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Abstract: This study used the FLEXPART-WRF trajectory model to perform forward and backward
simulations of a cut-off low (COL) event over northeast Asia. The analysis reveals the detailed
trajectories and sources of air masses within the COL. Their trajectories illustrate the multi-timescale
deep intrusion processes in the upper troposphere and lower stratosphere (UTLS) caused by the COL.
The processes of air intrusion from the lower stratosphere to the middle troposphere can be divided
into three stages: a slow descent stage, a rapid intrusion stage and a relatively slow intrusion stage. A
source analysis of targeted air masses at 300 hPa and 500 hPa shows that the ozone-rich air in the COL
primarily originated from an extratropical cyclone over central Siberia and from the extratropical jet
stream. The sources of air masses in different parts of the COL show some differences. These results
can help explain the ozone distribution characteristics in the main body of a COL at 300 hPa and at
500 hPa that were revealed in a previous study.

Keywords: cut-off low; FLEXPART-WRF model; UTLS; stratospheric intrusion

1. Introduction

Stratosphere–troposphere exchange (STE) is an important dynamic process which
takes place in the upper troposphere and lower stratosphere (UTLS). The STE primarily
involves energy and mass exchange. Mass exchange refers to processes such as stratospheric
air masses or chemical substances being transported downwards to the troposphere, as the
water vapor and aerosols in the troposphere enter the stratosphere [1–3].

In the 1990s, the World Climate Research Program (WCRP) established the Strato-
spheric Processes and their Role in Climate (SPARC) core plan. Research carried out in
recent decades has shown that the atmospheric composition budget and dynamics of the
UTLS region play an important role in global radiation balance and climate change [4].
Therefore, the STE process in the UTLS region has become the focus of a great deal of
research. The classical STE circulation model developed by Holton et al. [5] shows that
the global STE is primarily controlled by the Brewer–Dobson circulation. The STACCATO
plan [6] and START-05/08 experiments [7,8] launched in Europe and the Tibetan Plateau
atmospheric composition program [9,10] conducted in China provided an improved depic-
tion of the STE process related to synoptic and mesoscale systems in extratropical UTLS
areas (Ex-UTLS), revealing an active stratosphere–troposphere air-mixing process. In the
extratropical STE associated with the synoptic scale weather systems found in the Northern
Hemisphere, the cut-off low (COL) is one of the most important systems. However, the
specific mechanisms and details of the processes involved have not yet been elucidated.
Studies of the source regions of air masses in the COL, along with their detailed movement
trajectories and characteristics, still need to be further explored.
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The COL is defined as a closed cold and low-pressure system, located in the middle to
upper troposphere, which has grown out of a trough, having become completely detached
from the basic westerly current in the jet stream, and subsequently lying equatorward
of this westerly current [11]. COLs frequently occur in the regions of southern Europe,
North America, and northeast China–Siberia [12]. Using aircraft observation, Bamber [13]
discovered that an upper tropospheric air mass located within a 2 km thickness above
the COL displays the properties of both the troposphere and the stratosphere. During the
life cycle of COLs, the jet stream and tropopause fold can transport stratospheric air into
the troposphere [14–16]. These findings were attributed to the mixing of air between the
two atmospheric layers. The STE process caused by COLs is mainly driven by air moving
along the isentropic surface [17], as well as by air moving across the isentropic surface
caused by nonadiabatic processes such as wave breaking [18,19]; the latter is usually an
irreversible deep mixing process. For the STE process caused by COLs in different regions,
scientists have carried out observational data analysis and simulation research [20–24].
Škerlark et al. [25] used ERA-Interim ozone data to reveal the climatological process of
stratospheric air intrusion caused by global COLs, while Akritidis et al. [26] used CAMS
and MERRA-2 data to present the global climatology of tropopause folds.

Ozone sounding data [27,28], satellite data [29,30], and numerical simulations [31,32]
were used to study the STE induced by COLs in northeast Asia. Using 89 validated ozone
profiles in Changchun, China, Song et al. [28] revealed that COLs induced a 32% increase
in the UTLS column ozone. Li et al. [30] applied the TRAJ3D trajectory model to analyze
the air source of a COL event occurring over northeast Asia. Their results showed that air
masses with a high ozone concentration in the center of the COL have two source regions:
one is the polar vortex, and the other is the strong shear region on the cyclonic side of the
extratropical jet axis. These studies have proven that COL is an important weather system
that causes stratospheric ozone intrusion in northeast Asia, and which plays an important
role in the distribution of atmospheric composition in the UTLS region.

Our current understanding of the detailed transport processes in the UTLS region
induced by COLs over northeast Asia is still quite limited. Previous studies of the transport
trajectory caused by COLs over northeast Asia have used the reanalysis data with every 6 h
as a dynamic field to run the trajectory model [30]. In the present study, we use the Weather
Research and Forecasting (WRF) model to simulate a typical case of COL over northeast
Asia. The Lagrangian particle dispersion model FLEXPART driven by the WRF output,
namely FLEXPART-WRF, was used to simulate the trajectories and the sources of air masses
in this COL. Based on these results, the intrusions of the air mass on multiple time scales
are further discussed. Compared with simulations using the reanalysis data to drive the
trajectory model, the FLEXPART-WRF model uses the WRF model’s high spatio-temporal
resolution outputs as its dynamic fields, thus better simulating the trajectories of air parcels.

The remainder of this paper was organized as follows: Section 2 briefly introduces the
case, data source, and overview of this model. In Section 3, the simulations of the air parcel
intrusion trajectories and the sources of targeted air masses in the COL were performed,
and the simulation results were analyzed. Sections 4 and 5 provide the discussion and
main conclusions.

2. Case, Data, and Model
2.1. Case Overview

A typical case of COL was selected for model simulation, which occurred over north-
east Asia on 19–23 June 2010. For this case, a series of studies were already carried out
before. Its formation process and life cycle are consistent with the definition of COL found
in the literature [12]. At 00:00 on 19 June (UTC, the same as below), a shallow trough over
eastern Lake Baikal appeared in the middle and higher latitudes. With the deepening and
southeastward extension of the trough, a cut-off cyclone formed at 06:00 on 20 June over
northeast China. It intensified and reached its maximum intensity at 00:00 on 21 June.
Then, it weakened at approximately 18:00 on 21 June and moved eastward out of northeast
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China. For details of the meteorological analysis, the synoptic configuration and dynamical
tropopause related to this case, please refer to our past studies [31,33].

2.2. Data

Three datasets were used in this study. The final (FNL) operational global analysis
data from the National Centers for Environmental Prediction and the National Center
for Atmospheric Research (NCEP/NCAR) was taken as the initial field to drive the WRF
model. This dataset contained 26 vertical layers, ranging from 1000 hPa to 10 hPa, with a
horizontal resolution of 1◦ × 1◦.

The ERA5 reanalysis data from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) was used as the observational field to evaluate the simulation performance
of the WRF model. This dataset contains 37 vertical layers, ranging from 1000 hPa to 1 hPa,
with an hourly spatio-temporal resolution of 0.25◦ × 0.25◦. The variables used in this study
included the geopotential height, temperature, and horizontal wind.

The ozone distributions for the COL at 300 hPa and 500 hPa were provided by satellite
observations from Level 2 ozone data, taken from atmospheric infrared sounder (AIRS)
version 6 products. The AIRS satellite lies in a sun-synchronous polar orbit. It scans one
revolution of the Earth in approximately 96 min, making a total of 15 revolutions per day.
The horizontal and vertical resolutions of the AIRS data at the satellite’s nadir point are
13.5 km and 1 km, respectively, and the error in the ozone data of Level 2 below 0.5 hPa is
10–50% [34].

2.3. Model Introduction

The WRF is a next-generation high-resolution mesoscale meteorological model. It is
used for various forecasting and analytical applications, ranging from the synoptic to global
scale. WRF includes dozens of parameterizations for radiation, boundary layer processes,
convection, microphysics, and land surface processes, which are designed to better improve
the simulations and forecasts for synoptic systems.

The FLEXPART model, developed by the Norwegian Institute for Air Research, is a
Lagrangian particle dispersion model [35]. It can simulate the long-range and mesoscale
transport of tracers in the atmosphere by calculating the trajectories of particles (not
necessarily representing real particles, but infinitesimally small air parcels) released from
point, line, area or volume sources. The model can be extrapolated forwards in time to
simulate the dispersion of tracers from their sources, or backwards in time to determine
potential source contributions for given receptors.

The FLEXPART-WRF model is a combination of FLEXPART and WRF, where the
FLEXPART model is driven by the output of the WRF model. An interface program for
processing WRF outputs was added into the FLEXPART model, through which the pro-
cessed WRF results can be directly adopted as initial data for the FLEXPART-WRF model.
The initial meteorological field variables input to FLEXPART are pressure, geopotential,
temperature, wind, specific humidity, TKE, and dew point. The FLEXPART model uses do-
main filling technology. Before the simulation is run, the atmosphere in three-dimensional
space of the model on a regional scale, or even a global scale, is divided into a sufficient
number of particles. These particles are then distributed within the model domain pro-
portionally to air density. Each particle receives the same mass, with all particles taken
together accounting for the total atmospheric mass. Subsequently, particles move within
the atmosphere under the driving factors (i.e., wind, pressure, and temperature), after
which the atmospheric transport process can be simulated. A detailed technical description
of this model was given by Stohl et al. [35] and Brioude et al. [36], and the user guide is
available at https://www.flexpart.eu/ (accessed on 20 December 2021).

This study started with using a WRF model to carry out a numerical simulation of a
typical COL case occurring over northeast Asia. Based on the good performance of the
WRF model in simulating this weather process, the results obtained from this model, such
as geopotential height field, temperature field, and wind field with high spatio-temporal

https://www.flexpart.eu/
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resolutions, were used to drive the FLEXPART model. In other words, the FLEXPART-WRF
model (V3.1) was used to perform both the forward and backward trajectory simulations.
The transport trajectories and sources of the air parcels in this case were then further
studied, and the multi-timescale deep intrusions of the stratospheric air caused by the COL
discussed in detail. It should be noted that, since the results of the WRF model are only
used to drive the FLEXPART-WRF model, the evaluation of whether the WRF model is
capable of reproducing this COL process is discussed in the Appendix A, while the main
part of the paper primarily focuses on the analysis of the air movements inside the COL.

3. Results
3.1. Simulation of Air Parcel Intrusion Trajectories in the Cut-Off Low

The horizontal resolution of the WRF experiment was 27 km, while a substantially
fine height resolution of ~300 m was used for the vertical resolution. The top of the model
was set at 10 hPa, at a height of ~30 km. The WRF model outputs were used as the driving
fields to provide meteorological field for the operation of the FLEXPART model. First of all,
the FLEXPART-WRF model was used for the forward simulation of air parcels, aiming to
reveal the air parcel trajectories and transportation characteristics within the COL in the
UTLS region.

The simulation domain of the forward trajectory is 25–75◦ N, 80–150◦ E, with the
vertical layer extending from 100 hPa to 700 hPa. A 4-day forward trajectory simulation
was initiated at 17:00 on 18 June, ending at 18:00 on 22 June. At 17:00 on 18 June, a total of
one million air parcels were placed into the simulated three-dimensional area based on air
density distribution. They were distributed with a total mass of ~1.22 × 1012 kg, and the
value of the particle numbers and mass passed the significance test. The model output the
air parcel information every hour, including longitude, latitude, altitude, potential vorticity
(PV), and specific humidity.

STE can be divided into shallow exchange and deep exchange [37]. Deep intrusion is
irreversible, and has a remarkable effect on the chemistry of the lower tropospheric [38]. In
this study, we were aiming to investigate the deep intrusion of the stratospheric air parcels,
which involves multi-timescale transport processes. In existing references [30,37,39], the
criteria for deep stratospheric intrusion were defined as occurring when stratospheric
air parcels cross the dynamical tropopause of 2 PVU (1 PVU = 10−6 K m2 kg−1 s−1) and
penetrate levels below 700 hPa (or 600 hPa) within four days. Considering the characteristics
of summer COLs over northeast Asia, for this study, deep stratospheric intrusion is defined
as occurring when the air parcels cross the 2 PVU and 600 hPa surfaces within four days.
Specifically, the criteria for deep stratospheric intrusion are as follows:

(1) The PV of the air parcel at the initial position is greater than 2 PVU, and the specific
humidity is smaller than 1 g kg−1 (this ensures that the air parcel came from above
the 2-PVU isentropic surface and was located in the stratosphere at the initial time).

(2) Air parcels must cross both the 2-PVU and the 600 hPa surfaces within 4 days (this
ensures that the air parcel has experienced a deep intrusion).

(3) Air parcels that cross both the 2-PVU and the 600 hPa surfaces, but not lying within
the COL region, are eliminated from this study (this ensures that the deep intrusion
of the air parcels was caused by the COL). This study region is defined as a circular
area with a radius of 7◦ zonal distance, and the center point of the COL is defined as
being at the center of this circle.

The targeted parcels in the forward trajectory were selected by means of the above
criteria, and divided into three main different clusters based on their three-dimensional
trajectories. Figure 1 shows the three-dimensional trajectories of parcels associated with
deep intrusion. For further analyzing the features of deep intrusion, the time series of the
average values of longitude, latitude, altitude (pressure), PV, and specific humidity along
the trajectory of each cluster, are shown in Table 1.
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Figure 1. Three-dimensional structure of trajectory clusters corresponding to A1 (a), A2 (b), and
A3 (c). Color bars represent the 4-day forward trajectories of the air masses starting at 18:00 UTC on
18 June and ending at 18:00 UTC on 22 June, taken at 12 h intervals. The black contours represent the
500 hPa geopotential height, while the vertical black lines show the central position of the COL at
00:00 on 21 June. The projection of trajectories at the horizontal level are also shown.

Table 1. Time series for the average values of longitude, latitude, pressure, PV, and specific humidity.

Cluster Day_Hour Long (E) Lat (N) P (hPa) PV (PVU) q (g/kg)

A1

18_18 109.13 57.41 317.95 4.03 0.04
19_06 119.37 51.80 323.81 3.53 0.06
19_18 125.75 56.31 325.29 2.98 0.07
20_06 123.27 55.73 364.44 1.48 0.13
20_18 125.86 46.20 379.86 1.04 0.21
21_06 130.95 48.02 409.28 0.73 0.36
21_18 126.11 49.35 492.31 0.48 0.64
22_06 123.90 44.92 543.50 0.45 0.86
22_18 127.07 41.64 565.33 0.42 1.17

A2

18_18 113.13 70.18 321.11 4.52 0.05
19_06 113.26 64.02 329.62 4.08 0.06
19_18 120.32 55.58 338.40 3.53 0.07
20_06 125.08 50.68 344.22 2.04 0.07
20_18 126.33 50.26 354.25 1.80 0.10
21_06 128.40 47.86 364.42 1.46 0.17
21_18 128.00 48.19 419.82 1.07 0.31
22_06 126.42 45.11 494.29 0.71 0.50
22_18 129.78 42.27 551.90 0.69 0.91

A3

18_18 111.93 63.75 325.84 3.12 0.05
19_06 116.61 60.26 337.70 2.55 0.05
19_18 120.55 57.41 373.37 1.78 0.17
20_06 123.13 50.43 388.44 1.45 0.20
20_18 128.56 47.43 427.63 1.27 0.30
21_06 131.34 49.72 502.22 0.77 0.54
21_18 127.44 49.80 521.34 0.69 0.75
22_06 125.22 46.06 569.05 0.67 0.98
22_18 127.28 43.16 601.62 0.66 1.38
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Combining Figure 1 and Table 1, it can be seen that the locations of the source regions
for clusters A1 and A3 were very close to each other, both originating from the trough
over the northern part of Lake Baikal (at approximately 55◦ N, 108◦ E), while air parcels
in cluster A2 originated from the extratropical cyclone formed over the northern part
of central Siberia (at approximately 70◦ N, 112◦ E). There are certain differences among
the trajectories of these three clusters. Cluster A1 (Figure 1a), which originated near the
northern part of Lake Baikal, moved southeastwards and then entered northeastern China
from 18:00 on 18 June to 18:00 on 19 June. During the cut-off stage of the trough (from 18:00
on 19 June to 06:00 on 20 June), the air parcels cyclonically rotated one circle inside the
trough before rapidly inclining downwards and intruding into the middle troposphere
at approximately 500 hPa (from 06:00 on 20 June to 18:00 on 21 June). From 18:00 on
21 June to 18:00 on 22 June, the air parcels in cluster A1 in the middle troposphere rotated
anticlockwise around the center of the COL and slowly moved downwards.

Visibly different from cluster A1, the air parcels in cluster A2, which originated in the
extratropical cyclone over the northern of central Siberia (Figure 1b), slowly descended
from the lower stratosphere from 18:00 on 18 June to 06:00 on 21 June. This process took
one more day than in cluster A1 for the air parcels to reach 364 hPa (Table 1), after which
they entered China via Mongolia. Subsequently, the air parcels rotated anticlockwise for
one circle and then rapidly intruded downwards into the middle troposphere (~550 hPa)
from 06:00 on 21 June to 18:00 on 22 June.

Cluster A3, which originated from the same source as cluster A1, was the deepest
and fastest-moving cluster when intruding downwards (Figure 1c). The air parcels moved
southeastward and passed through Mongolia to arrive in northeastern China. After that,
they inclined downwards and rapidly intruded into the middle troposphere at approxi-
mately 520 hPa, from 18:00 on 18 June to 18:00 on 21 June. Subsequently, in the middle
troposphere, the air parcels cyclonically revolved around the center of the COL and slowly
moved downwards to reach approximately 600 hPa, from 18:00 on 21 June to 18:00 on June
22. This process is called “rotation” intrusion [30].

In general, from the air parcel trajectories revealed in Figure 1 and Table 1, it can be
seen that in the UTLS region, as the trough develops, the stratospheric air masses slowly
moved southwards from the bottom of the trough at higher latitudes, before rotating and
slowly intruding downwards in the trough. When the trough was cut off (at 06:00 on
20 June), and as the COL developed, the air masses tilted downwards and quickly intruded
into the middle troposphere at approximately 500 hPa. After that, the air masses rotated
and were slowly transported downwards under the control of the anticlockwise circulation
of the COL below 500 hPa. The simulation results of this trajectory support the results
obtained by Li et al. [30] using the TRAJ3D model.

In addition, the average values of PV and specific humidity in Table 1 reveal that,
along particle trajectories, the low specific humidity (high PV) in the stratosphere started
to increase (decrease) as particles entered the troposphere. This is because of the mixing
occurring between the dry air from the stratosphere and the moist air in the troposphere.

Figure 2 further shows the changes in average height of the air parcels in clusters
A1–A3, as well as changes in the mean value of the average heights of the three clusters
over time. It was found that the changes in average height over time are basically similar
among the three clusters, but there are still some slight differences. For example, above
500 hPa, the height of cluster A3 more rapidly decreased, while cluster A2 was the slowest.

According to the evolution of the COL described in Section 2.1, we divided its life
cycle into three stages, referred to as the pre-formation stage, developmental and mature
stage, and decay stage. By analyzing the mean value of the average heights of the three
clusters over time (the black line), it was found that the movement trajectory of the air
masses presented multi-timescale features. The first was a slowly descending stage, which
was the development period of the upper trough (from 18:00 on 18 June to 06:00 on
20 June), corresponding to the pre-formation stage of the COL. The air masses were
slowly transported downwards with the development of the upper trough, descending by
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approximately 921 m (from ~320 hPa to ~365 hPa) within 36 h. The second was a rapid
intrusion stage. As the COL was cut off and rapidly developed (from 06:00 on 20 June
to 18:00 on 21 June), this corresponded to the developmental and mature stage. The air
masses rapidly intruded from the upper troposphere to the middle troposphere within
36 h, descending by approximately 2061.6 m (from ~365 hPa to ~490 hPa). Finally, there
was a relatively slow intrusion stage (from 18:00 on 21 June to 18:00 on 22 June), which
corresponded to the decay stage. The air masses dropped to approximately 500 hPa during
the second stage. As affected by the anticlockwise circulation of the COL, the air masses
slowly rotated and descended during this stage, extending downwards by approximately
1095.3 m (from ~490 hPa to ~573 hPa) within 24 h.

Figure 2. Time series of the average pressure of air clusters A1–A3 (blue: A1; brown: A2; green: A3)
and the mean value of the average pressure of the three clusters (black). The time in horizontal axis
is day-hour.

3.2. Simulation of the Sources of Targeted Air Parcels in the Main Region of the Cut-Off Low

Aiming to explore the sources of targeted air parcels in the main region of the COL and
in order to further discuss the ozone transport processes in the UTLS region, the FLEXPART-
WRF model was also applied to the backward trajectory simulation. The simulation area
was 35–56◦ N, 110–150◦ E. A 3-day simulation was initiated at 19:00 on 21 June and ended
at 18:00 on 18 June. A total of 10,000 air parcels were distributed in the simulation area
at 300 hPa and 500 hPa according to the air density distribution at 19:00 on 21 June, with
a total mass of ~1.22 × 1010 kg. Similar to the forward simulation, the values of both
particle numbers and mass passed the significance test, and the model output the air parcel
information every hour. These included the longitude, latitude, altitude, potential vorticity,
and specific humidity.

It should be noted that, from the previous analysis, the 500 hPa is the key level and is
located in the middle troposphere based on the COL structure. Meanwhile, the 300 hPa
is approximately the level that the air concentrations are intermediate between typical
tropospheric and stratospheric values. The targeted parcels were therefore selected at these
two levels. Figure 3 displays the distributions of ozone at 300 hPa and 500 hPa from the
AIRS satellite data at 18:00 on 21 June, superimposed by the geopotential height and PV
from the ERA-Interim reanalysis data. At 300 hPa and 500 hPa, the main body of the
COL corresponded to large-value areas of both ozone and PV. Therefore, according to the
horizontal structure of the COL at 18:00 on 21 June, we selected the targeted parcels lying in
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the center, east, west, and south sides of the COL, which are, respectively, marked in blue,
orange, red, and green (Figure 4), in order to analyze the source of the ozone-rich air masses
and further discuss the multi-timescale transportation processes in the UTLS region.

Figure 3. Ozone distributions (shaded, unit: ppmv) at 300 hPa (a) and 500 hPa (b) pressure surfaces at
18:00 on 21 June taken from the AIRS satellite data. The panels are superimposed by the geopotential
height (gray dashed line, unit: gpm) and potential vorticity (black contour, unit: PVU) taken from the
ERA-Interim reanalysis data.

Figure 4. Schematic diagram of the partition of target air parcels lying in the center (blue), east
(orange), west (red), and south (green) side of the COL at 300 hPa (a) and 500 hPa (b).

The initial positions of the four parts of the targeted parcels in the main body of the
COL at 300 hPa, along with their 3-day backward trajectories, are illustrated in Figure 5.
Figure 6 provides the changes in the height of targeted parcels in each part. By jointly
analyzing these two figures, the sources and transport characteristics of air parcels in each
part of the COL are revealed.
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Figure 5. The initial positions of the four parts of the targeted parcels in the main body of the COL
at 300 hPa (a). Projection of the targeted parcels on the longitude–latitude, longitude–height, and
latitude–height planes at 18:00 on 20 June (b), at 18:00 on 19 June (c) and at 18:00 on 18 June (d). The
geopotential height (black contours, unit: gpm) are additionally plotted on each longitude–latitude
plane. Colored dots indicate different clusters. The superimposed pink solid line in (d) represents the
extratropical jet stream axis.

Figure 6. The 3-day backward trajectory of the height of air parcels at the center (a), east (b), west (c),
and south (d) sides of the COL at 300 hPa.

Air parcels in the central part of the COL (the blue cluster), those with the highest ozone
concentration of all clusters, mainly originated from two sources—one was the extratropical
cyclone over central Siberia, and the other was the cyclonic side of the extratropical jet
stream (near 55◦ N, west of 80◦ E) (Figure 5d). The air parcels simultaneously represent
both ascending and descending motion. They could quickly move downwards, from a
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level of 55 hPa to approximately 200 hPa within 36 h (from 18:00 on 18 June to 06:00 on
20 June), and then slowly descend to 300 hPa (Figure 6a).

On the east and west sides of the COL (the orange and red clusters), the ozone concen-
tration was lower. Most of the air parcels came from the trough located at approximately
30–40◦ N (Figure 5d). The few descending air parcels in these two targeted regions orig-
inated from the extratropical cyclone and the extratropical jet stream, and then slowly
descended from the lower stratosphere to 300 hPa (Figure 6b,c).

The air parcels on the south side of the COL (the green cluster) primarily came from
the anticyclonic side of the extratropical jet stream (Figure 5d). The trajectory of the air
parcels in this part was similar to that in the central part of the COL, where a small
amount of air parcels could rapidly move from a level of 55 hPa down to approximately
200 hPa (Figure 6d).

Figures 7 and 8 are the same as Figures 5 and 6, respectively, but for 500 hPa. From
Figures 7 and 8, it can be seen that the air parcels in the central part (blue) of the COL
mainly came from the extratropical cyclone over central Siberia and from the trough on
the south of the cyclone. Most of the air parcels on the east side (orange) of the COL came
from the trough located at approximately 30–40◦ N. The air parcels on the west side (red)
of the COL mainly originated from the extratropical cyclone over central Siberia. The air
parcels on the south side (green) of the COL mainly came from the anticyclonic side of
the extratropical jet stream (Figure 7d). There was both ascending and descending motion
observed for air parcels in the four targeted regions. The descending air parcels mainly
intruded from approximately 300 hPa down to 500 hPa (Figure 8).

Figure 7. The initial positions of the four parts of the targeted parcels in the main body of the COL
at 500 hPa (a). Projection of the targeted parcels on the longitude–latitude, longitude–height, and
latitude–height planes at 18:00 on 20 June (b), at 18:00 on 19 June (c) and at 18:00 on 18 June (d). The
geopotential height (black contours, unit: gpm) are additionally plotted on each longitude–latitude
plane. Colored dots indicate different clusters. The superimposed pink solid line in (d) represents the
extratropical jet stream axis.
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Figure 8. The 3-day backward trajectory of the height of air parcels at the center (a), east (b), west (c),
and south (d) sides of the COL at 500 hPa.

As Figures 6 and 8 do not adequately illustrate the numbers of descending and
ascending particles, Figure 9 further presents the proportion of descending and ascending
particles for each part at 300 hPa and 500 hPa, respectively. If a particle was located above
300 hPa at 18:00 on 18 June, and continuously descended to 300 hPa over time, in this case,
it belongs to the descending particles category. Similarly, the number of ascending particles
can also be obtained, and hence, the total number of particles attained.

Figure 9. Percentages of descending and ascending air parcels for each part at 300 hPa (a) and 500 hPa (b).

It can be seen from Figure 9a that the number of descending air parcels coming
from above 300 hPa accounted for 63.7% of the total. This correspondingly produced a
high ozone concentration area in the central part of the COL (Figure 3a). The proportion
of ascending particles from below 300 hPa in the east and west parts were 69.2% and
67.3%, respectively. This indicated that it was mostly ozone-poor air from lower altitudes,
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undergoing an upward motion, caused the ozone concentration in the east and west parts
of the COL to be much lower.

The target particles at 500 hPa mostly came from above 500 hPa, with the downward
motion ending at 500 hPa. In the center, east, west, and south sides of the COL, the
proportions of descending air parcels to the total were 42.3%, 69.4%, 81.3%, and 78.4%,
respectively (Figure 9b). These descending air parcels illustrated that ozone-rich air masses
probably intrude into the middle troposphere, or possibly even lower. It should be noted
that, although the ozone concentration in the central part of the COL is at its highest
value at 500 hPa, the number of descending particles is at its lowest, while the number
of descending particles located at the periphery of the COL (east, west, and south parts)
are much greater. We considered that these were probably affected by the anti-clockwise
horizontal wind at the periphery of the COL between 300 hPa and 500 hPa, since the
peripheral air parcels of the COL primarily showed a rotating descending motion (as the
results from the forward trajectory revealed, as outlined in Section 3.1). Therefore, the
number of descending particles is greater than those inside the central part of the COL.
However, the ozone-rich air masses came from the stratosphere, while the descending
air parcels in the central area came from a higher altitude; thus, even if the proportion of
descending air parcels in the central part is lower, a high ozone concentration can still be
maintained.

4. Discussion

According to the forward and backward simulations carried out for this study, as the
COL developed, the air parcels in the lower stratosphere rapidly intruded downwards as
the tropopause descended, finally reaching the upper troposphere. Subsequently, the air
parcels rotated anticlockwise around the center of the COL and slowly descended to the
middle troposphere. This “fast intrusion” in the upper troposphere and “slow intrusion”
in the middle troposphere reflected multi-timescale intrusions within the transport pro-
cesses of the air masses. Therefore, this can to some extent explain the ozone distribution
characteristics in the main body of the COL at 300 hPa in the upper troposphere, and at
500 hPa in the middle troposphere, which were revealed in our previous study [40]. In
that study, a large amount of reanalysis data and satellite data were used to statistically
analyze the spatio-temporal distributions of ozone in the UTLS region using a total of
186 COL events. The results showed that the area with a higher ozone concentration in the
upper troposphere (300 hPa) was distributed around the center of COLs, which coincided
with the distribution of high PV. In the middle troposphere (at 500 hPa), there were two
regions with enhanced levels of ozone concentration, with the highest being located to
the east of COLs, and the second highest in the center of COLs. This spatial distribution
of ozone in the upper troposphere was mainly affected by the descending, or folding, of
the tropopause. The ozone was subjected to a “rotary” transport process in the middle
troposphere, primarily influenced by the anticlockwise circulation of the COLs and the
surrounding horizontal wind distribution. From the analysis of the intrusion trajectories
and time scales of the transport processes carried out in this study, the explanation given
by Chen et al. [40] was further confirmed.

This study revealed the multi-timescale transport processes of the deep intrusion in
the UTLS associated with a COL, and provided a foundation for the detailed description
of the STE process caused by textratropical weather systems. However, it does have its
limitations, as it only simulates and analyzes one single COL case; trajectories and sources
of air masses in COLs with different intensities and of different types may be different.
Therefore, further studies are needed in this area.

5. Conclusions

Cut-off lows are synoptic-scale systems that play an important role in STE within
the Ex-UTLS. This study first used the WRF model to simulate the typical case of a COL
over northeast Asia, and then applied the output of the WRF model to drive a FLEXPART-
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WRF model to carry out both forward and backward simulations. The aim was to reveal
the detailed trajectories and sources of the air masses inside the COL, and to discuss the
intrusions on different time scales.

The trajectory of the air masses presented multi-timescale features, and the process
in the UTLS region could thus be divided into three stages. The first stage was the slow
descending stage, which was also the development period of the upper trough. The air
masses slowly transported downward as the upper trough developed, descending by
approximately 921 m within 36 h. The second was the rapid intrusion stage. The air masses
rapidly intruded from the upper troposphere into the middle troposphere within 36 h,
descending by approximately 2061.6 m. The third stage was a relatively slow intrusion
stage. Since they were affected by the anticlockwise circulation of the COL, the air masses
slowly rotated and descended from the middle troposphere during this stage, extending
downwards by approximately 1095.3 m within 24 h.

In the upper troposphere (300 hPa), the air masses in the central part of the COL
primarily originated from an extratropical cyclone over central Siberia and from the cyclonic
side of the extratropical jet stream. On the east and west sides of the COL, most of the air
masses came from the trough located at approximately 30–40◦ N. The air masses on the
south side of the COL mainly came from the anticyclonic side of the extratropical jet stream.
In the middle troposphere (500 hPa), the air masses in the central part of the COL primarily
came from the extratropical cyclone over central Siberia and the trough located to the south
of this cyclone. Most of the air masses on the east side of the COL came from the trough
located at approximately 30–40◦ N. The air masses on the west side of the COL mainly
originated from the extratropical cyclone over central Siberia. The air masses on the south
side of the COL mainly came from the anticyclonic side of the extratropical jet stream.

The forward and backward simulations revealed that, with the development of
the COL, the air masses in the lower stratosphere rapidly intruded downwards as the
tropopause descended, before reaching the upper troposphere. Subsequently, the air masses
rotated anticlockwise around the center of the COL and slowly descended to the middle
troposphere. The “fast intrusion” in the upper troposphere and the “slow intrusion” in the
middle troposphere reflect the features of multi-timescale intrusion during the transporta-
tion processes of air masses.
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Appendix A. Numerical Experiment and Validation of the COL Case

Appendix A.1. Numerical Experiment

The Advanced Research Weather Research and Forecasting model (WRF-ARW) of
version 3.8 was used to simulate the evolution of a COL occurring on 19–23 June 2010.
A 4.5-day time integration was carried out from 12:00 UTC on 18 June to 00:00 UTC on
23 June. A single domain was assigned to the defined region, as shown in Figure A1.
This time period and region covered the entire COL area and life cycle. The horizontal
resolution was 27 km, and a substantially fine height resolution of ~300 m was used for
the vertical. The top of the model was set to 10 hPa, at a height of ~30 km. Conventional
physical parameterization schemes were used, which have also previously been applied to
our published works [31,33]; these include the Lin microphysics scheme, the Kain–Fritsch
cumulus parameterization scheme, the YSU planetary boundary layer scheme, the RRTM
long-wave radiation scheme, and the Dudhia short-wave radiation scheme. The model
variables were saved at 30 min time intervals.

Figure A1. Domain of the model, and tracks of the simulated (blue dots ‘•’) and the real (red triangles
‘N’) cut-off low. The horizontal axis is longitude, and the vertical axis is latitude.

Appendix A.2. Validation of the Simulated Characteristic of the COL Case

By using the ERA5 analysis and modeling data, the grid point with the lowest value
at 500 hPa geopotential height was selected as the center of the COL. Its movements are
plotted in Figure A1, which is confined to the period from 06:00 UTC on 20 June to 06:00
UTC on 22 June, taken at 6 h time intervals. Figure A1 shows that the simulated track is in
good agreement with the ERA5 analysis over the two days.

Taking 06:00 UTC on 19 June and 06:00 UTC on 21 June as an example, detailed
comparisons of the simulated geopotential height and temperature at 500 hPa and 200 hPa
isobaric maps with the ERA5 analysis, are shown in Figures A2 and A3, respectively.
Combining Figures A2 and A3, it can be seen that the model results can well simulate
the process of the continuous deepening of the trough to the South, and the formation of
the COL. The simulated geopotential height and temperature distributions agreed well
with the ERA5 data. Additionally, there was good agreement in terms of the location and
intensity of the COL, both in the cold core at 500 hPa (Figure A2d), as well as in the warm
core at 200 hPa (Figure A3d).
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Figure A2. The 500 hPa geopotential height (solid lines, unit: gpm) and temperature (dash–dot lines,
unit: ◦C) from the ERA5 data (a,c) and the simulation (b,d), at 06:00 UTC on 19 June, and at 06:00
UTC on 21 June, respectively.

Figure A3. The 200 hPa geopotential height (solid lines, unit: gpm) and temperature (dash–dot lines,
unit: ◦C) from the ERA5 data (a,c) and the simulation (b,d), at 06:00 UTC on 19 June, and at 06:00
UTC on 21 June, respectively.
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A comparison of the simulated horizontal wind on 300 hPa isobaric maps and the
meridional cross-section of the horizontal wind at 130◦ E (taken at 06:00 UTC on 21 June)
with the ERA5 analysis data are shown in Figure A4. The results show that the jet stream
near 62◦ N and the jet stream surrounding the COL were well reproduced (Figure A4a,b).
Moreover, in the meridional cross-section, there was good agreement between the ERA5
analysis data (Figure A4c) and the simulation results (Figure A4d). For example, the
distribution of the wind field and the height of the jet stream core near 300 hPa were very
similar using both methods.

Figure A4. The 300 hPa horizontal wind (unit: m/s) from the ERA5 data (a), the simulation (b),
and the meridional cross-section of horizontal wind at 130◦ E from the ERA5 data (c) and from the
simulation (d) at 06:00 UTC on 21 June.

In conclusion, the comparison showed that the model was able to accurately reproduce
the temperature–pressure features and the horizontal wind structure during the life cycle
of the COL. These results also indicated that the simulation data of the WRF model can be
used to construct the initial fields required for driving the FLEXPART model, and that the
FLEXPART-WRF model is thus suitable for carrying out further research on the simulation
of air trajectories inside a COL.
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