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ABSTRACT

The European Centre for Medium-Range Weather Forecasts Re-Analysis Interim (ERA-Interim) mete-
orology and measurements from the Microwave Limb Sounder, High Resolution Dynamics Limb Sounder,
and Ozone Monitoring Instrument onboard the Earth Observing System Aura satellite were applied to an-
alyze the dynamical and chemical features of a cutoff low (COL) event over northeast China in early July
2007. The results showed the polar stratospheric origin of an upper-level warm-core cyclone at 100-300
hPa, associated with a funnel-shaped tropopause intruding into the mid-troposphere just above the COL
center. The impacts of the stratospheric intrusion on both column ozone and ozone profiles were investigated
using satellite measurements. When the intensity of the COL peaked on 10 July 2007, the total column
ozone (TCO) increase reached a maximum (40-70 DU). This could be dynamically attributed to both the
descent of the tropopause (~75%) and the downward transport of stratospheric ozone across the tropopause
(~25%). Analysis of the tropospheric ozone profiles provided evidence for irreversible transport/mixing of
ozone-rich stratospheric air across the tropopause near the upper-level front region ahead of the COL center.
This ozone intrusion underwent downstream transport by the upper tropospheric winds, leading to further
increase in TCO by 12—16 DU over broad regions extending from east China toward the northern Japan Sea
via South Korea. Meteorological analysis also showed the precedence of the stratospheric intrusion ahead of
the development of cyclones in the middle and lower troposphere.
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Introduction

a “tropopause funnel” dipping as low as the mid-

A cutoff low (COL) is a closed upper-tropospheric
low-pressure system that is completely detached (cut
off) from its polar source and extends to the south of
the mid-latitude westerly mean flow as a result of the
deepening of a high-level trough (Palmén and New-
ton, 1969; Gimeno et al., 2007). Along with its slowly
southward excursion, a COL usually maintains its po-
lar characteristics [e.g., low temperature and high po-
tential vorticity (PV)] in the middle and upper tro-
posphere. In an intense COL event, there could be
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troposphere (Palmén, 1949; Peltonen, 1963). A funnel-
shaped tropopause is also usually associated with sub-
stantial descent of stratospheric air, producing a warm
core in the lower stratosphere just above the pro-
nounced “cold dome” in the troposphere (e.g., Sato,
1951). As a result, an intense COL event typically
causes pronounced stratospheric intrusion into the up-
per troposphere (e.g., Holton et al., 1995; Stohl et al.,
2003; Sprenger et al., 2007), which could be responsi-
ble for an unusual increase in the tropospheric ozone
concentrations below (Ancellet et al., 1994; Kentar-
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chos et al., 2000). Previous studies have suggested that
both convective mixing and the radiative erosion of
the funnel-shaped tropopause should be the principal
mechanisms responsible for stratosphere-troposphere
exchange (STE) in a COL event (Price and Vaughan,
1993; Wirth, 1995). It has also been proposed that
a decaying COL could be a preferable condition for
massive stratospheric intrusions throughout the COL
lifecycle (Gouget et al., 2000).

Considering the marked change in PV across the
tropopause, stratospheric intrusion related to a COL
leads to an isolated area of high isentropic PV originat-
ing from the polar stratospheric reservoir. Therefore,
PV theory can be used to identify and explain the for-
mation and evolution of a COL. Hoskins et al. (1985)
proposed a conceptual duality between cutoff cyclones
and blocking anticyclones from the viewpoint of PV
anomalies near the tropopause (positive isentropic PV
anomalies correspond to cutoff cyclones, whereas neg-
ative anomalies correspond to blocking anticyclones).
According to the well-established “PV thinking” per-
spective (Hoskins et al., 1985), a pronounced posi-
tive PV anomaly at the upper level might be phase-
locked to rapid cyclogenesis below. Extensive obser-
vations have also indicated that a cold vortex in a
COL event sometimes develops above a low-level anti-
cyclone, leading to a weakening of the surface anticy-
clone or even strengthening of a surface cyclone (e.g.,
Hsieh, 1949; Palmén, 1949; Nieto et al., 2005, 2008).
Therefore, study of the stratospheric intrusion related
to a COL and its tropospheric consequences might pro-
vide a clue to understanding the mechanism responsi-
ble for dynamical couplings between the stratosphere
and troposphere.

In recent decades, a number of studies have exam-
ined the climatology of COLs in the Northern Hemi-
sphere (NH) based on an object analysis of 500-hPa
pressure surfaces (Bell and Bosart, 1989; Parker et
al., 1989) and 200-hPa (Kentarchos and Davies, 1998).
Most COLs last for 2-3 days, and very few last for
>10 days. It has also been shown that COL events
occur more often in summer than in winter and gener-
ally form in preferred geographical regions. According
to their locations of occurrence, Price and Vaughan
(1992) divided COL events into three categories: po-
lar vortex, polar, and subtropical. Recently, Nieto et
al. (2005, 2008) provided a multi-decadal climatol-
ogy of COLs in the NH and confirmed previous con-
clusions on their duration and seasonal cycle. They
also concluded that the three preferred areas of COL
occurrence in the NH are southern Europe and the
eastern Atlantic coast, the eastern north Pacific, and
the northern China—Siberian region extending to the
northwest Pacific coast, with the European region be-

UTLS FEATURE OF A CUTOFF LOW OVER NORTHEAST CHINA

VOL. 30

ing the most active.

Due to its preferred occurrence in Northeast China
and cold-core feature throughout the middle and upper
troposphere, a COL is traditionally called a “north-
east cold vortex” in Chinese meteorological literature.
As a result of their long-term persistence, cold vor-
tices often cause cold spells and heavy rainfall, which
account for 20%-60% of the total precipitation in the
warm season (May—September; Zhang et al., 2008) and
~25% of annual mean precipitation in North China
(Hu et al., 2010). Consequently, an intense COL event
might lead to severe flooding, especially in late spring
and early summer (from May to June; Tao, 1980; Zhao
et al., 2007). However, due to the lack of local strato-
spheric soundings in this region, little academic at-
tention has been given to the stratospheric intrusion
features of COLs. These have been substantially in-
vestigated for similar events over Europe and North
America. Yang and Lii (2003) quantified the mass
STE associated with an intense COL event over East-
ern China using a mesoscale model. Recent advances
in remote sensing provide us unprecedented opportu-
nities for bird’s-eye views of COLs over a broad area
and for detection of fine structures throughout their
life cycles.

In this study, we investigated the stratospheric in-
trusion of an intense COL event in early July 2007 and
its impact on (1) the thermal structure and ozone con-
centration in the upper troposphere and lower strato-
sphere (UTLS) and (2) the dynamical evolution of
low-level cyclones. This article is organized as follows:
section 2 introduces meteorological data and satellite
observations. Section 3 describes the meteorological
evolution of the COL event in question. Features of
stratospheric intrusion and its impact on both column
ozone and ozone profiles are presented in section 4.
Section 5 discusses the potential relationship between
the stratospheric intrusion and the strengthening of
low-level cyclones. The main conclusions are summa-
rized in section 6.

2. Meteorological reanalysis and satellite ob-
servations

We used the European Center for Medium-
range Weather Forecasts (ECMWF) Interim reanal-
ysis (ERA-Interim) (Simmons et al., 2007a, b), a
new global reanalysis dataset (ranging from 1989 to
now, four times per day), for meteorological analy-
sis. The ERA-Interim data had a horizontal resolu-
tion of 1.5°x1.5° and 37 vertical pressure levels ex-
tending from 1000 to 1 hPa. The PV isoline from
ERA-Interim data was used to analyze the variations
in the dynamical tropopause [2 PV Units (PVU), 1
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PVU = 1.0x107% K m? kg~! s7!], and the isentropic
PV contours at 330 K were also used to identify the
downward intrusion of stratospheric air masses (see
section 5). The temperature from ERA-Interim re-
analysis is used to calculate the thermal tropopause
height based on World Meteorological Organization
(WMO) definition (WMO, 1957). Comparison shows
that the ERA-Interim tropopause agrees well with the
result from National Center for Environmental Predic-
tion (NCEP) final (FNL) operational global analysis
data (not shown). In this study, location of lapse-rate
tropopause is also contrasted with that of PV-based
dynamic tropopause (Figs. 3, 5, and 9).

The Microwave Limb Sounder (MLS; Waters et al.,
2006) on the Earth Observing System Aura spacecraft,
which was launched on 15 July 2004, observed ther-
mal microwave limb emission in five spectral regions
from 118 GHz to 2.5 THz. In MLS level-2 products,
there are six levels in the UTLS region between 200
and 50 hPa: 177, 146, 121, 100, 82, and 68 hPa. De-
tails regarding the use of MLS level-2 products were
provided in an MLS data quality and description docu-
ment (Livesey et al., 2007, 2011). Livesey et al. (2008)
evaluated the accuracy of O3 and CO concentrations
between 215 and 100 hPa produced by the MLS ver-
sion 2.2 retrievals. The O3 accuracy was estimated at
~40 ppbv +5% (~20 ppbv +20% at 215 hPa), and
the CO accuracy was estimated at ~30 ppbv +30%
for pressures of 147 hPa and less. Generally, accord-
ing to previous validation study (Livesey et al., 2008),
O3 and CO products from MLS measurements are sci-
entifically useful in the UTLS at pressures of 215 hPa
and smaller. Therefore, in the present study, temper-
ature and mixing ratios of O3 and CO from the MLS
Level-2 product (version 3) above 215 hPa were used
to illustrate the stratospheric ozone intrusion associ-
ated with the tropopause funnel.

The High Resolution Dynamics Limb Sounder
(HIRDLS; Gille et al., 2003) is also onboard the EOS-
Aura spacecraft. It measures atmospheric limb emis-
sions from 6.12 to 17.76 mm in 21 spectral channels
to obtain vertical profiles of temperature, pressure,
mixing ratios of atmospheric constituents (e.g., Os,
HNOj3;, and aerosol extinction), and cloud-top pres-
sures. The HIRDLS was designed to sound the up-
per troposphere, stratosphere, and lower mesosphere
with high vertical and horizontal resolution, obtaining
global coverage (including the poles) during both day
and night (Gille et al., 2003, 2008). The horizontal
along-track (latitudinal) sampling is approximately 1°
(75-100 km) and the vertical resolution is as high as
1 km. Nardi et al. (2008) compared HIRDLS ozone
retrievals (V2.04.09) with ozonesondes, ground-based
lidar, and airborne lidar measurements. Their com-
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parison indicated that the ozone retrieval of this ver-
sion was recoverable betweenl and 100 hPa at mid-
dle and high latitudes, where the accuracy was esti-
mated to be generally 5%-10% in the middle and up-
per stratosphere (1-50 hPa) and 10%—20% in the lower
stratosphere (50-100 hPa). Comparisons confirmed
that that HIRDLS was capable of resolving fine ver-
tical ozone features (1-2 km) in the region between 1
and 50 hPa. Gille et al. (2008) compared the HIRDLS
temperatures (V2.04.09) with measurements from ra-
diosondes, lidars, and other satellite and outputs from
ECMWFEF analysis. They showed that the HIRDLS
temperatures are 1-2 K warm, which is within +£2 K
of standards, from the upper troposphere (200 hPa)
to the upper stratosphere (10 hPa) in extratropics.
These comparisons were recently updated for version 5
products by the HIRDLS Team (2010). The HIRDLS
temperature is within 0.5 K of the high-resolution ra-
diosondes from ~300 hPa to above 10 hPa, with larger
differences below 300 hPa. The HIRDLS ozone preci-
sion is 100-300 ppbv (~1%-4%) between 1-100 hPa,
50-100 ppbv (~25% at mid-latitudes and 5%-15% at
high latitudes) between 100-260 hPa, and 100-300
ppbv (~4%-10%) between 0.5-1 hPa. In this study,
the V5 HIRDLS temperature and ozone were used to-
gether with the MLS products.

The Ozone Monitoring Instrument (OMI), also on-
board the Aura satellite, measures direct sunlight and
backscattered light from the Earth’s atmosphere in the
wavelength range 270-500 nm (Levelt et al., 2006).
It provides daily global coverage, except for the po-
lar night region, with a nadir spatial resolution of 13
km x24 km (lat x lon). We used the retrieved total
column ozone (TCO) and the ozone profile from the
OMI (Liu et al., 2010a) to quantify the influence of
the COL on the total column ozone and irreversible
STE of ozone. Profiles of partial ozone columns were
retrieved from the surface to ~60 km in 24 layers
from OMI radiances using the optimal estimation tech-
nique (Liu et al., 2010a). In addition to the TCO,
the stratospheric and tropospheric column ozone were
integrated from the retrievals with the use of daily
NCEP tropopause data. Retrieval errors (including
both precision and smoothing errors) varied from 1-
6% in the middle stratosphere to 6%—35% in the tropo-
sphere. In total, stratospheric, and tropospheric col-
umn ozone could be retrieved with errors typically in
the few DU range at solar zenith angles <80°. The
OMI ozone profiles agreed closely with MLS data;
global mean biases were within 2.5% between 0.2-100
hPa and within 5%-10% between 100-200 hPa. The
standard deviations of the differences were 3.5%5%
between 1-50 hPa and 8%—-15% between 50-200 hPa
(Liu et al., 2010b). Stratospheric column ozone (SCO)
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Fig. 1. ERA-Interim temperature (shaded: K) and geopotential height (contour: m) together with
wind vectors (m s™') at 500 hPa pressure surface: (a) 0600 UTC 5 July; (b) 0600 UTC 6 July; (c)
0600 UTC 7 July; (d) 0600 UTC 8 July; (e) 0600 UTC 9 July; (f) 0600 UTC 10 July 2007. Loca-
tions of Microwave Limb Sounder (MLS) and High Resolution Dynamics Limb Sounder (HIRDLS)
profiles are marked by black triangles and red dots. Place of the cutoff low (COL) occurrence is
indicated by a white box. The geopotential height contour ranges from 5500 to 5800 m, with the

interval of 30 m.

also agreed closely with MLS data (—0.6%+2.8%). For
the northern mid-latitude summer, OMI ozone profiles
in the UTLS and troposphere agreed with ozonesonde
observations to within 5%, with standard deviations
of the differences of 10%—-18%; tropospheric column
ozone agreed closely with ozonesondes (—1.6+5.4 DU).
Validation with aircraft measurements in the UTLS
(100-300 hPa) showed that OMI retrievals generally
agree with aircraft data to within £50% for ozone
quantities >200 ppbv. Therefore, they can capture the
synoptic-scale ozone gradients associated with strong
potential vorticity gradients (Pittman et al., 2009).

3. Meteorological evolution of the July 2007
COL event over northern China

As discussed in section 1, previous studies have
shown that a COL is an upper-level cyclone with a

cold core throughout the troposphere, but a warm core
in the lower stratosphere. In this section, the ERA-
Interim dataset was applied to analyze the dynamical
and thermal structures of the COL event over northern
China in early July 2007.

Figure 1 shows the daily evolution (0600 UTC each
day) of temperature and geopotential height at 500-
hPa pressure surface before and during the COL oc-
currence (5-10 July 2007), together with the locations
of MLS (triangles) and HIRDLS (dots) profiles on each
day. On 5 July 2007, a shallow ridge occurred over
northern Mongolia as a result of warm advection to
the south of the Baikal region (Fig.1la). Due to the
persistent development and eastward propagation of
the Mongolian ridge, a growing trough extended from
Siberia to northern China during 6-7 July 2007
(Figs. 1b and ¢). The southeastward extension of the
cold trough led to pronounced cooling in Mongolia
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Fig. 2. Same as Fig. 1, but for the 360 K isentropic surface. The geopotential height contour ranges
from 11000 to 15000 m, with the interval of 400 m.
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and northern China, producing a closed cyclone in the
middle troposphere over northeast China on 8 July
2007 (Fig. 1d, box). With the eastward movement of
another intense ridge from behind, a large pocket of
cold air mass was stripped from the polar cold pool
on 9 July 2007 (Fig. 1le) and merged with the existing
closed cyclone (Fig.1d), leading to an intense COL
over northern China (Fig. 1f).

Figure 2 is the same as Fig. 1, except for the 360-
K isentropic surface, which represents the lowermost
stratosphere. The horizontal distribution of 360-K
temperature was significantly different from that in the
middle troposphere (compare Fig.2 with Fig.1). As
shown in Figs. 2a-d, in a calm state (5-8 July 2007),
the temperature north of 60°N was much higher than
that between 45°N and 60°N. Moreover, the 360-K
temperature between 45°N and 60°N was quite sensi-
tive to the vertical undulation of the atmosphere. For
example, at 0600 UTC 5 July 2007, the temperature
along 55°N latitude in the region with a weak ridge
(over the Lake Baikal) was ~5 K cooler than that in
the region with a shallow trough (Fig.2a). On 9 July
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2007, with the eastward movement of an intense ridge
(as in the situation at 500 hPa shown in Fig.1le), a
pronounced warm trough was stripped off the polar
warm pool and extended southward toward Mongo-
lia (Fig.2e). On 10 July 2007, the elongated warm
trough was completely detached from its polar origin
and reached northern China, producing a closed warm-
core cyclone above the low-level cold cyclone (compare
Figs. 1f with 2f).

4. Features of stratospheric intrusion

In this section, based on the ERA-Interim meteoro-
logical data and satellite observations, we focus on the
thermal and dynamical structures of the funnel-shaped
tropopause (also known as the “tropopause funnel”)
in the COL event and their impact on local TCO and

ozone profiles.
4.1 Origin of the stratospheric intrusion

Figure 3 shows the cross-sections of temperature,
potential temperature, zonal wind speed, PV isolines
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Fig. 3. (top) Zonal and meridional cross sections of ERA-Interim temperature (shaded: K) and
potential temperature (white contour: K) along (a) 45°N and (b) 114°E at 0600 UTC 10 July
2007. (bottom) Cross-sections of MLS/HIRDLS temperature (shaded: K) and ERA-Interim po-
tential temperature (white contour: K) along satellite tracks: (c) MLS; (d) HIRDLS. The zonal

wind speed >20 m s~ !

is shown by black solid contours with intervals of 10 m s~!. ERA-Interim

potential vorticity (PV) isolines [2, 4, and 8 PV units (PVU)]| are overlaid representing the location
of dynamical tropopause (red bold solid line). Thermal tropopause from ERA-Interim reanalysis is

also marked with the white circles.

of 2, 4, and 8 PVU, and thermal tropopause along
transects crossing the center of the COL at 0600 UTC
10 July 2007 based on ERA-Interim data and satellite
profiles from MLS and HIRDLS instruments. Both
the PV isolines and thermal tropopause show simi-
lar features. In particular, the dynamical tropopause
(represented by the 2-PVU PV isoline) above the
area of COL occurrence dipped below the thermal
tropopause, reaching as low as 400 hPa and produc-
ing a pronounced “tropopause funnel” (Figs. 3a, b, and
d). Meanwhile, the convergence of the potential tem-
perature contours near the “tropopause funnel” region
suggests the stabilization of the UTLS region near the
COL. In addition, both ERA-Interim meteorological
data and satellite observations show that the isotherms

above the tropopause funnel bulged up, indicating that
the COL in the UTLS region ranging from 250 to 100
hPa was 3-4 K warmer than its surroundings (see
also Fig.2f). Previous studies have suggested that
the warm-core of upper-level cyclone is probably re-
lated to the warming associated with the formation of
the tropopause funnel (e.g., Sato, 1951). Figures 3b—d
show the 218 K isothermal is traceable as far as the
polar stratosphere (e.g., 70-150 hPa around 60°N), in-
dicating a polar stratospheric origin of the downward
transport and the resulting upper-level warm core.
Figure 4 displays the 6-h evolution (between 0000
UTC 9 July and 0600 UTC 10 July) of the strato-
spheric intrusion. For example, during the first 12
h (0000-1200 UTC 9 July), as a result of the rapid
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Fig. 4. The 6-h evolution of ERA-Interim temperature (shaded) and wind vectors at 200 hPa pres-
sure surface and PV isoline (2 PVU) at 330 K isentropic surface: (a) 0000 UTC 9 July; (b) 0600
UTC 9 July; (c) 1200 UTC 9 July; (d) 1800 UTC 10 July; (e) 0000 UTC 10 July; (f) 0600 UTC 10
July 2007. Place of the COL occurrence is indicated by a white box.

growth of the upstream Siberian ridge, the isentropic
PV trough extended southwestward and caused a
pocket of warm air mass to be transported from the po-
lar region to the Mongolian region (compare Figs. 4a—c
and 2d). At 1800 UTC 9 July, the further development
of the Siberian ridge cut the PV isoline from its po-
lar origin (Fig.4d), leading to an isolated warm-core
cyclone moving slowly southward and hovering over
northern China during the following 18 hs (Figs. 4d-f).
The cutoff of polar stratospheric intrusion also caused
the transport of warm polar stratospheric air into the
mid-latitudes (see the remnant PV isolines near 60°N
in Figs 4d-f).

4.2 Impact of the Stratospheric Intrusion on
the UTLS Ozone

In this section, the impacts of stratospheric intru-
sion on ozone concentrations in the UTLS region and
ozone STE are quantified using the retrieved profiles
onboard several satellite instruments (MLS, HIRDLS,
and OMI).

To illustrate the impact of stratospheric intrusion
on UTLS ozone, Fig.5 (upper four panels) facilitates
a comparison of the along-track ozone concentration
passing over the marked region in Figs. 1 and 2 before
and during the event retrieved from MLS and HIRDLS
observations (refer to Figs.la and f for the locations
of each instrument’s profiles). For example, on 5 July
2007, the westerly jet core was located near its sum-
mertime climatological latitudes (between 35°N and
40°N), with a maximum speed of >50 m s~! (Figs. 5a
and c). The tropopause break went through the jet
core, descending from near 100 hPa southward of 35°N
to ~200 hPa northward of 40°N. As a result, before
the COL event, the ozone-rich air between 40°N and
50°N was generally confined above the 200 hPa pres-
sure surface. On 10 July 2007, due to the south-
ward excursion of polar stratospheric air during the
development of the COL (Fig.4), the westerly jet was
greatly weakened and retreated southward to tropical
latitudes (Figs.5b and d). Due to the formation of
the tropopause funnel (Fig.3), dynamical tropopause
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Fig. 5. (top) Observed ozone mixing ratio (Units: ppmv) and ERA-Interim potential temperature
(white contours: K) near the tropopause before (on 5 July 2007) and after (on 10 July 2007) the
COL occurrence along (a and b) MLS and (c and d) HIRDLS tracks passing over the marked region
shown in Fig.1. Same as Fig.3, zonal wind speed (black solid contours), PV isolines (2, 4, and
8 PVU, red solid contours), and thermal tropopause (white circles) from ERA-Interim reanalysis
are overlaid. (bottom) O3—CO tracer-tracer correlation from MLS observations in the upper tropo-
sphere and lower stratosphere between 68 and 215 hPa (red plus: 68 hPa; blue dot: 82 hPa; black
cross: 100 hPa; green asterisk: 121 hPa; red circle: 146 hPa; black triangle: 177 hPa; orange dot:
215 hPa) on (e) 5 July and (f) 10 July 2007 within the area of COL occurrence (marked by a white
box).
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(PV isolines) together with high ozone concentrations
intruded to as low as 400 hPa (Fig.5d). The tracer—
tracer correlation, a common diagnostic tool to iden-
tify the mixing of air masses with different origins (e.g.,
Waugh et al., 1997; Pan et al., 2007), shows the im-
pact of stratospheric intrusion on chemical trace gases
(O3 and CO) in the UTLS region (68-215 hPa) above
the COL region (Figs. 5e and f). On 5 July 2007, the
O3 and CO concentrations in this region satisfied the
compact correlation documented in previous literature
(e.g., Fischer et al., 2000), indicating a robust distin-

guishability between troposphere and stratosphere be-
fore the COL occurrence (Fig.5e). However, on 10
July 2007, the O3—CO correlation loosened up, lead-
ing to the disappearance of high CO concentration
and low Oz concentrations in the lowermost five lay-
ers (i.e., 100, 121, 146, 177, and 215 hPa) (compare
Figs. 5f with e). Although the vertical resolution of
MLS measurements are relatively crude and the sam-
plings are limited at these levels, the variation in the
measured O3—CO correlation is pronounced enough
to qualitatively highlight the downward intrusion of
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Fig. 6. Total column ozone (TCO) and its variation (Units: DU) observed by Ozone Monitoring
Instrument over north China during the COL event: (a) 1-7 July 2007 mean; (b—f) daily variations
from 8 to 12 July 2007 relative to the 1-7 July mean. Region of the COL occurrence is marked
by a white box. Locations of MLS and HIRDLS profiles within the marked region are indicated
by black triangles and red dots. Evolution of the 2-PVU PV isoline at 330 K and 200-hPa winds
(Units: m s™') are overlaid with blue bold solid line and vectors.

stratospheric air from above the tropopause. There-
fore, according to MLS measurements, the downward
intrusion of stratospheric air can reach as deep as 215
hPa at least, which lies around the thermal tropopause
(compared to thermal tropopause in Figs. 5a—d).
Figures 6b—f illustrate the daily variation of TCO
(8-12 July 2007) relative to the 1-7 July average
(Fig.6a), together with the evolution of horizontal
wind vectors at 200 hPa and the 2-PVU isentropic PV
isoline at 330 K, which. As shown, there was a high
correlation between the TCO increase and the PV iso-
line, which indicates an intrusion of stratospheric air.
For example, on 8 July 2007, the 2-PVU isoline ex-
tended southward towards Baikal, leading to a pro-
nounced increase (~40 DU) in local TCO compared
with the 1-7 July mean (Fig. 6b). With the equatorial
excursion of the PV isoline, the area with TCO en-
hancement extended from Mongolia to northern China

(Figs. 6¢ and d). On 10 July 2007, as the COL reached
its peak, the maximum TCO enhancement was up to
60-70 DU at the center of the stratospheric intrusion
(Fig.6d). When the COL began to decay, its impact
on the local TCO weakened on 11 and 12 July (Figs. 6e
and f).

Notably, there was an intensive TCO increase
downstream the movement of the high-PV strato-
spheric air (e.g., Figs.6c—f). Meanwhile, the distri-
bution of these TCO increased areas agrees well with
transport pattern of the 200-hPa horizontal winds.
Based on OMI measurements, the decaying COL led to
a broad area of TCO enhancement (20-40 DU) down-
stream of the stratospheric intrusion over northern
China (Figs. 6e and f). This issue is further discussed
in section 4.3.

To determine the impact of the COL event on the
vertical distribution of ozone concentration, as in our
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Fig. 7. (top) Reference ozone profile averaged
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in 1-7 July 2007 within the region of COL occur-

rence: results from (a) MLS observations; (b) HIRDLS observations. (bottom) percentage of daily
variations in ozone profiles from 9 to 12 July 2007 relative to the reference ozone profile: results
from (c) MLS observations; (d) HIRDLS observations.

previous studies (Liu et al., 2009, 2010), we averaged
the daily ozone profiles from both MLS and HIRDLS
measurements within the marked area (Fig.6) to de-
rive the daily variation in the ozone profile (Figs.7¢c
and d) relative to the reference profile (1-7 July av-
erage) (Figs.7a and b). As shown in Figs. 7c and d,
there was a pronounced ozone increase below 50 hPa
throughout the COL event, with the maximum ozone
increase (>80%) located near 150 hPa. In other words,
the TCO enhancement on 9-12 July 2007 could be
mostly attributed to the UTLS process related to the
COL event, i.e., the formation of a “tropopause fun-
nel” and associated STE. Figures 7c and d also indi-
cate the temporal evolution of the dynamics contribut-

ing to ozone enhancement in the UTLS region. For ex-
ample, as the stratospheric intrusion approached the
marked region on 9 July (Fig. 6¢), it led to a 40%-110%
increase in the UTLS ozone concentration (Figs. 7c and
d). When the intensity of the COL peaked on 10 July
(Fig.6d), the increase in UTLS ozone concentration
between 100 and 150 hPa reached 80%-110% (Figs. 7c
and d). In the COL’s decaying phase, the ozone pro-
file between 100 and 200 hPa recovered gradually on
11 and 12 July (Fig.7d). The differences in the ozone
variations between MLS and HIRDLS measurements
could be generally related to their differences in sam-
pling, vertical resolution, and precision in the UTLS
region.
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Fig. 8. (left panels) Stratospheric column ozone (SCO, Units: DU) from OMI retrievals and ther-
mal tropopause pressure (Units: hPa) from ERA-Interim reanalysis. (right panels) Tropospheric
column ozone (TrCO, Units: DU) from OMI retrievals and 200-hPa wind vectors from ERA-Interim
(right panels): (a and b) 1-7 July mean; (c-h) daily variations from 10 to 12 July 2007 relative to
the 1-7 July mean. Region of the COL occurrence is marked by a white box. Same as Fig. 6, the
2-PVU isentropic PV isoline is overlaid. Black solid line indicates the cross-section along 40°N to

be shown in Fig. 9.

4.3 Characteristics of the irreversible ozone
intrusion into the upper troposphere

Based on the OMI ozone profiles, we analyzed the
characteristics of the irreversible ozone intrusion be-
low the tropopause and quantify its contribution to
the tropospheric column ozone (TrCO) throughout the
COL event.

Figure 8 (left panels) shows the daily variations
in OMI’s SCO measurements and thermal tropopause
pressure from ERA-Interim relative to the 1-7 July
mean. There was a high correlation between the
SCO increase and increase of the tropopause pressure
(compare blue contours with shaded SCO contours in
Figs. 8¢, e, and g). These results suggest a dominant
role of tropopause height decrease in controlling the
SCO increase in this case. Figure 8 (right panels)

shows the daily variations of TrCO relative to the 1-7
July mean (Fig.8b for the mean). The TrCO centers
travelled along with the southward migration of the
high-PV air mass (Figs.8d and f) but lagged behind
the motion of the SCO center (e.g., compare Figs. 8c
with d). Meanwhile, it is noted that there is north-
ward transport of high tropospheric ozone from south
of 40°N, which contributes to the TrCO increase ex-
tending from East China towards the north Japan Sea
on 11 and 12 July (Figs.8d, f, and h). However, tem-
poral evolution of the vertical velocity shows that the
geographical pattern of the descent region agrees well
the temporal evolution of the high TrCO during 8-
10 July (not shown), which leads to the high TrCO
to the south of 40°N on 10 July (Fig.8d). Cross-
sections of the vertical velocity further show the ex-



536

istence of the descents from 850 to 250 hPa during
8-10 July (not shown). Therefore, the high TrCO to
the south is very likely produced by the persistently
downward transport from lower stratosphere and sub-
sequently southeastward advection at the rear of the
cold tropospheric cyclone. During the following days
(10-12 July), the high ozone concentrations are fur-
ther transported northeastward ahead of the cyclone
(Figs. 8f and h). However, quantitative ozone budget
should be analyzed further using a detailed chemical
transport model. The increase in TrCO (up to 12—
16 DU) was only one third of the magnitude of the
SCO increase (up to 40-50 DU; Figs.8c and d). In
other words, ~75% of the local TCO increase might
be attributable to the descent of the tropopause and
downward transport of ozone into UTLS, whereas the
other 25% of the TCO increase might have been con-
tributed by the ozone STE below the bottom of the
tropopause funnel. Meanwhile, there were still areas
with pronounced TrCO enhancement to the south of
the stratospheric intrusion associating with the high-
PV air mass. And these ozone increases cannot be
explained by the variation of tropopause height (com-
pare each right panel with left one). Analysis of the
200-hPa horizontal winds shows that the distribution
of TrCO enhancement agrees well with the pattern of
upper tropospheric winds over East Asia. These re-
sults indicate a possibility that the stratospheric ozone
intruded across the tropopause and was further trans-
ported downstream by the strong westerlies in upper
troposphere. As a result, the area with TrCO en-
hancement extended from east China toward the north
Japan Sea via South Korea on 11 and 12 July (Figs. 8f
and h). This picture also agrees with previous studies
(e.g., Gouget et al., 2000), which argues that the tro-
pospheric ozone increase resulted from stratospheric
ozone intrusion due to the erosion and mixing near
the upper-level frontal structure.

Figure 9 shows the OMI ozone distribution along
the 40°N cross-section, together with the ERA-Interim
meteorology. As shown, due to the development
of the tropopause funnel and high-level front, there
was prominent ozone transport and mixing downward
across the tropopause. For example, on 9 and 10
July 2007, the potential temperature contours be-
tween 100 and 300 hPa converged towards the thermal
tropopause, indicating the development of the upper-
level frontal structure (Figs.9b and c). The verti-
cal shift of lapse-rate tropopause can also be noted
from the variation in the PV contours, which are
conventionally regarded as the dynamic tropopause.
Meanwhile, there were air masses with typical strato-
spheric ozone concentrations intruding across the ther-
mal tropopause. With the approach of the COL sys-

UTLS FEATURE OF A CUTOFF LOW OVER NORTHEAST CHINA

VOL. 30

tem on 11 July 2007 (compare Figs.9d with 8f), the
tropopause funnel deepened, which led to ozone-rich
air descending from above 100 hPa to the lowermost
stratosphere at 200 hPa (Fig. 9d). During the follow-
ing days, the tropopause funnel and frontal structure
associated with the COL continued decaying (Figs. 9e
and f), which led to pronounced ozone-rich air mix-
ing downward below the tropopause. This situation
is quite similar to the previous documentation of ir-
reversible ozone STE in COL’s decaying phases (e.g.,
Gouget et al., 2000). As a result, the high-rich air
was diluted with the environment air mass and fur-
ther transported downstream by the strong horizontal
winds in upper troposphere (Figs.9% and f), leading
to TrCO enhancement to the east of 120°E, which is
located downstream the decaying COL area (Figs. 8f
and h).

5. Link between stratospheric intrusion and
the intensifying of low-level cyclones

Previous theoretical studies (e.g., Hoskins et al.,
1985) had shown that a positive PV anomaly in the up-
per troposphere can usually lead to prominent cyclo-
genesis well below. We investigated a possible link be-
tween the stratospheric intrusion of high PV and COL
occurrence and evolution of the low-lying cyclone.

Figure 10 shows the development of geopotential
height in the upper, middle, and lower troposphere
and its relationship to stratospheric intrusion, which
is denoted by the isentropic PV isoline. In the de-
veloping phase (0000 UTC 8 July), there was a rel-
atively small and weak cyclone at 500 hPa and 700
hPa over northern China (Figs. 10d and g), but with-
out any upper-level cyclone at 200 hPa (Fig. 10a). As
shown in Figs. le and 2e, the rapid growth of an up-
stream Siberian ridge responsible for the pronounced
stratospheric intrusion led to the emergence of a closed
cyclone to the east of the Baikal region at 200 hPa,
with a trough extending southward toward northern
China at 500 hPa. Meanwhile, the cold-core cyclone
at 700 hPa underwent pronounced growth, which can
be regarded as a dynamical consequence of the upper-
level PV intrusion, according to PV theory (Hoskins et
al., 1985). At 1800 UTC 9 July, with the 200-hPa cy-
clone completely detached from its polar stratospheric
origin, the newborn cyclone merged into the existing
cyclone over northern China, leading to the former’s
rapid growth. Meanwhile, the 700-hPa cyclone showed
further strengthening and enlargement.

6. Summary and discussion

In this study, the HIRDLS, MLS, and OMI mea-
surements onboard the EOS-Aura satellite and the
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Fig. 9. Cross section of ozone concentration (units: ppbv) from OMI retrievals and ERA-Interim
meteorology along 40°N cross-section indicated by solid line in Fig.8: (a) 1-7 July mean; (b) 10
July; (¢) 11 July; (d) 12 July 2007. ERA-Interim PV isolines (2, 4, and 6 PVU), potential temper-
ature (interval: 10 K), and thermal tropopause (units: hPa) are overlaid with red, black, and white

contours.

ERA-Interim meteorological analysis were used to ana-
lyze the characteristics of stratospheric intrusion dur-
ing a COL event over northern China in early July
2007. The results showed that the COL system was
characterized by a dipole structure extending from the
lower troposphere to the lower stratosphere, with a
deep cold cyclone in the middle and lower troposphere
(below ~300 hPa) and a shallow warm-core cyclone in
the UTLS region (100-300 hPa). Meteorological anal-
ysis indicated a close connection between the warm-
core structure in the UTLS region and the strato-
spheric intrusion from the warm polar stratosphere.
As a result, there was a massive downward intrusion
of ozone-rich stratospheric air below the funnel-shaped

tropopause (Figs.5 and 9), leading to a maximum in-
crease in the local TCO up to 40-70 DU when the
COL peaked on 10 July. Ozone profiles from both
HIRDLS and MLS measurements indicated that the
TCO increase could be attributed to the ozone in-
crease below 50 hPa (the lowermost stratosphere and
troposphere). Ozone retrievals from OMI measure-
ments indicated that variations in stratospheric and
tropospheric ozone column contribute to ~75% (up to
40-50 DU) and 25% (up to 12-16 DU) of the TCO
increase, respectively. Further analysis showed that
the SCO increase was highly related to the descent of
the local tropopause throughout the lifetime of COL.
However, the increase of TrCO was controlled by the
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Fig. 10. ERA-Interim geopotential height (shaded: m) and wind vectors in (top) upper (200 hPa), (middle)
middle (500 hPa), and (bottom) lower (700 hPa) troposphere at (a, d, and g) 0000 UTC 8 July, (b, e, and h)
0600 UTC 9 July, and (c, f, and i) 1800 UTC 9 July 2007. The red bold solid line indicates the 2-PVU isentropic
PV isoline at 330 K. Location of the COL occurrence is indicated by a white box.

erosion of the tropopause funnel and mixing/transport
near the upper-level front area ahead of the strato-
spheric intrusion. Therefore, there was another TrCO
increase center ahead of the high-PV air mass (Figs. 8d
and f). After the COL system began to decay on 11
July, the ozone-rich air was mixed with the environ-
ment and further transported downstream by the up-
per tropospheric winds, producing a large area with
TrCO enhancement extending from east China toward
the north Japan Sea via South Korea (Figs. 8f and h).

The picture in this case study agrees well with
previous studies on ozone STE associated with COL
system (e.g., Gouget et al., 2000). However, in
such severe synoptic system as COL, the thermal
tropopause might sometimes be incorrectly placed too
high. Therefore, division of stratospheric and tro-
pospheric ozone columns in this case study could be
still far from perfect and the irreversible intrusion of
stratospheric ozone into the upper troposphere might
be, to some extent, overestimated. However, at the
present time, there is rarely a better tropopause defini-
tion to replace the lapse-rate definition in our analysis.
In addition, some recent studies (e.g., Kim and Lee,
2010) have argued that the springtime tropospheric
ozone maximum over Northeast Asia was hardly asso-
ciated with the contribution from stratospheric intru-

sion. But here we find that the stratospheric intrusion
related to certain intense upper-level synoptic systems,
such as the COL event, could be an important factor
in the enhancement of tropospheric ozone abundance
over Northeast Asia. However, more detailed model-
ing studies should be performed to quantify the irre-
versible transport and mixing of stratospheric ozone
into the troposphere and their downstream impact on
the tropospheric photochemistry (e.g., Tie and Hess,
1997; Lamarque et al., 1999). On the other hand,
the different processes (e.g., tropopause descent, down-
ward transport) leading to the increase of both SCO
and TrCO (as shown in Fig. 8) should also be quanti-
fied using detailed transport model.

Analysis of the ERA-Interim meteorology showed
dynamical linkage between the downward intrusion of
high PV and the strengthening of the low-level cyclone.
With the downward intrusion of stratospheric PV, a
newborn cyclone merged with the existing cyclone over
northern China, leading to rapid mid-tropospheric cy-
clone growth. As a result, the low-level cyclone at 700
hPa also underwent pronounced strengthening and en-
largement. As described by PV theory (e.g., Hoskins
et al., 1985), positive upper-level PV anomalies are
supposed to cause rapid cyclogenesis at lower levels.
Therefore, in the present study, the downward intru-
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sion of stratospheric PV related to the COL event
could be one of the major factors leading to the rapid
development of low-level cyclones. However, more
mechanisms need to be investigated to explain the dy-
namical development of low-level cyclones and their
relationship to neighboring synoptic systems.
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