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The key factors affecting the variation of the ‘0zone valley’, which appears during the boreal
summer in the upper troposphere and lower stratosphere (UTLS) over the South Asian
High (SAH) and its adjacent areas, have not been determined. This study has performed
statistical analysis to improve the understanding of the roles of the sea surface temperature
(SST), tropopause height, and the West Pacific Subtropical High (WPSH) on the ozone
valley. Based on the European Center for Medium-Range Weather Forecasts Interim Re-
Analysis (ERA5), Modern Era Retrospective Analysis for Research and Applications
dataset version 2 (MERRA2), and the Stratospheric Water and Ozone Satellite
Homogenized (SWOOSH) observation dataset, we examined the principal components
of the zonal deviation of the total column ozone (TCO*) in the UTLS by applying the
empirical orthogonal function (EOF), Liang-Kleeman information flow method, regression
analysis, and composite analysis. The variations of the TCO* anomalies show three
dominant modes, namely the east-west dipole mode in the low latitude region, the
east-west tripole mode in the middle latitude region, and the south-north mode.
According to the regression analysis and information flow, the three leading principal
components of TCO* variations are related to the SST near Indonesia and the western
Pacific Ocean in low latitudes, the tropopause height over the Iranian Plateau (IP), and the
strength of the SAH over the eastern part of the Tibetan Plateau (TP), which is linked to the
synchronousness between the SAH and the WPSH. For the east-west dipole mode in the
low latitude region, composite analysis shows the interaction between the atmosphere and
ocean causes the strengthening of the southern trough at 850 hPa and the divergence at
200 hPa, resulting in a decrease of the TCO* in the UTLS near the low latitude region
around the TP. For the east-west tripole mode in the middle latitude region, the composite
analysis shows obvious negative anomalies over the IP, where the TCO* reduces and the
extent of the ozone valley over the IP increases with the rise of the tropopause.
Comparatively, the south-north mode shows obvious positive anomalies over the TP,
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where the TCO” increases and the extent of the ozone valley over the TP decreases with a
weak SAH. This mode is closely related to the location of the WPSH. In summary, the
leading factors affecting the three dominant modes for the variations of the TCO*
anomalies are SST, tropopause height, and the WPSH.

Keywords: ozone valley, upper troposphere and lower stratosphere, South Asian High, empirical orthogonal
function, Liang-Kleeman information flow

INTRODUCTION

Nearly 90% of the atmospheric ozone (O;) is present in the
stratosphere (WMO, 2011). Stratospheric ozone regulates
the amount of solar ultraviolet (UV) radiation received at the
Earth’s surface, and shields living organisms from harmful UV.
Ozone in the upper troposphere and lower stratosphere (UTLS) has
an essential impact on global climate change (Pan et al, 2014;
Stolarski et al., 2014; Randel et al., 2017; Xia et al., 2018; Zhang et al.,
2019). The depletion of the stratospheric ozone layer caused by
chlorine and bromine species has been a major environmental issue
since the 1980s. In the early 1970s, scientists issued warnings that
stratospheric ozone could be threatened by chlorofluorocarbons
(CFC:s) and other anthropogenic substances (Crutzen, 1970; Molina
and Rowland, 1974). However, the scientific community’s work was
not valued until the discovery of the Antarctic ‘ozone hole,” which
occurs in the Antarctic spring and is the most significant signal of
anthropogenic ozone depletion. This discovery attracted great
attention from the global governments and the international
media. The Montreal Protocol on Substances that Deplete the
Ozone Layer was adopted in 1987 to prevent global ozone
depletion to protect organisms from increased UV radiation at
the Earth’s surface (WMO, 2011). In 1995, Crutzen, Molina, and
Rowland won the Nobel Prize for Chemistry for their extensive and
comprehensive studies of the mechanisms and impact of ozone
depletion (e.g., Cagnazzo et al., 2006; Gonzalez et al., 2014; Peters
et al., 2015; Chipperfield et al., 2017).

A region of low ozone concentrations in the UTLS also occurs
over the Tibetan Plateau (TP). The concept of an ‘ozone valley’
during the boreal summer over the TP was first proposed by Zhou
and Luo (Zhou and Luo, 1994) based on Total Ozone Mapping
Spectrometer (TOMS) data. They found that the atmospheric total
column ozone (TCO) over the TP was much lower than that over
the surrounding areas at the same latitudes in summer. Although
the ‘ozone valley’ formed in summer over the TP is much smaller
than the ‘ozone hole’ over the Antarctic, it has also received
worldwide attention (Tobo et al., 2008). Studies have shown the
‘ozone valley’ over the TP has affected the amount of UV radiation
received at the surface in recent years. With the strong UV reflection
by the snow and rocks, the incidence rate of cataracts in Tibet is the
highest in China (http://www.kepu.cn/vimuseum/earth/weather/

pollution/plt033.html). Thus, an understanding of the
mechanism controlling the ‘ozone valley’ is critical.
With the development of observational methods

(Mohanakumar et al., 2018; Chang et al., 2020a; Chang et al,
2020b; He et al., 2020; Mai et al., 2020), ozone concentrations can
now be observed in different ways. For example, low ozone
concentrations have been reported over the large scale

topography of the TP using TOMS data, confirming the
presence of an ozone low by zonal deviation (Zou, 1996). With
the launch of ozonesondes, it has been proven an ‘ozone valley’
exists around the tropopause over the TP in summer (Shi et al,
2000). These results agree with the results revealed by the Aura
Microwave Limb Sounder (MLS) (Shi et al., 2017). Collectively,
numerous studies on a range of different datasets have suggested
that the total ozone over the TP is much lower than that over other
areas at the same latitudes.
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FIGURE 1 | The distribution of the TCO* (Unit: DU) averaged from 1984

to 2019 in summer from (A) ERA5, (B) MERRA2, (C) SWOOSH. The bold
black contours denote the topography surpassing 3 km. The yellow box
outlines the region from 40°E to 105°E and from 20°N to 45°N.
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FIGURE 2 | The first three EOF patterns of the TCO* from 1979 to 2019 in summer (A-C). The EOF time series (D-F) with the red (blue) bars indicating positive
(negative) values. The bold black contours denote the topography surpassing 3 km.
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FIGURE 3 | Regression analysis of the SST (shading, unit: K) against the time series of EOF1. Black dots indicate the regressed significant SSTs at the 95%
confidence level. The bold black contours denote the topography surpassing 3 km. The yellow box outlines the region from 100°E to 120°E and 35°S to 35°N.
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FIGURE 4 | Regression analysis of tropopause heights (shading, unit: hPa) against the time series of (A) EOF1, (B) EOF2, and (C) EOF3. Black dots represent the
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The summertime ozone valley in the UTLS exists not only over
the TP and its adjacent areas but also over the South Asian High
(SAH) and its adjacent areas (Li et al., 2017; Shi et al., 2017). Many
studies of the mechanisms that lead to the formation of the ozone
valley in the UTLS over the SAH and its adjacent areas have found
three leading causes: 1) dynamic effects including the atmospheric
circulation anomalies driven by thermal forcing (Tian et al., 2008;
Zhang et al., 2014), the stratosphere-troposphere exchange (STE)
(Zhou et al., 2004) and the Asian monsoon (Bian et al., 2011; Das
et al,, 2019); 2) large-scale orography; and 3) atmospheric chemical
reactions. Among these processes, atmospheric dynamics have been
proven to play a major role (Tian et al., 2008; Guo et al., 2017), but

the main factors affecting the ozone valley over the SAH and its
adjacent areas and their individual contribution remain unclear.
Therefore, our study aims to identify the inter-annual variations of
the ozone valley over the SAH and its surrounding areas in summer
and investigate its formation mechanism based on the empirical
orthogonal function (EOF) method and regression analysis.

This paper is structured as follows. Data and Methods briefly
describes the data analysis and methodology. The EOF is applied
to the ozone valley over the SAH and its adjacent areas in summer
in The EOF of the TCO* Near the UTLS. The causal link
between the principal components and ozone variations are
studied using the Liang-Kleeman information flow in The
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FIGURE 5 | Regression analysis of the 200 hPa geopotential height (shading, unit: km) against the time series of (A) EOF1, (B) EOF2, and (C) EOF3. Black dots
represent the regressed 200 hPa geopotential height significant at the 95% confidence level.
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Causal Relation Between the TCO* and Its Principal
Components. Mechanistic Analysis of the TCO* uses a
composite analysis to analyze the principal components of the
ozone valley over the SAH and its adjacent areas in summer.

DATA AND METHODS
Data

Previous studies have indicated an ‘ozone valley’ near the UTLS
over the SAH and its adjacent areas via analyzing a range of
different data, such as MLS satellite (Guo et al., 2015), Ozone

Monitoring Instrument (OMI), and Halogen Occultation
Experiment (HALOE) data (Tang et al, 2019). The European
Center for Medium-Range Weather Forecasts Interim Re-
Analysis (ERA5) reanalysis data have also been used to study
the UTLS ozone over the TP, due to its high temporal and spatial
resolution (Chang et al., 2020b). The ERA5 monthly reanalysis
data used in this study have a spatial resolution of 0.25° x 0.25
and vertical levels from 1,000 to 1 hPa with 37 layers in total. The
data used include temperature, atmospheric three-dimensional
wind field, pressure, geopotential height, ozone mixing ratio
(unit: kg/kg), and sea surface temperature (SST) from 1979 to
2019. For comparison, we used the monthly ozone mass mixing
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FIGURE 6 | Information flow between the Indonesia SST index (ISI) and TCO* (shading). Black dots represent significant information flows at the 90% confidence

ratio (unit: kg/kg) provided by Modern Era Retrospective
Analysis for Research and Applications dataset version 2
(MERRA2) from 1980 to 2019 (Wargan et al, 2017) and the
heights of the thermal tropopause and dynamical tropopause.
The horizontal spatial resolution is 0.5° x 0.625° and the vertical
range is from 1,000 to 0.1 hPa with 42 layers in total. To compare
the reanalysis data with the observations, we also used the
monthly ozone mixing ratio (unit: ppmv) provided by the
Stratospheric Water and Ozone Satellite Homogenized
(SWOOSH) dataset from 1984 to 2019. The horizontal spatial
resolution is 20° x 5° and the vertical range is from 316 to 1 hPa
with 31 layers in total.

Before analyzing the ozone valley’s inter-annual variation near
the UTLS, we calculated the zonal deviation of the total column
ozone (TCO*), which is defined as:

TCOx=0-0 (1)

where O is the ozone mass mixing ratio as a function of longitude
and O is the zonal average of O.

The ozone mass mixing ratio needs to be integrated in the
vertical direction but integration in kg/kg unit is impossible
because the atmosphere’s density varies with altitude. Thus the
kg/kg unit needs to be converted into a Dobson Unit (DU). In this
study, the ozone mass mixing ratio (kg/kg) was first converted
into ppmv (1 ppm = 107°) and then into DU using a simplified

formula. The integrated column Z can be calculated as follows
(Bian et al., 2011):

2
7 = r 0.789MdP )
P

where P is the pressure (hPa), M is the mixing volume ratio
(ppmv), and Z is the TCO (DU). One Dobson Unit is equivalent
to a thickness of 10 microns of ozone at a temperature of 273 K,
under one standard atmospheric pressure. According to the
vertical range of the center of the ozone valley near UTLS
(Guo et al,, 2017), we adopted a vertical integration from 300
to 50 hPa to represent the UTLS in this study.

For the IOD index, ENSO index, and Atlantic index, we
used data from the National Oceanic and Atmospheric
Administration (NOAA) (https://psl.noaa.gov/data/climateindices/
list/). For the West Pacific Subtropical High (WPSH) index, we
used data from the China Meteorological Administration National
Climate Center (https://cmdp.ncc-cma.net/Monitoring/cn_stp_

wpshp.php).

Methods

The analytical methods used in this study include the EOF
method, regression analysis, Liang-Kleeman information flow
method, composite analysis, and t-test. It should be noted that
the long-term linear trend of the TCO* was removed and was
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FIGURE 7 | Information flow between the tropopause height and the TCO* variation index (TOI) (shading). Black dots represent significant information flows at the
: TOl — tropopause.

then standardized before the EOF analysis. In this way, regional
climate differences can be removed. The EOF analysis method
used in this study is similar to that used in Yu and Ren (2019),
where more details can be found.

Information flow/transfer analysis enhances the traditional
notion of correlation analysis by providing a quantitative measure
of causality between time series (Liang, 2013). Here we provide a
brief introduction to the Liang-Kleeman information flow
method. For the two series, X; and X,, the maximal likelihood
estimate of the information flow has a very tight form Liang
(2014):

T, = <C11C12C2, a1~ szcl,an) 3)

GGy - G,

where Cj; is the sample covariance between Xi' and X; (i,’ j=12),
Ci, 4 is the covariance between X; and Xj, and X; is the
difference approximation of dX;/dt.

The information flow is either positive or negative with
acceptable confidence regardless of exact values. T,_,; may be
zero when the evolution of X, is independent of X,. A positive
T,_,; means X, causes more uncertainty in X; and reduces the
prediction reliability of X;. A negative T,_,; represents an
entropy reduction of X; which hence functions to stabilize X;,

while X, helps the prediction of X;. The application of
information flow has been verified when studying the causal
relationship between El Nifio and the Indian Ocean Dipole (IOD)
(Liang, 2014).

THE EOF OF THE TCO* NEAR THE UTLS

The Distribution Characteristics of the TCO*
The TCO* distribution averaged from 1984 to 2019 in summer
(Figure 1) shows two prominent negative centers over the SAH
and its adjacent areas, as revealed by two reanalysis datasets ERA5
(Figure 1A) and MERRA?2 data (Figure 1B), and the observation
dataset SWOOSH (Figure 1C). One negative center is over the
TP, with TCO* values of about —2 to =3 DU for ERA5 and -3 to
—4 DU for MERRA2 and SWOOSH. The other negative center is
over the Iranian Plateau (IP), with negative TCO* values of -2 to
-3 DU for ERA5 and -3 to -5 DU for MERRA2 and SWOOSH.
The use of both reanalysis datasets and observation dataset yields
similar results within the same magnitude. Considering that
ERA5 provides data with a higher spatial resolution than
MERRA2 and SWOOSH and covers a more extended period
than SWOOSH, we used the ozone mass mixing ratio from ERA5
for the EOF analysis.
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Figure 2 shows the EOF analysis results for the standardized
TCO* in summer over the SAH and its adjacent areas. The
leading three dominant EOF patterns of the TCO* account for
18.9, 14.8, and 9.8% of the total variance respectively.

The first dominant EOF pattern of the TCO* (EOF1) exhibits
an east-west dipole mode in the low latitude region. It is
significantly negative near the south of TP, the Bay of Bengal,
the Indochina Peninsula, and the Indian Peninsula in Figure 2A.
This EOF1 pattern shifts southwards of the TP into lower
latitudes compared to the full pattern in Figure 1.

The EOF2 shows an east-west tripole mode in the middle
latitude region and distributes in a smaller scale compared to the
EOF1 mode. The prominent negative anomalies over the IP and
its surrounding areas (Figure 2B) reflect the local variation over
the IP. This EOF2 pattern captures the negative center over the IP
in the full TCO* distribution (Figure 1).

The EOF3 shows a south-north mode with a belt-like
distribution in the northeast-southwest direction and clear
positive anomalies over the eastern part of the TP
(Figure 2C). This EOF3 pattern captures the positive center of
the eastern part of the TP in the full TCO* distribution. The EOF
time series reveal an interannual and interdecadal variation of the
TCO* (in Figures 2D-F).

Regression Analysis

Previous studies have revealed that the factors that affect the
TCO* over the SAH and its adjacent areas include the
geopotential height in the SAH and the height of the
tropopause (Zhou et al., 2012; Tang et al, 2019). Based on
the EOF analysis, the spatial distribution of the second and
third patterns partially reflect the TCO* variations over IP and
TP, possibly corresponding to the local tropopause height and the
SAH, respectively. To further investigate the relationship between
the TCO* and its different affecting factors in summer, regression
analysis has been performed.

We first examined the relationship between TCO* and the
convective activity, considering the EOF1 (Figure 2A) reflects an
east-west dipole mode in the low latitude region. A regression
analysis of the outgoing longwave radiation (OLR) field from
ERAS5 against the EOF time series was conducted, but the results
failed a reliability test (figures not shown). We then conducted a
regression analysis of SST against the EOF time series (Figure 3),
because previous studies have shown that ozone in the UTLS is
closely related to the El Nifio-Southern Oscillation (ENSO) (Xie
et al., 2017; Gamelin et al., 2020). Regression analysis on the first
pattern (EOF1) for SST reveals positive anomalies (unit: K) in the
middle and east of the equatorial Pacific symmetric about the
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TABLE 1 | The stronger and weaker years in the EOF time series 1 and their
corresponding time coefficients.

Stronger years Weaker years

Year Value Year Value
1987 1.69 1979 -1.59
1993 3.64 1980 -1.10
1995 1.36 1981 -1.19
2004 1.79 1984 -1.04
2012 1.05 1986 -1.14

2001 -1.27

2014 -1.70

equator and a region of negative anomalies in the western
equatorial Pacific symmetric about the equator. Negative
anomalies occur in the tropical southeastern Indian Ocean,
while positive anomalies, not significant at the 95% confidence
level, occur in the tropical Indian Ocean. This is not surprising as
the Indonesian throughflow (ITF) is a critical marine passage that
connects the tropical Pacific and Indian Oceans (Yuan et al.,
2013). These spatial characteristics are consistent with the Indian
Ocean Dipole (IOD) and ENSO teleconnection distribution of the
sea surface temperature anomaly (SSTA), indicating that the

TABLE 2 | The stronger and weaker years in the EOF time series 2 and their
corresponding time coefficients.

Stronger years Weaker years

Year Value Year Value
1982 1.79 1997 -1.17
1983 1.53 1999 -1.34
1984 1.54 2000 -1.87
1994 1.12 2001 -1.28
2006 1.32 2002 -1.55
2015 2.15 2009 -1.42

2012 -1.18

SSTA is closely related to the TCO* over the SAH and its
adjacent areas.

Regression analysis on the second and third patterns (EOF2
and EOF3) is not presented as they are not significant at the 95%
confidence level in most regions. This is also manifested by the
little causal relationship suggested by the information flow
analysis of the TCO* and other indices (e.g, IOD index,
ENSO index, and Atlantic index). The influence of SST on the
EOF2 and EOF3 patterns will be discussed in the following
sections.
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TABLE 3 | The stronger and weaker years in the EOF time series 3 and their
corresponding time coefficients.

Stronger years Weaker years

Year Value Year Value
1980 1.37 1981 -3.18
1984 2.06 1982 -1.79
1990 1.36 2009 -1.61
2000 1.23 2018 -1.05
2001 1.47
2004 1.14
2008 1.33

Figure 4 shows the regression analysis results of the
tropopause heights against the EOF time series. The regressed
first pattern (Figure 4A) is not significant at the 95% confidence
level in the region of the SAH and does not match the EOF1
pattern in Figure 2A, so this pattern is not further investigated.
Regression analysis on the second pattern for the tropopause
shows negative anomalies (unit: hPa) over the IP significant at the
95% confidence level. Conversely, regression analysis on the third
pattern for the tropopause shows positive anomalies (unit: hPa)
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over the eastern part of the TP significant at the 95% confidence
level (Figure 4C), consistent with the south-north mode with
obvious positive anomalies over the TP (Figure 2C). These results
suggest the abnormally negative tropopause (abnormally high)
correlates with abnormally low TCO* and vice versa. Such a
correlation can be explained by the relatively lower ozone mass
mixing ratio in the upper troposphere than in the lower
stratosphere. When the tropopause rises, the lower layer with
low ozone contents accounts for more of the ozone mass in the
total ozone column, resulting in a lower TCO*.

Because the tropopause height is related to the strength of the
SAH and the TCO* is also related to the geopotential height in the
SAH, a regression analysis of the 200 hPa geopotential height
against the EOF time series was conducted in the region of the
SAH. The regressed first pattern (east-west dipole mode in the
low latitudes) is not significant at the 95% confidence level
(Figure 5A) and incompatible with the EOF1 pattern in
Figure 2A and is thus not further analyzed. Regression
analysis on the second pattern for the 200 hPa geopotential
height shows positive anomalies (unit: km) over the IP
(significant at the 95% confidence level), agreeing well with
the clear positive anomalies over the IP revealed by EOF
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analysis (Figure 2B). This suggests that the divergence
strengthens as the SAH becomes abnormally strong,
ie, stronger high-pressure anticyclone. As a result, the
abnormal rise of the lower layers with low ozone contents
lowers the TCO*.

Regression analysis on the third pattern for the geopotential
height shows negative anomalies (significant at the 95% confidence
level) over the eastern part of the TP, coincident with the positive
anomalies over the eastern part of the TP revealed by EOF analysis
(Figure 2C). This indicates the divergence weakens as the SAH
becomes abnormally weak ie., the high-pressure anticyclone is
weak, resulting in a weak rise of the lower layers and a higher
TCO*. The weakening of the SAH in the eastern region is likely
associated with the WPSH as they show synchronous weakening/
strengthening (Chen et al,, 2011).

Opverall, the regression analysis results suggest that the TCO*
pattern over the SAH and its adjacent areas in summer is related
to three principal components. The east-west dipole mode in low
latitudes is mainly related to the SST near Indonesia and the
western Pacific Ocean. The east-west tripole mode in the middle
latitude region is related to the tropopause height that is closely
associated with the strength of the SAH over the IP. The south-
north mode is linked to the strength of the SAH, which is likely

associated and synchronous with the WPSH. To further
understand the function of the three components on the
ozone valley, we used the information flow method to
determine the causal relationship between the principal
components and ozone and then applied a composite analysis
to investigate their relations.

THE CAUSAL RELATION BETWEEN THE
TCO* AND ITS PRINCIPAL COMPONENTS

To determine the causal relationship between the TCO* and the
principal components in the same period, we calculated the
information flow between the TCO* and the three principal
components in summer from 1979 to 2019.

Based on the first regression pattern for SST (shown in
Figure 3), the variation of TCO* in the southern area of the
TP is closely related to ENSO. However, the information flow
between the TCO* and the ENSO index shows little causal
relationship in the same period. Considering that TP is
geographically far from the middle and east of the equatorial
Pacific Ocean, it is reasonable that TCO* and ENSO could hardly
affect each other in the same period. Nevertheless, the EOF1
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pattern is consistent with the IOD and ENSO teleconnection
distribution of SSTA. To evaluate the influence of SST on the first
pattern (EOF1), here we define the Indonesia SST index (ISI) as
the average SST in the region from 100°E to 120°E and 35°S to
35°N, which locates in the Indonesian throughflow and contains
the negative SST anomalies in Indonesia (the yellow box in
Figure 3). The information flows between ISI and the TCO*
from 1979 to 2019 are given in Figure 6. The information flow is
negative in the southern area of the TP, including the eastern and
southern parts of the TP, the northern Bay of Bengal, the
northern Indochina Peninsula, and the northern Indian
Peninsula (Figure 6A). A negative ISI — TCO" indicates that
the ISI could produce more certainty in predicting the TCO*
(Figure 6A). In the southern Indian Peninsula, a negative
TCO* —ISI indicates that the TCO* variability has more
certainty in predicting the SST variability as revealed by the
ISI (Figure 6B). Thus, in the southern area of the TP the variation
of ISI causes a variation of TCO*.

Similarly, the TCO* variation index (TOI) is defined as the
average TCO* in the region from 40°E to 105°E and from 20°N to
45°N, which is the ozone valley over the SAH and its adjacent
areas (the yellow box in Figure 1A). The information flow

between the tropopause height and the TOI from 1980 to
2019 is given in Figure 7.

Over the western area of the TP, a negative information flow of
tropopause — TOI means that the tropopause height could
produce more certainty in the TCO*, and improve the
prediction of TCO* (Figure 7A). On the contrary, a positive
information flow of TOI — tropopause means that the TCO*
could produce more uncertainty in the tropopause height
(Figure 7B). Therefore, the shift of the tropopause over the
western area of the TP causes the variation in the TCO* over
the SAH and its adjacent areas.

The information flow between the 200 hPa geopotential
height and the TOI from 1979 to 2019 is shown in Figure 8.
Over the IP, the negative information flow of
200 hPa geopotential height — TOI means that the 200 hPa
geopotential height could produce more certainty in the
TCO* and improves the prediction of TCO* (Figure 8A),
whereas a positive TOI — 200 hPa geopotential height means
that TCO* has more uncertainty at the 200 hPa geopotential
height (Figure 8B). Thus, the change of the 200hPa
geopotential height over the IP causes the variation in the
TCO* over the SAH and its adjacent areas.
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The information flow between the WPSH index and the TCO*
from 1979 to 2019 has been evaluated (Figure 9), because the
weakening of the SAH in the eastern region is most likely
associated and synchronous with the WPSH as indicated by
the regression analysis. Here we focus on the western ridge
point index (WRPI) for the WPSH because the information
flows between different WPSH indices (including area index,
intensity index, ridgeline position, and western ridge point for the
WPSH) and the TCO* are similar (figures omitted). The
information flow WRPI — TCO" is negative over the eastern
area of the TP (Figure 9A), indicating the WRPI could
produce more certainty in the TCO* and improve the
prediction of TCO*.  However, information flow
TCO* — WRPI over the eastern area of the TP is barely
negative (Figure 9B), indicating that TCO* could produce
more uncertainty in the WRPL Thus, the variation of WRPI
causes the variation of TCO* over the eastern area of the TP.

MECHANISTIC ANALYSIS OF THE TCO*

Collectively, according to the information flow analysis results,
the variation of SST, tropopause height, and the location of

WPSH jointly cause the variation of the TCO* over the SAH
and its adjacent areas. We applied a composite analysis to analyze
the principal components of the TCO* over the SAH and its
adjacent areas in summer. Taking an absolute value of the
normalized EOF time series of >1 as the standard, individual
years with significant positive and negative phases were labeled as
stronger and weaker years (Tables 1-3). This information was
used in the composite analysis.

The composite wind field anomalies in the stronger years for
EOF time series 1 and SST at 850 and 200 hPa are shown in
Figure 10. In the stronger years, the SSTA in the equatorial
Central and Eastern Pacific is positive (this area is omitted in
Figure 10, but can be seen in Figure 3), while it is negative in the
western Pacific. According to the Gill response (i.e., the forced
response of atmospheric motion to ocean heat), the cold SSTAs in
the warm western Pacific have weakened the zonal SST gradient,
which stimulates a series of planetary waves that are transported
to the Indian Ocean. As shown in Figure 10A, the SSTA in the
western Pacific is negative, and a series of planetary waves
symmetric about the equator are transported westwards. A
pair of cyclones symmetric about the equator occurs in the
yellow areas in Figure 10. Cyclones at low latitudes in the
northern hemisphere could intensify anticyclones at higher

Frontiers in Earth Science | www.frontiersin.org

13

January 2021 | Volume 8 | Article 605703


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Chang et al. Ozone Valley

20  — L
w. o e A 4 25.0
S0 (S vy Y ’ : 4200
— 4 s v P v v X ¥ ¥ R - = w . = w L~ - o~ >
e —
% 100 FE e “\7\\\\‘*\\.—4 . - v-»—»log
‘T 23 < E s > 1 15.0 5
S R — | Eeetn R
a ; 1 ~ r &h?_i - - . ;—v-—.——- =
8 Wemane. ~~—=~._ ~-=—==,,%
£ o[y == o es
Ny =—— N / ——
% W LA e
500 : - » - > ’é A‘; T 7 :% 5.0
- i 7 T =
AREEE AEREERAAT
; } i ) {15
ol A Nhay LN
20 v e
. 1 425.0
50 . I . .~ . A a2 oA a > -~ B -
—_ (R A A I TS .
& €
< 100 S — e, - . T 4 i)
< N - S~ ] )
o \\»‘-ig\—'"'\\» — . 31509
- -~ - \ c 4 = =
z » ::\ =7 5 L . — - 2
) - § \’ i\ g ? =
= AR o~ N3~ - <
& NN i
- A \ N [ —
AN ! ’ ? e 2N
THiE T
. H »
AEENRENERVANND
EQ 5°N 10°N 15°N 20°N 25°N 30°N 35°N 40°N 45°
-5.0 -4.0 -3.0 -2.0 -1.0 . 0.0 1.0 2.0
Zonal Wind Speed[m/s]
FIGURE 14 | The height-latitude cross-sections of the composite wind field (arrows, unit: m/s) along 95°E for the EOF time series 3 in the (A) stronger years and (B)
weaker years. Here, the vertical wind speed anomaly is five times of the original wind field. The shadows denote the zonal wind. The purple lines are the height of the
thermal tropopause and the blue lines are the height of the dynamical tropopause.

latitudes, further strengthening the southern trough in the Bay of
Bengal, which is formed by currents bypassing the TP (in the
green box in Figure 10). In Figure 10B, The composite wind field
anomalies at 200 hPa show a pair of anticyclones symmetric
about the equator (in the yellow boxes) and an anticyclone over
the south of the TP. Comparing the high- and low-level wind
fields over the southern TP, it is apparent that with the
strengthening of the southern trough at 850hPa and the
strengthening of divergence at 200 hPa, the wind field moves
air across the tropopause from the troposphere to the lower
stratosphere. Due to the low ozone content in the troposphere,
the TCO* in the UTLS decreases. However, during weaker years,
it is challenging to identify the divergence at 200 hPa (figures
omitted) due to the absence of Gill response. Consequently, the
variations of the TCO* are not as apparent as those in the
stronger years.

The composite TCO* and the SAH region for the EOF time
series 2 are shown in Figure 11. We took the 12,520 gpm
geopotential height isolines to determine the SAH region
(Zhang et al, 2000). The location of the SAH remains
basically stable, but the TCO* over the IP is closely related to
the SAH, showing negative anomalies over the IP for the east-
west tripole mode in the middle latitude region. When the SAH is

strong over the IP (Figure 11A), the TCO* is correspondingly
reduced and the ozone valley’s extent over the IP increases. When
the SAH is weak over the IP (Figure 11B), the TCO* over the IP is
correspondingly increased and the ozone valley’s extent over the
IP decreases.

Figure 11 also shows a large variation in the TCO* along 50°E,
and the TCO* over the IP from 35°N to 50°N is negative. The
height-latitude cross-sections of the composite wind field along
50°E for the EOF time series 2 are presented in Figure 12. For the
stronger years (Figure 12A), from 35°N to 50°N, in the UTLS
region, the wind field moves air across the tropopause from the
troposphere to the lower stratosphere and is dominated by
southerly winds. The low ozone content in the troposphere
causes the TCO* in the UTLS decreases. For the weaker years
(Figure 12B), the wind field dominated by northerly winds
moves from the stratosphere to the troposphere, resulting in
the increase of the TCO* in the UTLS.

The composite TCO* and the SAH region for the EOF time
series 3 are shown in Figure 13. Similar to the composites for
EOF2, the location of the SAH remains stable, but the TCO* over
the TP is closely related to the SAH region, showing the positive
anomalies over the TP for the south-north mode. Figure 13A
shows that the eastern margin of the SAH could reach 100°E.
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When the SAH is weak over the TP, the TCO* is correspondingly
increased and the ozone valley over the TP decreases. When the
SAH is strong over the TP, the eastern region of the SAH could
extend to 110°E (Figure 13B) and the TCO* over the TP is
correspondingly reduced with an increased extent of the ozone
valley over the TP.

As the most significant variations are apparent over the TP
from 30°N to 45°N (Figure 13), we further analyzed the
height-latitude cross-sections of the composite wind field
along 95°E for the EOF time series 3 as presented in
Figure 14. In Figure 14A, from 30°N to 45°N in the UTLS
region, the wind field moves air across the tropopause from the
stratosphere with higher ozone content to the troposphere,
resulting in increased TCO* in the UTLS region. In contrast,
as shown in Figure 14B, the wind field moves air across the
tropopause from the troposphere to the lower stratosphere, so the
TCO* in the UTLS region decreases.

We studied the cause of the positive anomalies over the TP for
the south-north mode by analyzing the composite 500 hPa
geopotential height (shading, unit: km) for the EOF time
series 3 as shown in Figure 15. The most likely cause is the
synchronousness between the SAH and the WPSH. When the
SAH is weak over the TP, the eastern region of SAH could extend
to 100°E (Figure 15A) while the WPSH is relatively weak. When
the SAH is strong over the TP, the eastern region of the SAH

could extend to 110°E (Figure 15B) while the WPSH is relatively
strong (Figure 15B). The TCO* variations in the eastern SAH are
therefore related to the location of the WPSH.

CONCLUSION

Although many factors can affect the variation of the ozone
valley, the leading factors have not been determined so far. In our
study, the statistical analysis has improved our understanding of
the roles of the sea surface temperature (SST), tropopause height,
and West Pacific Subtropical High (WPSH) in affecting the ozone
valley. Using the ERA5 reanalysis dataset from 1979 to 2019, the
MERRA?2 reanalysis dataset from 1980 to 2019, and the
SWOOSH observation dataset from 1984 to 2019, we
examined the individual contribution of each principal
component to the summertime ozone valley in the UTLS over
the SAH and its adjacent areas. Integrated statistical analysis
including the EOF and Liang-Kleeman information flow
methods, regression analysis, and composite analysis was
applied in the study. The EOF analysis shows that variations
of TCO* anomalies have three dominant modes, namely, the east-
west dipole mode in the low latitude region (EOF1), the east-west
tripole mode in the middle latitude region (EOF2), and the south-
north mode (EOF3). The first three EOF patterns of the TCO*
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account for 18.9, 14.8, and 9.8% of the total variation,
respectively.

The regression analysis has revealed the relationship between
the TCO* and the principal components in summer. The three
leading principal components of TCO* variations are related to 1)
the SST near Indonesia and the western Pacific Ocean in low
latitudes, 2) the tropopause height over the IP, and 3) the strength
of the SAH over the eastern part of the TP, which is linked to the
synchronousness between the SAH and the WPSH.

The information flow analysis of the TCO* and the three
principal components in summer from 1979 to 2019 helps to
determine their causal relationship. The results have shown that
the variation of SST, tropopause height, and the location of the
WPSH have most likely caused the variation of TCO* over the
SAH and its adjacent areas.

For the east-west dipole mode in the low latitude region,
composite analysis shows the interaction between the atmosphere
and ocean causes the variations of the TCO* in the UTLS near the
low latitude region around the TP. For the east-west tripole mode
in the middle latitude region, the tropopause over the IP causes
the variations of the TCO* in the UTLS. Comparatively, the
south-north mode shows the variations of TCO* over the TP are
closely related to the location of the WPSH.

In summary, the leading factors affecting the three dominant
modes for the variations of the TCO* anomalies are SST,
tropopause height, and the WPSH.
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