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Abstract: This paper presents the results of a statistical study of the spatiotemporal distribution
of ozone in the upper troposphere and lower stratosphere (UTLS) regions induced by cut-off lows
(COLs) over Northeast Asia. The analysis was based on high-resolution ERA-Interim ozone data
and Atmospheric Infrared Sounder (AIRS) satellite data for the period from 2005–2015. A total of
186 COL events were detected. The observed ozone distribution revealed an ozone-rich region in
the upper troposphere (300 hPa) located around the center of the COLs at the time when COLs
reached their maximum intensity. This region corresponds to a region of high potential vorticity (PV).
In the middle troposphere (500 hPa), enhanced levels of the ozone were distributed in two regions.
The maximum concentration was located to the east of the COLs, and a secondary maximum region
was in the center of the COLs. Further analysis revealed that this spatial distribution of ozone in the
upper troposphere was affected mainly by decreased tropopause. The ozone was subject to a ‘rotary’
transport process in the middle troposphere, influenced mainly by the anticlockwise circulation
of the COLs and the surrounding horizontal wind distribution. The temporal variations in ozone
anomalies also revealed the ozone distribution patterns and transport processes. The variation in
ozone anomalies implied that the magnitude of the ozone increase was closely related to the evolution
of COLs lifecycle. The temporal and spatial distributions of the ozone revealed by the statistical
analysis of the AIRS satellite data were overall consistent with those of the ERA-Interim data.

Keywords: cut-off lows (COLs); stratosphere–troposphere exchange (STE); ozone; AIRS satellite data

1. Introduction

Stratosphere–troposphere exchange (STE), which transports materials through the tropopause,
is an important dynamic and chemical process that takes place in the region of the upper troposphere
and lower stratosphere (UTLS). STE processes play important roles in controlling the budget of trace
substances (e.g., ozone, water vapor, and sulfur dioxide) located in the UTLS region [1]. The processes
could potentially affect climate change as well [2,3].

Through studies of STE in the past 20 years, the classical STE circulation model developed by
Holton et al. has been updated [4]. Stohl et al. [5] showed that one of the most important achievements is
a detailed depiction of the STE process in extratropical areas. The extra-tropical UTLS region (Ex-UTLS)
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is generally considered to cover a range of 5 km above and below the tropopause [6]. The STACCATO
(Stratosphere-Troposphere Exchange in a Changing Climate on Atmospheric Transport and Oxidation
Capacity) program [7] and START (Stratosphere-Troposphere Analyses of Regional Transport) –05/08
experiments [8,9] conducted in Europe, and the Tibetan Plateau atmospheric composition project
conducted in China [10,11] examined the trace substance distribution in the UTLS region through
aircraft-based measurements and other means, which reveals an active stratosphere-troposphere
air-mixing process in the Ex-UTLS region. The large quantities of air crossing the tropopause are driven
by synoptic and mesoscale processes, such as cut-off lows (COLs) [12], the South Asian High [13],
and tropopause folding, as well as exchanges across the isentropic surface caused by nonadiabatic
processes such as wave breaking [14,15]. However, the specific mechanisms and details of the involved
processes have not been clarified. Therefore, an objective and in-depth understanding of the distribution
of tracers and the STE process in the Ex-UTLS region are important.

Cut-off lows occur frequently in the regions of Southern Europe, North America, and Northeastern
China–Siberia [16]. The type of COLs detected at 500 hPa in Northeastern China, which is accompanied
by a cold core in the middle and upper troposphere, is traditionally called a “northeast cold vortex” [17,18].
This type of COLs is typically displayed as a closed geopotential low with a cold core, which has
grown out of a trough and becomes displaced out of the basic westerly current and lies equatorward of
this current. Cut-off lows move slowly and usually stay in an area for several days [19]. The COL is
an important synoptic scale system associated with extratropical STE in the Northern Hemisphere.
Cut-off lows have been studied extensively because they can cause severe weather and contribute to
STE [12,20,21]. In the pre-formation stage of a COL, the turbulence near the jet stream likely leads to
mixing of the air between the stratosphere and troposphere. During the lifecycle of a COL, due to the
interaction of a lower front and an upper front, tropopause folding happens on one flank of the jet
stream, which results in the occurrence of STE [22].

Because ozone is present in large quantities in the stratosphere compared to the troposphere, it is
frequently used as a tracer for STE events [23,24]. Ozone is a greenhouse gas, and deep STE down
to the lower troposphere can also contribute to enhanced ozone levels at the ground surface that
affects plant and human health [25,26]. Using ozone sonde, airborne, and air quality measurements
data, several studies have shown that stratospheric air invasion was caused by COLs’ contributing
to the tropospheric ozone budget over mid-latitudes during the spring and winter time [24,25,27].
In addition, reanalysis data [28] and trajectory models [29] have detected stratosphere-to-troposphere
events caused by COLs and tropopause folding. Škerlark et al. [30] used ERA-Interim ozone data to
study the global climatology of STE from 1979 to 2011. Their study provided a solid foundation for the
investigation of STE using high-resolution ERA-Interim ozone data.

Ozone sounding data in Northeast Asia [31,32], satellite data [33,34], and numerical simulations [35,36]
have been used to study STE induced by COLs in Northeast Asia. Song et al. [32] used 89 validated
ozone profiles in Changchun, China, to study the influence of COLs on UTLS ozone variations. Their
results showed that, on average, COLs induced a 32% increase in the UTLS column ozone (between
4 km below and above the lapse-rate tropopause). Liu et al. [33] studied the effects of a COL process
over Northeast China on the total column ozone using Microwave Limb Sounder (MLS) and High
Resolution Dynamics Limb Sounder (HIRDLS) satellite ozone data and showed that increases in
ozone concentration could be attributed to both the descent of the tropopause and stratospheric ozone
invasion into the troposphere. Chen et al. [35] used the Weather Research and Forecasting (WRF)
model to simulate the STE process and found evidence of active exchange in a COL pre-formation
stage. These case studies have demonstrated that COLs play an important role in the redistribution of
ozone in the Ex-UTLS region over Northeast Asia.

Studies of the STE caused by COLs over Northeast Asia have focused mainly on the effect of
STE on the concentration of tracers [32], the two-way exchange of tracers [34], the transport trajectory
of air [36], and the overall effect of air mass exchange [35,37]. These studies have been limited to
individual case studies. Our current understanding of the spatial distribution and temporal evolution
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of ozone in the UTLS region caused by COLs over Northeast Asia is still very limited. In the present
study, using high-resolution reanalysis data and Atmospheric Infrared Sounder (AIRS) satellite data,
we examined COL events over Northeast Asia for the period of 2005–2015 and conducted a statistical
analysis of the spatial distribution and temporal evolution of ozone in the UTLS region induced by
COLs. The aim was to determine the effect of COLs on the ozone redistribution in the UTLS region.

The remainder of the paper is organized as follows. The meteorological and ozone data obtained
from ERA-Interim reanalysis and AIRS observations are described in Section 2. Section 2 and the
appendix also provide details of the analysis methods. In Section 3, the spatial distributions and
temporal evolution of the ozone in the UTLS region revealed by the two data sources are analyzed in
detail. In Section 4, we present a summary and discussion.

2. Data and Methodology

2.1. Ozone and Meteorology Data

In our study, ERA-Interim, 6-h reanalysis dataset with 2.5◦ × 2.5◦ horizontal resolution and 37
vertical pressure levels of geopotential height, temperature, and the horizontal wind field was used to
identify COL events in Northeast Asia for the period of 2005–2015.

ERA-Interim ozone dataset with 0.125◦ × 0.125◦ horizontal resolution and 6-h temporal resolution
was used in a statistical analysis of the ozone distribution in the UTLS region induced by COLs
in the 11-year period from 2005 to 2015. These data, which have high spatiotemporal resolution,
were sufficient to capture important synoptic data to meso-scale STE processes. The 0.125◦ × 0.125◦

monthly mean ozone data were used for calculating the mean state of the ozone over the 11 years.
When analyzing the impact of COLs on the distribution of ozone, 6-h ERA-Interim meteorological
re-analysis datasets with 0.125◦ × 0.125◦ horizontal resolution, such as geopotential height, potential
vorticity, and the horizontal wind field, were also used in our statistical analysis.

As a cross-validation, the same statistical analysis was also applied using satellite observations
from Level 2 ozone data from AIRS version 6 products. The AIRS satellite scanning process is divided
into ascending and descending orbits. It scans the earth for one lap (one ascending orbit and one
descending orbit), which takes about 96 min, and makes a total of 15 laps per day. The horizontal
and vertical resolutions of 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% [38]. Using ozone sonde data
in USA and China, Monahan et al. [39] and Bian et al. [31] revealed that AIRS retrieval in the UTLS
region shows a statistically significant positive correlation with the ozone sonde data. They indicated
that, while the absolute values have a large uncertainty, the retrieval captures the variability of ozone
in the UTLS region. Therefore, the AIRS ozone data provide good-quality, high-resolution profiles and
enough samples to statistically analyze the ozone distribution in the UTLS induced by COLs.

2.2. Methodology for Identifying Cut-Off Lows

A COL is usually identified by analyzing the closed geopotential contours with a cold core on
isobaric maps in the middle and upper troposphere [40,41]. Climatological studies of COLs were based
on objective or subjective methods, as summarized by Nieto et al. [16].

Nieto et al. [16] used 41 years of National Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis data and applied an objective method to investigate
the climatology of COLs in the Northern Hemisphere. Their favored formation regions were Southern
Europe to the eastern Atlantic coast, the Eastern North Pacific, and the Northern China-Siberia region
(the domain extends from 35◦ N to 65◦ N and from 100◦ E to 180◦ E, which was also used in our study
and is referred to as Northeast Asia). The method used by Nieto et al. [16] was mainly based on the
geopotential minimum, cutoff circulation, equivalent thickness, and thermal front parameters as the
diagnostic conditions. It comprehensively considers the physical characteristics of a COL, and is,
therefore, widely used [42–44].
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Cut-off low events were identified by the objective method of Nieto et al. [16]. We used the 500 hPa
geopotential height instead of the 200 hPa proposed by Nieto et al. [16] because COLs in Northeast
Asia are typically present in the middle troposphere and have their most distinct characteristics at
500 hPa [17,18]. A grid point was considered a minimum if its geopotential height was lower than
the eight surrounding grid points for at least eight time steps (two days). For all cases selected by the
previous step, a subjective synoptic analysis was performed at 500 and 300 hPa to ensure a cut-off

circulation with a cold core.

2.3. Statistical Analysis of Cut-Off-Lows in Northeast Asia

Using the 2.5◦ × 2.5◦ horizontal resolution data described in Section 2.1 and the method described
in Section 2.2, a total of 186 COL events were identified in Northeast Asia in the 11-year period. Figure 1
shows the monthly distribution of COLs during this period, which clearly shows strong seasonal
variations. The COLs mainly occurred in the late spring (May), with 16.13% of all cases, followed by
early summer (June), with 13.44% of all cases. Spring and summer (from March to August) accounted
for 68.82% of all cases during the 11 years. This seasonal pattern was consistent with observations
made previously [18].
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The magnitude of the potential vorticity (PV) in the stratosphere is higher than that in the
troposphere because PV is dependent on temperature. The PV is conservative under adiabatic and
frictionless conditions. Thus, it can be used as a dynamic tracer [45]. It has been defined by the World
Meteorological Organization (WMO) [46] that a PV value of 1.6 × 10−6 m2 K kg−1 s−1 (1.6 PV units
or PVU) represents the dynamical tropopause and statistical research have displayed that the global
dynamical tropopause fall in the range of 1.6 to 3.5 PVU [47].

Figure 2 is presenting the percentage ratio of the COLs in which certain PV (1.6 PVU, 2.0 PVU)
isolines dip below different barometric surfaces to the total 186 COL events. It is aimed to preliminarily
demonstrate that stratospheric air invasion into UTLS occurs in most of the selected COL cases and
provide evidence for the later analysis of the UTLS ozone distribution in Section 3.

It can be observed in Figure 2 that the 2.0 PVU isoline dips below the surface of 250 hPa in all the
chosen COL events (100%) while the percentages decrease as the decline of the altitude and the invasion
below the barometric surface of 450 hPa in only half (~50%) of the COLs. The climatologic tropopause
in the mid-high latitudes is around 9–12 km (namely 300–200 hPa), which has been used to divide
the stratosphere and the troposphere. The 2.0 PVU has been used widely as the representative of the
stratospheric air regarding the discussion of STE so far, especially in the Northeast Asian region [33,36].
Suppose that the tropopause is at 300 hPa. It is likely to indicate the occurrence of stratospheric air
invasion if the 2.0 PVU isoline can dip below the surface of 300 hPa. Figure 2 shows that most COL
events (98.9%) were accompanied by the downward transport of stratospheric air to the UTLS region.
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2.4. The COLs Coordinates

Using the ERA-Interim reanalysis and AIRS ozone data, we applied the statistical synthesis and
matching methods to analyze the ozone distribution and evolution of COLs in the UTLS. Detailed
descriptions of these processes are provided in Appendices A and B, respectively. We give a summary
of these methods in this section.

2.4.1. The COLs Coordinate of ERA-Interim Dataset

A total of 186 COL events have been identified in Section 2.2 and the lifecycle of them is divided
into four stages: pre-formation, formation, mature, and decay stages based on the ERA-Interim
reanalysis. A representative time was identified in each stage to display the whole evolution process of
the COLs. Lastly, the synthetic analysis of each COL event in the total 186 COLs was conducted in each
stage. Take the time when the COL reaches its strongest intensity as an example. The synthetic analysis
was conducted in the following way. The research region was defined by using the point with the
lowest geopotential height in each COL at 500 hPa as the central point and extending seven latitudes
and longitudes in four directions from it. The research regions of the 186 COLs were coordinated based
on the central point of each COL and were converted into a unified COL coordinate. All pressure
levels replicated this method.

All the variables analyzed in Sections 3.1 and 3.2 are based on this coordinate. Take the ozone
as an instance. The ozone concentration on each grid point in the research region in each COL case
was summed and the average was calculated as the composite mean ozone concentration in the 186
COL events. As for the ozone anomalies, the mean ozone concentration over the whole 11 years is first
computed using the ERA-Interim reanalysis, such as the average of the monthly ozone concentration
(132 values) on each grid point over the whole time period. Afterward, ozone anomaly values of
186 cases are calculated one by one by subtracting the mean ozone concentration from the ozone
concentration in each COL research region. Lastly, the average ozone anomalies in the total COL
events are synthetically averaged in the COLs coordinate, which can be regarded as the mean ozone
anomalies. It is worth noting that all the variables in Sections 3.1 and 3.2 refer to the synthetically
analyzed variables in the COLs coordinate, which are averaged based on the 186 COL cases in order to
demonstrate the overall mean state of the total COLs.

2.4.2. The COLs Coordinate of the AIRS Dataset

Similarly, four stages are divided in Section 3.3 and a representative time is identified in each
stage based on the ERA-Interim reanalysis. The footprints in AIRS data are chosen by comparing with
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the reference points in the ERA-Interim reanalysis, which is selected based on the time and place in
which a certain COL event happens.

The time difference between the AIRS data and the ERA-Interim reanalysis is neglected and it is
considered an appropriate footprint within the error of 3 h. As for the spatial matching, the research
region is set to be a circular region so as to calculate more simply since satellite data consists of irregular
orbital data instead of regular grid points in the ERA-Interim. The research region is defined as a
circular region with a radius of 7◦ zonal distance (about 778.4 km) and the center point of the COLs as
the center of the circle. If the footprints are within the research region that is based on the calculation of
the spherical distance and direction between the footprints and the circle center, they can be regarded as
properly chosen. The temporal and spatial matching should both be reached to consider an appropriate
footprint as a sample point and the ozone concentration of selected points in the total COL events are
marked with dots in the research region.

3. Statistical Analysis of the Ozone Characteristics of COLs

3.1. Ozone Spatial Distribution Revealed by the ERA-Interim Dataset

In the present study, we considered 300 and 500 hPa to be representative of the height of the
upper and middle troposphere, respectively. Figure 3a,c show the synthetic spatial distribution of
ozone concentrations in the research region (for a detailed description, see Appendix A) at the time
when COLs reached their maximum intensity at 300 and 500 hPa, respectively. Figure 3b,d are the
corresponding ozone anomalies (relative to the mean state over 11 years), which were used to further
investigate the effect of COLs on increases in ozone concentration. To facilitate an analysis of the
relationship between the distribution of ozone and the dynamic elements, data corresponding to the
potential vorticity and jet stream of wind speed are superimposed on Figure 3a,b, and the horizontal
wind vector and horizontal wind speed contours are superimposed on Figure 3c,d respectively.

The spatial distributions of ozone at 300 hPa clearly indicated a high PV area located around the
center of the COLs, with a rich ozone area slightly southward of the center (Figure 3a). The maximum
concentration of the ozone was 0.214 ppmv. The ozone anomalies shown in Figure 3b indicate that the
area of a high positive anomaly also covered the center and southern part of the COLs. The stratospheric
air intrusion caused by COLs resulted in an increase in the maximum ozone concentration of 0.119 ppmv
relative to the average value over the 11-year period for the same region and height. There was a jet
stream in the southern part of the COLs during their mature stage (Figure 3a,b). These characteristics
show that, during the development of COLs, the role of the jet stream may cause downward movement
and folding of the tropopause [34], and stratospheric air with a high ozone concentration is then
transported downward. Therefore, an area with a high ozone concentration formed around the center
and southern part of COLs.

In the middle troposphere (e.g., 500 hPa), the expected rich ozone area was also present around
the center of COLs, but the range of concentrations was smaller than that at 300 hPa. In addition,
we also identified another area of maximum ozone concentration east of the COLs (Figure 3c,d).
This maximum ozone region was related to the horizontal circulation around the COLs. From the
superimposed horizontal wind vector and wind speed contour in Figure 3c,d, we can see that the wind
speed south of the COLs was stronger than that to the north due to the existence of a jet stream south
of the COLs. In order to visually express this feature, we superposed the blue arrows in Figure 3d
to show the anti-clockwise circulation and overall variation of wind speed. The length of the arrows
represents wind speed. The wind speed distribution reveals that wind speed increases greatly in the
direction of anticlockwise circulation in west periphery of COLs, while the opposite occurs on the east
side. It results in the formation of wind divergence and convergence in the west and east of COLs,
respectively. These indicated that the ozone does not accumulate under the wind divergence in the
west of the COLs. The ozone is gradually transported eastward by the westerly wind south of the COLs
and accumulates in the east due to the wind convergence, which increases the ozone concentration.
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Figure 3. The statistical synthesis of the ozone concentration (a) and (c), unit: ppmv) and ozone
anomalies (relative to the 11-year average ozone, (b), (d), unit: ppmv) in the research region at the
time when COLs reached their maximum intensity at 300 and 500 hPa. The regions “downhill” of the
white thick contour (in the direction of the ticks) did not meet the 95% confidence level following a
t-test. Potential vorticity (black contour, unit: PVU) and jet stream (gray contour, >30 m/s, unit: m/s)
superposed on 300 hPa, and the horizontal wind (vector) and horizontal wind speed (black contour,
unit: m/s) superposed on 500 hPa. The horizontal axis is longitudinal from the center, and the vertical
axis is latitudinal from the center. The origin is at the center point of the COLs.

These spatial distribution characteristics of the ozone indicate that the increase in ozone
concentration around the center of COLs is mainly related to downward movement of the tropopause
or tropopause folding. Stratospheric ozone intrudes vertically into the troposphere and can reach
the middle troposphere. The distribution of ozone in the middle troposphere is also related to the
surrounding strong anticlockwise circulation of COLs. This distribution of ozone was explained
by Li et al. [36]. They used a trajectory simulation to investigate the STE of a COL in June 2010.
The results revealed that, during the COLs’ mature stage, the trajectory of the air mass gradually
turned from a vertical rapid invasion in the upper troposphere into a relatively slow ‘rotary’ invasion
in the middle troposphere.

The meridional and zonal cross sections of the ozone anomalies along the center of COLs shown
in Figure 4 further illustrate that stratospheric ozone was transported downward as the tropopause
descended, which resulted in an increased ozone concentration in the UTLS region. The superimposed
PV and wind vector fields show that the PV isolines in the UTLS region formed a funnel shape and
the 2 PVU isolines dipped as low as the surface of 450 hPa. Furthermore, the area with a large ozone
positive anomaly corresponds to the funnel shape of the PV.

Figure 4 also reveals the asymmetric pattern of ozone anomalies. In meridional, positive ozone
anomalies occurred south of the COLs from 600 to 70 hPa (Figure 4a). However, the vertical range
(thickness) of positive ozone anomalies decrease sharply in the north of COLs, with negative ozone
anomalies present above 400 hPa in the northern periphery of the COLs. Similarly, in the zonal region,
positive ozone anomalies occurred west of the COLs from 600 to 80 hPa (Figure 4b). The thickness
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of positive ozone anomalies decreases gradually in the east of COLs, with negative ozone anomalies
above 175 hPa in the eastern periphery of COLs. The reasons for this asymmetrical pattern of ozone
may be related to the vertical motion and horizontal circulation. It can be seen from the superimposed
wind vector that there was a significant ascending motion in the middle to upper troposphere to the
north and east of the COLs, which prevents the downward transportation of the stratospheric ozone,
and is even beneficial for the upward transport of air containing low ozone concentrations from the
troposphere. Over the east of COLs, the maximum of positive ozone anomaly at 500 hPa (~ 0.01 ppmv),
as shown in Figure 3d, can also be seen in Figure 4b. It is likely the positive effect from horizontal
wind convergence exceeding the negative effect of ascending air at 500 hPa over this region and results
in the zonal asymmetry here. In addition, the synthetic analysis selected the point with the lowest
geopotential height at 500 hPa as the center of COLs, rather than using the geometric center point of
the COLs, which likely also contributed to this asymmetric pattern.Atmosphere 2019, 10, x FOR PEER REVIEW 8 of 18 
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Figure 4. Meridional (a) and zonal (b) cross sections of the ozone anomalies along the center of COLs
at the time of their maximum intensity. Potential vorticity (black contour, unit: PVU) and wind (vector,
the synthesis of vertical and horizontal wind component) is superimposed on the figure. The regions
“downhill” of the white thick contour did not meet the 95% confidence level following a t-test.

3.2. Temporal Variations Revealed by the ERA-Interim Dataset

During the evolution of a COL, the ozone distribution exhibits different patterns in the UTLS
region. The characteristics of ozone distribution in the different stages of COLs evolution are evaluated
in this section.

Figure 5 shows the horizontal distribution of ozone anomalies in the research region at
representative times of each stage at 300 hPa. As can be seen in the figure, variation in the ozone
anomalies was closely related to the temporal evolution of COLs. In the pre-formation stage (Figure 5a),
the maximum area of positive ozone anomaly was distributed mainly in the southwest portion of the
COLs. As the COLs evolved from the pre-formation to the mature stage, the maximum area of the
positive ozone anomaly gradually moved to the center of the COLs, while the ozone concentration and
range gradually increased (Figure 5b,c). In the decay stage (Figure 5d), the increasing magnitude and
extent of the ozone gradually decreased.
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Figure 5. The horizontal distribution of ozone anomalies (unit: ppmv) at 300 hPa in the research region
at four stages: the pre-formation stage (a), formation stage (b), mature stage (c), and decay stage (d).
The regions “downhill” of the white thick contour did not meet the 95% confidence level following
a t-test.

Figure 6 is the same as in Figure 5, but for 500 hPa. Figure 6 also indicates the relationship
between variation in the ozone concentration and the evolution of COLs. The ozone anomaly gradually
increased from the pre-formation stage to the formation stage (Figure 6a,b), and then gradually
decreased until its decay (Figure 6c,d). Another important feature of Figure 6 is the anticlockwise
rotation of the high ozone concentration region during the evolution of COLs. The ozone rotated from
the south part of the COLs in the pre-formation stage (Figure 6a) to the southeast in the formation stage
(Figure 6b) and then to the east in the mature stage (Figure 6c). This ‘rotating’ feature of the ozone
during COLs evolution further demonstrates that the horizontal distribution of ozone at 500 hPa is
related to the surrounding strong anticlockwise circulation of COLs. This is consistent with the ozone
distribution patterns shown in Figure 3c,d which were caused by the ‘rotary’ invasion discussed in
Section 3.1.

However, a comparison of Figures 5c and 6c indicates a difference between 300 and 500 hPa
in the ozone anomaly in the mature stage. At 500 hPa, there was no large positive ozone anomaly
area, as there was at 300 hPa, and the ozone anomaly value was clearly weaker in the mature stage.
One possible reason for this pattern of ozone variation could be the different transport mechanisms
in the upper and middle troposphere. During the pre-formation and formation stages, the intensity
of horizontal circulation in COLs is weak. Stratospheric ozone intrudes into the troposphere mainly
by the rapid vertical transport caused by the descent or folding of the tropopause. The original
vertical gradient of the ozone concentration was relatively large, which resulted in higher ozone
concentrations at 300 and 500 hPa (Figure 5a,b, Figure 6a,b). As COLs evolved to the mature stage,
the link with the jet stream is weaker, and the intensity of horizontal circulation at 500 hPa was
enhanced. Therefore, the vertical inflow of stratospheric ozone-rich air into the COLs is inhibited,
and the horizontal circulation plays a major role in this stage. Additionally, the horizontal gradient of
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the ozone concentration was small, which resulted in a minor increment in the ozone concentration at
500 hPa in the mature stage (Figure 6c).Atmosphere 2019, 10, x FOR PEER REVIEW 10 of 18 
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3.3. Temporal and Spatial Distributions Revealed by the AIRS Dataset

According to the method and process described in Section 2.4.2, we further investigated the
characteristics of the spatiotemporal distribution of the ozone, as revealed by AIRS data. We also
considered four representative times representing the four stages of COLs’ evolution.

Figures 7 and 8 show the spatial patterns of the ozone during four stages of COLs near the
tropopause (~300 hPa) and the middle troposphere (~500 hPa), respectively. Near the tropopause, when
COLs were in the pre-formation stage, i.e., the formation and development of the trough, the figure
shows a fan-shaped region of ozone distribution that corresponded to the shape of the trough (Figure 7a).
High concentrations of ozone occurred in the northern part of the trough, with a maximum value of
about 0.25 ppmv. McPeters et al. [48] found that the climatic annual average ozone concentration in
the mid-latitudes (30◦–60◦ N) and at a height of 9 km in the northern hemisphere is approximately
0.167 ppmv. This means that, during the pre-formation stage of the COLs (i.e., the development of the
trough and ridge), there was an active ozone intrusion in the trough. This was consistent with our
previous research that found active STE in the pre-formation stage of COLs [35]. In the formation stage
of COLs (Figure 7b), the trough is cut off into an independent closed cyclone. The ozone is distributed
mainly in the center and west of the COLs. With the evolution of COLs, the high ozone concentration
region gradually moved to the center of the COLs. The ozone concentration in the center was higher
than in the peripheral region, about 0.16 ppmv in the mature stage (Figure 7c), whereas, in the decay
stage, the ozone concentration was significantly reduced (Figure 7d). These distribution patterns were
consistent with our analysis, which are described in Section 3.2., where ERA-Interim data is used.
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In the middle troposphere (Figure 8), the range and variation of the ozone concentration were also
found to be linked to the life cycle of COLs. From the pre-formation to the mature stage, the enhanced
ozone region gradually extended, and the concentration gradually increased, with a maximum value
of about 0.13 ppmv. The climatic annual average concentration of ozone at this latitude and altitude
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is reportedly 0.0636 ppmv [48]. In the decay phase, the range and value of the ozone concentration
were significantly reduced. Another prominent feature of the pattern of ozone distribution was the
high ozone concentration region, which varied in the different stages of COLs evolution. The high
ozone concentration region rotated anticlockwise around the center of COLs. As the COLs developed
from the pre-formation to the decay stage, the enhanced ozone region was mainly concentrated in the
northwest (second quadrant, Figure 8a), and then moved to the southwest (third quadrant, Figure 8b),
to the south (third-fourth quadrant, Figure 8c), and, lastly, moved to the southeast (fourth quadrant,
Figure 8d). This indicates that, during the development of COLs, according to the AIRS satellite
data, the distribution of the ozone in the middle troposphere was affected by the surrounding strong
anticlockwise circulation of COLs, which is consistent with the results revealed in the previous section
using ERA-Interim data.

The statistical analyses of the AIRS and ERA-Interim data indicated a similar spatial pattern and
variation in the ozone distribution in the UTLS region of COLs. The data consistently indicated that
the horizontal distribution of the ozone in the middle troposphere was related to the circulation of
COLs. However, a detailed comparison of the details also revealed some differences. The enhanced
ozone region revealed by AIRS data (Figure 7c) was located relatively more northward than what was
revealed by ERA-Interim data (Figure 3a). In addition, the ozone concentration shown by the AIRS
data was higher than that from the ERA-Interim data. There are several reasons for these differences.
First, due to the limitations of satellite scans, only part of the region of COLs could be captured
(possibly due to high probability concentrated on the north of COLs), and the measurement times of
AIRS and ERA-Interim data were not exactly consistent. Second, for a simple calculation, we used the
central point defined at 500 hPa to determine the entire 3D grid. Although the difference between
the central point of 300 hPa and 500 hPa is slight, it may also play a role in the discrepancies found
between the ERA-Interim and AIRS analyses. In addition, there were also differences in the retrieval
and assimilation methods used to acquire these data.

4. Summary and Discussion

Cut-off low systems are synoptic-scale patterns that play an important role in STE in the Ex-UTLS.
Northeast Asia is an active region of COLs occurrence. To better understand these typical weather
systems in key areas of STE over northeast Asia, we conducted a statistical analysis of the spatio-temporal
distribution of the ozone in the UTLS region and assessed the STE process by using high-resolution
ERA-Interim ozone data and AIRS ozone data.

The period of 2005–2015 was selected, and an automatic objective method was used to detect
COLs in Northeast Asia. A total of 186 cases were obtained. Most COLs occurred in the late spring and
early summer (May–June). An analysis of the PV showed that all cases had isolines of 2 PVU below
the surface of 250 hPa, which indicates that the selected cases were accompanied by the invasion of
stratospheric air into the UTLS region.

The statistical synthesis analysis of ozone concentration and ozone anomaly distribution obtained
from ERA-Interim data showed that, in the mature stage of COLs, a rich ozone area was concentrated
in the center of COLs at 300 hPa, which corresponded to the high PV area. At 500 hPa, there were two
areas of a maximum ozone. One was expected and was located around the center of the COLs, but the
main large-value area was located to the east of the COLs. This indicated that the ozone distribution in
the upper troposphere was mainly affected by the descent or folding of the tropopause. In the middle
troposphere, the redistribution of ozone was mainly affected by the anti-clockwise circulation of COLs
and the patterns of the surrounding horizontal wind field. The vertical structure of the COLs showed
that the PV isolines in the UTLS region displayed a “funnel” shape, and the 2 PVU isolines dipped as
low as 400 hPa. The area of the ozone positive anomaly corresponded to the “funnel” pattern of PV.

The temporal variation in the ozone anomaly distribution revealed that the evolution of the ozone
concentration was closely related to the lifecycle of COLs. It also clearly revealed that the redistribution
of ozone at 500 hPa was mainly related to the anti-clockwise circulation of the COLs and the patterns
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of the surrounding horizontal wind field. We referred to this feature of ozone redistribution in the
middle troposphere as “rotary” transport, as discussed in Li et al. [36].

The spatiotemporal patterns determined by the statistical analysis based on AIRS ozone data were
overall consistent with those determined using ERA-Interim data. The results also clearly showed that
the range and location of areas of high ozone concentration rotated anti-clockwise with the temporal
evolution of the COLs. This further confirmed that the distribution of ozone in the middle troposphere
was related to the surrounding horizontal circulation.

From the characteristics of the spatiotemporal ozone distribution, the process of ozone transport in
the UTLS region could be inferred during the period of COLs evolution. First, in the upper troposphere
and above, the STE was dominated by downward transport to the troposphere, which was caused
by the descent or folding of the tropopause. This transport was usually relatively fast. In the middle
troposphere (i.e., 500 hPa), the distribution of ozone was affected by the strong counter-clockwise
circulation of the COLs and the surrounding horizontal wind field patterns. The ozone was relatively
slowly transported (“rotary transport”) down to the low troposphere. The research we are conducting
by the transport trajectory model initially revealed that these transport processes occurred over different
time scales. Further study is needed in the future.

From a statistical perspective, this study revealed for the first time the spatiotemporal distribution
of ozone in the UTLS region induced by COLs over Northeast Asia. The study has potentially identified
the substance transport processes accompanying COLs in the UTLS region. It provides a foundation
for understanding the overall effect of the weather system over Northeast Asia on the distribution of
tracers in the UTLS region.
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Appendix A. Statistical Synthesis Analysis of ERA-Interim Data

The analysis in Sections 3.1 and 3.2 was conducted using a statistical synthesis method by the
following four steps.

Step 1: Select a representative time for each stage of COLs evolution. In this step, we divided the lifecycle
of a COL into four stages, according to the characteristics of COLs in Northeast Asia. These four stages
were referred to as the pre-formation, formation, mature, and decay stages, and were similar to the
upper-level trough development, tear off, cut off, and final stages described by Nieto et al. [16]. The 6-h
ERA-Interim data at synoptic time steps was used for the division of the lifecycle. A representative
time in each stage of all 186 COL cases was identified. Thus, a total of four representative times were
determined for the whole lifecycle of a COL. The time of cut-off in a COL was the representative time
in the formation stage of the COL, and the point 12 h before cut-off was the representative time in the
pre-formation stage. The representative time in the mature stage was the time when the COLs attained
their strongest intensity during the lifecycle. The point 12 h before the COLs disappeared was the
representative time in the decay stage.

Step 2: Select an area as the research region for each COL. The objective region of each COL varied
as the COL evolved, and it also differed from one event to the next. Thus, we selected a Lagrange
viewpoint area as the research region that was constant for the different time periods and cases.
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Positioned at the central point of a COL, the 14◦ longitudes and 14◦ latitudes square area (extending
seven latitudes and longitudes in four directions from the central point) was defined as the research
region. The center point was determined as follows. When a COL undergoes the formation, mature,
and decay stages, the point with the lowest geopotential height in the COL at 500 hPa was selected as
the central point, and the lowest point in the inner ring of the trough was the central point during
the pre-formation stage. In this way, the research regions of the 186 COL cases at each stage could be
identified. This research region covered the main body of each COL. The ozone distribution within the
region was discussed in Sections 3.1 and 3.2.

Step 3: Synthetically calculate the average values of ozone and ozone anomalies for 186 cases. The values
of ozone concentration and ozone anomalies in Sections 3.1 and 3.2 are statistical synthetic averages of
186 cases. By taking the time when COLs reached their strongest intensity, the 14◦ longitudes and 14◦

latitudes research regions of the 186 COLs were coordinated based on the central point of each COL.
Then, we calculated the average ozone concentration of 186 cases at each grid point in the research
region. This provided the synthetic results of the average ozone field for the 186 COLs. Figure A1 show
the synthetic results of the average ozone field for four representative times at 300 hPa as an example.
The average ozone anomalies were obtained in the same way. First, the mean state of ozone over
11 years was calculated from the monthly average data from 2005–2015. Then, ozone anomaly values
for each COL are calculated by subtracting the mean state of ozone from the ozone concentration in
each COL research region. Lastly, the average ozone anomalies of 186 cases are synthetically averaged
in the COLs coordinate. It is worth noting that both the ozone concentration and the ozone anomalies
presented in the paper are calculated in the 186 COL events. This method was also used in the synthesis
of other variable fields.

Step 4: The above synthetic analysis results were evaluated using a t-test.Atmosphere 2019, 10, x FOR PEER REVIEW 15 of 18 
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Appendix B. Statistical Analysis of AIRS Ozone Data

In Section 3.3, our analysis was based on a method of matching footprints by the following steps.
Due to the limitations of orbit scanning time and area, the evolution, the time period of each stage,
and the central point of the COLs are all determined from ERA-Interim data.

Step 1: Divide the lifecycle of a COL into four stages. To discuss the variation in ozone distribution
with the evolution of COLs, we divided the lifecycle of COLs into four stages, according to ERA-Interim
data. This step was the same as the statistical analysis of ERA-Interim data described in Appendix A.

Step 2: Choose and match the AIRS footprints. All 186 events are involved in the matching of satellite
footprints. We developed a simple algorithm to select and match the AIRS and ERA-Interim data.
For each COL case and each stage of its evolution, the research region is defined as a circular region
with a radius of 7◦ zonal distance (about 778.4 km and equivalent to ~10◦–14◦ meridional distance,
which vary with different latitudes) and the center point of the COLs as the center of the circle. If the
footprints are within the research region based on the calculation of spherical distance and direction
between the footprints and the circle center, they can be regarded as properly chosen.

Next, we assigned the matching footprints to the time grouping. The time period (24 h) of each
stage was divided into four time groups, recorded as groups “a,” “b,” “c,” and “d,” respectively.
For example, for a COL with a cut off at 06:00 on June 20, the time at 06:00, 12:00, and 18:00 on June 19,
and 00:00 on June 20 corresponded to time groups a, b, c, and d, respectively, in its pre-formation stage.
This method was applied in all cases to coordinate the time groups of each stage. In the process of
the assignment, considering that the movement and intensity of COLs changed slightly over a short
time, we neglected the time difference between the AIRS measurement time and the synoptic time of
ERA-Interim data. We considered the time of footprints within the period 3 h before and after the
ERA-Interim data time to be in the same group. For example, in the pre-formation stage of a case,
the time of a matching sample point was at 08:48 on June 19, which was then assigned to 06:00 in group
“a”. The temporal and spatial matching should both be reached to consider a sample point appropriate.
The ozone concentration of selected points in the total COL events are marked with dots in Figures 7
and 8. Due to orbit scanning limitations, not all four stages are captured for each COL by satellite.
Therefore, the number of COLs captured at each stage is different. There are 116, 117, 123, and 118
cases captured in the four stages, respectively.
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