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Abstract Based on the reanalysis data of monthly mean sea surface temperature (SST) from British Hadley Center and ozone mass mixing ratio from
National Aeronautics and Space Administration (NASA) during 1980 —2015, two indexes IOBI and IODI of the main modes characterizing SST changes
Indian Ocean Basin (IOB) and Indian Ocean Dipole (I0D) were calculated firstly, and then the correlation of SST a-

in the tropical Indian Ocean
nomaly (SSTA) in the tropical Indian Ocean and ozone mass mixing ratio in the stratosphere over East Asia from 1980 to 2015 was analyzed. Besides, the
impact of SST changes in the tropical Indian Ocean on the distribution of ozone layer in East Asia was discussed. The results show that SST changes in the
tropical Indian Ocean had significant effects on stratospheric ozone distribution in East Asia, and it was consistent with the temporal changes of 10B and
10D. 1OBI and IODI had a certain correlation with stratospheric ozone changes in East Asia, with a particularly significant correlation in the lower strato-

sphere (70 hPa) and middle stratosphere (40 hPa) especially during spring and autumn.

Key words Tropical Indian Ocean; East Asia; Indian Ocean Basin; Indian Ocean Dipole; Stratospheric ozone

DOI 10.19547/j. issn2152 —3940.2023. 06. 001

Angione et al. "'’ measured ozone as one of important atmos-
pheric components. By observations, it is found that ozone is
mainly concentrated in the upper air at 10 =50 km"’, and ozone
content is high in the air above 20 km, which is called the atmos-
pheric ozone layer®'. Ozone can reflect the change of atmospheric
circulation, and too high ozone concentration will also cause cli-
mate and environmental changes. As a protective layer, ozone in
the stratosphere can reduce the short-wave radiation reaching the
ground. In the troposphere, ozone absorbs long-wave radiation
from the ground to heat the atmosphere. The high concentration of
ozone near the ground will cause bronchi, skin cancer and other
diseases'*’. Therefore, the changing characteristics of ozone have
become one of research objects that domestic and foreign scholars

“*!. In East Asia as a concentrated area of the

pay attention o
global population, human activities will also be affected and re-
stricted by the changes in the upper atmospheric environment and
ozone concentration' . Therefore, it is of great scientific signifi-
cance to study the factors causing the anomaly and change of ozone
layer distribution in East Asia.

There are many factors affecting the change of ozone content,
such as the circulation change process of planetary wave propaga-

8-21  Some studies have

tion and Hadley circulation activity
shown that changes in ozone also contain fluctuation signals sea
surface temperature (SST)'"” ™', With the in-depth understand-

ing of SST changes, the impact of SST changes on the spatial dis-
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tribution of ozone has been gradually paid attention to and studied

5] " The Indian Ocean has attracted much attention

16 -17

by scholars
from scientists. Saji et al. """’ found that there are two main dis-
tribution modes of SST anomalies in the tropical Indian Ocean, of
which the first main mode is Indian Ocean Basin (I0B) with con-
sistent warming or cooling of SST in the tropical Indian Ocean,
and the second main mode Indian Ocean Dipole (10D) means that
the SST anomalies in the southeast and northwest tropical Indian
Ocean were reverse seesaw dipoles. The impact of the main modes
in the tropical Indian Ocean on ozone has also attracted the atten-
tion of scholars. Nassar et al. ™ proposed that the sharp decline
in ozone content over the western Indian Ocean and Africa in 2006
may be caused by strong local convection resulting from 10D.
Takashi et al. """ studied the factors affecting the annual variation
of tropospheric ozone in the northern Hemisphere, and found that
the change of SST in the Indian Ocean would affect the interannual
signal of tropospheric ozone. Krzyscin et al. ™ analyzed the ozone
change in the Northern Hemisphere. It is found that independent
positive 10D events in spring would change the total ozone content
in areas near the equator; independent positive IOD events in au-
tumn increased total ozone content at 30° —35° N and decreased
total ozone content at 65° —70° N.

Although the impact of SST changes in the Indian Ocean on
ozone distribution in some regions has been discussed in the past,
there are relatively few studies on the relationship between strato-
spheric ozone concentration changes in East Asia and SST anomaly
(SSTA) in the tropical Indian Ocean. In this paper, based on
more complete and continuous data of SST and reanalysis data of
ozone mixing ratio, the relationship between the two main modes

of SST changes in the tropical Indian Ocean and the ozone layer
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change in East Asia was studied.

1 Data and methods

The data of monthly mean SST from the HadISST dataset of
Hadley Center of the UK Met Office as well as the data of monthly
mean ozone mixing ratio from the MERRA data of the National
Aeronautics and Space Administration (NASA) were used in this
study. The research methods used include EOF analysis, correla-
tion analysis, and SVD decomposition. Ozone is mainly concen-
trated in the stratosphere, so the ozone mixing ratio of the strato-
sphere in East Asia was selected for related research. The study
period is from 1980 to 2015, 36 years in total. The study areas are
the tropical Indian Ocean (25° S—-25° N, 40° E —120° E) and
East Asia (2° N-56° N, 72° E -136° E).

2 Calculation of the main mode indices of SST
changes in the tropical Indian Ocean and their
correlation with the ozone mixing ratio over the
East Asia

2.1 Calculation of IOBI and I0DI
area and the previous definition of IOB, SSTA in the tropical Indi-
an Ocean (25° S -25° N, 40° E - 120° E) in spring was selected
for EOF analysis, and the spatial distribution of EOF1 was I0B.
After deducting the linear trend and standardizing its time series
(PC1), the IOB index (IOBI) representing the feature changes of

IOB was calculated, and its time series is shown in Fig. 1.

According to the study

Standardized I0BI

=) 1 1 1 1 1 1 ]

1980 1985 1990 1995 2000 2005 2010 2015

Year
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value great than 0.75.
Fig.1 Standardized IOBI during 1980 —2015

According to the Indian Ocean Dipole Index (I0DI) defined
by Saji et al. ", the time series of IODI was calculated based on
the difference between the regional mean SSTA of the northwestern
(10° S-10° N, 50° E -=70° E) and southeastern (10° S - EQ,
90° E —110° E) tropical Indian Ocean in autumn (Fig.2). The
correlation coefficient of 10DI and EOF2 time series of SSTA in
the tropical Indian Ocean in autumn was 0.69, passing 9% sig-
nificance ¢ test, so the time series of IODI calculated can be trus-
ted, and can be used to characterize the changes of SSTA in the

east and west of the tropical Indian Ocean.

Standardized I0DI

Mo o o o o Wwm o

1980 1985 1990 1995 2000 2005 2010 2015
Year
Note: Dotted lines mean the standard deviations of IODI with the absolute

value great than 0.75.
Fig.2 Standardized IODI during 1980 —2015

2.2 Analysis of the correlation between IOBI or IODI and
ozone mixing ratio in East Asia Before the correlation analy-
sis, seasonal zonal averaging of the ozone mixing ratio data in East
Asia was conducted and processed into height — latitude data at
2° N -56° N. Then, the correlation coefficients of IOBI and 10DI
with the ozone layer in East Asia were calculated to obtain the ver-
tical distribution of the correlation coefficients ( Fig. 3 and
Fig.4). In the figures, the contour lines represent correlation co-
efficient values, of which the solid line represents the positive val-
ue, and the dashed line represents the negative value. The inter-
val of the contour lines is 0.05, and the color part means passing
the 90% confidence ¢ test.

Fig. 3 shows the seasonal correlation between IOBI and strat-
ospheric ozone mixing ratio in East Asia during 1980 - 2015. As
can be seen from the figure, there were significant differences in
the correlation between IOBI and stratospheric ozone in different
seasons. With the change of seasons, the correlation areas and in-
tensity between the two also changed.

From the perspective of latitude distribution, the evolution
process of the correlation between I0BI and ozone can be divided
into two parts: there was a negative correlation in the low-latitude
region (south of 25° N) and a positive correlation in the middle-
latitude region (north of 25° N) in East Asia, and the correlation
distribution moved from north to south with the change of seasons.
In winter, the effect of IOB on ozone content in East Asia mainly
appeared at 20 —30 and 70 hPa in the stratosphere in the low lati-
tudes, and the correlation was mainly negative. In spring and
summer, the correlation was negative in the lower and middle
stratosphere in the low latitudes and positive in the lower strato-
sphere in the middle latitudes, and both positive and negative cor-
relation were stronger. In autumn, there was a significant negative
correlation in the middle stratosphere. The significant area gradu-
ally weakened and moved to the north, possibly because I0B was
weaker in autumn.

When the variation of SST in tropical Indian Ocean was
shown as IOB, the SSTA in the tropical Indian Ocean would affect
the distribution of stratospheric ozone in East Asia. When I0B was
positive, the SST in the tropical Indian Ocean was uniformly high-
er, and ozone content was higher in the positive correlation region
and lower in the negative correlation region in East Asia. It was
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opposite as IOB was negative. This impact was different in differ-
ent latitudes and altitudes, which was most obvious in spring.
When 10B weakened gradually, the impact of SSTA on ozone dis-
tribution also decreased gradually.
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Seen from Fig. 4, the correlation between 10DI and strato-
spheric ozone in East Asia was also spatially different. With the
change of seasons, the correlation area and intensity between the

two also changed.
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Fig.3 Vertical distribution of the correlation coefficient of IOBI and ozone in East Asia
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Fig.4 Vertical distribution of the correlation coefficient of IODI and ozone in East Asia
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The evolution of the correlation between I0DI and ozone mix-
ing ratio in East Asia can be started in winter. In winter, the cor-
relation was negative in the low and middle latitudes of East Asia,
and the large-value area of significant correlation appeared at
20° N -35° N, that is, there was a significant correlation from
the lower stratosphere to the middle stratosphere. In spring, the
negative correlation in the low latitudes of East Asia changed to
positive correlation, and the negative correlation in the middle lat-
itudes weakened and retreated to the north. In summer, the signif-
icant positive correlation area tended to expand northward, and
gradually covered the middle stratosphere in the low and middle
latitudes of East Asia. By autumn, the significant positive correla-
tion area continued to expand and developed towards the upper
stratosphere , even exceeding 30 hPa.

Based on the above analysis, when the variation of SST in the
tropical Indian Ocean was shown as 10D, the SSTA in the tropical
Indian Ocean would also affect the stratospheric ozone distribution
in East Asia. When 10D was positive, the SST in the tropical In-
dian Ocean was high in the west and low in the east. The ozone
content in the positively correlated area was higher than that in the
negatively correlated area. It was opposite as I0D was negative.
This impact seemed to be related to the intensity of 10D, and
there was a seasonal change with the development of I0D. This
impact was most pronounced in autumn when 10D matured, and
the correlation gradually weakened after IOD weakened.

3 SVD decomposition of SST in the tropical
Indian Ocean and stratospheric ozone mixing

ratio in East Asia

3.1 Spring From the above analysis of the correlation, it can
be found that the ozone at 40 and 70 hPa was significantly affected
by SST changes in the tropical Indian Ocean. In spring and au-
tumn, ozone content was significantly affected by SST changes,
and I0OB or 10D was strong. Therefore, the SST in the tropical In-
dian Ocean and the ozone mixing ratio at 40 and 70 hPa in spring
and autumn were selected for SVD decomposition. In this section,
the distribution of heterogeneous correlation coefficient of SVD
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modes and their corresponding time series were mainly analyzed,
and the calculation results of the modes with cumulative square co-
variance contribution rate ( CSCF) reaching 70% were selected
for analysis.

3.1.1 70 hPa. The correlation coefficient of the first mode ob-
tained by SVD between SST field in the tropical Indian Ocean
and the ozone field at 70 hPa in the stratosphere in East Asia was
0.58, and the square covariance contribution rate ( SCF) was
81.62% . Hence, the first mode of SVD decomposition can re-
present the main characteristics of the interaction between the
SST field and the ozone field, as well as the teleconnection be-
tween the SST changes in the tropical Indian Ocean and the strat-
ospheric ozone distribution at 70 hPa in East Asia in spring. As
can be seen from Fig. 5, in the SST field in tropical Indian
Ocean, SST in the whole region presented a consistent positive
correlation, and the maximum was located in the Arabian Sea and
Bay of Bengal waters to the east of Madagascar and north of the
equator, indicating that the SSTA in the tropical Indian Ocean in
spring can affect the distribution of stratospheric ozone layer at 70
hPa in East Asia during the same period. In the stratospheric
ozone field at 70 hPa in East Asia, bounded by 30° N, the corre-
lation coefficient was negative in south and positive in north. The
large-value area of positive correlation was located in the central
and western part of Mongolia, from the western part of Inner
Mongolia to Xinjiang and Balkhash Lake. The large-value area of
negative correlation appeared in the Indian Peninsula and the Bay
of Bengal to the south of 25° N as well as the Indochina Peninsu-
la and the South China Sea to the east. When the SST change in
the tropical Indian Ocean was shown as positive 10B, the strato-
spheric ozone content in the low latitudes decreased but increased
in the middle latitudes at 70 hPa in East Asia. As the SST
change in the tropical Indian Ocean was shown as negative 10B,
the ozone distribution in East Asia was reverse. The conclusions
of SVD decomposition were basically consistent with the results of
correlation analysis. From the time coefficient of the first mode
(Fig.6), it can be seen that the corresponding relationship be-
tween the two was good.
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Fig.5 Spatial distribution of the first mode obtained by SVD decomposition for the SST (a) in the tropical Indian Ocean and stratospheric ozone

(b) at 70 hPa in East Asia in spring
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Fig. 6 Time coefficient of the first mode obtained by SVD decompo-
sition for the SST in the tropical Indian Ocean and strato-
spheric ozone at 70 hPa in East Asia in spring
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Fig.8 Time coefficient of the first mode obtained by SVD decompo-
sition for the SST in the tropical Indian Ocean and strato-
spheric ozone at 40 hPa in East Asia in spring
3.2 Autumn

3.2.1 70 hPa. Fig. 9 shows the spatial distribution of the first
mode obtained by SVD decomposition between the SST field in the
tropical Indian Ocean and the ozone field at 70 hPa in the strato-
sphere in East Asia in autumn. The SCF of the first mode was
85.80% , and the correlation coefficient was 0.53. Therefore, the
SVD mode corresponding to the first pair of singular vectors can re-
present the main characteristics of the interaction between the SST
field and the ozone field at 70 hPa. As can be seen from Fig. 9, in

3.1.2 40 hPa. The correlation coefficient of the first mode ob-
tained by SVD between SST field in the tropical Indian Ocean and
the ozone field at 40 hPa in the stratosphere in East Asia in spring
was 0.41, and SCF was 72.94% . Similar to 70 hPa, the spring
SST in the tropical Indian Ocean also had a good correlation with
the stratospheric ozone at 40 hPa in East Asia. As shown in Fig. 9,
in the SST field, the whole region presented a consistent positive
correlation, and the range of significant correlation areas declined,
and the eastern tropical Indian Ocean failed to pass the test. In the
ozone field, the correlation coefficient was still negative in the
south and positive in the north, but its influence range and region
reduced. Similarly, there was a good corresponding relation be-
tween the time coefficient of SST and ozone by SVD decomposition

(Fig.8).
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Spatial distribution of the first mode obtained by SVD decomposition for the SST (a) in the tropical Indian Ocean and stratospheric ozone

the SST field, the significant correlation area was large, and the
correlation was positive in the west and negative in the east, which
was similar to the distribution pattern of positive 10D. However,
the significant negative correlation area was small, and was only
distributed in the southeast of the tropical Indian Ocean. In the
ozone field, there was a positive correlation in the whole region,
and the significant correlation areas were distributed in the north-
east of China, the area from Lake Balkhash to Lake Baikal, the
Bay of Bengal, southeast China and the northwest Pacific Ocean.
Compared with the results of correlation analysis at 70 hPa in au-
tumn, there were some differences between them. Firstly, in the
SVD decomposition, a significant positive correlation appeared to
the north of 45° N in East Asian. Secondly, a significant positive
correlation appeared in the region to the south of 15° N where the
correlation was not significant in the correlation analysis. The time
coefficient of the first mode (Fig. 10) also shows that the correla-
tion between the two had a good corresponding relation in time.

3.2.2 40 hPa. The correlation coefficient of the first mode ob-
tained by SVD between SST field in the tropical Indian Ocean and
the ozone field at 40 hPa in the stratosphere in East Asia in autumn
was 0.58, and SCF was 82.46% . As shown in Fig. 11, the au-
tumn SST in the tropical Indian Ocean also had a good correlation
with the stratospheric ozone at 40 hPa in East Asia. In the
SST field, there was a negative correlation in the southeast of the
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Fig.10 Time coefficient of the first mode obtained by SVD decom-
position for the SST in the tropical Indian Ocean and strat-
ospheric ozone at 70 hPa in East Asia in autumn

tropical Indian Ocean, namely the west of Sumatra Island. There
was a positive correlation in the center and west of the tropical In-
dian Ocean, covering almost two-thirds of the ocean surface. In
the ozone field, a negative correlation appeared in the middle lati-
tudes of East Asia, and the significant negative correlation areas
were located in Inner Mongolia, Lake Baikal and northeast China.
The range of positive correlation in the low latitudes extended
northward, covering areas to the south of 20° N and southern and

120°E

25°N
20°N
15°N
10°N
5°N
EQ
58

110°E

=
Q

=)
S
—

90°E

[ R L T = < = < < S == I == == |
o Q o Q o Q o Q o Q o Q o
n o N O N o M o N o N o
-~ 0 00 O o © © —~ = AN N O o

e e T e B B B

Spatial distribution of the first mode obtained by SVD decomposition for the SST (a) in the tropical Indian Ocean and stratospheric ozone

eastern China. Compared with the results of SVD decomposition at
70 hPa height in autumn, the positive correlation in the middle lat-
itudes became negative correlation, and the range of the original
positive correlation in the low latitudes expanded to the north,
while the correlation became strong. Compared with the results of
correlation analysis in autumn, there were differences between the
two. In the SVD decomposition, there was a significant negative
correlation in East Asia.

In the study on the influence of SST changes in the tropical
Indian Ocean and ozone layer distribution in East Asia, it is found
that there were some differences in the results of correlation analy-
sis and SVD decomposition in autumn, which may be caused by
the use of different spatial SST data. That is, the data of I0DI
used in the correlation analysis were calculated from the difference
between regional SST anomalies in the northwest and southeast of
the tropical Indian Oceans, while the SST data in the SVD decom-
position were SST data for the entire tropical Indian Ocean.

In the SVD analysis of autumn, whether in the lower strato-
sphere or the upper stratosphere, the correlation near the Tibetan
Plateau was always weak, and it was difficult to pass the signifi-
cance test, which may be caused by the dynamic process resulting
from factors such as the high altitude and large terrain of the Tibet-

an Plateau™".
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Fig. 11 Spatial distribution of the first mode obtained by SVD decomposition for the SST (a) in the tropical Indian Ocean and stratospheric ozone

(b) at 40 hPa in East Asia in autumn



Mengkun TIAN et al. Impact of Tropical Indian Ocean Temperature on the Ozone Layer in East Asia 7

3.0 ¢
%5
2308E
1.5
1.0
0.5
0
S0
-1.0
-1.5
2.0
529 . : : : : : :
1980 1985 1990 1995 2000 2005 2010 2015
Year
Fig.12 Time coefficient of the first mode obtained by SVD decom-
position for the SST in the tropical Indian Ocean and strat-
ospheric ozone at 40 hPa in East Asia in autumn

Time coefficient

From the above analysis, it is found that the changes of SST
in the tropical Indian Ocean had a certain impact on ozone in East
Asia, and the anomaly of meronal Hadley circulation'™ and the

meronal transport of Brewer — Dobson circulation' ™

may be one of
the physical factors affecting the distribution of ozone layer in East
Asia. The role of changes of SST in the tropical Indian Ocean in
these meridional circulations and in the physical processes and reg-
ulatory mechanisms of ozone layer distribution in East Asia is wor-

thy of further analysis in future studies.

4 Conclusions

On the basis of the study of the two main modes of SST chan-
ges in the tropical Indian Ocean, two indexes IOBI and 10DI were
calculated to characterize I0B and 10D changes during 1980 -
2015. Based on the analysis of correlations between IOBI or 10DI
and the stratospheric ozone in East Asia, and the SVD decomposi-
tion of SST in the tropical Indian Ocean and the stratospheric ozone
in East Asia in spring and autumn, the impact of SST changes in
the tropical Indian Ocean on the ozone distribution in East Asia
and its influencing scope in horizontal and vertical direction were
discussed. Some conclusions were obtained as follows.

(1) SST changes in the tropical Indian Ocean had a significant
effect on the distribution of stratospheric ozone in East Asia, which
changed with seasonal changes and was consistent with the temporal
variation of the two main modes of SST changes in the tropical Indian
Ocean. It is worth noting that this impact was most significant in
spring when IOB was strong and autumn as 10D was strong.

(2) The time series of IOBI and 10DI had a good correlation
with stratospheric ozone change in East Asia, and it was especially
significant in the lower stratosphere (70 hPa) and middle strato-
sphere (40 hPa). Specifically, TOBI was correlated with strato-
spheric ozone change negatively in the low latitudes but positively
in the middle latitudes in East Asia, and the correlation changed
with IOB intensity. IODI was positively correlated with strato-
spheric ozone change in the middle and low latitudes of East Asia,
and the correlation changed with 10D intensity.

(3) According to the SVD decomposition of SST changes in the
tropical Indian Ocean and the ozone in East Asia, the effect of
spring SST change on the ozone distribution at the isobaric surface of
70 hPa in the middle and low latitudes of East Asia was stronger than
that at 40 hPa, which indicated that the effect of IOB on the strato-

spheric ozone distribution in East Asia mainly appeared in the lower
stratosphere. In autumn, the impact of SST changes in the tropical
Indian Ocean on stratospheric ozone distribution in East Asia at 40
hPa in the middle latitudes was reverse to that at 70 hPa, meaning
that the effect of IOD on ozone distribution gradually weakened with
the increase of altitude in the middle latitudes of East Asia.
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(3) In the monthly variation of heat island intensity in
Weihai, it reached the highest point (up to 1.64 C) in Decem-
ber, gradually decreased to 1. 03 °C from January to February,
rose to 1.46 °C from March to May, then continuously decreased to
the annual valley value of 0.66 C from August to August, and fi-
nally continuously increased to 1.64 °C in December. In terms of
seasonal variation, urban heat island intensity was the weakest in
summer (as low as 0.86 “C ), stronger in spring and autumn (both
up to 1.32 °C) , and the strongest in winter (1.38 °C), which ac-
cords with the general law of seasonal variation of urban heat island
intensity. This is inconsistent with the seasonal variation of urban
heat island intensity in southern China, which may be related to
central heating in winter in northern China.

(4) Seen from the diurnal, monthly, seasonal and annual
variations of urban heat island intensity in Weihai, it was the
strongest when temperature was the lowest, and the weakest when
temperature was the highest, showing an obvious "inverse phase"
with the temperature change. This is due to the "thermal hysteresis
effect" caused by the significantly higher thermal conductivity and
heat capacity of the underlying surface in the urban areas than that
in the suburban areas.

(5) The high-value area of urban heat island intensity in
Weihai was highly consistent with human residential activity areas
and industrial and commercial intensive areas, and the extension
trend of heat island intensity was also the same as the direction of
urban development and construction. The " cold island phenome-
non" in some offshore areas may be related to the geographical lo-
cation, terrain and the southeast monsoon in summer.

(6) Based on the specific geological landform, water network
and limited water and soil resources of Weihai City, urban heat is-
land effect can be alleviated by optimizing the types and distribu-
tion of vegetation communities, rationally planning and construc-
ting urban water bodies, promoting green building materials and
adjusting the shape design.

The optimized weather station data method was used to ana-
lyze the spatial and temporal variation characteristics of heat island
effect in Weihai City, and the length of data series and the number
of observation stations were taken into account. The quantitative
results are intuitive, and the evaluation conclusions are objective,
which are easy to be accepted by the public and decision-making
services. However, it is still necessary to strengthen research on
the fine distinction between urban and suburban weather stations,
quality control and screening of data, how to integrate weather sta-
tion data method, remote sensing inversion and numerical simula-
tion, and how to carry out multi-dimensional and deep comprehen-
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sive expansion and extension from unilateral study of urban heat is-
land effect to urban thermal environment, heat island circulation
and heat island formation mechanism.
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