NO.1

ZHOU Libo, ZOU Han, MA Shupo, et al.

The Tibetan Ozone Low and Its Long-Term Variation
During 1979-2010

ZHOU Libo* (JSZ3), ZOU Han (45 #%), MA Shupo (H&F3), and LI Peng (2= i)

LAPC & LAOR, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029

(Received May 30, 2012; in final form October 26, 2012)

ABSTRACT

A Tibetan ozone low was found in the 1990s after the Antarctic ozone hole. Whether this ozone low
has been recovering from the beginning of the 2000s following the global ozone recovery is an intriguing
topic. With the most recent merged TOMS/SBUV (Total Ozone Mapping Spectrometer/Solar Backscatter
Ultra Violet) ozone data, the Tibetan ozone low and its long-term variation during 1979-2010 are analyzed
using a statistical regression model that includes the seasonal cycle, solar cycle, quasi-biennial oscillation
(QBO), ENSO signal, and trends. The results show that the Tibetan ozone low maintains and may become
more severe on average during 1979-2010, compared with its mean state in the periods before 2000, possibly
caused by the stronger downward trend of total ozone concentration over the Tibet. Compared with the ozone
variation over the non-Tibetan region along the same latitudes, the Tibetan ozone has a larger downward
trend during 1979-2010, with a maximum value of —0.4040.10 DU yr~! in January, which suggests the
strengthening of the Tibetan ozone low in contrast to the recovery of global ozone. Regression analyses show
that the QBO signal plays an important role in determining the total ozone variation over the Tibet. In
addition, the long-term ozone variation over the Tibetan region is largely affected by the thermal-dynamical
proxies such as the lower stratospheric temperature, with its contribution reaching around 10% of the total
ozone change, which is greatly different from that over the non-Tibetan region.
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1. Introduction

As one important greenhouse gas, the atmo-
spheric ozone has great influences on the global cli-
mate and environmental system. In the 1980s, a strong
ozone depletion called “ozone hole” was found over
the Antarctic region (e.g., Farman et al., 1985), and
thereafter the global ozone depletion has been well
studied (e.g., Manney et al., 1994; Bodeker et al.,
2001; Fioletov et al., 2002; WMO, 2003, 2007). In
the 1990s, an ozone low called “ozone valley” over
the Tibetan region was also revealed (e.g., Zhou and
Luo, 1994), following the strong Antarctic ozone de-
pletion. From then on, many studies have been con-
ducted to investigate the Tibetan ozone low and its

formation and variation mechanisms. For example,

Zhou et al. (1995) pointed out that the Tibetan ozone
valley can be characterized with the monthly mean to-
tal ozone over the Tibetan region being around 20-30
DU lower than that over the other areas along the Ti-
betan latitudes belt from June to September, based
on the Nimbus-7 TOMS (Total Ozone Mapping Spec-
trometer) data during 1979-1991. They argued that
the Tibetan ozone low is mainly caused by the upward
motions due to the Tibetan heating, which can carry
the poor-ozone air from the troposphere into the lower
stratosphere and result in the low total column ozone.
Using the same dataset, Zou (1996) also found the
Tibetan ozone valley in spring and summer, and sug-
gested a close relationship between the Tibetan ozone
deficiency and the local heating. Based on analyses of

the ozonesonde data over Lhasa from June to October
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1998, Zheng et al. (2000) confirmed existence of the
ozone valley over the Tibet. The dominant dynamical
mechanism for the Tibetan ozone valley was further
proved by later observational studies and model sim-
ulations (Zou and Gao, 1997; Bian et al., 1997; Fu et
al., 1997; Cong et al., 2001; Liu et al., 2003; Ye and
Xu, 2003; Xu and Chen, 2006; Tian et al., 2008; Guo
et al., 2012).

Besides studies of the Tibetan ozone low and its
mechanism, there are also some studies on the long-
term ozone variation over the Tibetan region. For ex-
ample, Zou (1996) studied the long-term ozone trends
over the Tibet using Nimbus-7 TOMS data during
1979-1991.
strong downward trend of ozone concentration over
the Tibet, with the average value of —0.794+0.82 DU
yr~! and monthly trends ranging from —0.17 to —1.79
DU yr—!. With the same data, Zou et al. (2000,
2001) also analyzed the effects of the quasi-biennial
oscillation (QBO) and the El Nifio and Southern Os-
cillation (ENSO) signal in the long-term ozone vari-
ation over the Tibet. The ozone QBO was detected
over the Tibet, with an amplitude of 8 DU and a pe-
riod of 29 months. The ENSO-related ozone variation
has smaller amplitudes compared with that over the
Southern Hemisphere (Zou et al., 2000, 2001). Liu and
Li (2001) also found the decreasing trends of ozone

His results showed that there existed a

concentration over the Tibetan Plateau (TP) from
1979 to 1992, with the maximum decreasing rate of
—0.336% yr—!. Zhou and Zhang (2005) presented the
decadal ozone trends over the TP using the merged
ozone data from 1979 to 2002 and found that the
downward trends are closely related to the long-term
changes of temperature and geopotential height.

It is known that the ozone trends rely strongly on
the data length (e.g., Guillas et al., 2004). For exam-
ple, Austin et al. (2008) pointed out that the ozone
data should include at least two solar cycles (around
22 yr) for assessing the long-term ozone trends more
accurately. With addition of several years of the 2000s,
the reduction of ozone depletion rates in midlatitudes
of the Northern Hemisphere (NH) was identified (e.g.,
Newchurch et al., 2003; Reinsel et al., 2002, 2005;
WMO, 2003, 2007).

As an important geographic feature in the NH
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midlatitudes, the TP plays an essential role in the
global ozone variation through thermal and dynam-
ical forcing (e.g., Ye and Xu, 2003; Randel and Park,
2006; Tian et al., 2008). Most previous studies demon-
strated the severe Tibetan ozone low and its strong
strengthening trends, but with rather short periods
(e.g., Zou, 1996; Zou et al., 2000, 2001; Liu and Li,
2001). Studies showed that the global ozone has en-
tered a recovery period since the 2000s (WMO, 2007).
Under the background of global ozone recovery, does
the severe ozone low over the Tibetan region even ex-
ist or not? Does the strong declining trend of ozone
continue over the Tibet?

In the present study, with the most recent merged
ozone data from 1979 to 2010, the local ozone defi-
ciency over the TP is recalculated, and the long-term
ozone trends are retrieved from a statistical regression
model, in comparison with the results of previous stud-
ies. In addition, the long-term ozone variation and the
possible contributing climate factors such as solar cy-
cle, QBO, and ENSO are quantified in this paper. The
adopted data and methodology are described in Sec-
tion 2. The distribution and variation of the Tibetan
ozone low are presented in Section 3. The long-term
ozone variation and contributions from climate factors
are analyzed in Section 4. Conclusions are given in

Section 5.
2. Data and methodology

The ozone data used in this study are
TOMS/SBUYV (Solar Backscatter UltraViolet) merged
total ozone data (http://code916.gsfc.nasa.gov/Data_
services/merged/data/toms_ sbuv_ v8_ mod_v3_70-
10_5x10_rev5.txt) from 1979 to 2010. The monthly
mean temperature, geopotential height, and zonal
wind are from the ECMWF interim dataset available
at http://data-portal.ecmwf.int /data/d /interim _
moda/. An area-weighted (cos(latitude)) mean is
applied to two regions, i.e., 25°-40°N, 75°-105°E for
the Tibetan region, and 25°-40°N latitude zone with-
out 75°-105°E for the non-Tibetan region. The zonal
ozone deviation is obtained by subtracting the zonal
mean from the area-weighted mean.

A statistical regression equation is used in this
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study to derive the seasonal ozone trends from the time
series of ozone data. In addition, the variables such as
solar cycle, QBO, and ENSO signals are also included
in the regression equation to exclude their effects on
ozone trends and to assess their contributions to the
ozone variation. The regression equation is similar to
that of Ziemke et al. (1997) and Zhou et al. (2003),
which has the following form:

TO3 = a + St + ysolar(t) + 6QBO4,(t — A)
+nENSO(t) + R(t), (1)

where «, 3, 7, €, §, and 7 are time-dependent regres-
sion coefficients given by a constant plus 12-, 6-, and
4-mon cosine and sine harmonic series. The coefficient
« denotes seasonal variability, 3 is the trend term, and
wsolar(t), 6QBO30(t— ), and nENSO(t) represent the
solar, QBO, and ENSO proxies-associated regression
fits, respectively. The time series of ozone residuals
is represented by R(t), denoting the regression error.
The solar index is the standardized 10.7-cm solar ra-
dio flux, the QBO index is the standardized 30-hPa
zonal winds, and the ENSO signal is obtained from
the difference between Tahiti and Darwin-normalized
sea level pressure. The time series of the QBO signal
are selected as in Randel et al. (1995), adjusting the
phase lag A to maximize the cross correlation with the
QBO signal in equatorial TOMS ozone and then using
the same lag value for other latitudes. The phase lag

value here is four months.
3. The Tibetan ozone low

To characterize the Tibetan ozone low, the zonal
ozone deviation obtained by subtracting the zonal
mean from the total ozone is calculated over the Ti-
betan region (25°-40°N, 75°-105°E) in Fig. 1. It
is seen that the local ozone deficiency (represented
by zonal ozone deviation) over the Tibetan is the
strongest in May (-24.0 DU) and the weakest in
January (1.7 DU) during 1979-2010. This sea-
sonal cycle of ozone deficiency is quite similar to that
calculated during 1979-1991 using TOMS Nimbus-7
dataset in Zou (1996), but with a little amplitude dif-
ference, which could be related to the usage of different

datasets. To investigate variation of the Tibetan ozone
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low during the last decade when the global ozone re-
covery occurred, the Tibetan ozone deficiency during
2000-2010 is also calculated and plotted in Fig. 1,
in comparison with that during 1979-1999. During
20002010, the Tibetan ozone deficiency is not weak-
ened; it is even a little strengthened compared with
those in the other two periods, which is in contrast to
the global ozone recovery. This suggests the existence
and the even more severity of the ozone low over the
Tibetan region during this period.

Figure 2 further illustrates the horizontal distri-
bution of zonal ozone deviation in May when the most
severe ozone deficiency occurred over the Tibet dur-
ing periods of 1979-2010, 1979-1999, and 2000-2010.
During 1979-2010, a strong ozone low occurred over
the Tibetan region, with the averaged ozone concen-
tration value lower than —20 DU and the minimum
of —35.4 DU centered at 35°N, 85°E. Similar distri-
butions of ozone deficiency are also found during the
other two periods, with strong ozone deficiencies ap-
pearing over the Tibetan region. In comparison, the
ozone deficiency is the most severe during 2000-2010,
with values lower than —30 DU covering most of the
Tibetan region, and the two minima of —36.6 and
—36.1 DU centered at 37.5°N, 75°FE and 32.5°N, 85°E.

Therefore, the Tibetan ozone low still exists dur-
ing 1979-2010, with the lowest ozone concentration in
May.
beginning of the 21st century, the Tibetan ozone defi-

Contrary to the global ozone recovery in the

ciency may even become a little strengthened during
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----------- 0Oz_dev_2000—2010 ;7
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Fig. 1.
the Tibetan region, averaged for 1979-2010 (solid curve),
1979-1999 (dashed curve), and 2000-2010 (dotted curve),

respectively.

Seasonal cycle of local ozone deficiency over
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Fig. 2. Horizontal distributions of ozone deficiency in May during the periods of (a) 1979-2010, (b) 1979-1999, and (c)

2000-2010.

the last decade, which could be related to the slower
rate of ozone increase over the Tibetan region than
over the same latitude belt, and this will be discussed
in the next section.

4. Long-term variation of the Tibetan ozone

low

The above analysis shows that strong ozone defi-
ciency exists during 1979-2010 and may be more in-
tensified during the most recent decade. To investi-
gate the possible reason, the long-term ozone variation
over the Tibetan region is analyzed in the following,
especially the ozone trends. In addition, the possible
contributions to the long-term ozone variation over the
Tibetan region of different climate factors are also dis-
cussed, in comparison with those over the non-Tibetan
region.

4.1 Long-term ozone wvariation and its regres-

sion fits

Derivation of trends in ozone over time relies on
the statistical regression models (WMO, 2003), which
should consider the seasonal variation of ozone trends
In this study,
Eq. (1) given in Section 2 of this paper is applied to
the time series of total ozone, following WMO (2003),
Ziemke et al. (1997), and Zhou et al. (2003), in which
the solar cycle, QBO, ENSO signals are included to

improve the estimates of ozone trends. In addition,

and influences from climate factors.

the contributions of these climate factors to the long-
term ozone variation are also discussed.

By applying Eq. (1) to the long-term total ozone
variation over the Tibetan latitudes belt, the overall
ozone fits and corresponding season-, trend-, solar-,
QBO- and ENSO-associated fits are obtained. As an
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Fig. 3. Long-term variation of observed total ozone over the Tibet (solid curve) and its regression fit derived from the

statistical regression (dashed curve) during 1979-2010.

example, Fig. 3 shows the long-term variation of ob-
served total ozone over the TP (solid curve) and its
regression fit. The two curves agree well, especially
between their phase variations, despite of some magni-
tude differences in the extremely low ozone years such
as 1987, 1993, and 1998. In fact, we also compared
the longitudinal distribution and seasonal variation of
total ozone and their regression fits (figures omitted).
The regressed ozone fits retrieved similar results as
the observations, which means that the total ozone
variation can be described by the seasonal variability,

trends, solar, QBO, and ENSO-associated regression
fits.

4.2 Ozone trends

Figure 4a shows the longitudinal distribution of
ozone trends, retrieved from Eq. (1), over the Tibetan
latitudes belt from January to December. During
1979-2010, the total ozone strongly decreases (large
negative trends) in winter and spring, and weakly in-
creases in summer and autumn. The strongest de-
creasing trends occur over the central Pacific (around
150°-200°E) and the Tibetan region (70°-100°E),
with the center value lower than —0.5 DU yr~!. Figure
4b presents the seasonal variations of ozone trends over
the Tibetan and non-Tibetan regions, with standard
errors plotted. The downward ozone trends decrease
from winter to summer, with the strongest downward

trend occurring in the winter-spring seasons over both

the Tibetan and non-Tibetan regions. The largest
downward trend of total ozone is —0.4040.10 DU yr—!
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Fig. 4. Seasonal variations of ozone trends over (a) the
Tibetan latitudes belt and (b) the Tibetan (solid curve)
and non-Tibetan (dotted curve) regions with standard er-

rors plotted.
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in January over the Tibetan region and —0.29+0.09 DU
yr~! in February over the non-Tibetan region. Com-
pared with the non-Tibetan region, the winter-spring
ozone downward trends over the Tibetan region are
larger, which results in the strengthening of local ozone
deficiency in Figs. 1 and 2.

Figure 5 further presents the ozone trends over
the Tibetan and non-Tibetan regions during periods
of 1979-1999 and 2000-2010. Similar to that during
1979-2010, the downward trends of total ozone per-
sists during 1979-1999, with seasonal trends ranging
from —0.1740.11 to ~1.0540.22 DU yr—! for the Ti-
betan region and from 0.08£0.12 to —0.75£0.18 DU
yr~! for the non-Tibetan region. The downward ozone
trend is a little stronger over the Tibetan than the non-
Tibetan region. During 2000-2010, the ozone has an
increasing trend for most of the year, but the trend
values are almost insignificant at the 20 level. The in-
creasing ozone trend over the Tibetan region is a little
smaller than those over the non-Tibetan region.

In general, compared with that over the non-
Tibetan region, the total ozone over the Tibetan re-
gion has a stronger downward trend during 1979-
1999 and a weaker increasing trend during 2000-2010,
which causes the larger downward trends during 1979-
2010 and the more intensified local ozone deficiency in
Figs. 1 and 2.

4.3 Contributing climate factors

After removing the seasonal variability from the

4 =

Ozone trends (DU yr')
|
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total ozone variation, there is an ozone anomaly, which
should include the variations associated with trends,
solar cycle, QBO, ENSO signals, etc.
tively study the contributions of each climate factor to

To quantita-

the long-term ozone variation over the Tibetan region,
the ozone anomaly, together with the trends, solar cy-
cle, QBO, and ENSO-associated fits, is given in Fig.
6a. It is clearly seen that these fits explain most of the
ozone anomaly, in which the trends, solar cycle, and
ENSO-associated regression fits indicate small ampli-
tudes, ranging from 4% to 6% in total ozone, while the
QBO-associated regression fit indicates a 10% contri-
bution to the total ozone. Compared with the affect-
ing factors to the Tibetan ozone variation, the trends,
solar cycle, and ENSO-associated regression fits for
the non-Tibetan region have smaller amplitudes, rang-
ing from 3% to 4% in total ozone, while the QBO-
associated regression fit contributes to 9% of the total
ozone (see Fig. 6b). Figure 7 presents the regression
errors between the ozone anomaly and total regression
fits by the above climate factors. Large regression er-
rors occur in 1982, 1987, 1993, 1999, and 2010. In
addition, the regression error over the Tibetan region
is much larger than that over the non-Tibetan region,
which may suggest other potential factors affecting the
long-term ozone variation over the Tibetan region.
Since the ozone QBO has a great contribution to
the long-term ozone variation over both the Tibetan
and non-Tibetan regions, the time-longitude sect-
ion of the ozone QBO coefficients and its zonal mean

Trends_TP_1979—-1999
------ Trends_nonTP_1979—1999
——— Trends_TP_2000—2010
= Trends_nonTP_2000—2010

—

Jan Feb Mar Apr May

Jun Jul

Aug  Sep Oct Nov  Dec

Month

Fig. 5. Seasonal variations of ozone trends over the Tibetan and non-Tibetan regions during 1979-1999 and 2000—2010.
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Fig. 6. Long-term variations of ozone anomaly, trends, solar cycle, QBO, and ENSO-associated fits over (a) the Tibetan

region and (b) the non-Tibetan region.

obtained from Eq. (1) are shown in Figs. 8a and
8b. Strong negative values are found over the Tibetan
latitudes in the winter-spring seasons, with the zonal

1in Febru-

mean minimum of —=7.74+0.9 DU per 10 m s~
ary, which is anti-phase to the ozone QBO over the
equator and the QBO index (e.g., Randel and Cobb,
1994).
the subtropics is almost zonally symmetric (Baldwin
et al., 2001; Zhou et al., 2003), the ozone QBO over the

Tibetan latitudes belt occurs with some longitudinal

Although the QBO signal in total ozone over

variation, with the large negative values less than —8.0

DU per 10 m s~! observed over the longitudes of 50°—
80°E and 230°-250°E. It should be noticed that the
QBO signals in total ozone have smaller positive values
less than 2.0 DU per 10 m s~! during the summer-
autumn seasons, but not significant at the 2¢ level,

which is also shown in Fig. 8b.
4.4 Local thermal-dynamical proxies

Ziemke et al. (1997) pointed out that the dynam-
ical proxies, e.g., temperature and geopotential height,

could have great influences on the long-term ozone
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Fig. 7. Ozone residuals retrieved from Eq. (1) over the Tibetan (solid curve) and non-Tibetan regions (dashed curve).
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Fig. 8. Longitudinal distribution of ozone QBO co-
efficient from January to December over (a) the Tibetan
latitudes belt and (b) its zonal mean with the standard
errors also plotted.

variation and effectively reduce the regression errors.
From the above, the traditional climate factors such as
solar cycle, QBO, and ENSO cannot explain the en-
tire long-term ozone variation, in particular over the
Tibetan region. Figure 9 gives the longitudinal dis-
tribution of regression errors (residuals term R(t) in
Eq. (1)) over the Tibetan latitudes belt. The shad-
ings denote areas with absolute residuals larger than
10 DU during 1979-2010. It is displayed that the re-
gression ozone fits are much smaller than the observed
ozone values over all the longitudes during 1993-2002.
Therefore, it is necessary to investigate the reason for
such a large difference. In this study, temperature was
selected as a typical thermal-dynamical proxy. In fact,
we also calculated geopotential height and wind speed
and found similar results.

Figure 10 presents the correlation coefficients be-
tween the total ozone and temperature over the Ti-
betan latitudes belt during 1979-2010. Before the
correlation analysis, the total ozone and temperature
data are deseasonalized and linearly detrended, fol-
lowing the methods of Ziemke et al. (1997). The cor-
relation coefficient shows positive values in the lower
stratosphere, maximizing at around 50 hPa, and nega-
tive values in the middle and upper troposphere, max-
imizing around 300 hPa, and the zero value over the
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Pressure (hPa)

30 60 90

120 150°E180150°W120 90 60 30

Fig. 10. Longitude-height cross-section of correlation
coefficient between the total ozone and temperature over

the Tibetan latitudes belt during 1979-2010.

tropopause around 100-200 hPa. The strong corre-
lation between the total ozone and temperature has
been found in previous studies (e.g., Newman and
Randel, 1988; Randel and Cobb, 1994) and the cor-
relation pattern is consistent with that of Ziemke et
al. (1997). It should be noted that temperature is
not the only parameter for this large contribution to
the long-term ozone variation over the TP. As men-
tioned above, some other dynamical proxies, such as
geopotential height and wind speed, could have similar
contributions to the ozone variation over the TP. For
example, strong negative correlation coefficients occur
near the tropopause (around 100-200 hPa) between
the total ozone and geopotential height (figure omit-
ted). Applying temperature to the long-term ozone
variation in Eq. (1) and the ozone residuals are ob-
tained and shown in Fig. 11. It is clearly seen that

the large difference between the observed ozone and
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Fig. 11. Ozone anomaly (solid curve) and 50-hPa
temperature-associated regression fit (dashed curve) from
1979 to 2010 over the (a) Tibetan and (b) non-Tibetan

region.

regression fit becomes much smaller over the whole
period of 1979-2010. The temperature contribution
to the long-term ozone variation is also presented in
Fig. 12b
over the non-Tibetan region. Over the Tibetan region,

12a over the Tibetan region and in Fig.

the temperature-associated regression fit indicates a
10% contribution to the total ozone, same as that of
the QBO-associated regression fit. In particular, the
lower temperature in those extremely low-ozone years
contributes greatly to the ozone anomaly and reduces
the residuals. Over the non-Tibetan region, however,
the temperature-associated regression fit contributes
only 4% of the total ozone variation, which is much
smaller than that from the QBO-association regres-
sion fit. The larger impact of temperature on the long-
term ozone variation over the Tibetan region than that
over the non-Tibetan region is also consistent with the
higher correlation coefficient over the Tibetan region
in Fig. 10.

5. Summary and discussion

With the most recent merged TOMS/SBUV
ozone data from 1979-2010, the variation and trend of
the Tibetan ozone low were recalculated. Our results
show that the Tibetan ozone low still exists during
1979-2010, with the severe ozone deficiency occurring
in May and a monthly mean value of more than 35 DU
lower than the zonal mean. Contrary to the global
ozone recovery in the beginning of the 21st century,

the Tibetan ozone deficiency may become a little
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Fig. 12. As in Fig. 11, but with the 50-hPa temperature excluded in Eq. (1).

more strengthened during 2000-2010 than before 2000.
Applying a standard statistical regression model to
the total ozone, the long-term ozone variation and
its possible affecting factors over the Tibetan lati-
tudes belt are analyzed. The strong downward ozone
trends occur in the winter-spring seasons, with the
maximum value of —0.404+0.10 DU yr~! in January
over the Tibetan region and —0.2940.09 DU yr—! in
February over the non-Tibetan region. Compared
with the total ozone over the non-Tibetan region, the

total ozone over the Tibetan region has a stronger

downward trend during 1979-1999 and a weaker in-
creasing trend during 2000-2010, which causes the
larger average downward trends during 1979-2010
and the larger local ozone deficiency. Among the cli-
mate factors, the QBO signal greatly contributes to
the long-term ozone variation over the whole Tibetan
latitudes belt, accounting 10% and 9% of the total
ozone variation over the Tibetan and non-Tibetan re-
gions, respectively. Further analyses suggest that the
local thermal-dynamical proxies, such as temperature

and geopotential height have larger influences on the
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long-term ozone variation over the Tibetan than over
the non-Tibetan region, which could be related to the
local heating from the Tibetan Plateau. This study
provides insight on the deepening of the severe ozone
low over the Tibetan region under the background
of global ozone recovery and the possible influencing
climate factors for the long-term Tibetan ozone vari-

ation.
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