapid wind enhancement of the EEC were shown for the first time. It is found that the work on the rotational wind by the pressure gradient force and the net import transport of KE by the rotational wind contributed the largest and second largest to the cyclone's increase in wind speed. In contrast, the upward transport of KE and the cyclone's displacement mainly acted in an opposite way. Analysis based on the Green's theorem and rotational wind shows that the enhancement of the EEC's rotation and wind speed were linked to each other solidly.
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INTRODUCTION
Extratropical cyclones are one of the most important systems in the mid-latitude regions, as they often cause severe weather such as torrential rainfall, strong winds, cold waves, and so on (Fu et al., 2014; Schultz et al., 2018). Of the extratropical cyclones, there are a special type, called the explosive extratropical cyclone (EEC), which deepens sharply with its central pressure decreased by at least 24 hPa (relative to 60°N) in 24 h (Sanders and Gyakum, 1980). The most severe disastrous weather tends to appear during EECs' rapid development (Yoshida and Asuma, 2004); therefore, many previous studies conducted investigations on dynamical and thermodynamical processes governing EECs' rapid development. It is found that favorable dynamical factors for EECs' rapid development mainly contain a cyclonic vorticity advection aloft (Sanders, 1986; Macdonald and Reiter, 1988), a strong jet streak at upper level (Uccellini et al., 1984; Uccellini and Kocin, 1987), a strong baroclinic instability in the middle and lower troposphere (Bosart, 1981; Jia and Zhao, 1994; Iwao et al., 2012), and a notable tropopause folding process in the upper and middle troposphere (Rossa et al., 2000; Fu et al., 2014, 2018; Wang et al., 2017). Favorable thermodynamical factors mainly contain a warm temperature advection aloft (Hirschberg and Fritsch, 1991a, b; Lupo et al., 1992), strong latent heat release in the middle and lower troposphere (Bosart, 1981; Reed and Albright, 1986; Chen and Dell'Osso, 1987), reduced static stability in the lower troposphere (Smith and Tsou, 1988), and upward energy fluxes from the surface (Kuo et al., 1991).
As mentioned above, previous studies have deepened the understanding of EECs' evolution; however, as EECs' development can be affected by numerous factors, governing mechanisms may be quite different. Therefore, more case studies should be conducted. There are three indicators that can effectively measure an EEC: its central pressure, rotation, and wind speed (Sanders and Gyakum, 1980; Yoshida and Asuma, 2004; Fu et al., 2018). During EECs' developing stages, although their pressure and rotation (which can be reflected by the area-averaged vorticity within its central region) both enhance notably (Zwack and Okossi, 1986; Lupo et al., 1992; Parsons and Smith, 2004; Fu et al., 2018), their associated winds do not always strengthen simultaneously (Jiang et al., 2021a). For those EECs which showed rapid intensification in their rotation and wind (these cyclones usually have larger destructive force), what are the key mechanisms that govern these two processes? Is there a solid link between these two features? These two scientific questions remain unanswered.
At the end of February 2018, an EEC appeared over the Northwest Pacific Ocean. It was the strongest EEC that affected the coastal areas of China in the last 3 years. During its life span, strong winds (above 24 m/s) appeared, which caused severe cold waves and huge waves and resulted in great economic losses. In this study, we applied vorticity and kinetic energy (KE) budgets to this cyclone, so as to partly address the two scientific questions raised above. The remainder of this article is structured as follows: In Section 2, data and methods used in this study are provided; in Section 3, an overview of the event is shown; in Section 4, the results of vorticity and KE budgets were analyzed; and finally, a conclusion and discussion is presented in Section 5.
DATA AND METHOD
This study used hourly, 0.25° × 0.25°ERA5 reanalysis data (Hersbach et al., 2020) provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) for analyses and calculations. This dataset has a total of 37 vertical levels. In this study, the definition from Yoshida and Asuma (2004) was used to calculate the deepening rate (DR) of the EEC:
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where t is time (units: h), p is the cyclone's central sea level pressure [SLP (units: hPa)], and ϕ is the latitude of the cyclone center.
In order to clarify the mechanisms governing the EEC's rapid development, two methods were used: one is the vorticity budget (Kirk, 2003; Fu et al., 2016; Jiang et al., 2021b) and the other is the KE budget (Chen et al., 1978; Fu et al., 2011). The former was used to analyze the rotation enhancement associated with the cyclone, and the latter was utilized to investigate its wind intensification. Although EECs have long been a research focus, their energetics features still remain vague. Investigation on EECs' wind enhancement in terms of energy is helpful to reach a more comprehensive understanding of their rapid development. The vorticity budget equation is as follows:
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where [image: image] is the vertical component of the relative vorticity (vorticity for short); [image: image] are unit vectors pointing to the east, north, and zenith, respectively; [image: image] denotes the horizontal velocity vector; subscript “h” stands for the horizontal component; p is pressure; [image: image] is horizontal gradient operator; ω is vertical velocity in pressure coordinate; f is Coriolis parameter; and [image: image]. The first term on the right-hand side of Eq. 2 was defined as TIL, as it shows the tilting effect; the second and third terms were defined as HAV (representing the horizontal advection of vorticity) and VAV (denoting the vertical advection of vorticity), respectively; the fourth term was defined as STR, which stands for stretching effect associated with divergence; the fifth term was defined as APV, which represents the advection of planetary vorticity; and the last term is RES, which denotes the residual effect (mainly due to friction, subgrid processes, and calculation errors.). The sum of TIL, HAV, VAV, STR, and APV was defined as TOT, which shows the total effect of all terms on the right-hand side of Eq. 2.
The kinetic budget equation (Chen et al., 1978) is as follows:
[image: image]
where S is the area of the cyclone's central region; Pb and Pt are the pressure at the bottom and top level of an air column; k is the horizontal KE; Mh is the horizontal moving speed vector of the cyclone; Vψ and Vχ are the rotational and divergent wind vectors, respectively; and Φ is geopotential. The first to the sixth terms on the right-hand side of Eq. 3 denote the KE variations due to the cyclone's displacement (Term 1), the rotational wind's transport (Term 2), the divergent wind's transport (Term 3), the vertical transport (Term 4), the work on rotational wind by pressure gradient force (Term 5), and the work on divergent wind by pressure gradient force (Term 6), respectively. The term RES denotes the residual effects that were mainly due to friction, subgrid processes, and calculation errors.
In this study, the rotational/divergent wind was calculated by using the method developed by Cao and Xu (2011), which had been proven to be accurate and effective in generating rotational/divergent wind within a limited domain.
OVERVIEW OF THE EVENT
During the period from February 27 to March 4, 2018, an extratropical cyclone appeared over the northwest Pacific Ocean (Figure 1A), which caused strong winds in its surrounding regions. This cyclone formed at 1600 UTC on February 27, around the junction of Anhui and Jiangxi provinces, moved in the northeast direction in its whole life span, and dissipated at 0600 UTC on March 4 (it lasted for ∼110 h), around Kamchatka Peninsula. During this period, an upper-level jet was mainly located in the zonal band of 22–46°N (not shown), with a large-value zone exceeding 100 m s−1 stretching from East China to the central section of Japan. In the same period, a middle-tropospheric shortwave trough moved from East China to the central and southern sections of Japan along with the EEC (not shown), west of which a strong cold advection appeared. Along with the upper-level jet and the shortwave trough, a notable tropopause folding process appeared (not shown), which resulted in positive potential vorticity anomalies in the middle troposphere. These were favorable for the developing of the EEC (Fu et al., 2018). In this study, the evolutionary processes of this cyclone may be roughly divided into two stages: the first is from 1600 UTC on February 27 to 1800 UTC on March 1, during which the cyclone's central pressure lowered rapidly (Figure 1B); the second is from 1800 UTC on March 1 to 0600 UTC on March 4, during which the cyclone increased gradually in its central pressure. Therefore, the first stage is named the developing stage of the cyclone. In this stage, the mean DR and maximum DR of the cyclone were 1.25 and 1.81 Bergeron, respectively, both of which indicated that the cyclone was an EEC (Sanders and Gyakum, 1980).
[image: Figure 1]FIGURE 1 | (A) The track of the explosive cyclone (purple line with dots), where the dots show the location of the cyclone's center. (B) The central pressure of the cyclone (thick red solid line; hPa) and its deepening rate (thick blue solid line; Bergeron), where the green dashed line shows the time when the cyclone reached minimum central pressure.
During the cyclone's developing stage, corresponding to its decreasing central pressure (Figure 1A), the cyclonic vorticity and wind speed both enhanced notably (Figure 2). According to the cyclone's mean size during its developing stage, a 10° (latitude) × 12° (longitude) box (purple dashed boxes in Figure 2) was determined to focus on the central region of the cyclone. This box was defined as the central region of the cyclone. The calculations based on this central region were insensitive to relatively small changes (±0.5°) to its each boundary line, which means that the selection of the central region was representative. Overall, the selection of the EEC's central region was consistent with the principles documented in Fu (2001): “It should be large enough to cover the cyclone thoroughly but small enough to exclude other undesirable disturbances from the area.” The correlations between the central region averaged KE/vorticity and the cyclone's central pressure were −0.75/−0.83, implying that both KE and vorticity were effective indicators for the cyclone's rapid development.
[image: Figure 2]FIGURE 2 | Geopotential height (black solid lines; gpm), wind above 10 m s-1 (blue wind bar; a full bar is 10 m s-1), and cyclonic vorticity (shading; 10-5 s-1) at 900 hPa at (A) 06 Z on Feburary 27, 2018, (B) 18 Z on Feburary 27, 2018, (C) 06 Z on Feburary 28, 2018, (D) 18 Z on Feburary 28, 2018, (E) 06 Z on March 1, 2018, (F) 18 Z on March 1, 2018, where the purple dashed boxes mark the central region of the explosive cyclone.
KINETIC ENERGY AND VORTICITY BUDGETS
Kinetic Energy Budget
During the developing stage, the cyclone showed rapid enhancement of KE (i.e., wind speed) in the layer of 950–850 hPa (not shown); therefore, this layer was used to calculate Eq. 3: Pb = 950 hPa and Pt = 850 hPa. As the gray line in Figure 3A shows, the sum of Terms 1–6 was positive in the developing stage. This means that there was an overall favorable condition for enhancing the cyclone's wind speed. Of all the six terms in Eq. 3, Term 5 (i.e., the work on the rotational wind by pressure gradient force) made the largest contribution to the cyclone's increasing wind speed (Figure 3E). This was because: 1) centripetal pressure gradient force grew quickly as the central pressure of the cyclone lowered (Figure 2); 2) rotational wind was much larger than divergent wind (not shown); and (iii), the angle between rotational wind and the centripetal pressure gradient force was overall smaller than 90° (not shown). Term 2 (i.e., rotational wind's transport of KE) acted as the second dominant factor for the wind enhancement (Figure 3B). As Figure 2 shows, the regions surrounding the cyclone's central region featured strong wind (i.e., KE was large). Overall, the rotational wind transported large KE centripetally (not shown). This resulted in net import of KE into the central region that enhanced the cyclone's wind speed. Term 6 (i.e., the work on the divergent wind by pressure gradient force) was also favorable, whereas its relative contribution was small (Figure 3F). Term 4 (vertical transport of KE) exerted the largest effect in decelerating the KE associated with the cyclone (Figure 3D). This was because the ascending motions (not shown) transported lower-level strong KE upward, which resulted in a net export of KE from the lower troposphere. Term 1, which denoted the effect due to the cyclone's displacement, mainly decelerated the cyclone's development in wind speed (Figure 3A). This was because the cyclone mainly moved from regions with stronger KE to those with weaker KE (Fu and Sun, 2012). The KE features within the background environment affected the variation of EECs through this effect. Term 3 (divergent wind's transport of KE) showed a nearly neutral effect, as divergent wind was generally weak (not shown).
[image: Figure 3]FIGURE 3 |  Vertical integral (from 950 hPa to 850 hPa) of the kinetic budget terms (units: J s-1m-2), where the grey solid lines show the sum of Terms 1-6, black dashed lines mark the value of 0, and blue solid lines represent each budget term. (A) Term1: The cyclone’s displacement, (B) Term2: The rotational wind’s transport, (C) Term3: The divergent wind’s transport, (D) Term4: The vertical transport, (E) Term5: The rotational wind by pressure gradient force, (F) Term6: The divergent wind by pressure gradient force.
Vorticity Budget
Corresponding to the rapid enhancement in KE, the cyclone's cyclonic vorticity also intensified quickly in the layer of 850–950 hPa, as term TOT (black lines in Figure 4) kept a large positive value in this layer. Among the four budget terms of Eq. 2, the convergence-associated STR (red lines in Figure 4) was the most favorable factor for the increase of the cyclone's cyclonic vorticity (strong lower-level convergence within the central region produced cyclonic vorticity through vertical stretching) during its developing stage. The second most favorable factor was the vertical transport of vorticity (blue lines in Figure 4) before 2000 UTC on February 28 (not shown), after that, the tilting effect (green line in Figure 4D) became the second most favorable factor for the cyclone's enhancement in cyclonic vorticity. The horizontal transport of vorticity (i.e., HAV) was the most detrimental factor for the cyclone's development (orange lines in Figure 4), as it kept transporting cyclonic vorticity out from the cyclone's central region. Overall, the temporal mean effect of STR and VAV were positive, whereas those of HAV and TIL were negative. Therefore, the former two terms favored the cyclone's increase in cyclonic vorticity, whereas the latter two terms acted conversely. From Figure 4, it can also be found that, in the layer of 850–450 hPa, the dominant factor for enhancing the cyclonic vorticity within the central region was VAV, i.e., the vertical transport of cyclonic vorticity from lower levels (this cyclonic vorticity was produced in the level below 850 hPa through the convergence-related STR). In contrast, term STR showed an overall negative effect. This means that this cyclone showed a vertical stretching from the bottom up; divergence governed the layer of 850–450 hPa during the cyclone's developing stage.
[image: Figure 4]FIGURE 4 | Central-region averaged vorticity budget terms (10-10s-2) at typical stages, where the grey dashed lines mark the value of 0, and the grey dashed boxes outline the layer of 950-850 hPa. The green lines indicate the tilting effect, the orange lines indicate the horizontal advection of vorticity, the blue lines indicate the vertical advection of vorticity, the red lines indicate the stretching effect associated with divergence, and the blace lines indicate the sum of TIL, HAV, VAV, STR, and APV.
It should be noted that the Zwack–Okossi vorticity budget developed by Zwack and Okossi (1986) was used in previous studies to understand the evolutionary mechanisms of the EECs (e.g., Yoshida and Asuma, 2004; Fu et al., 2018). Some of these studies found that a strong upper tropospheric positive absolute vorticity advection and a warm advection associated with an upper-level jet usually acted as the key factors for the EECs' development. The differences between the findings of these studies and the vorticity budget results in this study were mainly due to the following: 1) the Zwack–Okossi vorticity budget used the geostrophic vorticity instead of vorticity to describe the variation of an EEC; and 2) the previous studies focused on the effects from the whole troposphere instead of only the lower troposphere (in this study we only focused on the lower layer).
CONCLUSION AND DISCUSSION
In order to further the understanding of the mechanisms governing the rapid enhancement of EECs' rotation and wind speed during their developing stage, the vorticity and KE budgets were conducted on a typical EEC that appeared at the end of February 2018 over the Northwest Pacific Ocean. This cyclone lasted for ∼110 h, and it was the strongest EEC that affected the coastal areas of China in the last 3 years. During its rapid development, its rotation and wind speed both strengthened quickly. The vorticity budget shows that the lower-level convergence-related vertical stretching (i.e., STR) was the most favorable factor for the increase of the cyclone's cyclonic vorticity; the second most favorable factor was the vertical transport of vorticity (i.e., VAV), which transported cyclonic vorticity upward (contributing to the upward extending of the cyclone). In contrast, the horizontal transport (i.e., HAV) caused a net export of cyclonic vorticity from the cyclone's central region, which made it the most detrimental factor for the cyclone's development. The KE budget indicates that the work on the rotational wind by the pressure gradient force made the largest contribution to the cyclone's increasing wind speed, and the net import transport of KE by the rotational wind acted as the second dominant factor. In contrast, the upward transport of KE exerted the largest effect in decelerating the KE associated with the EEC, and the effect due to the cyclone's displacement was the second most detrimental factor.
Overall, the enhancement of the EEC's rotation and wind speed was consistent with the deepening in its central pressure. A link between the rotation and the wind speed of an EEC is shown as follows: according to Green's theorem, the area-averaged vorticity within the EEC's central region equals the velocity circulation along the boundary line of the central region (Fu et al., 2017). Therefore, the enhancement in the cyclone's rotation (reflected by the central region averaged vorticity) means increase in velocity circulation; increase in velocity circulation means that wind along the boundary line of an EEC's central region strengthens. In this event, as the rotational wind was the dominant component of the horizontal wind associated with the EEC, and the rotational wind was mainly along the central region's boundary line, the enhancement of the EEC's rotation was consistent with the intensification in its wind speed. It should be noted that, although this study shows some useful results for understanding the mechanisms dominating the rapid development of the rotation and wind speed associated with the EEC over the Northwest Pacific Ocean, it surely has limitations in representing the universal features of this type of cyclone. To analyze more EECs in the future, is an effective way to fully address the two scientific questions raised in the Introduction.
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