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Abstract: Using the ERA5 reanalysis data and trajectory analysis provided by Hysplit4, a comparative
analysis was conducted on the primary pathways of air particles and the dominant weather systems
in two distinct cases of equatorward and poleward cyclonic Rossby wave-breaking (CWB) events.
Subsequently, the characteristics of mass exchange between the stratosphere and troposphere in both
CWBs were estimated and discussed. CWB events are frequently associated with the development
of an upper front in subtropics and a ridge or blocking in mid-latitudes, leading to a tropopause
anomaly characterized by a downward depression in the subtropics and an upward bulge in the
mid-latitudes. High potential vorticity (PV) particles exhibit negligible vertical motion and are instead
controlled by the circulation of the ridge or blocking, leading to a significant poleward transport. In
contrast, low PV particles display noticeable vertical motion, with approximately one fourth of them
ascending on the north side of the upper-level jet exit region. After CWB occurrence, approximately
25% of low PV particles moved southward and sank below 500 hPa with the downstream trough’s
cold air. Most high PV particles remained in the stratosphere, and low PV particles predominantly
remained in the troposphere. Only a small proportion (2% to 6%) of particles underwent stratosphere–
troposphere exchange (STE). In equatorward CWB, STE manifested as transport from stratosphere
to troposphere, occurring mainly in 24–48 h post breaking with a maximum mass transport of
approximately 1.54 × 1013 kg. In poleward CWB, STE involved transport from troposphere to
stratosphere, occurring mainly within 0–18 h post breaking with a maximum mass transport of
approximately 1.48 × 1013 kg.

Keywords: cyclonic Rossby wave-breaking; stratosphere–troposphere exchange; trajectory analysis

1. Introduction

Rossby wave breaking (RWB) is an atmospheric phenomenon characterized by the
turning of the meridional gradient of potential vorticity (PV) from positive to negative
on the isentropic surface near the extratropical high-level westerly jet chasm [1–3]. Two
types of RWB have been identified, namely anticyclonic wave breaking (AWB) and cyclonic
wave breaking (CWB), which are associated with different zonal wind shear [4]. RWB
typically occurs near the dynamic tropopause, as determined by the PV gradient [5]. In
the Northern Hemisphere, the occurrence of RWB is associated with the presence of a low
(high) PV tongue extending eastwards and polewards (westwards and equatorwards) in
the CWB, and a low (high) PV tongue extending westwards and polewards (eastwards and
equatorwards) in the AWB [6–8].

RWB events are associated with severe distortion of the PV contours, as high PV
contours stretch from the polar vortex system to low latitudes and low PV contours escape
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from the tropical tropopause layer to high latitudes, resulting in stratosphere–troposphere
exchange (STE) [2,6,9–15]. This process involves the crossing of air masses across the
tropopause, leading to the coupling of the troposphere and stratosphere, which have
different dynamic, thermal, and chemical characteristics. STE can affect the radiation
balance in the upper troposphere–lower stratosphere (UTLS) region, through the variation
of water vapor and ozone near the tropopause [14,16–22]. Based on the direction of mass
transport, STE can be divided into two types, namely troposphere-to-stratosphere transport
(TST) and stratosphere-to-troposphere transport (STT). The RWB on the 380 K isentropic
surface is often associated with the breakup of the subtropical westerly jet, which acts as
a barrier for meridional transport. Baroclinic instability and wave breaking tend to lead
to meridional transport and isentropic surface mixing in the most variable zone of the
westerly jet [23–25].

The STE process operates at multiple scales, which are characterized by various
physical processes, including meridional circulation, frontal transport, deep convective
transport, and the thermal and dynamic effects of the South Asia high. These processes
achieve STE through vertical circulation. However, the STE induced by RWB is unique in
that there is no significant vertical motion, and the air mass is transported quasi-horizontally
along the isentropic surface. Notably, the frequency of CWB is considerably lower than
that of AWB, and research on its role in STE is limited. Therefore, this study examines two
typical CWB cases and focuses on the characteristics and differences in TST and STT mass
transport in the stratosphere and troposphere.

2. Data and Methods
2.1. Data

Meteorological data, ERA5, was sourced from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (https://cds.climate.copernicus.eu/cdsapp#!/search?type=
dataset&text=ERA5, accessed on 7 March 2023). The daily reanalysis data set was utilized
for analyzing the circulation field, specifically for the variables of potential height, zonal
wind, meridional wind, vertical velocity, temperature, and potential vorticity. For trajectory
analysis, hourly reanalysis data were used.

2.2. Methods
2.2.1. Trajectory Analysis Methods

The Hysplit4 trajectory model, a Eulerian–Lagrangian hybrid model, was employed
to analyze the trajectory, diffusion, and sedimentation of air particles [26]. The model
has been widely used in numerous studies, including those involving spatial diffusion of
pollutants [27–31], water vapor transport [32–34], and STE [35,36].

The high PV particles (PV > 5.5 PVU) within polygon 1-2-3 and low PV particles
(PV < 5.5 PVU) within polygon 2-3-4 in a RWB region were tracked separately in the
Hysplit4 model (as shown in Figure 1). Tracer particles were placed at 0.25◦ intervals
in both zonal and meridional directions, and tracked backward and forward for 48 h,
respectively.

To cluster the trajectories from Hysplit4, the MeteoInfo application was used, which
has a powerful capability in regional multi-trajectory clustering analysis [37]. Two trajectory
clustering methods are available in MeteoInfo: Euclidean distance clustering and angular
distance clustering [38]. In this study, Euclidean distance clustering was utilized, and the
optimal number of clusters was determined by the maximum variation of total spatial
variance in response to the number of clusters.

https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=ERA5
https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=ERA5
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Figure 1. Schematic diagrams of equatorward CWB (a) and poleward CWB (b) on 330 K isentropic 

surface. The black curve is 5.5 PVU contour (1 PVU = 10−6 m2·s−1·K·kg−1). The orange points 1, 2, 3, 

and 4 represent the intersections of the PV curve with the westernmost and easternmost meridians, 

where the PV curve intersects with each meridian multiple times. The red and blue circles represent 

the equivalent circle area of low PV in polygon 1-2-3 and high PV in polygon 2-3-4, respectively. 

The centers of circles represent the centroid positions for the polygons. 
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Figure 1. Schematic diagrams of equatorward CWB (a) and poleward CWB (b) on 330 K isentropic
surface. The black curve is 5.5 PVU contour (1 PVU = 10−6 m2·s−1·K·kg−1). The orange points 1, 2, 3,
and 4 represent the intersections of the PV curve with the westernmost and easternmost meridians,
where the PV curve intersects with each meridian multiple times. The red and blue circles represent
the equivalent circle area of low PV in polygon 1-2-3 and high PV in polygon 2-3-4, respectively. The
centers of circles represent the centroid positions for the polygons.

2.2.2. Quantitative Estimation of STE

Quantitative estimation of STE was conducted by calculating the PV values for each
tracked particle along both forward and backward trajectories. A PV threshold of 6 PVU
was used to classify particles in the stratosphere, while those with PV values below 4 PVU
were considered to be in the troposphere. Particles with PV values ranging from 4 PVU to
6 PVU were classified as being in the transition layer [11,39–43]. Therefore, the percentages
of stratospheric and tropospheric particles within the total particle population at each time
step can be estimated.

The previous study demonstrated the presence of CWBs on the 330 K isentropic surface,
with a distinct transition layer located at an altitude of approximately 10 km. Consequently,
the initial altitude centers for the particles were designated as 9.8 km, 10.0 km, and 10.2 km,
respectively. Each particle was allocated an initial horizontal extent of 0.25◦ × 0.25◦ and a
vertical thickness (Z) of 0.2 km. The occupied volume (V) of a particle can be expressed in
Equations (1)–(3):

V = XYZ (1)

X =
nπRcosθ

180◦
(2)

Y =
nπR
180◦

(3)

where X represents the zonal distance, Y represents the meridional distance, Z repre-
sents the vertical thickness, n is the horizontal resolution, R is the equatorial Earth radius
(6.37 × 103 km), and θ represents the latitude.

The atmospheric density in this region can be estimated using Equation (4):

ρd = P·Rd
−1·T−1 (4)

where Rd is 287 J·kg−1·K−1, P is pressure, and T is temperature. The mass of an individual
particle can be obtained by multiplying its density by the volume it occupies.

3. Results

At mid-latitudes, the thermodynamic tropopause and the dynamic tropopause are
generally consistent and located around the 330 K isentropic surface. The transition layer
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thickness between the stratosphere and troposphere near this isentropic surface is moderate,
which facilitates the study of STE [23,43]. Thus, we selected the 330 K isentropic surface to
identify CWB events and investigate their characteristics and role in mass exchange between
the stratosphere and troposphere. On the 330 K isentropic surface, the region affected by
CWB can be divided into two areas based on PV values. Polygon 1-2-3 represents a high
PV region with PV values exceeding 5.5 PVU, while polygon 2-3-4 represents a low PV
area with PV values below 5.5 PVU (see Figure 1). These air masses can be transported
across various scales to facilitate STE. When the area occupied by high PV air mass, which
exhibits stratospheric properties, is larger than the area occupied by low PV air mass, which
exhibits tropospheric properties, it is referred to as the equatorward transport type of CWB,
favoring STT. Conversely, the poleward transport type of CWB favors TST. In this study,
we examine the typical equatorward CWB in the Pacific and the typical poleward CWB in
the Atlantic in January 2001 (Figure 1) to investigate the characteristics and differences in
stratosphere–troposphere mass transport (TST or STT) induced by different types of CWB.

3.1. Trajectory Analysis in the Equatorward CWB Region
3.1.1. Trajectory of High PV Particles in the CWB Region

Using 00:00 UTC 8 January 2001 as the initial time, we identified 8631 high PV particles
and 5259 low PV particles in the equatorward CWB region that occurred in the northeast
Pacific Ocean (Figure 1). Backward and forward trajectories were computed for high PV
particles and low PV particles separately, covering a 48-h period (Figure 2a,c). These
trajectories were then clustered to examine their patterns (Figure 2b,d). In terms of vertical
distribution, the atmosphere was divided into three layers: 0–6 km as the lower layer,
6–10 km as the middle layer, and above 10 km as the upper layer.
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Figure 2. (a) The temporal distribution of trajectories for the 8631 high PV particles in the equatorward
CWB. The color bar represents the hours relative to the initial moment. (b) The distinct red and blue
curves represent various forward and backward clustered trajectories from (a), respectively. The
values in the figure indicate the percentage of particles in each trajectory path relative to the total
particles (unit: %). (c,d) are same as (a,b), but for the trajectory of 5259 low PV particles.

Analysis of the backward trajectories revealed that high PV particles in the CWB
region predominantly followed three paths. Two of these paths were oriented eastward and
accounted for 33.12% and 30.69% of the total particles, respectively. Although these paths
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were similar in direction, they exhibited different velocities. The particles in the southern
path moved approximately 90 zonal degrees eastward, while those in the northern path
moved approximately 60 degrees eastward (Figure 2b). This discrepancy arose due to the
proximity of the black particles to the significant geopotential height gradient contours on
the northern side of the high-level westerly jet (Figure 3c,d), resulting in faster movement.
Most of the particles in the southern part of the CWB high PV region (Figure 3e) originated
from these eastward paths. Additionally, 36.18% of the particles followed a third path
characterized by turns (Figure 2b). Starting from 00:00 UTC 7 January, a ridge extended
northwestward (Figure 3c–e), and particles on the third path reached the ridge before being
transported poleward to approximately 60–70◦N. The black particles in the northern part
of the CWB high PV region followed this path (Figure 3e). At this stage, the altitudes of
these three paths were approximately 11 km, and there was minimal vertical displacement
of the particles (Figure 2b). In the vertical profiles, the southern region exhibited positive
anomalies in potential height (black contours), while the northern region displayed negative
anomalies. The upper-level jet had a maximum zonal wind speed exceeding 50 m·s−1 (blue
contour) near 30◦N from 00:00 UTC 6 January to 00:00 UTC 7 January (Figure 4a–e). Near
40◦N, the 330–310 K isentropes were highly compressed, indicating the establishment of
the subtropical upper frontal zone. The thermodynamic tropopause (red curve) and the
dynamic tropopause (contour lines of 4–6 PVU) were concave, and the average position of
the black high PV particles consistently remained above the tropopause at approximately
250 hPa, situated in the extratropical stratosphere.
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Figure 3. Locations of high PV particles (black dots) and low PV particles (pink dots) at various times
(a–i) on the 250 hPa isobaric surface in the equatorward CWB region. The color bar represents PV
values (unit: PVU), and the black contours represent the geopotential height (unit: gpm). The blue
contour denotes the zonal wind speed of 30 m·s−1.
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Figure 4. Locations of high PV particles (black dots) and low PV particles (pink dots) at various times
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of 20 K. The red contours represent the thermodynamic tropopause.

Four distinct forward clustering trajectories were identified for the high PV particles,
with three dominant turning paths accounting for 39.04%, 37.28%, and 17.72% of the total
particles, respectively (Figure 2b). These particles originated from different meridional
positions and followed irregular arcs towards the northeast before turning eastward. The
process was primarily influenced by the southwesterly airflow behind the ridge (Figure 3f–i).
As the ridge developed northwestward, a positive potential height anomaly was observed
in the upper troposphere near 60◦N starting from 12:00 UTC 7 January (Figure 4d–i),
accompanied by a convex tropopause. The negative potential height anomaly intensified
north of the ridge. By 12:00 UTC 9 January (Figure 4h–i), the polar front jet had strengthened
(maximum wind speed > 50 m·s−1), and the tropopause exhibited concavity near the upper
frontal zone on the northern side of the polar front jet. The high PV particles moved
from the upper subtropical frontal zone (around 40–50◦N) to the upper polar frontal
zone (around 60–70◦N). Throughout each trajectory period, vertical movement remained
insignificant, and the average pressure (height) of the high PV particles consistently hovered
at approximately 250 hPa (near 10 km) (Figures 2b and 4).

3.1.2. Trajectory of Low PV Particles in the CWB Region

There were three backward clustering trajectories observed for low PV particles in
the CWB region (Figure 2d), with two of them accounting for 30.48% and 28.88% of the
total particles, respectively, representing turning paths. Initially, in the horizontal direction,
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the particles in these two paths moved eastward from different zonal positions within the
latitudes of 30–40◦N. Subsequently, they transitioned to poleward and upward transport
channels at 150◦W. Within 48 h, these particles originated from an altitude of approximately
7 km along the lower edge of the high-level jet and underwent poleward movement of
approximately 30 degrees of latitude, ascending to an altitude of approximately 10 km
during the second phase. In the early stage, the low PV particles in the two turning paths
were advected eastward along the upstream North Pacific jet (pink particles near the large
geopotential height gradient contours in Figure 3a,b). As the ridge developed in the exit
region of the Pacific jet near 150◦W (Figure 3a–e), the southerly flow behind the ridge
transported the low PV particles from the jet’s exit region to higher latitudes.

The other path was the frontal climbing path, which accounted for 40.64% of the total
particles and originated from the lower layers at approximately 2 km. Over a span of 48 h
(Figure 2d), these particles were predominantly transported poleward and upward. In
the profile sections north of the jet exit zone near 150◦N, the 330–310 K isentropic surfaces
appeared dense and sagging at approximately 40◦N (Figure 4c–e). The ascending motion,
induced by the horizontal divergence of the upper-level non-geostrophic airflow, facilitated
the poleward and upward transport of low PV particles along the inclined isentropic
surface. Eventually, these particles reached approximately 40◦N near 250 hPa, remaining
within the troposphere due to the convexity of the tropopause (Figure 4e).

There were three distinct southeastward moving paths for low PV particles in the
CWB region, accounting for 41.91%, 34.38%, and 20.71% of the total particles, respec-
tively (Figure 2d). On the 250 hPa isobaric surface, the ridge line transitioned from a
northwest–southeast to a north–south direction following wave breaking, resulting in the
southeastward transport of internal low PV particles along the airflow ahead of the ridge
line (Figure 3e–g). Notably, the trajectory of 20.71% of the total particles in Figure 2d ex-
hibited a significant sinking transport during the later period. This sinking was attributed
to the particles moving into the airflow behind the trough on the southern side of the
downstream (Figure 3g–i). Subsequently, these particles moved southward accompanied
by dry cold air, invading into the lower atmospheric levels below 400 hPa (Figure 4h–i).

3.2. Trajectory Analysis in the Poleward CWB Region
3.2.1. Trajectory of High PV Particles in the CWB Region

During the poleward CWB event over the Atlantic (Figure 1b), we identified 2550 high
PV particles and 4083 low PV particles within the CWB region using backward and forward
trajectory tracking for 48 h each (Figure 5a,c). The trajectories of the high PV and low PV
particles were analyzed separately (Figure 5b,d).

Remote Sens. 2023, 15, x FOR PEER REVIEW  7  of  14 
 

 

total particles, respectively, representing turning paths. Initially, in the horizontal direc-

tion,  the  particles  in  these  two  paths moved  eastward  from  different  zonal  positions 

within the latitudes of 30–40°N. Subsequently, they transitioned to poleward and upward 

transport channels at 150°W. Within 48 h, these particles originated from an altitude of 

approximately 7 km along the lower edge of the high-level jet and underwent poleward 

movement of approximately 30 degrees of latitude, ascending to an altitude of approxi-

mately 10 km during the second phase. In the early stage, the low PV particles in the two 

turning paths were advected eastward along the upstream North Pacific jet (pink particles 

near the large geopotential height gradient contours in Figure 3a,b). As the ridge devel-

oped in the exit region of the Pacific jet near 150°W (Figure 3a–e), the southerly flow be-

hind the ridge transported the low PV particles from the  jet’s exit region to higher lati-

tudes. 

The other path was the frontal climbing path, which accounted for 40.64% of the total 

particles and originated from the lower layers at approximately 2 km. Over a span of 48 h 

(Figure 2d), these particles were predominantly transported poleward and upward. In the 

profile sections north of the  jet exit zone near 150°N, the 330–310 K  isentropic surfaces 

appeared dense and sagging at approximately 40°N (Figure 4c–e). The ascending motion, 

induced by the horizontal divergence of the upper-level non-geostrophic airflow, facili-

tated the poleward and upward transport of low PV particles along the inclined isentropic 

surface. Eventually, these particles reached approximately 40°N near 250 hPa, remaining 

within the troposphere due to the convexity of the tropopause (Figure 4e). 

There were  three distinct southeastward moving paths  for  low PV particles  in  the 

CWB region, accounting for 41.91%, 34.38%, and 20.71% of the total particles, respectively 

(Figure 2d). On the 250 hPa isobaric surface, the ridge line transitioned from a northwest–

southeast to a north–south direction following wave breaking, resulting in the southeast-

ward transport of internal low PV particles along the airflow ahead of the ridge line (Fig-

ure 3e–g). Notably, the trajectory of 20.71% of the total particles in Figure 2d exhibited a 

significant sinking transport during the  later period. This sinking was attributed to the 

particles moving  into  the airflow behind  the  trough on  the southern side of  the down-

stream (Figure 3g–i). Subsequently, these particles moved southward accompanied by dry 

cold air, invading into the lower atmospheric levels below 400 hPa (Figure 4h–i). 

3.2. Trajectory Analysis in the Poleward CWB Region 

3.2.1. Trajectory of High PV Particles in the CWB Region 

During  the poleward CWB event over  the Atlantic  (Figure 1b), we  identified 2550 

high PV particles and 4083 low PV particles within the CWB region using backward and 

forward trajectory tracking for 48 h each (Figure 5a,c). The trajectories of the high PV and 

low PV particles were analyzed separately (Figure 5b,d). 

   
Figure 5. Cont.



Remote Sens. 2023, 15, 3286 8 of 13
Remote Sens. 2023, 15, x FOR PEER REVIEW  8  of  14 
 

 

 

Figure 5. (a) The temporal distribution of trajectories for the 2550 high PV particles in the poleward 

CWB. The color bar represents the hours relative to the initial moment. (b) The distinct red and blue 

curves represent various  forward and backward clustered  trajectories  from  (a), respectively. The 

values in the figure indicate the percentage of particles in each trajectory path relative to the total 

particles (unit: %). (c,d) are same as (a,b), but for the trajectory of 4083 low PV particles. 

For the high PV particles within the CWB region, three eastward pathways were ob-

served. Although the horizontal speeds differed among these pathways, the vertical dis-

placements remained limited. Within the 48-hour period, 36.43% of the particles moved 

eastward for approximately 60 degrees of longitude, 42.47% moved eastward for nearly 

40 degrees of longitude, and 21.10% moved eastward for less than 20 degrees of longitude. 

These high PV particles primarily originated from the northern edge of the high-level jet 

over the North America–North Atlantic region (Figure 6a–e). Along the profile sections, 

the high PV particles remained in the stratosphere near 250 hPa (11 km) over 40°N, fol-

lowing the northern edge of the high-level jet (Figure 7a–e). At this location, the subtropi-

cal upper front zone gradually strengthened, and the tropopause exhibited concavity. 

 

Figure 6. Locations of high PV particles (black dots) and low PV particles (pink dots) at various 

times (a–i) on the 250 hPa isobaric surface in the poleward CWB region. The color bar represents 

PV values (unit: PVU), and the black contours represent the geopotential height (unit: gpm). The 

blue contour denotes the zonal wind speed of 30 m·s−1. 

Figure 5. (a) The temporal distribution of trajectories for the 2550 high PV particles in the poleward
CWB. The color bar represents the hours relative to the initial moment. (b) The distinct red and blue
curves represent various forward and backward clustered trajectories from (a), respectively. The
values in the figure indicate the percentage of particles in each trajectory path relative to the total
particles (unit: %). (c,d) are same as (a,b), but for the trajectory of 4083 low PV particles.

For the high PV particles within the CWB region, three eastward pathways were
observed. Although the horizontal speeds differed among these pathways, the vertical
displacements remained limited. Within the 48-h period, 36.43% of the particles moved
eastward for approximately 60 degrees of longitude, 42.47% moved eastward for nearly
40 degrees of longitude, and 21.10% moved eastward for less than 20 degrees of longitude.
These high PV particles primarily originated from the northern edge of the high-level jet
over the North America–North Atlantic region (Figure 6a–e). Along the profile sections, the
high PV particles remained in the stratosphere near 250 hPa (11 km) over 40◦N, following
the northern edge of the high-level jet (Figure 7a–e). At this location, the subtropical upper
front zone gradually strengthened, and the tropopause exhibited concavity.
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Figure 6. Locations of high PV particles (black dots) and low PV particles (pink dots) at various times
(a–i) on the 250 hPa isobaric surface in the poleward CWB region. The color bar represents PV values
(unit: PVU), and the black contours represent the geopotential height (unit: gpm). The blue contour
denotes the zonal wind speed of 30 m·s−1.
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Figure 7. Locations of high PV particles (black dots) and low PV particles (pink dots) at various
times (a–i) in vertical profiles in the poleward CWB region. The color bar represents PV values (unit:
PVU), and the black contours represent the zonal deviation of geopotential height (unit: gpm), with
a contour interval of 50 gpm. The blue contours depict the zonal wind, with a contour interval of
10 m·s−1. The purple contours indicate the equipotential temperature lines, with a contour interval
of 20 K. The red contours represent the thermodynamic tropopause.

In the poleward CWB region, three primary forward trajectories were observed for
the high PV particles. A significant proportion, 37.92% of the particles, followed a turning
pathway, migrating poleward and upward along the ridge periphery (Figure 6f–h) beyond
60◦N, before proceeding southeastward. The updraft of these particles, as depicted in
the profile sections (Figure 7h), was linked to the ascent of isentropic surfaces caused by
the convexity of the tropopause within the ridge region near 60◦N, indicating a positive
potential height anomaly. The remaining particles from the other two pathways (31.57% and
30.51%) moved eastward (Figure 5b) and diffused between 30◦N and 50◦N (Figure 7g–i).

3.2.2. Trajectory of Low PV Particles in the CWB Region

The backward trajectories of low PV particles within the CWB region can be catego-
rized into three distinct pathways. The most prominent pathway, encompassing 65.56% of
the total particles, involved an initial eastward transport along the lower edge of the high-
level jet, spanning approximately 30 degrees of longitude. Subsequently, these particles
turned to migrate poleward and upward within the ridge region (Figures 5d and 6a–e).
Another pathway, accounting for 26.08% of the particles, exhibited a poleward and upward
motion, covering approximately 25 degrees of latitude meridionally and 4.5 km vertically.
The ascending motion on the northern side of the high-level jet’s exit region, coupled with
the inclined isentropic surfaces of the subtropical upper frontal zone (Figure 7a–e), facili-
tated upward movement for these particles. Eventually, they entered the upper portion of
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the ridge beneath the tropopause bulge. A minority of particles followed an alternative
pathway.

Within the poleward CWB region, three forward trajectories were observed for the
low PV particles. All trajectories exhibited a clockwise motion within the North Atlantic
ridge (Figure 5b). The majority of particles were trapped within the northern section of
the ridge (Figure 6f–i), while particles in the southernmost part of the ridge (26.99%) were
transported southeastward by the northwesterly airflow within the western portion of the
southern trough. In the vertical cross-section, these particles descended below the 500 hPa
level within the trough region (Figure 7h,i).

3.3. Characteristics of Stratosphere–Troposphere Mass Exchange in the Two Types of CWB Events

Trajectory analysis and profile sections indicate a consistent distribution pattern, with
the majority of high PV particles consistently located in the stratosphere, while the majority
of low PV particles consistently remained in the troposphere. Only a small fraction of
particles underwent STE. However, due to the limited number of particles involved in
STE, accurate depiction through trajectory clustering analysis proved challenging. To
overcome this limitation, we quantitatively explored the STE process by examining the
relative variation in particle proportions based on different PV properties.

In the equatorward CWB region, the initial number of particles was 13,890. Of
these, 8086 were located in the stratosphere, 4681 exhibited tropospheric properties, and
1123 resided in the transitional layer. These particles accounted for 58.21%, 33.70%, and
8.08% of the total, respectively. As detailed in Section 2.2.2, a single particle represented an
estimated air mass of approximately 3.20 × 1010 kg. Six hours after the onset of CWB, the
number of particles in the troposphere and transitional layer started to decrease, while the
number of stratospheric particles increased (Figure 8a). Compared with the initial time,
an additional 255 particles (1.83% of the total) in the stratosphere suggested a net mass
transport of approximately 8.16 × 1012 kg to the stratosphere within six hours of the CWB
occurrence. Subsequently, the trend reversed, with a gradual decrease in stratospheric
particles and an increase in tropospheric and transitional layer particles. By the 48-h mark
following CWB occurrence, the number of stratospheric particles had decreased by 480
(3.45% of the total), while the number of tropospheric particles had increased by 299 (2.15%
of the total). Compared with the initial time, approximately 1.54 × 1013 kg of mass was
transported from the stratosphere to the troposphere, with approximately 9.57 × 1012 kg
crossing the transitional layer to reach the troposphere. The transport from the strato-
sphere to the troposphere in this equatorward CWB primarily occurred in the later stages,
specifically after 36 h following the CWB occurrence.

At the initial moment of the poleward CWB, there were 6633 particles, with 2267
located in the stratosphere, 3814 in the troposphere, and 552 belonging to the transitional
layer. These particles accounted for 34.18%, 57.50%, and 8.32% of the total, respectively.
The estimated mass of a single particle was approximately 3.71 × 1010 kg. Within the first
6 h after the poleward CWB occurrence, the number of particles in the stratosphere and
troposphere exhibited a slow decrease, while the particles in the transition layer began to
increase (Figure 8b). However, from 6 to 18 h, the tropospheric particles consistently showed
a large negative anomaly, whereas the particles in the stratosphere and transition layer
exhibited a positive anomaly. This indicates a significant TST during this period. At the 12th
hour after the CWB occurrence, the tropospheric particles reached a maximum decrease
of 1.48 × 1013 kg (399 particles, 6.01% of the total), transferring to the transition layer
and stratosphere. By the 18th hour, the stratospheric particles increased by 9.39 × 1012 kg
(253 particles, 3.81% of the total). Beyond the 18th hour, the stratospheric particles rapidly
decreased, while tropospheric particles increased, indicating STT. The transport of particles
from the troposphere to the stratosphere in this poleward CWB predominantly occurred
in the early stages, specifically within 18 h following the CWB occurrence. Notably, the
TST mass in this case was significantly lower compared with a tropopause folding event
discussed by Lamarque and Hess [44], where the TST mass was 4.9 × 1014 kg.
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Figure 8. Six-hourly variation of the percentage (unit: %) for each particle attribute in relation to
the total particles following the occurrence of equatorward CWB (a) and poleward CWB (b). The
stratospheric attribute particles are represented by the blue solid line, the tropospheric attribute
particles by the red solid line, and the transition layer particles by the black solid line.

4. Conclusions and Discussion

Based on the reanalysis data from ERA5, trajectory analysis was conducted on particles
in two representative cases of equatorward and poleward cyclonic wave-breaking (CWB)
events. Through integration with weather system analysis, the main pathways of particles
within the wave-breaking regions and the dominant influencing system were examined.
Furthermore, the estimation of stratosphere–troposphere mass exchange characteristics
following CWB occurrence in different cases was performed. The key findings are as
follows:

The occurrence of CWB events typically coincided with the development of a high-
level subtropical front, along with a ridge or a blocking high in the mid-latitudes. Simul-
taneously, the tropopause exhibited an anomalous pattern characterized by a downward
depression in the subtropics and an upward bulge in the mid-latitudes. Consequently, on
the boreal extratropical 330 K isentropic surfaces or the 250 hPa isobaric surfaces, a distinct
pattern emerged where the southern region was predominantly occupied by stratospheric
air, while the northern region was occupied by tropospheric air.

The particles within the wave-breaking region were influenced by the high-level sub-
tropical westerly jet. The majority of high PV particles in the wave-breaking region were
transported from the upstream stratosphere along the northern edge of the jet. Following
the occurrence of CWB, particle movement was controlled by the ridge or blocking circu-
lation. High PV particles exhibited significant horizontal migration but limited vertical
displacement. Conversely, most of the low PV particles in the wave-breaking region were
transported from the upstream troposphere along the lower edge of the jet. On average,
the low PV particles were located approximately 4 km lower than the high PV particles.
Prior to CWB, about one third of the low PV particles moved upward and poleward from
the middle–lower troposphere to the tropopause in the middle latitudes, along the inclined
isentropic surface within the subtropical high front and ascending motion on the north
side of the high-level jet exit region. After CWB, a quarter of the low PV particles moved
southward and descended below the 500 hPa isobaric surface, following the northwesterly
flow in the downstream trough.

The majority of initial high PV particles in the wave-breaking region were consistently
located in the stratosphere, while the low PV particles were predominantly in the tropo-
sphere. Only a small fraction (approximately 2% to 6%) of particles underwent STE. In the
equatorward CWB case, STE manifested as a net transport from the stratosphere to the
troposphere, occurring primarily between 24 to 48 h after the wave-breaking event, with
a maximum transported mass of approximately 1.54 × 1013 kg. Conversely, in the pole-
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ward CWB case, STE resulted in a net transport from the troposphere to the stratosphere,
primarily within 0 to 18 h after CWB occurrence, with a maximum transported mass of
approximately 1.48 × 1013 kg.

It is obvious that only one equatorward CWB case and one poleward CWB case have
been examined in this study. While efforts were made to consider their representativeness
in terms of horizontal scale during case selection, further verification is required to establish
their representative role in STE through analysis of additional cases.
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