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Abstract The mid-latitude extreme weather disasters are often associated with explosively developing
cyclones (ECs). Based on different vertical development characteristics, 4,608 ECs identified over the North
Pacific in the cold season of 44 years of NCEP-CFSR reanalyzes are divided into four types of upward
development and four types of downward development categories. ECs with vertical upward (downward)
development follow a northeastward (nearly eastward) path, mainly explosively developing over the Northwest
Pacific (Asia continent and Pacific). Furthermore, utilizing the piecewise potential vorticity inversion method
reveals the synergetic forcing of the turbulent heat transport and baroclinicity in the lower troposphere, the latent
heat release in the middle levels, the upper-level jet stream, and the downward intrusion of stratospheric
potential vorticity on the ECs. Different configurations of these influences from the troposphere to the
stratosphere result in the occurrences of eight types of ECs in the cold season over the North Pacific.

Plain Language Summary Since the late twentieth century, there has been a significant variation in
the frequency of explosively developing cyclones (ECs), which bring extreme weather disasters to the mid-
latitudes. This study classifies winter North Pacific ECs into four upward and four downward developing
categories. The upward developing ECs include those enhanced only in the lower troposphere (UL-EC), those
developing upward to the middle troposphere (UM-EC), those developing upward to the upper troposphere
(UU-EC), and those developing upward into the stratosphere (US-EC). In contrast, the downward developing
ECs can be classified as those intensifying only in the upper troposphere (DU-EC), those developing downward
to the middle troposphere (DM-EC), those developing downward to the lower troposphere (DL-EC), and those
developing downward from the stratosphere (DS-EC) to the lower troposphere. Furthermore, the piecewise
potential vorticity inversion results show that the explosive development of UL-EC and UM-EC are dominated
by the thermodynamical processes in the middle-to-lower troposphere, exhibiting a baroclinic structure with
opposite anomalous geopotential height between the troposphere and stratosphere. However, the other types
have a consistent stratospheric-to-tropospheric negative anomalies, which is determined by the upper-layer
dynamical processes. The downward intrusion of stratospheric potential vorticity dominates the explosive
development for the US-EC and DS-EC.

1. Introduction

Extratropical cyclones are defined as locally closed low-pressure systems and are one of the most frequent
weather systems in mid-latitudes (Hoskins & Hodges, 2002). Among them, rapidly intensifying extratropical
cyclones are known as ‘bombs’ (Sanders & Gyakum, 1980), which bring about severe extreme weather events in
mid-latitudes (Hirata, 2021; Shaw et al., 2016). Extratropical cyclones play an important role in the transport of
heat and moisture between low and high latitudes (Peixoto & Oort, 1984). Previous studies show that since the
end of the twentieth century, the frequency of explosively developing cyclones (ECs) has a significant variation
(Chang, 2014; Ginesta et al., 2022; Iwao et al., 2012; Kuwano-Yoshida et al., 2022). More comprehensive and in-
depth research on ECs is necessary.

The North Pacific region is one of the areas where ECs occur frequently, with the most active period during the
cold season (November to April) (Alberta et al., 1991; Black & Pezza, 2013; Chen et al., 1992; Kuwano-
Yoshida, 2014). Bergeron (1954) was first to give a definition for rapidly deepening extratropical lows. Sub-
sequently, Sanders and Gyakum (1980) quantitatively provided criteria for a ‘bomb’. ECs in the Northwest
Pacific can be classified into Okhotsk-Japan Sea type, Pacific Ocean-land type, and Pacific Ocean-ocean type
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according to their geographical genesis and explosive development locations (Kuwano-Yoshida & Asuma, 2008).
The frequency of ECs in the Northern Hemisphere has also been found to be statistically related to the Madden-
Julian Oscillation, El Nifio-Southern Oscillation, and Quasi-Biennial Oscillation (Attard & Lang, 2019).

The study of ECs dates back to the end of the last century, but there is still much debate about their developmental
mechanisms. Baroclinic zones are found to be the most suitable areas for the formation of ECs (Roebber, 1984;
Sanders & Gyakum, 1980), and subsequent research has demonstrated the importance of the lower-level bar-
oclinicity in the development of ECs (Anthes et al., 1983; Roebber & Schumann, 2011; Yoshiike & Kawa-
mura, 2009). In addition, numerical experiments by Kuo et al. (1991) emphasized the role of surface heat fluxes,
which is confirmed in observational based studies (Gyakum & Danielson, 2000; Neiman & Shapiro, 1993). The
elevated surface heat fluxes caused by the sea surface temperature and gradient anomalies are found to signifi-
cantly impact the occurrence and development of ECs (Bui & Spengler, 2021; Tsopouridis et al., 2021a,
2021b, 2021c). A series of studies by Hirata et al. (2015, 2016, 2018) further revealed the positive feedbacks
between the surface heat fluxes and the development of ECs. Significantly, it has become the consensus that latent
heat release can also provide developmental energy for ECs (Fosdick & Smith, 1991; Rogers & Bosart, 1991;
Strahl & Smith, 2001; Weijenborg & Spengler, 2020; Zhu & Newell, 1994). These studies emphasize that ECs are
able to obtain energy from the turbulent heat transport, baroclinicity, and latent heat release in the lower
troposphere and then develop upwards.

However, Wash et al. (1992) discovered that some ECs exhibit strong upper-level processes in the initial stage of
development, whose characteristics can be statistically separated from non-explosively developing cyclones.
Many studies had proved that jet streams and their associated dynamical processes can also contribute to the
explosive development of ECs (Chang, 2005; Gilet et al., 2009; Manobianco et al., 1992; Oruba et al., 2013;
Riviere & Joly, 2006; Seiler & Zwiers, 2016a, 2016b). The counter propagating Rossby waves perspective of
baroclinic instability presented the scenario in which the upper-level potential vorticity (PV) anomalies reinforce
the lower-level ones and vice versa (Methven et al., 2005). Using a mesoscale analysis and a simulation system
model, Spaete et al. (1994) found there was a net mass transport from the stratosphere to the troposphere overlying
the ECs. Subsequently, numerous observational results have confirmed the downward transport of stratospheric
PV anomalies during the evolution of ECs (Kang et al., 2020; Pang & Fu, 2017; Reader & Moore, 1995; Wang &
Rogers, 2001). In other words, ECs may also derive energy from the upper atmosphere and then develop vertically
downwards. Therefore, there is still a considerable debate regarding the vertical development of ECs.

As well as the issue of the vertical development of ECs, there is also uncertainty in the vertical structure of ECs.
Lim and Simmonds (2007) considered the vertical structure of mid-latitude cyclones and divided them into
shallow-structure and well-organized cyclones. Subsequently, Pepler and Dowdy (2020) further categorized
cyclones into the shallow surface cyclone, middle-level cyclone, deep surface cyclone, shallow upper cyclone,
and deep upper cyclone. On this basis, Yao et al. (2023) identified differences in the horizontal movement of each
category. These studies only focused on the levels below 500 hPa. Nevertheless, cyclones can be found at higher
levels. Lakkis et al. (2019, 2021) extended the research levels of mid-latitudes cyclones to the tropopause but did
not provide a detailed classification. Thus, we can see that the evolvement mechanism of the ECs with different
vertical structures remain unclear.

Motivated by the discussion above, this paper addresses the following key questions: Do ECs with similar vertical
structures have the same vertical development processes? What are the vertical development characteristics and
classifications of ECs over the North Pacific during the cold season? As reviewed in Spaete et al. (1994), do the
strong ECs which link the troposphere and stratosphere always develop downwards from the upper atmosphere?
Considering all the potential effects from the troposphere to the stratosphere, what are their quantitative con-
tributions to the vertical development of different ECs? The organization of this paper is as follows: Section 2
introduces the data and methods used in this study, Section 3 presents the classification of ECs with different
vertical structures and shows a quantitative analysis and diagnosis of their development mechanisms, and Sec-
tion 4 provides a summary.

2. Data and Methods

The National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) datasets
and its extended Version the Climate Forecast System Version 2 (CFSV2) datasets are used in this study (Saha
etal., 2010, 2011) (https://cfs.ncep.noaa.gov/). CFSR provides 6 hourly reanalysis data from 1979 till the present
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with a high spatial resolution of 0.5° X 0.5°, and has 37 vertical layers from 1,000 hPa to 1 hPa. The time period of
44 cold seasons (November to April of the following year) from 1979 to 2022 is used for investigation. The high-
resolution CFSR reanalysis dataset compares well with other recent high-resolution reanalyzes in cyclone
analysis compared to using older low-resolution datasets (Allen et al., 2010; Hodges et al., 2011; Pezza
et al., 2016; Roebber et al., 2023).

For the identification of extratropical cyclones, the automatic tracking algorithm by Hodges (1994, 1995, 1996,
1999) is applied. The extratropical cyclones over the North Pacific are traced at the 850 and 300 hPa separately for
classifying ECs. The extratropical cyclones are identified as local maxima of relative vorticity (Hoskins &
Hodges, 2002). The relevant climatology is subtracted from vorticity field at each time step. The data are first
truncated at total wavenumber 42 to remove small-scale noise. Spatial wavenumbers less than or equal to five are
also removed to eliminate the influence of the largescale background and a spectral tapering is performed in order
to suppress Gibbs phenomena (Hoskins & Sardeshmukh, 1984). A threshold of 1 x 107> 5! is applied to the
filtered vorticity to initially identify the feature points. The tracking algorithm is initiated by linking all the feature
points based on the nearest neighbor distance between points in subsequent frames so that each feature point is
assigned to a track. Then the tracking is performed by minimizing a cost function for the ensemble track
smoothness to obtain the minimal set of smoothest tracks (Hodges, 1994, 1999). The track ensembles are filtered
based on the choice of the minimum time of existence (1 day, four time steps) and distance moved (10° geodesic,
~1,000 km). Following the tracking, the sea level pressure (SLP) and geopotential height (GPH) minima at the
cyclone center is obtained by bilinear interpolation.

The extratropical cyclones, which are detected at 850 hPa, are considered as an EC if its SLP deepening rate
greater than 1 hPa/hr persistent for 12 hr (Sanders & Gyakum, 1980; Yoshida & Asuma, 2004). The SLP
deepening rate is calculated as follows (Fu et al., 2020; Gyakum et al., 1989):

6 — sin45°
Ryp = (pt 6]2pt+6> (1)
Sin ((l’l—(;;(lfwb)

where p is the SLP of cyclone center, ¢ is the latitude of cyclone center and ¢ represents the corresponding time of
the cyclone. For cyclones detected at 300 hPa, no criterion has previously been defined as to whether a cyclone
has explosively developed. According to hydrostatic balance, the GPH is a valid indicator of cyclonic wind in
isobaric coordinates. We can also calculate the GPH deepening rate of 300 hPa similar to Formula 1 to filter ECs
at 300 hPa. For simplicity, the threshold of GPH deepening rate for 300 hPa ECs is chosen to the same percentile
(29.4% in descending order) of SLP deepening rate threshold (1 hPa/hr) of ECs in all cyclones at 850 hPa.
Therefore, we define 8.6 gpm/hr as the explosive threshold for 300 hPa cyclones and a 5% fluctuation of the
threshold has no obvious influence on the classification of ECs, which indicates the ECs are not sensitive to the
threshold. Figure S1 in Supporting Information S1 (refer to as SI hereafter) illustrates the frequency histogram of
deepening rate of ECs and the tracks of ECs show that most ECs explosively develop over the ocean.

The tracked ECs are employed to construct composites of the cyclones. For each EC, a box of size 30° in both
latitude and longitude is placed around its center of minimal GPH. The mean system-centered composites of GPH
anomaly (deviation from climatology) and its standard deviation at the strongest stage of ECs are presented
respectively (Figure S2 in Supporting Information S1). The results show that the maximum GPH variance of both
850 (2,771 cases) and 300 hPa (1,837 cases) occurs at the center of the ECs (the red rectangle of 6° X 6° in Figure
S2 in Supporting Information S1), with a regional mean of about —200 gpm. Four specific levels 850, 500, 300,
and 100 hPa which respectively correspond to the lower-level, middle-level, upper-level troposphere and
stratosphere are selected to estimate the vertical development of ECs. An EC is considered to have developed
vertically to that layer if the mean of the GPH anomaly in its central region is less than —200 gpm at a specific
level. Therefore, ECs identified at 850 hPa are divided into four upward developing types and ECs identified at
300 hPa are also divided into four downward developing types (Figure 1).

In addition, Rogers and Bosart (1986) divided the lifecycle of ECs into four stages to reveal their development
processes. In order to better illustrate the vertical development process of ECs, five representative stages
throughout the entire lifetime of ECs are defined: the initial stage (the moment when the cyclone initiates), the
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Figure 1. The composites of regional mean of geopotential height anomalies in the ECs' center (shadings, units: gpm) during the 5 representative stages, for the (a) 1,103
cases of ECs that enhanced only in the lower troposphere (UL-EC), (b) 185 cases of ECs that expanding upward to the middle troposphere (UM-EC), (c) 1,396 cases of
ECs that expanding upward to the upper troposphere (UU-EC), (d) 87 cases of ECs that expanding upward from the lower troposphere into the stratosphere (US-EC),
(e) 1,044 cases of ECs that intensifying only in the upper troposphere (DU-EC), (f) 531 cases of ECs that developing downward to the middle troposphere (DM-EC),
(g) 185 cases of ECs that developing downward to the lower troposphere (DL-EC), and (h) 77 cases of ECs that developing downward from the stratosphere (DS-EC) to
the lower troposphere. The x-axis is the five stages and the y-axis is the pressure levels. The direction of red arrows represents the vertical development direction of each
ECs type and the length of red arrows indicates the depth of ECs.

explosive development stage (the moment when the ECs reach explosive development), the mature stage (the
moment when the central GPH anomalies of ECs are at a minimum), the decay stage (the moment when the
central GPH anomalies of ECs increase to the same rate as in the explosive development stage), and the
disappearance stage (the moment when the cyclone disappears). Taking UU-EC as an example, the composite
GPH anomalies for each stage and the schematic illustration of five stages are shown in Figure S3 in Supporting
Information S1.

The piecewise potential vorticity inversion (PPVI) method, which can derive the corresponding GPH by inverting
the piecewise PV field, has provided a valid tool for studying ECs (Davis, 1992; Davis & Emanuel, 1991). PPVIis
able to quantitatively diagnose the contributions of dynamical and thermodynamical processes to the develop-
ment of ECs (Dolores-Tesillos et al., 2022; Hirata et al., 2015; Hu et al., 2022; Huo et al., 1999; Milbrandt &
Yau, 2001; Seiler, 2019; Tamarin & Kaspi, 2016). Kang and Son (2021) provided a compact linearized PPVI
equation. The results of this study are based on this method, with the linearized PPVI equation as follows:

Gy * —g—|=V D, + 2)

, 6512, fazq);
oplf P " o op?

Where g is the Ertel potential vorticity, € is the potential temperature, ® is the geopotential, g is the gravitational

_ Ry/C,
constant, fis the planetary vorticity, 6 = —(%) (g—g) where Ry is the gas constant of dry air, 7 = (pﬂ)

Exner function and ¢, is the specific heat of dry air under constant pressure. The overbar denotes the time mean,
whereas the prime represents the climatological anomaly.

is the

3. Results

Figure 1 illustrates the vertical evolution of eight types of ECs. The composites of the regional mean of GPH
anomalies in its center for the five specific lifecycle stages are shown. Among the upward developing ECs, the
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Figure 2. The frequency distribution of where the ECs undergo explosive development (shadings, units: times) and tracks (gray curves) for the (a) UL-EC, (b) UM-EC,
(c) UU-EC, (d) US-EC, (e) DU-EC, (f) DM-EC, (g) DL-EC, (h) DS-EC types. The black vectors are wind anomalies (units: m/s) at 300 hPa where only the wind
anomalies greater than 2 m/s are drawn. The subscript 1 and 2 of graphic number represent explosive frequency distribution (e.g., a,) and tracks (e.g., a,) respectively.
The coordinates of all the tracks are relative longitude and latitude. The lifetime (units: 6 hr) of each type is labeled under the mean tracks (black curves).

UU-EC (Figure Ic) is the most prevalent, accounting for 50.4% of all upward developing ECs, followed by UL-
EC (Figure 1a) at 39.8%. The UM-EC (Figure 1b) and US-EC (Figure 1d) are the least common, representing
6.7% and 3.1%, respectively. For ECs with downward development, the DU-EC (Figure 1e) is the most common,
comprising 56.8% of all downward developing ECs, followed by DM-EC (Figure 1f) at 28.9%. The DL-EC
(Figure 1g) and DS-EC (Figure 1h) are the least common, accounting for 10.1% and 4.2%, respectively. The
number of UU-EC, UL-EC and DU-EC account for more than 70% of all ECs (Table S1 in Supporting Infor-
mation S1). It is evident that cyclones generated at lower levels can vertically develop upwards into the upper
troposphere or even penetrate through the tropopause into the stratosphere (Figures la—1d), while cyclones
formed at upper levels can vertically develop downwards into the lower troposphere near the surface, with the
existence of stratospheric impact. These findings indicate that there are significant differences in the vertical
development of ECs, resulting in distinct vertical structures. Emphasizing solely the forcing of the upper or lower
troposphere on the development of ECs is inappropriate. Synergistic forcing of the entire atmosphere, including
the stratosphere, needs to be considered.

Figure 2 shows the frequency distribution of where ECs undergo explosive development and tracks of the eight
types of ECs. The mean track of ECs is calculated using the least squares method to fit a quadratic function of
latitude and longitude relative to time, with the genesis point as the base point. The mean lifetime of each ECs type
is used to plot their mean tracks (Gaffney et al., 2007). The upward expanding ECs follow northeastward paths
(Figures 2a-2d), while the downward developing ECs follow primarily eastward paths (Figures 2e-2h). The
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upward developing ECs are mainly explosively developing over the ocean east of Japan. Importantly, the
explosive development locations of US-EC are further north, with some near the Bering Strait, indicating un-
derlying eddy transport from the mid-latitude to the Arctic. In contrast to upward developing ECs, some
downward developing ECs explosively develop over the East Asian continent.

The zonal distribution of where the ECs undergo explosive development has two obvious features. On the one
hand, the UL-EC and UM-EC (Figures 2a and 2b), that have little signal in the upper troposphere, have a narrower
distribution. On the other hand, explosive development locations of other ECs types which extend to the upper
troposphere can span almost the complete North Pacific (Figures 2c—2h). From the composite anomaly wind field
at 300 hPa, ECs with shallow (deep) vertical structures are accompanied by weaker (stronger) westerly jet
streams. Moreover, regarding the genesis of ECs (Figure S4 in Supporting Information S1), the four types of
upward ECs, as well as the DU-EC and DS-EC, all overlap with the Western Pacific jet stream and its two
upstream branches (Qian et al., 2023). This suggests that the vertical structure of ECs is not only determined by
turbulent heat transport, baroclinicity and latent heat release in the lower-middle troposphere but may also be
related to upper tropospheric jet streams and even stratospheric PV intrusions. Except for DS-EC, the ECs with
deeper structure, which dissipate near the North American continent, have longer lifespans compared to the
shallow ones. Shallow ECs at lower and upper levels rapidly decline over the Northwest Pacific and even over the
oceanic fronts (Figure S4 in Supporting Information S1).

Based on the introduction, potential forcing factors for the development of ECs include turbulent heat transport
and baroclinicity in the lower troposphere, latent heat release in the middle troposphere, jet stream dynamics in the
upper troposphere, as well as downward stratospheric PV intrusion. Seiler (2019) categorized the entire PV into
three parts at different levels and respectively provided the impacts of turbulent heat transport and baroclinicity,
latent heat release, and downward stratospheric PV intrusion. To further differentiate the impacts of upper-level
jet stream activity and stratospheric PV intrusion in the PPVI method, we divide PV into pieces that are related to
turbulent heat transport and baroclinicity (qg,y. 1,000, 950, and 900 hPa), latent heat release (qg;,, 850, 800, 700,
600, and 500 hPa), upper-level jet streams (qjet, 400, 300, 250, and 200 hPa), and stratospheric PV effects (qy,.
150, 100, 50, 20, and 10 hPa). Horizontally, the domain spans £30° zonally and £15° meridionally about the ECs
center. Due to the sufficiently wide horizontal domain, the influence of the lateral boundary condition can be
ignored. The Dirichlet boundary condition is applied at the lateral boundaries and Neumann boundary conditions
are applied to the vertical boundaries. The inverted vertical evolution results of ECs are consistent with obser-
vations, and the contributions of each PV piece to the development of ECs are significantly different (Figures S5
and S6 in Supporting Information S1).

To compare the impacts of various forcing factors on the ECs more directly, we calculate the vertical average
inversion results at different levels and plot the vertical average results at the mature stage of the ECs (Figure 3).
The results indicate that the development of the UL-EC is mainly caused by turbulent heat transport and bar-
oclinicity and latent heat release. These two factors account for 85% of the total GPH changes (Figure 3a), with
the role of latent heat release being more significant (43%). The UM-EC that explosively expand upward to higher
levels are dominated by latent heat release accounting for 49% of the total GPH changes (Figure 3b). The upward
expansion of the UU-EC in Figure 3c occurs throughout the whole troposphere and is predominantly driven by the
contribution from the upper-level jet stream (accounting for 72% in the upper levels). It is noteworthy that the
negligible middle and upper-level GPH anomalies in the UL-EC and the UM-EC are also influenced by the jet
stream. Meanwhile, the impact of the jet stream on the UU-EC is able to propagate downwards to the lower
atmosphere. Compared to the other three types of upward developing ECs, the stratospheric PV significantly
affects the total GPH anomalies of the US-EC (Figure 3d). Particularly within the stratosphere of the US-EC, the
proportion of GPH changes caused by the stratospheric PV reaches 94% of total anomalies. However, the impacts
of the jet stream, latent heat release, and turbulent heat transport and baroclinicity contributions are non-negligible
in the middle and lower troposphere of the US-EC. The vertical structures of the four upward developing ECs, as
well as the US-EC and the UU-EC, are determined by the upper-level dynamical processes, exhibiting a
consistent negative anomaly in the total anomalous GPH fields. In contrast, the UM-EC and the UL-EC,
dominated by mid-to-lower-level thermodynamical processes, display a baroclinic structure where the anomalous
GPH fields are opposite between lower and upper level.

For the downward developing ECs, the DU-EC experiences explosive development mainly in the upper levels,
with the GPH decrease predominantly caused by the upper-level jet stream accounting for 76% of the total GPH
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Figure 3. The mean of geopotential height anomalies inverted from the piecewise potential vorticity at different levels for the mature stage. The red bars represent the
inversion results of PV associated with turbulent heat transport and baroclinicity in the lower-level (qg,,). The gold bars represent the inversion results of PV associated
with latent heat release in the mid-level (q4;,). The blue bars represent the inversion results of PV associated with jet stream in the upper-level (q;,,). The sky-blue bars
represent the inversion results of stratospheric PV (q,). And the gray bars represent the inversion results of full PV (qg,,). The y-coordinates labeled low, mid, up, and
str indicate the mean of the geopotential height anomalies obtained from inverted piecewise PV in the 1,000-850 hPa, 850-500 hPa, 500-200 hPa, and 200-10 hPa
height bands. The x-coordinates are the value of geopotential height anomalies (units: gpm).

changes (Figure 3e). For the DM-EC, development occurs from upper-level to mid-level, and is still primarily
influenced by the jet stream (77%). However, compared to the DU-EC, the DM-EC exhibits stronger latent heat
release, but the turbulent heat transport and baroclinicity inhibit its further downward development (Figure 3f).
Similar to the UU-EC, the DL-EC also experiences explosive development throughout the troposphere, but DL-
EC develops downwards from the upper levels to the middle levels (Figure 3g). The impact of the jet stream
remains the most critical factor in the explosive development of the DL-EC (64%). In contrast, the turbulent heat
transport and baroclinicity in the mid-to-lower troposphere play a significant role in the downward development
of the DL-EC accompanied by the largest positive contributions of latent heat release in all downward developing
types. For the DS-EC, similar to the US-EC, is significantly influenced by stratospheric PV throughout its vertical
structure. In the stratosphere of the DS-EC, the downward intrusion of stratospheric PV results in a GPH de-
creases which exceeds 90% of the total anomalies (Figure 3h). The impact of the jet stream dynamics (59%) is
more important for the development of the US-EC within the troposphere, and latent heat release also somewhat
promotes its downward development. But the turbulent heat transport and baroclinicity in the lower-level act as
inhibiting factors for the US-EC. The four downward developing ECs are all dominated by upper-level dynamical
processes, and the GPH shows consistent negative anomalies. More importantly, the sign of contributions from
the turbulent heat transport and baroclinicity determines whether they can ultimately develop downwards to the
surface.

The three-dimensional structural features and vertical tilt of these ECs are also demonstrated in Figure 4.
Regarding the two types of ECs related to the stratosphere, the stratospheric GPH anomalies in the US-EC and the
DS-EC exhibit a more pronounced northward tilt. The different types of ECs may have the same vertical structure
(UL-EC and DU-EC, UM-EC and EM-EC, UU-EC and DL-EC, US-EC and DS-EC), but their vertical devel-
opment direction and mechanisms are totally different.
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Figure 4. The three-dimensional structure and schematic illustration of development mechanism of eight types of ECs. (a) The fields from top to bottom are composites
of system-centered geopotential height anomalies (shadings, units: gpm) of UL-EC at 100, 300, 500, and 850 hPa respectively where the coordinates are the relative
longitude and latitude. (b)—(h) are similar to (a), but for UM-EC, UU-EC, US-EC, DU-EC, DM-EC, DL-EC, and DS-EC respectively. The dashed lines of the 0° in
latitude and longitude (i.e., the origin of coordinates) is the vorticity center at 850 hPa in (a)-(d), while the vorticity centers in (e)—(h) are located at 300 hPa. The red,
gold, blue, and sky-blue arrows represent the impacts of turbulent heat transport, latent heat release, jet stream, and stratospheric PV respectively, and the direction of the
arrows shows the propagation direction of impacts. The gray arrows represent the vertical development direction of ECs. The white symbols of ‘x’ denote the minima of
geopotential height anomalies and the bold black cycles present the large value region of geopotential height anomalies at each level.

4. Conclusions

Explosive cyclones (ECs) can lead to extreme weather impacts in the mid-latitudes, with the frequency of ECs
seen to has a significant variation since the late twentieth century. However, current understanding of the vertical
structure and development mechanisms of ECs remains uncertain. In this study, we utilize the 6-hourly high-
resolution CFSR reanalysis data of 44 cold season to identify and track 4,608 ECs occurring at the lower and
upper troposphere over the North Pacific. Based on their vertical evolution features, the ECs are further divided
into four types of upward and four types of downward developing cyclones. The upward developing ECs include
those enhanced only in the lower troposphere (UL-EC), those developing upward to the middle troposphere (UM-
EC), those developing upward to the upper troposphere (UU-EC), and those developing upward into the
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stratosphere (US-EC). In contrast, the downward developing ECs can be classified as those intensifying only in
the upper troposphere (DU-EC), those developing downward to the middle troposphere (DM-EC), those
developing downward to the lower troposphere (DL-EC), and those developing downward from the stratosphere
(DS-EC) to the lower troposphere. Among all types of ECs, the most prevalent type of ECs is the UU-EC (30.3%
of all ECs) that originate in the lower troposphere and expand upward to the tropopause. Meanwhile, the DU-EC
(22.7% of all ECs) which intensify only in the upper troposphere are the largest proportion of the downward
developing ECs. This indicates that during the cold season, ECs generated at lower levels can mostly explosively
develop upward to the upper troposphere after passing over the North Pacific Ocean, while ECs formed in the
upper troposphere require more stringent conditions for their downward intensification. The mean track reveals
that the paths of upward developing ECs are generally northeastward, with their explosive locations mainly over
the Northwest Pacific. On the other hand, the paths of downward developing ECs are nearly eastward, with some
explosively developing over the Eurasian continent and others over the Northwest Pacific. The ECs with deeper
vertical structure are associated with stronger upper-level jet streams and have a wider zonal distribution of
explosive development locations. Additionally, concerning the generation locations, the ECs in the North Pacific
are likely related to the polar front jet stream and subtropical jet stream over the Eurasian continent (Chen
et al., 2020; Qian et al., 2023). Deep ECs with longer lifetimes can reach North America. In contrast, shallow ECs
at lower and upper levels rapidly weaken over the North Pacific, and even disappear over the oceanic fronts in the
Northwest Pacific.

Piecewise potential vorticity inversion reveals that the development of ECs forced by the entire atmosphere,
including the stratosphere. For upward developing ECs, the explosive development of UL-EC and UM-EC is
primarily dominated by latent heat release in the middle troposphere, exhibiting a baroclinic structure of geo-
potential height anomalies with opposite signs between upper and lower levels. However, the forcing from
turbulent heat transport and baroclinicity in the lower troposphere for the UL-EC (29%) is stronger than that for
the UM-EC (15%). The UU-EC and US-EC, as well as the four types of downward ECs, are dominated by the
upper-level dynamical processes of the jet stream, exhibiting a consistent negative anomalies in geopotential
height from the troposphere to the stratosphere. Although the UU-EC expands upward from the lower tropo-
sphere, it is worth noting that the most significant enhancement of UU-EC is achieved by the downward influence
of the upper-level jet streams. In the case of US-EC, excepting the effect of the jet stream, the impact of
stratospheric PV on the total geopotential height anomalies is also crucial, especially within the stratosphere.
Moreover, the contributions of latent heat release, turbulent heat transport, and baroclinicity at lower levels are
important for the tropospheric development of US-EC. The latent heat release impacts on the downward
developing ECs, that is, DU-EC, DM-EC, and DS-EC, are relatively weak. Furthermore, the DU-EC, DM-EC,
and DS-EC are even suppressed by the turbulent heat transport and baroclinicity at the lower levels. Nevertheless,
the DL-EC expands from the upper troposphere to the lower troposphere accompanied by the positive contri-
butions from the latent heat release, the turbulent heat transport, and baroclinicity in the lower troposphere.
Similar to the US-EC, the downward intrusion of stratospheric PV affects the entire vertical development of the
DS-EC.

In summary, this study categorizes ECs based on their vertical development characteristics and reveals their
respective development mechanisms. Moreover, the cyclone can be influenced by large scale background mean
state such as mid-latitude Rossby waves or the perturbation from the tropics (Sun et al., 2024; Yang et al., 2023),
which should be considered in the future studies. The weather and climate impacts of these ECs deserve further
discussion, which are important for improving winter weather forecasting and meteorological disaster warning in
the middle and high latitudes.
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