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ABSTRACT

In situ measurements of the vertical structure of ozone were made inChangchun (43.53◦N, 125.13◦E), China, by the
Institute of Atmosphere Physics, in the summers of 2010–13.Analysis of the 89 validated ozone profiles shows the vari-
ation of ozone concentration in the upper troposphere and lower stratosphere (UTLS) caused by cut-off lows (COLs) over
Changchun. During the COL events, an increase of the ozone concentration and a lower height of the tropopause are observed.
Backward simulations with a trajectory model show that the ozone-rich airmass brought by the COL is from Siberia. A case
study proves that stratosphere–troposphere exchange (STE) occurs in the COL. The ozone-rich air mass transported fromthe
stratosphere to the troposphere first becomes unstable, then loses its high ozone concentration. This process usually happens
during the decay stage of COLs. In order to understand the influence of COLs on the ozone in the UTLS, statistical analysis
of the ozone profiles within COLs, and other profiles, are employed. The results indicate that the ozone concentrations ofthe
in-COL profiles are significantly higher than those of the other profiles between±4 km around the tropopause. The COLs
induce an increase in UTLS column ozone by 32% on average. Meanwhile, the COLs depress the lapse-rate tropopause
(LRT)/dynamical tropopause height by 1.4/1.7 km and cause the atmosphere above the tropopause to be less stable. The
influence of COLs is durable because the increased ozone concentration lasts at least one day after the COL has passed over
Changchun. Furthermore, the relative coefficient between LRT height and lower stratosphere (LS) column ozone is−0.62,
which implies a positive correlation between COL strength and LS ozone concentration.
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1. Introduction

The upper troposphere and lower stratosphere (UTLS) is
the transition region between the troposphere and the strato-
sphere (e.g., Bian, 2009; Gettelman et al., 2011). The ozone
controlled by stratosphere–troposphere exchange (STE) in
this region plays an important role in the radiation balance
and global climate change (IPCC, 1996). Brewer–Dobson
circulation controls STE on the global scale, which con-
tains upward transport through the tropopause in the tropics
and downward transport in the extratropics (Brewer, 1949).
Moreover, there are detailed mechanisms that significantly
contribute to STE, including tropical cumulus convection,
blocking anticyclones, cut-off cyclones, and tropopause folds
(Holton, 1990).

Cut-off lows (COLs) are closed lows in the mid–upper
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troposphere that are detached from westerlies. They move
slowly and usually stay in an area for several days, gener-
ally causing severe weather (Gimeno et al., 2007). A COL
manifests closed isobaric contours along with a cold core
or a cold trough in the synoptic chart, as well as a closed
high potential vorticity (PV) center on the isentropic surface
(Hoskins et al., 1985). As Nieto et al. (2005) suggested, the
complete lifespan of a COL consists of four stages: (1) The
upper-level trough stage: The trough forms and develops at
200 hPa, with the temperature wave behind the geopotential
wave. (2) The tear-off stage: The trough deepens and de-
taches from the meridional stream. The air streaming into
the southern region is cut off from the main flow. (3) The
cut off stage: The tear-off process is complete. The COL is
more pronounced. (4) Final stage: The upper-level low even-
tually merges back into the western flow. High PV moving
with the COL from the polar to subtropical and tropical re-
gions generally indicates the cold polar stratospheric airmay
intrude into the troposphere. During a COL process, there
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are three mechanisms that could transport stratospheric air
into the troposphere (Price and Vaughan, 1993): (1) Convec-
tive erosion (e.g., Gouget et al., 2000); (2) Erosion by turbu-
lence associated with a jet stream (e.g., Pan et al., 2007); (3)
Tropopause folding near the flank of the COL (e.g., Gouget
et al., 2000). This system lowers the tropopause and could
eventually result in the stratosphere-to-troposphere transport
(STT) (Wirth, 1995). Since PV is conservative in adiabatic
and frictionless processes, a certain PV value could be chosen
as the definition of the dynamical tropopause (DT) (Hoskins
et al., 1985).

Ozone is well-known for its abundance in the stratosphere
and dramatic decrease in concentration from the stratosphere
to the troposphere. This makes ozone an effective tracer for
the study of STE in COLs (Yates et al., 2013). STE con-
trols the upper tropospheric ozone in the extratropics (Pan
et al., 2004). Some STE events could even cause high sur-
face ozone concentrations and affect air quality (Lefohn etal.,
2011; Lin et al., 2012). Chen et al. (2014) used the Weather
Research and Forecasting model to simulate the STE process
during the lifetime of a COL. A diagnostic formula was used
to calculate the cross-tropopause mass flux (both horizontal
and vertical transport) during the COL’s development. They
found that during the whole lifetime of a COL, the effect of
horizontal transportation is dominated by STT, while the ver-
tical transportation can be attributed to the troposphere-to-
stratosphere transport (TST). The STE on the western side of
the trough and moving COL is dominated by STT, and STE
on the eastern side of the trough is dominated by TST. The
net mass transportation induced by a COL is STT. Liu et al.
(2013) used ozone data from satellite measurements along
with reanalysis data to study the effect of stratospheric intru-
sion on column ozone and ozone profiles during a COL, and
suggested that there is stratospheric intrusion at the rearof a
COL.

Ozone data can be obtained from satellite, lidar,
ozonesonde and aircraft measurements, as well as reanaly-
sis data. Reanalysis data have been used frequently in previ-
ous studies of STE, especially in model-based studies (Yang
and Lü, 2003; Zhang et al., 2010; Liu et al., 2013; Chen et
al., 2014). Satellite observations are another data sourcefor
STE studies (Barré et al., 2012; Liu et al., 2013). However,
the vertical resolution and accuracy (especially in the tropo-
sphere) of ozone observations still need further improvement.
Therefore, ozonesonde and aircraft measurements are highly
valuable because of their finer vertical resolution and better
quality, and are thus usually employed to evaluate satellite
data (Bian et al., 2007; Pittman et al., 2009) and model per-
formance (Logan, 1999a, 1999b; Tilmes et al., 2012). A num-
ber of ozonesonde and aircraft launches have been conducted
regularly at certain sites for many years (Kim and Lee, 2010;
Ganguly and Tzanis, 2011; Srivastava et al., 2012; Wang et
al., 2012), while others have lasted for several days or months
at one or more site, sometimes in conjunction with aircraft
and lidar measurements (Oltmans et al., 1996; Kuang et al.,
2012; Ojha et al., 2014). Benefiting from the high resolu-
tion of ozone profiles in the UTLS, ozonesonde data are very

useful for analyzing the role of STE in tropospheric ozone
variation (Ganguly and Tzanis, 2011; Ojha et al., 2014) and
describing the process of stratospheric intrusion (Li et al.,
2015). However, due to a lack of data for a statistical study of
STE, ozonesonde data are often used in case study analyses
(Oltmans et al., 1996; Cui et al., 2004; Li et al., 2015).

The Key Laboratory of Middle Atmosphere and Global
Environment Observation, Institute of Atmospheric Physics
(IAP), Chinese Academy of Sciences, conducted a field cam-
paign of observations over Changchun (43.53◦N, 125.13◦E),
China, in the summers of 2010–13, by using ozonesondes de-
veloped at the IAP. Changchun is located in the northeast of
China where COLs occur frequently in summer (e.g., Hu et
al., 2010). The measurements lasted about one month, around
June, in each year. During each observation period, several
COLs were detected, and a number of case studies based on
this dataset have already been published (Chen et al., 2014;Li
et al., 2015), mainly discussing the STE in the different stages
of a COL that occurred during 19–23 June 2010. Benefiting
from this dataset, the possibility exists to statisticallyinves-
tigate the effect of COLs on the ozone vertical distribution,
reaching more general conclusions than is achievable through
individual case studies. Accordingly, in this paper, the ver-
tical distribution of ozone concentration over Changchun is
presented. Section 2 describes the data and method used.
Section 3 discusses the variation of the ozone concentration
and its response to COLs, by a case study and statistical anal-
ysis. Finally, section 4 summarizes the results.

2. Data and method

2.1. Ozonesonde measurements

The IAP launched balloons equipped with an ozonesonde
and radiosonde in Changchun at around 1400 LST (local so-
lar time) every day during the observation periods. There
were also a handful of measurements taken at around 0000
LST. The observation times were 26 May to 26 June 2010,
1–30 June 2011, 9 June to 15 July 2012, and 28 May to 30
June 2013. Besides ozone, other parameters including tem-
perature, relative humidity, wind speed, and wind direction
were obtained at the same time.

The instrument adopted during observations from 2010
to 2012 was the single-cell Global Positioning System
ozonesonde sensor (GPSO3), developed by the IAP (Wang
et al., 2004a, 2004b; Xuan et al., 2004). GPSO3 is an elec-
trochemical sensor, similar to the Electrochemical Concen-
tration Cell (ECC) ozonesonde (Komhyr et al., 1995). In
2001, parallel observations by GPSO3 and a Vaisala ECC
sensor were taken in Beijing (Xuan et al., 2004). The re-
sults showed that the performance of GPSO3 is similar to
the Vaisala sensor. The correlation coefficient between the
GPSO3 and Vaisala ECC sensor profiles was 0.988. Mean-
while, the ratio of total column ozone from GPSO3 and Dob-
son ozone spectrometer measurements was 1.0588, on aver-
age. The authors concluded that the GPSO3 sensor is reli-
able. Parallel launches of GPSO3 and a Vaisala ECC sen-
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sor were also conducted in 2005, and comparison showed the
ozone variability in the UTLS region from the GPSO3 sen-
sor to be consistent with that from the Vaisala ECC sensor
(Bian et al., 2007). We revised the ozone profiles of 2010–
12 based on the pump efficiency coefficient of the GPSO3
ozonesonde indicated by Xuan et al. (2004). In 2013, the
single-cell sensors were upgraded to a double-cell type called
the “IAP ozonesonde” (Zhang et al., 2014a). A preliminary
validation has shown that the relative difference between the
IAP and Vaisala ozonesondes is 4.9% (Zhang et al., 2014b).

The present study focuses on the variation of the ozone
concentration in the UTLS. Due to some unexpected circum-
stances, such as the balloon bursting too early, the electrodes
of the electrochemical cell diffusing, and loss of signal when
entering thunderclouds, some of the ozone profiles are in-
complete in the UTLS. Therefore, only those profiles that
contain complete ozone information in the UTLS (defined in
this study as ranging from 4 km below the tropopause to 4 km
above) were selected. Accordingly, the number of effective
profiles is 28 in 2010, 33 in 2011, and 28 in 2012.

2.2. Methodology

The COL is usually detected by closed geopotential con-
tours at 500 hPa, 300 hPa, or 200 hPa (Kentarchos and
Davies, 1998; Yang and Lü, 2003; Hu et al., 2010). The COLs
detected at 500 hPa in northeastern China, which can cause
severe weather at the surface, are called “northeast cold vor-
texes” (Sun et al., 1994). The level of 200 hPa is around
the tropopause and is a crucial diagnostic for STE processes.
Here, we detected COLs at 500 hPa, 300 hPa, 250 hPa, and
200 hPa according to the time of 89 ozone profiles. We an-
alyzed European Centre for Medium-Range Weather Fore-
casts (ECMWF) Interim Reanalysis (ERA-Interim) data with
a horizontal resolution of 0.25◦×0.25◦ and temporal resolu-
tion of four times per day (0200, 0800, 1400, 2000 LST) to
detect COLs in the synoptic charts. The criterion of COL
detection applied was to recognize the closed contours of
geopotential height. To investigate the impact of COLs on the
ozone concentration in the UTLS, ozone profiles were classi-
fied into two types according to the COLs at a certain level:
profiles in COLs and other (normal) profiles (see section 3.3).

To trace the origin of air parcels in COLs, we used the Hy-
brid Single Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model (Draxler and Rolph, 2003) and Global Data As-
similation 1◦×1◦ dataset reprocessed from the National Cen-
ters for Environmental Prediction, provided by the National
Oceanic and Atmospheric Administration (NOAA) Air Re-
sources Laboratory, to calculate the back trajectories of air
masses in Changchun for two cases.

In previous studies, there have been various definitions of
the tropopause, such as the thermal definition (WMO, 1957),
dynamical definition (Danielsen et al., 1987), and ozone def-
inition (Bethan et al., 1996). The DT, defined by a certain
PV value, is regarded as a material surface in adiabatic and
frictionless processes, making it a good choice for the study
of STE (Hoskins et al., 1985; Bian, 2009). In this case, how-
ever, the DT calculated from reanalysis data may not match

that calculated from sonde data due to the huge gap in res-
olution between them. In our campaigns, the balloon-borne
radiosonde measured temperature profiles at the same time.
The thermal tropopause calculated from the temperature pro-
files will agree well with observed ozone and precisely reveal
the condition of the air’s static stability. Pan et al. (2004) in-
dicated that the tropopause in the extratropics is a transition
layer that is centered on the thermal tropopause, which im-
plies that the thermal tropopause could roughly distinguish
between the troposphere and stratosphere from the chemical
perspective. In this paper, the lapse-rate tropopause (LRT)
is calculated based on the radiosonde temperature profiles
(WMO, 1957). The first LRT is defined as the lowest al-
titude at which the temperature lapse rate decreases to 2◦C
km−1; and the temperature lapse rate of any point within
the next 2 km above from the first tropopause should not
exceed 2◦C km−1. To avoid boundary layer inversions, the
tropopause height should be calculated above the level of
500 hPa (Homeyer et al., 2010). If there is a certain level
above the first tropopause, provided the lapse rate of any level
within the next 1 km above from this level exceeds 3◦C km−1,
then, the second tropopause can be calculated at the alti-
tudes above that certain level by using the criterion of the
first tropopause. To minimize the temperature discretization-
induced noise in the tropopause calculation, 100 m sampling
of temperature profiles was applied (Homeyer et al., 2010).
We identified the profiles with the first LRT larger than 15
km as tropical profiles, and the others as subtropical profiles
(Randel et al., 2007).

The DT was calculated using PV data from the ERA-
Interim dataset. The altitudes between the 1000 hPa and 1
hPa level were divided into 37 levels. Bourqui (2006) calcu-
lated the STE in a COL event with the DT definition within
1.5 to 5 PVU, suggesting that the STT pattern during the COL
decay stage occurs only when the PV value of DT is less than
4 PVU. We applied 1, 1.5, 2, 2.5, 3, 3.5 and 4 PVU to cal-
culate the DT (figures are not shown). It was found that 3.5
PVU DT agrees well with the LRT tropopause (shown in sec-
tion 3.1). Therefore, we chose the 3.5 PVU isosurface as the
DT.

The mean and standard deviation are provided to com-
pare the ozone profiles from different groups. The proba-
bility distribution functions (PDFs) of ozone were also cal-
culated, to characterize the ozone distribution. Besides,we
applied the Hellinger distance (Nikulin, 2001; Tilmes et al.,
2012) to describe the similarity between two distributions.
P = (p1, p2, . . . pk), Q = (q1,q2, · · ·qk) are two probability
measures of ozone partial pressure. Their Hellinger distance
is defined as

H(P,Q) =
1√
2

√

√

√

√

k

∑
i=1

(
√

pi −
√

qi)2.

H(P,Q) satisfies the property 06 H(P,Q) 6 1. A Hellinger
distance (HD) of 0 indicates the two distributions are identi-
cal, while an HD of 1 indicates they are completely different
(Tilmes et al., 2012).
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2.3. Comparison between Changchun and Sapporo ozone
profiles

To validate the ozone profiles in Changchun in May, June
and July from 2010 to 2012, we compared the observations
between Changchun (43.53◦N, 125.13◦E), China, and Sap-
poro (43.1◦N, 141.3◦E), Japan (Fig. 1). Table 1 displays the
launch dates in Changchun and Sapporo. The ozone pro-
files in Sapporo from 2010 to 2012 were measured using an
ECC ozonesonde, which is known for its mature technology.
Sapporo ozonesonde data can be obtained from the World
Ozone and Ultraviolet Radiation Data Centre (WOUDC)
website (http://www.woudc.org/). The vertical ozone struc-
tures of the two sites are similar, with an ozone peak at the
height of 24 km above Changchun and 23 km above Sap-
poro. Between the layers of 10 km and 18 km, the ozone
concentration in Changchun is higher than that in Sapporo
and there appears to be a slight secondary ozone peak. Below
13 km, Changchun’s ozone concentration greatly exceeds
that in Sapporo, with the difference even exceeding 80%
near the surface. The high tropospheric ozone concentration
in Changchun may result from photochemical production.
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Fig. 1. (a) Comparison of the mean ozone profile between
Changchun (black line) and Sapporo (grey line) in May, June
and July from 2010 to 2012. The thick line is the mean profile
and error bars show±σ from the mean. (b) Relative differ-
ence between Changchun and Sapporo, computed as follows:
(Changchun–Sapporo)/Sapporo.

Table 1. Local launch times at Changchun and Sapporo. Changchun
(Sapporo) local time equates to UTC time offset by eight (nine)
hours.

2010 2011 2012

Station Date Time Date Time Date Time

Changchun 5/26 14:06 6/1 15:00 6/9 13:55
5/27 14:01 6/2 14:23 6/10 13:58
5/29 14:06 6/3 14:09 6/11 13:58
5/30 13:49 6/4 14:05 6/12 13:57
5/31 14:08 6/5 13:52 6/14 14:16
6/1 13:48 6/7 00:05 6/17 14:16
6/2 14:04 6/7 14:13 6/18 14:03
6/3 14:03 6/8 14:10 6/19 13:55
6/6 14:09 6/9 00:05 6/20 14:12
6/7 13:55 6/9 14:47 6/22 14:12
6/8 13:52 6/10 00:04 6/23 14:09
6/9 13:51 6/10 14:09 6/24 14:01
6/10 13:53 6/11 00:07 6/25 14:05
6/12 13:44 6/12 00:12 6/26 14:04
6/13 13:56 6/12 14:05 6/28 14:08
6/15 13:53 6/13 14:20 6/30 14:15
6/16 13:55 6/14 00:16 7/1 14:16
6/17 13:58 6/14 14:05 7/2 14:16
6/18 14:01 6/15 14:04 7/3 14:00
6/20 13:54 6/16 14:13 7/4 14:09
6/21 00:01 6/17 14:08 7/5 14:20
6/22 00:01 6/18 14:13 7/9 14:11
6/22 13:59 6/19 14:14 7/12 00:02
6/23 00:02 6/20 14:05 7/12 14:13
6/23 13:59 6/21 14:24 7/13 00:01
6/25 00:09 6/22 14:06 7/14 14:39
6/26 00:02 6/23 14:15 7/15 00:07
6/26 14:03 6/24 14:12 7/15 14:12

6/26 14:27
6/27 16:28
6/28 14:21
6/29 14:09
6/30 14:08

Sapporo 5/17 14:30 5/9 14:31 5/1 14:30
6/10 14:30 5/18 15:24 5/17 14:30
6/30 14:37 5/26 14:30 5/24 15:11
7/15 14:52 6/7 14:34 6/4 14:30

6/29 14:39 6/13 14:31
7/6 14:45 6/19 14:30
7/11 14:30 6/26 14:49
7/20 14:30 7/4 14:30
7/28 14:45 7/13 14:35

7/18 14:30
7/23 14:30
7/30 14:30

Based on previous studies (Mauzerall et al., 2000; Fishman
et al., 2003), the tropospheric ozone production and resid-
ual in Changchun are higher than those in Sapporo in boreal
summer. In general, the GPSO3 ozonesonde seems to overes-
timate the ozone concentration in the troposphere and bottom
layer of the stratosphere. Xuan et al. (2004) concluded that
the mean total ozone measured by the GPSO3 ozonesonde is
larger than that measured by the Dobson ozone spectrome-
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ter. However, the total ozone measured by the Vaisala ECC
ozonesonde is less than that measured by the Dobson ozone
spectrometer, which implies that GPSO3 may overestimate
the ozone concentration while ECC may underestimate it
(Xuan et al., 2004). To investigate the difference of ozone
in the ULTS region, the PDF of ozone at 12–15 km for
Changchun and Sapporo are presented in Fig. 2a. The HD
of the ozone distributions between Changchun and Sapporo
(0.26) implies that the ozone in the lower stratosphere is
distributed similarly at the two stations, but also features
some different characteristics. Figure 2a shows that most
ozone partial pressures at Sapporo are between 1 mPa and
10 mPa, with a peak at 2 mPa. Meanwhile, the ozone PDF
for Changchun shows a bimodal structure that spans between
2 mPa and 13 mPa, with peaks at 3 mPa and 9 mPa. The
air masses with low ozone partial pressure (2 mPa) and high
ozone partial pressure (9 mPa) are associated with air from
low and high latitudes, respectively (Logan, 1999a). This
infers that, during the observations, Changchun was more in-
fluenced, compared to Sapporo, by air from higher latitudes.
In subtropical areas, the thermal tropopause breaks near the
jet stream (Gettelman et al., 2011). If a station is situatedin
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Fig. 2. (a) PDF of ozone at 12–15 km in Changchun and Sap-
poro. The HD of ozone distributions is 0.26. The number of
profiles from Changchun and Sapporo is 89 and 25, respec-
tively. (b) PDF of tropopause height (LRT) at each station. The
HD of the LRT distribution is 0.28.

the south/north of the jet stream, the thermal tropopause will
be similar to a tropical/polar tropopause. Figure 2b shows
most LRT heights to be lower than 14 km, both in Changchun
and Sapporo, meaning both stations feature a subtropical
tropopause. Sapporo has a larger tropopause PDF at around
15 km, implying that Sapporo is more strongly influenced
by tropical mass. The PDF of the LRT height for Sapporo
has a narrow peak at around 12 km and 13 km. In contrast,
the PDFs spread from 10 km to 13 km in Changchun. This
proves that polar air masses with high ozone concentrations
and a lower tropopause contribute high values in the UTLS
of Changchun ozone profiles, which could result from COLs
controlling the station or the jet stream moving southward.

3. Results and discussion

3.1. UTLS ozone distribution and variation

The time–height cross sections of ozone in Fig. 3 show
all of the ozone vertical distributions in the UTLS over
Changchun during the observations in the three-year study
period. Most of the DTs are consistent with the first LRTs,
except on those days with a tropical tropopause (e.g., 29 June
2011, 9 July 2012). On 9 July 2012, the LRT over Changchun
was 16.5 km, but the DT was 11.6 km. In fact, the lapse
rate of temperature was less than 2◦C km−1 above 11.5 km,
but this level could not strictly satisfy the first LRT defini-
tion (lapse rate of any point within the next 2 km above the
first tropopause should not exceed 2◦C km−1). In static sta-
bility cross sections, this usually shows an LRT break in the
latitude near the jet. On the anticyclonic side of the jet, the
tropopause breaks, which could result in the LRT altitude be-
ing higher than the DT altitude (e.g., Pan et al., 2007, Fig. 5a).
The tropopause acts like a barrier, separating the high ozone
concentration in the stratosphere from the low ozone concen-
tration in the troposphere. The heights of Changchun’s LRTs
were from 7.9 km to 16.6 km, with an average of 12.0 km.
When stratospheric air with a high ozone concentration sub-
sides into the low altitudes, the tropopause height also de-
creases (e.g., 29 May and 21 June 2010; 3 June 2011; 11
and 18 June 2012). Such stratospheric subsiding results in a
second ozone peak around the tropopause in the ozone ver-
tical profiles, and thus the Changchun ozone profiles gener-
ally show a double-peak structure. In Fig. 1a there is also
a slight ozone spike between 10 km and 16 km in the mean
ozone profile of Changchun. Moreover, Fig. 3 shows the sig-
nal of ozone seasonal variation. The ozone concentration in
the UTLS is lower in late June and July than in early and mid-
June. This agrees with the finding of Xie and Cai (2000) that
total ozone in East Asia shows approximate sinusoidal varia-
tion in a year, with a maximum in May and a minimum in Oc-
tober. Considering the tropical tropopause is associated with
tropical air masses with lower ozone concentrations (Logan,
1999a), we divided all the ozone profiles into two groups:
profiles with a tropical LRT, and those with a subtropical
LRT. Figure 4a shows the PDFs of ozone at 1–3 km above
the first LRT altitude, for both groups. The difference be-
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Fig. 3. Time–height cross sections of ozone at Changchun in (a) 2010, (b) 2011 and (c) 2012.
The time axes are split into two times per day, in which the first measurement was taken at mid-
night, local time (∼0000 LST), and the second in the afternoon (∼1400 LST). The measure-
ments taken at midnight were few in number. The white solid lines and white dots display the
first and second LRTs derived from the temperature profiles. The red lines mark the DT defined
by 3.5 PVU. The white arrows along the time axis mark the launch time of the ozonesonde. The
magenta squares, circles, asterisks and triangles represent the COLs over Changchun detected
at 500 hPa, 300 hPa, 250 hPa and 200 hPa, respectively.

tween the distributions is significant, with an HD of 0.62. The
ozone partial pressure for a tropical LRT is between 3 mPa
and 8 mPa, with the PDF peak at 4 mPa. But the ozone partial
pressure for a subtropical LRT is mainly distributed between
7 mPa and 13 mPa, with a peak at 9 mPa. Therefore, in late
June and July, the low ozone concentration accompanying the
higher tropopause is influenced by tropical air masses, which
could be caused by the jet stream moving northward. On the
other hand, the double-peak structure in the ozone profiles
could be influenced by polar air masses with high ozone con-
centrations. The air mass properties over Changchun are as-
sociated with the changing location of the jet stream. Pan
et al. (2009) suggested that tropospheric intrusions associ-
ated with the secondary tropopause are characterized by low
ozone concentrations. To investigate the influence of dou-
ble tropopauses, all the ozone profiles with subtropical LRTs
were divided into two groups: double LRTs and single LRTs
(Fig. 4b). The HD of the ozone distributions (0.21) im-
plies that the difference between the two groups is not suf-

ficiently distinct. Over Changchun, a double tropopause can
not only be induced by tropospheric intrusion, but also by
stratospheric intrusion along with tropopause folding. The
two mechanisms bring opposite influences on ozone in the
UTLS and counteract one another.

Of the 89 observations over Changchun, COLs occurred
in 21 (magenta markers represent COLs in Fig. 3). The
COLs at 300 hPa (magenta circles) match all of the strato-
spheric subsidence events, and the COLs usually accompany
a lower tropopause and higher ozone concentration above
the tropopause. Therefore, we deduced that such intensive
stratospheric air subsidence and secondary ozone peaks in the
ULTS are caused by COLs.

Li et al. (2015) analyzed the entire process of a COL that
occurred over East Asia, around Changchun, during 19–23
June 2010, and discussed the origin of the air mass in the
COL. The air parcel with the highest ozone concentration in
the center of the COL was traced back to Siberia. During
the tear-off stage of the COL, high-ozone air from the polar
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Fig. 4. (a) PDFs of ozone at 1–3 km above the first LRT altitude
for the profiles with a tropical LRT (>15 km) and with a sub-
tropical LRT (615 km). The HD of the tropical and subtropical
profiles is 0.62. (b) PDFs of ozone at 1–3 km above the first
LRT altitude for the subtropical profiles with double LRTs and
with a single LRT. The HD of double and single LRTs is 0.21.
The number of profiles for each group is shown in brackets be-
hind the name of group.

ozone reservoir was transported equatorward. When the COL
reached Changchun, the air from a subpolar vortex brought
high ozone concentrations above the tropopause. This is also
presented in Fig. 3. Figure 5a displays the back trajecto-
ries for a typical COL, which occurred on 2 July 2012. This
COL derived from East Siberia (62◦N, 114◦E). The trajecto-
ries indicate that the air parcels around the tropopause canbe
traced back to latitudes higher than 55◦N. The trajectory path
with cyclonic curvature illustrates that a high-ozone masswas
conveyed from Siberia to Changchun by the COL. However,
as Li et al. (2015) analyzed, there are various sources of air
masses in COL. In fact, COLs carry both high- and low-ozone
air. For example, on 12 July 2012, a COL was detected at
500 hPa, 300 hPa and 250 hPa, but the ozone concentration
around the tropopause showed no obvious change (Fig. 3c).
At the same time, the tropopause height was 13.8 km, which

was higher than the tropopause in other COLs. Synoptic pat-
terns at 300 hPa show that this COL formed in the east of
Mongolia (48◦N, 113◦E) at 2000 LST 9 July 2012, then trav-
eled eastward until reaching Changchun (43.53◦N, 125.13◦E)
at 1400 LST 11 July 2012 (the isobaric charts are not shown).
The thermal tropopause lifted when the COL was in the decay
stage at 0000 LST 12 July. A similar phenomenon has also
been discussed in a cut-off case by Li et al. (2015). Compared
to other COLs, this one set out at a relatively low latitude and
basically moved with the westerly flow. This COL system
carried air with a high ozone concentration from high lati-
tudes (48◦N) and air with a low ozone concentration from the
westerly flow. The latter is comparable to the ozone concen-
tration of Changchun. Our ozonesonde observations indicate
that, coincidentally, Changchun is influenced by the ozone
from westerlies. This analysis is supported by the back tra-
jectories shown in Fig. 5b, which reveal that the air parcels
around the tropopause at Changchun arrived with the wester-
lies, and the trajectories are all situated south of 45◦N. The
different areas of origin of the air parcels in two cases ex-
plain the difference of Changchun’s ozone concentration in
the UTLS between 2 and 12 July 2012 (Fig. 3c). This spe-
cial case on 12 July 2012 suggests that single-station mea-
surements may sometimes not be able to capture the entire
process of the COL. The formation and transport mechanism
of a COL, as well as the location of the observation, both
influence the ozone observations.

3.2. The impact of COLs on UTLS ozone: a case study

The stratospheric ozone that intruded on 3 July 2012
represents a slightly different case compared to others, be-
cause the high ozone concentration penetrated across the
LRT. Figure 6 shows the synoptic charts, with tropopause
height shaded, for 1 to 4 July 2012. The corresponding ozone
partial pressure, ozone mixing ratio and static stability pro-
files are presented in Fig. 7. On 1 July, the COL was lo-
cated to the northwest of Changchun (Fig. 6a). There was
a low-tropopause center moving with the COL, where the
tropopause height decreased to 9 km. As shown in Fig. 7a, the
ozone partial pressure peak around the LRT (11.5 km) was
only 8.4 mPa at 12.7 km. The static stability increased from
3.9×10−5 s−2 below the tropopause to 7.2×10−4 s−2 above
the tropopause. Both the ozone mixing ratio and the stability
in the troposphere were smaller than those in the stratosphere.
On the following day, the COL centered at Changchun and
dipped the LRT to 10.2 km, and the ozone peak increased to
13.4 mPa at 11.1 km (Fig. 7b). The ozone mixing ratio in
the lower stratosphere was also larger than that on the former
day. There was an abrupt increase from the troposphere to the
stratosphere in the ozone mixing ratio profile, meaning the
tropopause still clearly separated the troposphere and strato-
sphere from the chemical perspective. It is interesting that,
on 3 July, the tropopause over Changchun recovered to 11.3
km, even though the COL still controlled Changchun. The
ozone partial pressure in the UTLS was still very high, with
a peak of 13.4 mPa at 9.8 km (Fig. 7c). The static stability on
2 July increased sharply at 10.2 km and reached 5.5×10−4
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Fig. 5. Three-day trajectories from Changchun at (a) 1400 LST 2 July2012 and (b) 0000 LST 12 July
2012. The black dashed lines mark 45◦N. The LRT height over Changchun is 10.2 km at 1400 LST 2
July and 13.8 km at 0000 LST 12 July. The red, green and blue lines in (a) represent the trajectories
from Changchun at the heights of 10 km, 11 km and 12 km, respectively. (b) Trajectories at the heights
of 13 km, 14 km and 15 km.

s−2 at 10.5 km, but the stability on 3 July was smaller rela-
tive to 2 July and only reached 3.7× 10−4 s−2 at 10.5 km.
This indicates that, on 3 July, the high-ozone air mass stayed
at around 10 km, while the thermal property of this mass be-
came unstable. This means that the air mass possessed both
the stratospheric chemical and tropospheric thermal charac-
teristics. On 3 July, the DT was only 9.4 km, 1.9 km lower
than the LRT. As Birner et al. (2002) indicated, the DT is sig-
nificantly lower than the LRT in cyclones. The DT is defined
by a certain value (3.5 PVU in this study):

PV ≈ ρ−1ζa
∂θ
∂ z

,

N2 =
g
θ

∂θ
∂ z

.

Therefore, PV is proportional to the vorticity (ζa) and static
stability (N2). An increase inζa would cause a decrease in
static stability around the DT height in the COL system, to
keep PV constant. On the other hand, the LRT is only related
to static stability. A decrease in static stability around the DT
makes this level unstable, and thus lifts the LRT’s altitude.
Due to the instability in the UTLS on 3 July, the thermal
tropopause was not definite, and failed to block the transport
between the troposphere and stratosphere. The ozone con-
centration was gradually distributed around the tropopause.
This supports the conclusion in Pan et al. (2007), that the
pronounced ozone transition is related to the definite ther-
mal tropopause. All of the above indicates the occurrence
of transport from the stratosphere to the troposphere on 3
July. This phenomenon usually happens in the decay stage

of a COL, as suggested by previous studies (Wirth, 1995;
Li et al., 2015). Afterwards, the COL continued to get
weaker, and the ozone peak around the tropopause recov-
ered to 10.3 mPa on 4 July. When the COL moved away
from Changchun, the UTLS ozone returned to the pattern of
1 July. In this case, a COL from Siberia brought high-ozone
mass to the UTLS over Changchun and caused the height
of the tropopause to decrease. Eventually, the stratospheric
air, with high-concentration ozone, turned into tropospheric
air. At the same time, the tropopause reformed at higher alti-
tudes. These profiles actually sketch a complete STT process
imposed by a COL and support the former description about
STE during the decay stage of COLs.

3.3. The impact of COLs on UTLS ozone: statistical anal-
ysis

Figure 3 shows that most COLs cause the UTLS ozone
concentration to increase. To quantitatively demonstratethis
viewpoint, the profiles with a subtropical LRT are classified
into two types (profiles in COLs and other profiles), to study
the impact of COLs. The profiles impacted by tropical air
mass have been removed because of the large difference in
ozone between the tropical and subtropical profiles in Fig.
4a. As mentioned in section 3.1, the COL case around 12
July 2012 was an exception, because the COL did not bring
high ozone to the UTLS. Therefore, here, we do not classify
the profiles on those days as profiles influenced by COLs, and
only investigate the increase of ozone concentration in the
UTLS induced by COLs. In Fig. 8, the height coordinate rel-
ative to the LRT and DT removes the variation of tropopause
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Fig. 6. ERA-Interim geopotential height (contours) and LRT height(shading) fields at 300 hPa during a cut-off
low process on (a) 1 July, (b) 2 July, (c) 3 July, and (d) 4 July 2012. The LRT heights are retrieved from
ERA-Interim temperature profiles.

height and focuses on the UTLS region. Birner et al. (2002)
introduced this coordinate, which is also convenient for our
study of chemical STE. All of the four levels (500 hPa, 300
hPa, 250 hPa, and 200 hPa) reveal that the ozone concentra-
tion in the UTLS of the in-COL profiles is higher than that
of the other profiles. The mean tropopause (both LRT and
DT) height of in-COL profiles is lower than that of the other
profiles. In Fig. 3, we find that the COLs shown at 300 hPa
correspond well with stratospheric subsidence. The COLs
lower the LRT height by an average of 1.4 km, and the DT
height by 1.7 km. The results with the LRT coordinate and
DT coordinate are similar. In Fig. 8b, there is a significant
difference between the two types of profiles from 4 km be-
low the tropopause to 4 km above it. These results reveal
that COLs (detected at 300 hPa) may cause the ozone con-
centration to increase significantly in the UTLS. At 1.5 km
above the tropopause, the difference between the two types
of profiles reaches 2.9 mPa, meaning COLs cause the ozone
partial pressure to increase by 33%. The average UTLS col-
umn ozone (between 4 km below and above the LRT) is 76.2
DU for the profiles in COLs, and 57.8 DU for other profiles.
This indicates that COLs cause UTLS column ozone to in-
crease by 32%. Besides, the ozone concentration in the lower
stratosphere (LS) increases by 33%, more than that (29%) in

the upper troposphere (UT). As illustrated in Fig. 5a, the high
ozone mass is transported from high latitudes almost at the
same height. Thus, most of the increased ozone concentra-
tions in the UT and LS over Changchun come from the tropo-
sphere and the stratosphere, respectively. The larger increase
in the LS is consistent with the higher ozone concentration
in the stratosphere. There is also air with a high ozone con-
centration penetrating through the obstacle of the tropopause,
e.g., the case on 2 July 2012. However, the contribution of
that case is less visible in Fig. 8. Although at all of the four
levels the in-COL profile displays a higher ozone concentra-
tion in the UTLS compared to the other profiles, there are
slight differences. At 200 hPa, COLs were only detected nine
times during our measurements. Moreover, the gap between
the two types of profiles and the difference in the two mean
tropopause heights are least. Figure 8 implies that COLs over
Northeast China are deep systems that perform distinctly at
the levels between 500 hPa and 250 hPa, causing the ozone
concentration to increase at the heights between±4 km rela-
tive to the tropopause within the systems. If COLs are recog-
nized at 500 hPa, the gap between the two composite profiles
is the largest. But some events are neglected at 500 hPa, such
as that of 3 June 2011 (Fig. 3b). We find that the 300 hPa level
not only performs best in terms of detecting COLs, but also in
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Fig. 7. Ozone partial pressure (black), ozone mixing ratio (blue) and static stability parameter buoy-
ancy frequencyN2 (red) profiles for (a) 1 July, (b) 2 July, (c) 3 July, and (d) 4 July. Horizontal black
lines mark the LRTs on 1, 2, 3 and 4 July with heights of 11.5 km,10.2 km, 11.3 km and 11.3km,
respectively. Horizontal red lines mark the DTs with heights of 11.9 km, 9.7 km, 9.4 km and 10.9 km,
respectively.

distinguishing between the two types of profiles. Therefore,
the following COL detection and profile classifications were
both made at 300 hPa. Figure 9 displays the different ozone
distributions between in-COL profiles and other profiles at 1–
3 km above the first LRT and DT. In Fig. 9a, the ozone at 1–3
km above the LRT from profiles not in COLs is distributed
from 2 mPa to 13 mPa, with a peak at 9 mPa. In contrast, the
ozone from profiles in COLs is mostly distributed in a narrow
range between 9 mPa and 13 mPa, with a peak at 13 mPa.
This shows an increase of ozone in the lower stratosphere
caused by the COLs. In the DT coordinate shown in Fig. 9b,
the distribution of lower stratospheric ozone in the COLs has
a peak at 9 mPa, whereas the distribution of ozone not in the
COLs has a peak at 13 mPa. The PDFs in the DT coordinate

are quite similar to the results in the LRT coordinate. The HD
value is 0.47 and 0.48 for the LRT and DT coordinate, respec-
tively, proving that the change caused by the COLs is great.
Figure 10a illustrates the static stability profile of two condi-
tions (in COLs and the other profiles, also in the coordinate
relative to the LRT). Note that there is a sharp discontinuity
around the tropopause in both types of profiles, which could
be proof that the thermal definition we chose successfully de-
lineates the tropopause as a barrier between the stratosphere
and troposphere. The structures of the buoyancy frequency
(N2) profiles agree with results for the extratropics in previ-
ous studies (Birner et al., 2002; Pan et al., 2004; Gettelman
et al., 2011).N2 is smaller in in-COL profiles than normal
profiles at 0–2 km above the tropopause. The maximal static
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Fig. 8. Composite ozone profiles in the coordinates of height relative to the LRT height and DT height.
Only those profiles with subtropical LRT (615 km) are considered. The black line is the mean of those
profiles in COLs that are recognized at a certain level, and the grey line is the mean of the rest of the
profiles. Error bars show±σ from the mean. The red line means the two profiles are significantly
different (statistically significant at the 95% confidence level, based on the Student’st-test). (a) The
COLs recognized at 500 hPa. The mean LRT height of the 11 in-COL profiles is 10.3 km, and the mean
LRT height of the other 72 profiles is 11.9 km. (b) The COLs recognized at 300 hPa. The mean LRT
height of the 15 in-COL profiles is 10.5 km, and the mean LRT height of the other 68 profiles is 11.9
km. (c) The COLs recognized at 250 hPa. The mean LRT height of the 14 in-COL profiles is 10.5 km,
and the mean LRT height of the other 69 profiles is 11.9 km. (d) The COLs recognized at 200 hPa. The
mean LRT height of the 9 in-COL profiles is 10.8 km, and the meanLRT height of the other 74 profiles
is 11.8 km. Panels (e–h) are similar to (a–d) but for the DT coordinate.

stability of in-COL profiles (red line) is 5.8×10−4 s−2, while
that of other profiles (black line) is 7.4× 10−4 s−2, indicat-
ing that the in-COLN2 profiles around the tropopause are not

as sharp as in normal profiles. This suggests that COLs may
blur the barrier of the thermal tropopause and make it easier
for STE to occur. In Fig. 10d, profiles are shown in the DT
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coordinate. The characteristics of the profiles in the DT coor-
dinate are similar to those of the LRT tropopause, except that
the transition of static stability around the DT altitude isnot
as sharp as that around the LRT altitude.

Considering an area may stay under the control of a COL
for a few days, the impact of the system in the area may begin
before it has reached and continue after it has left. Thus, the
83 subtropical profiles were divided into four types according
to the stage of the COL passing over Changchun: in-COLs,
−1 day (one day before the COL);+1 day (one day after the
COL); and others (normal profiles). In Fig. 10b, the in-COLs
ozone profile (red line) exceeds the normal profile (black line)
between more than±5 km around the tropopause. From 2
km below the tropopause to 5 km above, the+1 day pro-
file (blue line) and−1 day profile (green line) also overlaps
the normal profile. This is because, before a COL controls
Changchun, the trough in front of the COL may transfer high
ozone concentrations as well. When the COL system passes
by Changchun, the ozone-rich mass still stays in the UTLS

Fig. 9. (a) PDF of ozone at 1–3 km above the first LRT alti-
tude for in-COL (300 hPa) profiles and other profiles. (b) As in
(a) but above the DT altitude. The number of profiles for each
group is shown in brackets behind the name of group. The HD
in (a) and (b) is 0.47 and 0.48, respectively.

for more than one day. The high ozone concentration res-
idence time may be related to the movement speed of the
COL. We conclude that, on average, a substantial increase
in ozone concentration in the UTLS occurs before the COL
arrives, and lasts at least one day after the COL leaves.

It is recognized from Fig. 3 that the increasing ozone con-
centration around the tropopause is accompanied by a de-
scending of the tropopause. Knowing that COLs increase the
ozone concentration in the LS (shown in Figs. 8 and 9), we
therefore suggest that the increments of ozone concentration
over Changchun may be related to COL strength. Hoskins
et al. (1985) indicated that, in vertical cross sections through
COLs, the PV above the tropopause becomes enhanced with
the tropopause descent, and explained it using theoreticalex-
amples. Thus, to some extent, an increase in the PV value and
a decrease in the tropopause height could indicate a COL’s
regional intensity. To test this notion, we analyzed the corre-
lation between tropopause height and LS column ozone. In
Figs. 10c and f, the LS column ozone in COLs possesses a
negative relationship with the LRT/DT height, with a coef-
ficient of −0.62/− 0.55 (statistically significant at the 95%
confidence level, based on the Student’st-test). This negative
correlation shows that there is a positive correlation between
the intensity of COLs and LS ozone. These results support
the view that the ozone concentration increase in the LS is
impacted upon by the COL’s intensity.

4. Summary
This paper presents a study of the increase in the UTLS

ozone concentration caused by COLs, achieved by analyzing
ozonesonde observations over Changchun, China, made dur-
ing the summers of 2010 to 2012. We compared the mean
ozone profile in May, June and July from 2010 to 2012, be-
tween Changchun and Sapporo, Japan. The ozone profile for
Changchun shows a similar structure with that in Sapporo,
but has a higher ozone concentration. The PDF of ozone in
the 12–15 km region over Changchun shows a bimodal struc-
ture with peaks at 3 mPa and 9 mPa, whereas the PDF for
Sapporo has a single peak at 2 mPa. Besides, there are more
LRTs lower than 12 km over Changchun than over Sapporo.
These results imply that Changchun is influenced more by
polar air masses with high ozone concentrations, compared
to Sapporo.

The average height of the thermal tropopause over
Changchun is 12.0 km. The DTs defined by 3.5 PVU agree
with most of the LRTs, except the tropical LRTs. The ozone
time–height cross sections summarize all the profiles and
clearly display the variations of the ozone vertical distribu-
tion. This analysis provides direct evidence of stratospheric
subsidence. The PDFs of ozone at 1–3 km above the LRTs
are quite different, with a DH of 0.62, between the profiles
with subtropical LRTs and those with tropical LRTs. The
ozone peak in PDFs influenced by tropical air masses is only
4 mPa, while the peak influenced by polar air masses is 9
mPa. On the other hand, the difference between ozone PDFs
of double LRTs and single LRTs is not so significant, with
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Fig. 10. (a) Composite static stability profiles in the LRT coordinate. The classification is based on
whether there is a COL over Changchun at 300 hPa. The red (black) line marks the composite static
stability of 15 profiles in COLs (68 profiles of others). (b) Composite ozone profiles in the LRT coor-
dinate when Changchun is in four stages. The red line marks the composite of the 15 ozone profiles
when Changchun had lows at 300 hPa. The green (blue) line marks the composite of six (ten) profiles
at one day before (after) the low passed over Changchun. The black line marks the composite of the
remaining 52 profiles, which are also called “normal” profiles. (c) Correlation between the height of the
tropopause and the ozone column in the LS from 4 km below the LRT to the (LRT) of the 15 profiles
in the COLs. The correlation coefficient is−0.62. Panels (d–f) are the same as (a–c) but in the DT
coordinate.

an HD of 0.21. This is because a double tropopause can be
caused by both stratospheric and tropospheric intrusion. It is
also recognized that, when COLs remain over Changchun,
the high ozone concentration in the stratosphere is trans-
ported downward. The tropopause in COLs is lowered. The
air mass in COLs contains the high-ozone air from Siberia
and the relatively lower ozone air from westerlies, without
completely mixing. In most cases, Changchun is influenced
by the high ozone concentration carried by COLs. Besides,
the discussion on the ozone profile and static stability pro-
file during a special case provided a picture of the STE pro-
cess in different stages of COLs. A mature COL may convey

ozone downwards and lower the tropopause. Later, in the de-
caying stage of the COL, the air mass transferred from the
stratosphere at first acquires the tropospheric thermal charac-
teristic, i.e., less stable (the DT could be 1.9 km lower than
the LRT in the COL), and then gradually loses its high ozone
concentration in the UTLS.

All of the 83 ozone profiles with a subtropical tropopause
were classified into two types (in-COL profiles and other pro-
files), for investigating the relationship between COLs and
the ozone concentration in the UTLS from a statistical per-
spective. The discrepancy between the two types of ozone
profiles indicates that COLs may cause the ozone concen-
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tration to increase between±4 km around the tropopause,
and induce air masses that are less stable at 0–2 km above
the tropopause. COLs may cause air to be less stable around
the tropopause, and thus it is easier for STE to take place in
such a system. On average, COLs lower the LRT height by
1.4 km, and the DT height by 1.7 km. Besides, the LS col-
umn ozone is 33% higher in COLs than other profiles. The
PDFs of ozone at 1–3 km above the LRT, with an HD value
of 0.47, also support the finding that the LS ozone in COLs
is significantly higher than the LS ozone of other profiles.
In addition, by analyzing the composite profiles of different
stages, we investigated the time span of COLs’ impacts on
UTLS ozone. The results showed that the ozone concentra-
tion in the UTLS is impacted upon by COLs one day before
the COL arrives. Moreover, the high ozone concentration is
still observed in the UTLS one day after the COL has left.
Lastly, we used the tropopause height as an indicator of COL
strength over Changchun and found a negative relationship
between the LRT/DT height and LS column ozone, with a
coefficient of−0.62/−0.55, implying a positive relationship
between COL strength and LS column ozone.

This study is based on the analysis of ozonesonde data
and proves the impact of COLs on ozone in the UTLS from
a statistical perspective. To further comprehend the details of
the STE mechanisms at work in COLs, such as convection
and tropopause folding, numerical model simulations would
be an effective tool and an important supplement to our future
investigations.
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tropopause mass exchange associated with a tropopause fold
event over the northeastern Tibetan Plateau.Adv. Atmos. Sci.,
27(6), 1344–1360, doi: 10.1007/s00376-010-9129-9.


