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[1] Wintertime extreme ozone minima in the total column ozone over the Tibetan Plateau
(TP) between 1978 and 2001 are analyzed using observations from the Total Ozone
Mapping Spectrometer (TOMS), Global Ozone Monitoring Experiment (GOME), and
reanalysis data from both National Centers for Environmental Prediction and European
Centre for Medium-Range Weather Forecasts. Results show that total column ozone
reduction in nine persistent (lasting for at least 2 days) and four transient events can be
substantially attributed to ozone reduction in the upper troposphere and lower stratosphere
region (below 25 km). This reduction is generally caused by uplift of the local tropopause
and northward transport of tropical ozone-poor air associated with an anomalous anticyclone
in the upper troposphere. These anticyclonic anomalies are closely related to anomalous
tropical deep convective heating, which is, however, not necessarily phase locked with the
tropical Madden-Julian Oscillation as in our earlier case study. Considering stratospheric
processes, the selected 13 events can be combined into nine independent events. Moreover,
five of the nine independent events, especially the persistent events, are coupled with
contributions from stratospheric dynamics between 25 and 40 km, i.e., 15%—40% derived
from GOME observations for events in November 1998, February 1999, and December
2001. On the basis of these events, stratospheric column ozone reduction over the TP region
can be attributed to the dynamics (development and/or displacement) of the two main
stratospheric systems, namely, the polar vortex and the Aleutian High. The effect of a “low-
ozone pocket” inside the Aleutian High on the total column ozone in East Asia requires

further study.
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1. Introduction

[2] The Tibetan Plateau (TP), located in the latitude band
27.5°-37.5°N with an average elevation of over 4000 m
above sea level, is the highest plateau in the world, often titled
the “third pole” [e.g., Qiu, 2008]. This vast, elevated plateau
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and its dynamic and thermal effects play important roles
in both regional and global general circulation and weather
systems [Yeh and Gao, 1979]. After the discovery of
wintertime and springtime ozone depletion in the Antarctic
[Farman et al., 1985] and Arctic [e.g., Manney et al., 1994],
much recent attention has been paid to the variation of total
column ozone (TCO) over the “third pole” [e.g., Zhou et al.,
1995; Zou, 1996]. Because of the shallow vertical depth of
the atmospheric column, the TCO over the TP is much lower
than over other locations of the same latitudes. In summer, the
Asian summer monsoon anticyclone in the upper troposphere
(also called the South Asia High) is a crucial component
of the monsoon system. Meanwhile, variations in the local
tropopause height and isentropic surfaces associated with
enhanced convection contribute to the formation of the
summertime minimum in TCO [Zou, 1996]. The deep con-
vection and isolation effects related to the summer monsoon
anticyclone can also strongly influence the behavior of
regional constituents in the upper troposphere and lower
stratosphere (UTLS) region [Randel and Park, 2006].
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Recently, Liu et al. [2009b] observed a middle tropospheric
ozone minimum over Tibet in June. This minimum is closely
related to the poleward transport of ozone-poor equatorial air
during monsoon outbursts. In addition, the seasonal cycle of
the TP column ozone shows a wintertime minimum in its
deviation from the zonal-mean amount [Zou, 1996]. That is
why there are few ozone minimum events observed during
the winter.

[3] However, Bian et al. [2006] reported an unusual win-
tertime ozone minimum over the TP in December 2003 based
on an analysis of the Total Ozone Mapping Spectrometer
(TOMS) observations. The area with the TCO lower than 220
DU was over 2,500,000 km?, and the minimum value was
only 190 DU. Such rapid and localized reduction and
recovery of TCO is called an “ozone minihole” (OMH) event
[Newman et al., 1988]. These events have frequently been
observed throughout the midlatitudes of both hemispheres
and show a geographic dependence, with greater frequency
over the North Atlantic-European sector [James, 1998a;
1998b]. Dynamic processes contributing to OMHs in high
latitudes of Europe have been well documented as the
meridional transport of subtropical ozone-poor air near the
tropopause level and the divergence of ozone-rich air out of
the air column in the lower stratosphere [Koch et al., 2005;
Keil et al., 2007]. Some extreme OMHs in Europe are also
related to the equatorward displacement of the stratospheric
polar vortex [Salby and Callaghan, 1993; James et al., 2000].
A general formation mechanism has already been conceptu-
alized as the vertical dipole structure of potential vorticity
(PV) anomalies [Koch et al., 2005]. This vertical dipole
structure is generally caused by meridional transport of
ozone-poor air at different levels, i.e., northward transport
from lower latitudes in the lower stratosphere (negative PV
anomalies) and southward transport from higher latitudes in
the middle stratosphere (MS; positive PV anomalies).
Recently, Anton et al. [2007] reported pronounced increases
(43% and 75% compared to January 2003 and 2005) in UV
radiation measurements during an extreme OMH event over
Spain in January 2004. However, fewer studies [e.g., Han
et al., 2005; Bian et al., 2006] have been devoted to OMHs
over the East Asia/western Pacific sector.

[4] Bian [2009] summarized the climatology of the OMH
events over the TP. He attributed the formation of these low-
ozone events, including the case in December 2003, to
dynamic processes in the UTLS region, i.e., the northward
shift of the subtropical westerly jet in the upper troposphere
and the resulting uplift of the local tropopause. However, the
dynamic mechanism responsible for the UTLS processes
remains unexplained. Previous studies noted the relationship
between tropical convective heating and extratropical circu-
lation anomalies [e.g., Rui and Wang, 1990; Hendon and
Salby, 1994; Kiladis et al., 2001]. Recent studies also note
a complex relationship between tropical ozone [Ziemke and
Chandra, 2003; Tian et al., 2007] and the Madden-Julian
Oscillation (MJO) [Madden and Julian, 1971, 1994]. On
the basis of these results, C. Liu et al. [2009] revealed the
dynamic relation between the UTLS anticyclonic circulation
anomaly during the December 2003 OMH event and the
tropical convective heating associated with the MJO.

[5] On the other hand, Han et al. [2005] noted the associ-
ation of the midstratospheric Aleutian High with the winter-
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time ozone minimum over the subtropical northwestern
Pacific. The Aleutian High is a prominent planetary-scale
feature in the MS during the northern winter [Harvey and
Hitchman, 1996], which is closely associated with the vig-
orous poleward transport of tropical air masses [Harvey et al.,
1999]. Prominent low-ozone centers, named “low-ozone
pockets” (LOPs), are often observed inside the Aleutian High
and can be explained by the dynamic isolation of air masses at
high latitudes (with high solar zenith angles) over time peri-
ods that are long enough for local photochemical equilibrium
to be approached [Manney et al., 1995; Morris et al., 1998].
Recent satellite observations further revealed that wintertime
LOPs exist in the stratospheric anticyclones in both hemi-
spheres [Harvey et al., 2004] and usually contribute as much
as ~10% of local TCO reduction [Harvey et al., 2008]. More
recently, using Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) and Global Ozone Monitoring by
Occultation of Stars (GOMOS) ozone observations, C. Liu
et al. [2009] reported that the displacement of Aleutian
LOPs during the 2003—2004 stratospheric sudden warming
(SSW) event prominently contributed (~29%—46%) to the
record ozone minimum over the TP in December 2003. This
is the first study to quantify stratospheric influence on the
wintertime TCO over the TP region.

[6] During the 2003 event, the record ozone minimum over
the TP mentioned by Bian et al. [2006] results from inde-
pendent dynamic processes in the MS and UTLS regions. In
the UTLS region, contributing factors are a lofting of the
tropopause associated with deep convection as well as hori-
zontal advection of tropical ozone-poor air to higher latitudes.
The important mechanism in the MS region is the displace-
ment of LOPs over the TP [C. Liu et al., 2009]. However,
whether these dynamic mechanisms can be applied to other
wintertime ozone minimum events over the TP and whether
stratospheric dynamics can contribute to other ozone mini-
mum events are still unknown. In this study, we test previous
mechanisms for all the extreme ozone minimum events dur-
ing the boreal winters of 1987-2001 [Bian, 2009] and provide
a general conclusion about dynamic processes contributing to
ozone minima over the TP region.

[7] This paper is organized in the following way: Section 2
introduces the data (reanalysis data and satellite observations)
and the selection method of the ozone minimum events.
Selected events and the vertical ozone profiles from satellite
observations are presented in section 3. Section 4 analyzes
dynamic processes in both UTLS and MS regions contrib-
uting to the ozone minimum events. Considering strato-
spheric processes, the 13 selected ozone minima are further
combined into nine independent events. The main result is
summarized and discussed in section 5.

2. Data and Method

2.1.

[8] To analyze dynamics in the UTLS region, we use daily
outgoing longwave radiation (OLR) and horizontal wind
anomalies, based on the 1979-2008 climatology from the
National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) reanalysis
data [Kalnay et al., 1996]. Geopotential height and horizontal
winds from the ERA-40 data [Uppala et al., 2005] are used to

Reanalysis Data
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Table 1. Characteristics of Extreme Ozone Minima Over the Tibetan Plateau During 1978-2001 Winters, After a Previous Study®

No. Duration (days) Area (10* km?) Minimum (DU) Latitude, Longitude (deg) Type
1 29 Nov-1 Dec 1987 (3) 133 205 32°N, 89°E P
2 5-8 Dec 1987 (4) 105 210 29°N, 91°E P
3 9-12 Dec 1987 (4) 189 194 34°N, 86°E P
4 21-23 Dec 1987 (3) 80 210 30°N, 85°E P
5 2 Jan 1993 (1) 47 212 32°N, 87°E T
6 8-10 Feb 1993 (3) 65 205 35°N, 77°E P
7 17 Dec 1996 (1) 41 205 29°N, 93°E T
8 16 Nov 1998 (1) 47 206 28°N, 91°E T
9 19-23 Nov 1998 (5) 97 204 28°N, 99°E P
10 23-25 Jan 1999 (3) 105 205 28°E, 90°E P
11 19-20 Feb 1999 (2) 77 207 33°N, 95°E P
12 30 Oct 2000 (1) 63 208 35°N, 79°E T
13 18-20 Dec 2001 (3) 45 200 30°N, 84°E P

“The 13 extreme events fall into two categories according to their durations: P indicates persistent events lasting for at least 2 days, while T indicates

transient events only appearing for a single day. Data are from Bian [2009].

analyze the stratospheric dynamics (above the 50 hPa pres-
sure surface) contributing to the wintertime ozone minimum
events over the TP region. The PV field from ERA-40 data is
used to analyze the variations of the dynamical tropopause
(section 4.1 and Figure 4) and the polar vortex (section 4.2
and Figures 5-10). As suggested by Hoerling et al. [1991],
the tropopause analysis is based on the 3.5 PV unit (PVU)
isoline. As in our previous study [Y. Liu et al., 2009a], the
polar vortex is represented by the modified PV contour
(35 PVU). The definition of the modified PV (referenced to the
475 K potential temperature level) is provided by Lait [1994].

2.2. TOMS and Global Ozone Monitoring Experiment
(GOME) Observations

[s] TCO level 3 products from the TOMS on board Nim-
bus-7 spacecraft (from November 1979 through March 1993)
and from the Earth Probe TOMS (from August 1996 through
December 2001) are used to determine the locations and
magnitudes of all TCO minimum events during the 1987—
2001 boreal winters. The TCO observations have global
coverage except for the polar night region, with a horizontal
resolution 1° x 1.25° (latitude x longitude). They are avail-
able from National Aeronautics and Space Administration
Goddard Space Flight Center. This data set has been used to
study ozone minimum events in both hemispheres [e.g.,
James, 1998a, 1998Db].

[10] The GOME was launched in 1995 on board the
European Space Agency (ESA) Remote Sensing-2 (ERS-2)
satellite. It measures backscattered radiance spectra from the
Earth’s atmosphere and surface over the wavelength range
240-790 nm, with moderate spectral resolution of 0.2—0.4 nm
and high signal-to-noise ratios. GOME provides vertical
ozone distribution in both stratosphere and troposphere
[Chance et al., 1997]. Ozone profiles are retrieved at 24
approximately 2.5 km layers from surface to 60 km. Typical
ground pixel size is 960 x 80 km?. The vertical resolution is
8—15 km in the troposphere and 7-10 km in the stratosphere.
In this study, GOME ozone profiles were retrieved by Liu
et al. [2005] and have been compared with a number of sat-
ellite and ozonesonde observations [Liu et al., 2005, 2006].
Mean biases are generally within 15%-20% (the standard
deviations of the differences in tropospheric ozone column
between GOME and ozonesonde observations). Recently,
GOME ozone profiles have also been validated with ob-

servations at two Chinese ozonesonde stations (Lhasa and
Xining) near the TP region and show consistency with the
ozonesonde data; that is, the mean bias is within 10% between
16-32 km [Cai et al., 2009; Y. Liu et al., 2009b]. In
section 3.1, the GOME ozone profiles and TCO from
TOMS observations are compared to quantify contributions
from MS dynamics during the ozone minimum events after
1995 (November 1998, January 1999, February 1999, and
December 2001 events). In section 4.2, 10 day average ozone
distribution in the stratosphere is constructed using GOME
ozone profiles within East Asia.

2.3. Event Selection

[11] To study the extreme wintertime OMH events before
2002, we examined the daily TCO observations within the TP
region (25°—40°N, 75°-~105°E) from the Nimbus-7 TOMS
and the Earth Probe TOMS. First, we calculated the geo-
graphic area enclosed by each of the TCO isolines. Second,
we selected the minimum TCO isoline whose area is larger
than 400,000 km” and defined its value as the daily minimum
TCO. Finally, we computed the mean (~250 DU) and stan-
dard deviation (~15 DU) of the wintertime (November,
December, January, and February) daily minimum TCO
between 1979 and 2001. To analyze the dynamic mechanisms
contributing to extreme ozone minimum events, we use 220
DU (two standard deviations below the mean) as the thresh-
old value in our event selection. Bian [2009] used the same
threshold value and obtained 13 extreme OMH events during
northern winters 1987-2001. In this study, we divide the
13 events into two categories, according to their duration (see
Table 1). As a result, nine events fall into the persistent type
(lasting for at least 2 days), while the other four events fall
into the transient type (lasting for only a single day). In the
following context (sections 3 and 4.1), only persistent events
are used to show the mechanism responsible for ozone
decrease in the UTLS region. However, this mechanism also
applies to the transient events, where the dynamical anoma-
lies are of smaller amplitude (not shown). As will be shown in
section 4.2, the four persistent events in November and
December 1987 are closely related with one another in terms
of stratospheric dynamics and can be regarded as one single
event (the November—December 1987 event). Therefore,
only 2 days during the November—December 1987 event are
compared with other events in section 4.1. Similarly, the two
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Figure 1. Distribution of wintertime TCO (DU) from TOMS observations: (a) 29 November—1 December
1987 average; (b) 9-12 December 1987 average; (c) 8-10 February 1993 average; (d) 19-23 November
1998 average; (e) 2325 January 1999 average; (f) 19—20 February 1999; (g) 18-20 December 2001 aver-
age; (h) wintertime (December-January February) average between 1987-2001. The red boxes indicate the

region of the ozone minimum.

events in November 1998 can also be considered as a whole
(the November 1998 event).

3. TCO Reductions and Ozone Profiles From
Observations

[12] Figure 1 shows the geographical distribution of
TCO from TOMS observations during seven persistent ozone
minimum events over the TP region (Figures la—1g). The
multi-year wintertime mean (i.e., average for December—
February between 1987 and 2001) TCO distribution is also
shown, in Figure 1h. In contrast to the multi-year mean state,
there is a prominent TCO minimum over the TP region in
Figures 1a—1g, each marked with a box. In addition, in four

out of the seven cases (see Figures la—1c and 1f~1g), a sec-
ondary ozone minimum center is located over the subtropical
northwestern Pacific and is closely associated with the mid-
stratospheric Aleutian High [Han et al., 2005]. In this study,
we only focus on the ozone minimum centers over the TP
region.

[13] To illustrate the vertical structure of these ozone
minimum events, we selected GOME ozone profiles taken
over the TP region during the events after 1995 (i.e., events in
1998, 1999, and 2001) and compared them with the reference
profiles, i.e., the 10 day average profile before the first date
of each event (see Table 2). Figure 2 shows the contribution
of ozone decrease (15-50 km) in each event relative to the
reference profile. In each of these case studies, more than
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Figure 2. Contributions to the ozone decrease between 15 and 50 km in each ozone minihole (OMH) case
derived from Global Ozone Monitoring Experiment (GOME) ozone profiles within the Tibetan Plateau (TP)
region: (a) November 1998 event; (b) January 1999 event; (c¢) February 1999 event; (d) December 2001
event. Ozone variation on each day was derived by subtracting the 10 day average before the occurrence

date of each event.

70 GOME profiles, which adequately sample the TP region,
are selected in our calculation (see Table 2). GOME ozone
profiles show different variation in the vertical distribution
during each event. For example, in the November 1998,
February 1999, and December 2001 events, the ozone
reduction exists in two vertical layers, i.e., the UTLS region
(25-15 km or below) and the MS region (2540 km). How-
ever, in the January 1999 event, pronounced ozone reduction
only takes place in the UTLS region, with a slight increase in
MS column ozone. That is to say, the TCO reduction in the
January 1999 event can be mostly attributed to processes
below 25 km. Moreover, Figures 2a and 2d also indicate
the temporal evolution of dynamics contributing to ozone
reduction in different vertical layers. For example, in the
November 1998 event, the UTLS ozone reduction peaks on

21 and 22 November and rapidly recovers after 23 November,
resulting from the anomalies of tropopause and subtropical jet
(as shown in section 4.1 and Figure 4d). The MS ozone
reduction begins on 20 November and increases gradually in
the following three days as a result of the development of the
polar vortex (as shown in section 4.2 and Figure 7). A similar
evolution in the 2001 event can be derived from Figure 2d.
The rapid decrease and recovery of ozone above 30 km are
closely related with the rapid movement of the LOPs inside
the strongly developed stratospheric Aleutian High (as shown
in section 4.2 and Figure 5d). After the recovery of the ozone
above 30 km, the ozone concentrations between 20 and 30 km
decrease prominently on 20 December 2001. Time evolution
of vertical ozone reduction (see Figure 2d) suggests that there
might be different dynamics responsible for ozone variation

Table 2. Reduction in the Total Column Ozone From Total Ozone Mapping Spectrometer Observations and Variation in the Middle
Stratosphere (25—40 km) Column Ozone From Global Ozone Monitoring Experiment Observations Over the Tibetan Plateau Region
(25°-40°N, 75°-105°E) as Marked With Boxes in Figure 1 During Four Extreme Ozone Minimum Events®

Events TCO Variation (DU) Ref. Dates (Number of Samples) Variation in MS (Number of Samples) MS Contribution
Nov 1998 —-13.5 5-15 Nov (186) —5.4 (77) 40%
Jan 1999 -20.2 13-22 Jan (187) +5.5 (86) 0
Feb 1999 -10.4 9—18 Feb (182) -3.8 (55) 36.5%
Dec 2001 -9.7 5-14 Dec (136) —1.5 (76) 15.5%

“The variations in total column ozone (TCO) and middle stratosphere (MS) column ozone are derived by comparison with the reference dates. The number

of samples for each event and for reference dates and event are also listed.
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Figure 3. Anomalous wind components (vectors: m/s) at the 200 hPa pressure surface and negative out-
going longwave radiation (OLR) anomaly (shaded: W/m?) from National Centers for Environmental
Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis: (a) 29 November
1987; (b) 10 December 1987; (c) 10 February 1993; (d) 21 November 1998; (e) 25 January 1999; (f) 19
February 1999; (g) 20 December 2001; (h) 16 December 2003. As in Figure 1, regions of the ozone

minimum are marked with boxes.

below 30 km. As is shown in Figure 6, the pronounced ozone
decrease below 30 km is associated with the eastward
advection of ozone-poor air which is stripped off the edge
of the displaced polar vortex.

[14] Table 2 presents quantitative results of the MS ozone
reduction and its contribution to the TCO reduction. In the
four persistent ozone minimum events (November 1998,
January 1999, February 1999, and December 2001), the
average TCO reduction within the TP region is 13.5, 20.2,
10.4, and 9.7 DU, respectively. As mentioned above, the
TCO reduction during the 1999 event is totally caused by
UTLS processes (see Figure 2b), while the stratospheric
processes in the other three events (November 1998, February
1999, and December 2001) contribute as much as 40%
(5.4 DU), 36.5% (3.8 DU), and 15.5% (1.5 DU) of the TCO
reduction according to the GOME observations. The standard
deviations (25-50 km) of the selected GOME ozone profiles
are within 10%. However, to what extent our results depend
on the locations and vertical resolutions of the retrieved ozone
profiles is not so easy to be quantified. In the following sec-

tion, dynamic processes in both the UTLS and MS regions
contributing to the TCO reduction are analyzed using mete-
orological reanalysis data.

4. Dynamical Processes

4.1. UTLS Dynamics

[15] C. Liu et al. [2009] showed that more than half of
the TCO reduction over the TP region in December 2003 is
related to the northward transport of tropical air and the uplift
of the tropopause caused by the anomalous anticyclone in the
upper troposphere. Figure 3 shows the OLR anomaly (based
on the NCEP-NCAR 30 year climatology between 1979 and
2008) and the anomalous horizontal winds at 200 hPa during
seven persistent ozone minimum events (Figures 3a—3g) and
the December 2003 event (Figure 3h). A box marks the
location of the TP region (25°—40°N, 75°-105°E) in each
panel. Similar to the event in December 2003, each low-
ozone event during winters of 1987-2001 accompanies an
anomalous upper-tropospheric anticyclone, although weak in
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several events (Figures 3f and 3g), around the marked region.
As revealed by C. Liu et al. [2009], the poleward flows along
the western flank of the anomalous anticyclone also trans-
port ozone-poor air from the tropics to the TP (compare
Figures lc, 1d, and 1g with Figures 3¢, 3d, and 3g).

[16] The large-scale atmospheric response to off-equatorial
convective heating has already been well documented
in previous theoretical [e.g., Gill, 1980] and observational
[e.g., Rui and Wang, 1990] studies. These well-established
dynamic connections also apply in our studies on transport of
trace gases in the UTLS region. Figure 3 shows the negative
OLR anomalies (enhanced convections) accompanying the
anomalous circulation patterns during most of the events.
As in the 2003 event, the upper-tropospheric anticyclone
anomalies in December 1987, November 1998, and January
1999 are closely related to enhanced convection over the vast
central Indo-Pacific, including the eastern Indian Ocean and
the western Pacific (see Figures 3a, 3b, 3d, and 3e¢). However,
issues concerning the dynamical formation of the above
anticyclonic anomalies should be studied in detail.

[17] The circulation anomalies for each event as shown
in Figure 3 cannot perfectly explain the strength of each
ozone minimum in Table 1. For example, the anomalous
anticyclones on 19 February 1999 (see Figure 3f) and on
20 December 2001 (see Figure 3g) are not as strong as those
of the other selected dates, making it more difficult to
explain the magnitude of the TCO reduction in these cases
(see Table 1 and Figure 1). Moreover, the observed reduc-
tion in the MS column ozone (see Figures 2a, 2c, and 2d)
must be associated with additional dynamic processes in the
stratosphere. The stratospheric origins responsible for the
TCO reduction are further analyzed in section 4.2.

[18] Figure 4 displays the NCEP-NCAR meridional cir-
culation, westerly wind, and dynamical tropopause derived
from ERA-40 PV isoline (3.5 PVU) along the longitude of
each TCO minimum center (see Table 1). In each panel,
the black shaded areas indicate topography. Figure 4h shows
the wintertime average (November—February) meridional
circulation, westerly wind from NCEP-NCAR climatology
(1979-2008), and dynamical tropopause from ERA-40
climatology (1979-2001) along 95°E longitude. The clima-
tological westerly jet and tropopause break are located
southward of 30°N, while the climatological tropopause at
30°N is around 200 hPa (~12 km) (see Figure 4h). In each of
the ozone minimum events, the subtropical westerly jet,
which blocks the northward transport, is northward of 30°N
and is 5-10 m/s stronger than the climatological value
(Figures 4a—4g). In the December 1987 and February 1993
events, the tropopause breaks and the upper-tropospheric
westerly jet cores are located at around 40°N, i.e., 10° pole-
ward of the climatological latitude (see Figures 4b and 4c).
During the ozone minimum events the tropopause near 30°N
moves to 100 hPa (~16 km) (see Figures 4a, 4b, 4e,and 4f) or
even as high as 70 hPa (~18 km) (see Figures 4c and 4g). In
January and February 1999 events, there exist double tropo-
pauses between 35° and 40°N (see Figures 4e and 4f). In each
of the event, the uplift of tropopause and the ozone reduction
are also coupled with the pronounced meridional transport
between 100 and 400 hPa surfaces (see Figures 4a—4g).
Therefore, as shown in a previous study [C. Liu et al., 2009],
the uplift of the local tropopause and the meridional transport,
together with the poleward shift of the westerly jet, are
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responsible for the pronounced TCO reduction in Tibetan
latitudes.

4.2. Stratospheric Dynamics

[19] Recent observational studies show that the LOPs
inside the stratospheric Aleutian High usually contribute as
much as ~10% of the local TCO reduction [Harvey et al.,
2008], and their displacement can explain ~29%-46% of
the TCO reduction in the December 2003 ozone minimum
event over the TP region [C. Liu et al., 2009]. Moreover,
substantial ozone minimum events in Europe and North
America are closely related to the displacement of the
stratospheric polar vortex [e.g., James et al., 2000; Keil et al.,
2007]. Therefore, in this section, we consider the strato-
spheric processes associating with the LOPs and the polar
vortex during the TCO minimum events listed in Table 1.

[20] Figures 5a and 5b show 10 day average geopotential
height and horizontal wind vectors at 3 hPa (~38-39 km)
during the December 2001 event. The TP regions are marked
with black boxes. The modified PV isolines (35 PVU) are
marked with bold solid lines indicating the edge of the polar
vortex. The Aleutian High prominently deviates from its
climatological position (over the date line) and is located over
the TP region. As a result, the polar vortex is prominently
transformed and shifted toward the North Atlantic and
North America. The Aleutian High develops rapidly after 15
December 2001 (not shown) and causes further displacement
of the polar vortex (compare Figures 5a and 5b). Figures 5S¢
and 5d show the GOME ozone mixing ratio and horizontal
wind vectors at the 3 hPa surface. Decrease in TP ozone
concentration above 30 km (as shown in Figure 2d) can be
attributed to development of Aleutian High. For example,
in early December, ozone-rich tropical air is transported
northeastward toward high latitudes along the western flank
of the Aleutian High. As a result, the ozone concentration
inside the Aleutian High is ~1 ppmv lower (see Figure Sc).
In middle December, the ozone concentration inside the
well-shaped Aleutian High decreases further (compare
Figures 5c¢ and 5d), as expected in previous observational
studies [e.g., Harvey et al., 2008]. This suggests the formation
of a LOP, which is responsible for the high-level ozone
reduction on 16 December 2001 as revealed in the ozone
profiles (see Figure 2d). The different feature of vertical
ozone reduction in Figure 2d suggests that there might be
different stratospheric dynamics responsible for the ozone
decrease below 30 km. Figure 6 is same as Figure 5, but for
20 hPa (~25-26 km). Different from the pattern in upper
stratosphere (3 hPa), the Aleutian High is far away from the
TP region. With the poleward development of the Aleutian
High, the polar vortex is displaced toward North Europe (see
Figures 6a and 6b). As shown in the distribution of GOME
ozone, there is pronounced northward transport of ozone-
rich tropical air into the TP region in early December (see
Figure 6¢). In middle December, instead of the northward
transport, the strong westerlies advect ozone-poor air into the
TP region (see Figure 6d). As indicated from the meteoro-
logical analysis in Figure 6b, these low-ozone air masses can
be regarded as being stripped off from the edge of the dis-
placed polar vortex. Therefore, the reduction in stratospheric
ozone in the December 2001 event (see Table 2) is derived
from the collaboration of the LOP in upper stratosphere (30—
40 km) and the low-ozone air from the polar vortex edge in
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Figure 4. Meridional circulation (vectors, meridional velocity: m/s; vertical velocity: m/s % 10) and east-
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Figure 5. The (top) 3 hPa ERA-40 geopotential height and horizontal wind vectors and (bottom) Global
Ozone Monitoring Experiment (GOME) ozone volume mixing ratio for (left) 1-10 December 2001 and
(right) 11-20 December 2001. The bold white PV isoline represents the edge of polar vortex. The TP region

is marked with a black box.

120E 150E

a) 1-10Dec 2001 b) 11-20Dec ESOWO1 unit: m

-

45W

d) 11-20Dec 2001
N

....

unit: ppmv

60E 90E 120E 150E 60E

Figure 6. The (top) 20 hPa ERA-40 geopotential height and horizontal wind vectors and (bottom) GOME
ozone volume mixing ratio for (left) 1-10 December 2001 and (right) 11-20 December 2001. The bold
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Figure 7. The (top) 10 hPa ERA-40 geopotential height and horizontal wind vectors and (bottom) GOME
ozone volume mixing ratio for (left) 1-10 November 1998 and (right) 21-30 November 1998. The bold
white PV isoline represents the edge of polar vortex. The TP region is marked with a black box.

middle stratosphere (20-30 km). However, the contribution
of LOP to the TCO reduction is much weaker in this event.

[21] Figure 7 is as Figure 5 but for the 10 hPa pressure
surface in the November 1998 event. In contrast to a LOP,
ozone is reduced over the TP (refer to Figure 2a) due to the
equatorward expansion of the stratospheric polar vortex. For
example, during early November 1998, the polar vortex at the
10 hPa surface is compact and generally located within the
polar region (see Figure 7a). Meanwhile, the geopotential
height over the TP region is relatively high, with high ozone
concentration extending from the tropical region (see
Figure 7c¢). However, with the deepening and expansion of
the polar vortex during late November (see the modified PV
isoline in Figure 7d), the geopotential height over the TP and
East Asia decreases with southward advection of ozone-poor
air masses from higher latitudes (see Figures 7b and 7d). As a
result, the stratospheric ozone over the TP region decreases
gradually (see Figure 2a), contributing up to 40% of the TCO
reduction (see Table 2).

[22] Figure 8 is as Figure 5 but for the 20 hPa surface in
February 1999. In early February, the stratospheric Aleutian
High is weak near the date line and the stratospheric polar
vortex is compact (see Figure 8a). As a result, the strato-
spheric ozone concentration over the TP region is undisturbed
by the polar vortex and is relatively high (see Figure 8c).
However, in middle February, the polar vortex is prominently
shifted toward East Asia by the rapidly developing Aleutian
High before the SSW event in late February 1999 [Charlton
et al., 2004]. With the equatorial displacement of the polar
vortex (see Figure 8d), the Tibetan ozone concentration at
20 hPa decreases as much as 1 ppmv (compare Figures 8c and
8d). As a result, the MS ozone decrease over the TP region

(also see Figure 2c) contributes 36.5% of the pronounced
TCO decrease in the February 1999 event (see Table 2).

[23] Figure 9 shows the horizontal winds and geopotential
height at 20 hPa surface in the January 1993 event. Since this
event only lasts for one day, we compare it with the 10 day
average between 10 and 20 January 1993. Similar to the
February 1999 event, the stratospheric polar vortex is greatly
transformed by the developing Aleutian High in early January
1993. As aresult, the stratospheric polar vortex elongates and
extends two troughs toward East Asia and North Atlantic.
The southward advection of polar air associating with the
East Asian trough can reduce the stratospheric ozone con-
centration over the TP. However, as no ozone observation
is available, it is impossible to quantify its contribution to the
TCO reduction in the present study.

[24] Figure 10 is as Figure 9 but for 10 hPa pressure surface
in the November—December 1987 event. Evolution of the
geopotential height in the MS (Figures 10a—10d) shows the
development of a major SSW event [e.g., Baldwin and
Dunkerton, 1989], during which the Aleutian High moved
over the pole (Figures 10b and 10c) and decayed in late
December (Figure 10d). Although there are no satellite
observations of the stratospheric ozone, a pronounced decrease
in the stratospheric ozone can be deduced from the close
relationship between the vortex remnants and low-ozone
concentrations. Owing to the rapid movement of the vortex
and anticyclone during this time, the four TCO minimum
events may be regarded as a single event.

[25] For events before 1995 (the beginning of the GOME
observations), we can only diagnose the stratospheric
dynamics qualitatively using ERA-40 data. In the February
1993 event and the other two transient events (17 December
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Figure 8. The (top) 20 hPa ERA-40 geopotential height and horizontal wind vectors and (bottom) GOME
ozone volume mixing ratio for (left) 1-10 February 1999 and (right) 11-20 February 1999. The bold white
PV isoline represents the edge of polar vortex. The TP region is marked with a black box.

1996 and 30 October 2000), no prominent displacement of
the polar vortex or the Aleutian High can be deduced from the
analysis data (not shown). Therefore, considering the strato-
spheric processes, the 13 extreme ozone minimum events in
Table 1 can be combined into nine independent events (see
Table 3). Table 3 also summarizes these events’ relations with
stratospheric planetary-scale systems (the stratospheric polar
vortex and the LOP inside the stratospheric Aleutian High)
and stratospheric sudden warming events.

5. Summary and Discussion

[26] This work is an extension of our recent case study on
the record TP ozone minimum event during December 2003

a) 10-20Jan 1993
45W

[C. Liu et al., 2009]. In the present study, both satellite
observations (TOMS and GOME) and meteorological
reanalysis (NCEP-NCAR and ERA-40 data) are applied to 13
extreme ozone minimum events during the northern winters
of 1987-2001. Results show that all of the above events are
closely related to variation in UTLS dynamics (below 25 km),
i.e., the uplift of the local tropopause and northward transport
of tropical ozone-poor air associated with an anomalous
anticyclone in the upper troposphere. This mechanism was
first proposed in our previous study [C. Liu et al., 2009].
However, the anomalous circulations responsible for the
UTLS ozone reduction are not necessarily phase-locked with
the tropical MJO activities as in our earlier study. This study

a) 2Jan 1993 it:
) 93, unitm

I I
26000

Y
25200

I
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26400

26500

Figure 9. Horizontal wind components (vectors: m/s) and geopotential height (shaded: m) at the 20 hPa

pressure surface: (a) 10-20 January 1993 average; (b)

2 January 1993. The bold white PV isoline represents

the edge of polar vortex. Regions of the ozone minimum are marked with boxes.
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Figure 10. Same as Figure 9 but for the 10 hPa pressure surface on (a) 20 November, (b) 1 December, (c)
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shows that anticyclonic anomalies during 1987, 1996 (not
shown), 1998, 1999, 2000 (not shown), and 2001 winters are
coupled with anomalous deep convective heating in the tro-
pics, although more detailed studies should be devoted to
their dynamic origins.

[27] By considering stratospheric processes, the 13 events
in Table 1 are synthesized into nine independent events (see
Table 3). Further study shows that five of the nine events
(excepting two persistent events in February 1993 and
January 1999 and two transient events on 17 December 1996
and 30 October 2000) are coupled with stratospheric pro-
cesses. These stratospheric processes likely cause further
reduction in stratospheric column ozone. On the basis of
retrieved ozone profiles from GOME observations (becoming

available as early as 1995) during the November 1998,
February 1999, and December 2001 events, stratospheric
dynamics between 25 and 40 km can contribute as much as
15%-40% of the TCO reduction. This magnitude is consis-
tent with the value in our earlier case study (~29%—46%) and
might still depend on the locations and vertical resolution of
the observations. Diagnostics from the GOME observations
and ERA-40 dynamics shows that the stratospheric column
ozone reduction over the TP region can be generally attrib-
uted to the dynamics (development and/or displacement) of
the polar vortex and Aleutian High (in the November—
December 1987, 2 January 1993, November 1998, February
1999, and December 2001 events). Of all the events between
1987 and 2001, the contribution of LOP to the TCO reduction

Table 3. Independent Ozone Minimum Events Over the Tibetan Plateau Region and Their Associations With Stratospheric Factors (and

Stratospheric Sudden Warming Events)®

No. Duration (days) Type Stratospheric Factor Sudden Warming Event
1 Nov and Dec 1987 (12) P Polar vortex Yes
2 Jan 1993 (1) T Polar vortex No
3 Feb 1993 (3) P None No
4 Dec 1996 (1) T None No
5 Nov 1998 (6) P Polar vortex No
6 Jan 1999 (3) P None No
7 Feb 1999 (2) P Polar vortex Yes
8 Oct 2000 (1) T None No
9 Dec 2001 (3) P Polar vortex and LOP Yes
* Dec 2003 (4) P LOP Yes

“The stratospheric processes over the Tibetan Plateau (TP) region are under consideration here, and the polar vortex and the low-ozone pocket (LOP) inside
the Aleutian High are taken as the two main stratospheric factors affecting ozone minimum events over the TP region. P and T are as defined in Table 1. The

December 2003 event is also listed here (marked with an asterisk).
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can be generally neglected, except in the December 2001
event. In the December 2001 event, the LOP’s contribution to
upper stratospheric ozone concentration is also noted. It leads
to a slight decrease in the TP ozone concentration above
30 km in middle December 2001. However, this is relatively
small when compared to the effect of polar vortex. Addi-
tionally, the interaction between the two planetary-scale
systems of polar vortex and Aleutian High is responsible for a
substantial fraction of major SSW events [e.g., Scott and
Dritschel, 2006]. For example, during early December 1987
and early January 1993, the polar vortex disturbances are
coupled with the poleward development of the Aleutian High
(see Figures 5 and 8). In addition, the rapid enhancement
of the Aleutian High during middle February 1999 (see
Figure 8) and middle December 2001 (see Figure 5) can also
be regarded as precursors of the late February 1999 and the
2001-2002 stratospheric warming events. The westward
intrusion of the LOPs in December 2003 (see Figures 2e-2h
in the earlier study [C. Liu et al., 2009]) is also followed
by the 2003-2004 SSW event [e.g., Y. Liu et al., 2009a].
Therefore, the stratospheric column ozone reduction from
the LOPs differs from that in the North Atlantic/European
sector and can be regarded as a unique mechanism for TCO
reduction in the North Pacific/East Asian sector. However,
more observational study should be devoted to quantifying
the effect of LOP on the TCO in East Asia.
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