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Abstract

The quasi-biennial oscillation is the primary mode of variability of the equa-
torial mean zonal wind in the lower stratosphere, which is characterized by
downward propagating easterly and westerly wind regimes from 10 hPa level
with a period approximately 28 months. The effects of the stratospheric
quasi-biennial oscillation in zonal winds (SQBO) are not only confined to
atmospheric dynamics but also seen in the chemical constituent (trace gases)
anomalies such as ozone, water vapor, carbon monoxide and methane in the
lower stratosphere. In this study, we examined the SQBO and associated
ozone quasi-biennial oscillation (OQBO) using the chemistry-climate model
CHASER (MIROC-ESM) simulations and ECMWF ERA-Interim ozone re-
analysis for the period 2000-2015. We used lower stratospheric zonal wind
from the radiosonde observations and total column ozone (TCO) from Aura
Satellite (OMI Instruments) over Singapore to compare the SQBO and
OQBO phases with model and reanalysis. The SQBO shows large variations
in magnitude and periodicity during the period of study and the amplitude of
OQBO also changes in accordance with the westerly (+ve ozone anomaly)
and easterly (-ve ozone anomaly) phases of SQBO. During the Westerly phase
of Ozone QBO (WQBO) corresponds to average positive total ozone anomaly
of ~10 DU and in the Easterly phase of Ozone QBO (EQBO) corresponds to
an average negative total ozone anomaly ~—10 DU in the tropical lower
stratosphere. Since the SQBO phases were explained by the vertical propaga-
tions of Mixed-Ross by Gravity (MRG) waves and Kelvin waves, the correla-
tion of ozone volume mixing ratio with zonal and vertical velocities gives
quasi-biennial signals, which indicate the OQBO mechanism more related to
dynamical transport than the stratospheric photochemical variations. Since
the average amplitude of OQBO phases gives ~+/— 10 DU from the observa-
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tions during easterly and westerly phases SQBO, we need more research fo-
cused on the dynamical transport than the photochemical changes to under-
stand the tropical ozone variability due to the ozone quasi-biennial oscilla-
tions.
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1. Introduction

The quasi-biennial oscillation is a regular variation of the zonal winds that blow
high above the equatorial lower stratosphere. Strong zonal winds in the strato-
sphere travel in a tropical belt (~15°S to 15°N) around the planet, and every 14
months or so, these winds completely change direction (easterly/westerly). This
means a complete cycle takes approximately 28 months, making it the most
regular slow variation (descending wind speed regime) in the atmosphere after
the cycle of the seasons [1] [2] [3] [4] [5]. The stratospheric quasi-biennial oscil-
lations in zonal wind (hereafter, SQBO) are driven by vertically propagating at-
mospheric planetary waves (equatorially trapped Kelvin and Mixed Ross by
Gravity Waves) that originate from the troposphere and are produced by intense
weather systems due to convection and topography. These waves break in the
tenuous stratosphere and provide a force to “push” wind and make it descend
with time (at a rate of about 1 km per month). Once these high-level winds reach
the tropopause, the opposite phase of the oscillation (easterly/westerly phase of
QBO) descends from above. It takes roughly 14 months for each reversal to oc-
cur. The stratospheric quasi-biennial oscillation is observed at altitudes from
about 100 hPa (~16 km) to about 3 hPa (~40 km) [5]. The maximum amplitude
is observed in the middle and lower tropical stratosphere, with the easterly phase
having larger amplitudes compared to the westerly phase. The westerly shear
zones descend more regularly and rapidly than easterly shear zones. The ampli-
tude of 20 ms™" is nearly constant from 5 to 40 hPa but decreases rapidly as the
wind regimes descend below 50 hPa. The SQBO amplitude diminishes above 1
hPa (<5 ms™) and the amplitude of the SQBO is approximately Gaussian about
the equator [6] [7]. The SQBO is a part of stratospheric general circulations and
the dynamical connection with the extratropical stratosphere must be looked
with seasonal cycles. In the tropics, the convection and changes in convection
affect the tropospheric vertically propagating planetary waves, which intern im-
pact on the SQBO [8] [9]. The tropical stratosphere circulations are influenced
by the Brewer Dobson Circulations (BDC), a diabatic circulation with ascending
limb in the tropical stratosphere and descending limb in the higher latitudes
greatly modified by the vertically propagating equatorial planetary waves, which

provides the easterly and westerly momentum to the SQBO.
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Even though the SQBO occurs in the tropical lower stratosphere, it impacts on
the tropical and middle latitude atmospheric compositions and weather systems.
The SQBO circulation affects the modulation of temperatures, extratropical
waves, the circulation in the meridional plane and the distribution and transport
of trace constituents. There have been numerous observational studies of the
quasi-biennial oscillations in temperature, ozone and other trace constituents in
the stratosphere [10]-[15]. Some of these studies have generally reported that the
SQBO influence on total ozone amounts with positive and negative anomalies
with variations of 1% - 2%. Studies suggest that the possibility of forecasting the
equatorial total ozone based on the predicted SQBO phases [16]. The OQBO can
be attributed to the SQBO through the variation of vertical motions of the equa-
torially trapped planetary waves and vertical ozone transport [17]. The first
simulation of ozone QBO was done using simplified linearized model, however,
it was not a full photochemical model [18]. The modelling studies of QBO varia-
tion in a one dimensional, two dimensional and three-dimensional simulations
including wave driven transport are carried out by several researchers [19] [20]
[21] [22] [23]. The measurement of ozone and other trace gases within the low-
ermost stratosphere (LMS) over Europe showed that atmospheric transport
process that influence tracer distributions in the lowermost stratosphere [24].
Analyses of satellite observations by the Total Ozone Mapping Spectrometer
(TOMS) revealed the influences of SQBO on the total column ozone in a global
scale [25] [26] [27]. A clear quasi-biennial signature in ozone at 15 - 55 km was
obtained by lidar observations [28]. In addition, the vertical fine structure of
Ozone QBO (hereafter OQBO) variability was obtained from measurements of
ozonesondes [29] and from the Southern Hemisphere Additional Ozonesondes
(SHADOZ) network [30] [31]). Among various factors, the SQBO have been
reported to have a significant impact on the interannual variations of the tropi-
cal ozone [32] [33]. Previous studies show that QBO-ENSO phase coupling have
been major contributors to variations in stratospheric ozone [34]. Several studies
are established the link of ENSO events and the coherent anomalies in zonal
mean ozone in the tropical mid-lower stratosphere [35] [36] [37] [38]. Therefore,
the vertical profile of the ozone concentration is linked with the QBO-ENSO
phase coupling. In the tropical latitudes the quasi-biennial oscillation in total
ozone, which is dynamically coupled with the equatorial zonal wind and tem-
perature QBO in the lower stratosphere, has been reported by several authors
using the ground-based observations [12] [39] and the zonal mean ozone from
the satellite observations [27]. Many studies are available for the interannual
variability of ozone and long-term trend, and some of these studies attributes in-
terannual variability of tropical ozone due to stratospheric quasi-biennial oscilla-
tions [12] [29] [40]-[45]. Some of the previous results attribute the stratospheric
ozone variability due to SQBO mode 17.74% and QBO-ENSO combined mode
10.41% to the total variance of the ozone [46].

The stratospheric quasi-biennial oscillation in zonal wind linked to a variety
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of atmospheric phenomenon’s and the tropical weather oscillations. The pres-
sure and circulation anomalies of the East phase of SQBO (hereafter, EQBO) are
favourable for initiating El Nino events whereas anomalous conditions associ-
ated with the West phase of SQBO (WQBO) promote the “La Nina” or cold
ENSO mode [47]. Studies revealed that when the El Nino and EQBO resulting
low rate of seasonal hurricane activity in the Atlantic Ocean [19]. The tropical
cyclone tracks in the Western North Pacific approach the East China Sea during
WQBO and the eastern offshore of Japan during EQBO due to modifications of
extratropical circulation by the SQBO [48]. The dependence of cyclones in the
Bay of Bengal on the SQBO, found that the frequency of occurrence more during
EQBO conditions and change their tracks depending on the SQBO and mon-
soon phases [49]. Studies also tell us that the tropospheric subtropical jet is
weakened during EQBO compared to WQBO conditions over the north pacific
region [50] [51]. The spring rain band over eastern China and the Japanese Is-
lands is located farther south during WQBO than during EQBO conditions [52].
The Indian summer monsoon rainfall, the decay of aerosol loading following
volcanic eruptions, are influenced significantly by the phases of the SQBO [53]
[54] [55] [56] [57]. The statistically significant solar influence on atmosphere
features was found when grouping the experimental data in accordance with the
QBO phases [58] [59]. The QBO oscillations modify the strength of polar vortex
and associated weather phenomenon [60]. For example, when the QBO is east-
erly phase (EQBO), the chances of weak jet stream, sudden stratospheric warm-
ing events and colder winters in the Northern Europe is increased and during
QBO westerly phase, (WQBO) chances of a strong jet, a mild winter, winter
storms and heavy rainfall increases. The major winter stratospheric warmings
preferentially occur during the EQBO phase [1]. Previous studies reveal that
during EQBO modulation of temperature and vertical wind shear along the
tropical tropopause results in strong tropical deep convection and Hadley circu-
lation compared to WQBO conditions [47] [61] [62] [63].

In the present study focussed on the Ozone QBO (OQBO) using the chemis-
try-climate model, CHASER-(MIROC-ESM) and ECMWEF ERA-Interim ozone
reanalysis for the period 2000-2015. We compared OQBO simulated by the
model and ECMWF reanalysis from the ozone anomalies for the above period.
The tropical total ozone shows positive anomaly during WQBO and negative
anomaly during EQBO phases of SQBO with an approximate average variation
of +/— 10 DU can be attributed to the dynamical transport of ozone than the
photochemical changes during the SQBO phases.

The manuscript is organised in such a way that, the introductory part gives a
brief idea about SQBO and its impact on tracer distributions and link with re-
gional weather changes, Section 2 describes model details and ECMWF
ERA-Interim Ozone reanalysis, Section 3, describes the results and discussion on
SQBO and OQBO characteristics from the model simulations, reanalysis and

observations and Section 4, summary and conclusions.
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2. Data and Methodology

In the present analysis monthly average of daily ozone, temperature, zonal wind
and vertical wind from the chemistry-climate model CHASER (MIROC-ESM)
simulations and ECMWEF ERA-Interim reanalysis for the period 2000-2015 were
used. To study the observational verification of SQBO and OQBO phases, zonal
wind at 20 hPa from the radiosonde observations and Aura OMI satellite over-
pass total column ozone observations over Singapore were considered along
with model simulations and reanalysis. The monthly average of ozone and other
dynamical parameters were calculated from the daily six hourly (0000, 0006,
0012, 0018) model simulations and reanalysis. From the monthly parameters, we
calculated the monthly zonal mean, zonal mean climatology and monthly zonal
mean anomalies of ozone and other dynamical parameters to study SQBO
modulated OQBO.

2.1. Model Details

We used the simulations of daily ozone, zonal wind, temperature and vertical
velocity fields from the three-dimensional global CHemical AGCM for Studies
of atmospheric Environment and Radiative forcing, CHASER-(MIROC-ESM),
an atmospheric global chemistry-climate model [64] [65]. We used a model
horizontal resolution of T42 (about 2.8 x 2.8°) with 36 vertical layers in pres-
sure levels from the surface (1000 hPa) to 0.5 hPa (model top) for the present
simulations for the period 2000 to 2015. The chemical and aerosol simulations in
CHASER is fully coupled with the meteorological fields in AGCM which were in
this study nudged toward the National Centres for Environmental Prediction
(NCEP) reanalysis data (ds083.2)/at every time step to reproduce past meteoro-
logical fields.

The AGCM generally reproduces the climatology of meteorological fields. In-
climatological simulations, CHASER uses climatological data of sea surface
temperature (for the present simulation, HadiSST,
https://www.metoffice.gov.uk/hadobs/hadisst/) as an input to the AGCM. In

CHASER, dynamical processes such as tracer transport, vertical diffusion, sur-
face emissions, and deposition are simulated in the flow of the MIROC AGCM
calculation. The chemistry component of CHASER calculates chemical trans-
formations using variables of the AGCM (e.g., temperature, pressure, humidity).
In the radiation component, radiative transfer and photolysis rates are calculated
by using the distributions of chemical species including aerosols calculated in
the chemistry component. The CHASER model simulates details of photochem-
istry in the troposphere and the stratosphere, chemical tracer transport, wet and
dry deposition, and emissions. The model incorporates 93 species and 263 reac-
tions (58 photolytic, 184 kinetic, and 21 heterogeneous reactions), including the
chemical cycle of Ox-NOx-HOx-CH4-CO with volatile organic carbons (VOCs)
oxidation and halogen (Cl and Br) chemistry. The emission settings we used the

EDGAR-HTAP inventory for the year 2008 for specifying anthropogenic emis-
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sion of CO, NOX, VOCs, SO,, BC/OC, and NH3. All chemical reactions are cal-

culated in the troposphere and the stratosphere.

2.2. ECMWF ERA-Interim Reanalysis

The European Centre for Medium-Range Weather Forecasts (ECMWF) has
consistently devoted to producing consistent global reanalyses of the state of the
atmosphere, land and ocean. The ERA-Interim is ECMWF’s latest atmospheric
reanalysis, based on a 2006 version of the Integrated Forecast Model. Interim
atmospheric model and reanalysis system uses cycle 31r2 of ECMWF’s Inte-
grated Forecast System (IFS), which was introduced operationally in September
2006, configured for the following spatial resolution with 60 levels in the vertical
(model top at 0.1 hPa), T255 spherical-harmonic representation for the basic
dynamical fields and a reduced Gaussian grid with approximately uniform 79
km spacing for surface (0.75° x 0.75°) and other grid-point fields. These global
fields, generated with stable and invariant versions of the ECMWF data assimi-
lation system (DAS), have been used in many studies. ERA-Interim data assimi-
lation system was upgraded to a four-dimensional variational data assimilation
scheme (4D-Var), as opposed to the 3D-Var scheme used in ERA-40 and it
made use of a variational bias correction scheme (VarBC) for satellite radiances,
that automatically detects and corrects for observation biases [66] [67] [68]. The
ERA-Interim produces Ozone fields in both three-dimensional fields and inte-
grated columns from 1979 and extends to forward in time. A general detail of
the ECMWF ozone system based on the ERA-40 reanalysis project are available
and most of the details are still applies to the latest ECMWF reanalysis for the
ozone fields [69]. The ERA-Interim project made use of a larger dataset of re-
motely sensed observations, both in the form of radiances and of ozone retriev-
als. Regarding the ozone data actively assimilated in ERA-Interim, this dataset
included both data from instruments already utilized in ERA-40 and new data-
sets that were not used before, such as the GOME ozone profiles retrieved at the
Rutherford Appleton Laboratory and NOAA-14 SBUV partial columns.

The ozone first guess used at ECMWF is derived from an updated version of
the Cariolle and Déquéscheme. In this scheme the ozone continuity equation is
expressed as a linear relaxation towards a photochemical equilibrium for the lo-
cal value of the ozone mixing ratio, the temperature, and the overhead ozone
column [70]. An additional ozone destruction term is used to parametrize the
heterogeneous chemistry as a function of the equivalent chlorine content for the
actual year [69], [71]. The comparisons with OMI data for the most recent years
of the ERA-Interim production show a good level of agreement. Interim total
column ozone (TCO) is typically within £5 DU (about +3%) from the TCO ref-
erence, while showing up to 2% lower values than the Ozone Monitoring In-
strument TCO between 50°S and 50°N [72]. The only comprehensively validated
reanalysis ozone fields are those from the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalyses ERA-Interim [73] [74]. Therefore
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ERA-Interim ozone data are suitable for diagnosing spatial and temporal ozone

variability and climate interaction studies.

2.3. Observational Zonal Wind and Total Column Ozone

Almost 50 years ago, the Quasi-Biennial Oscillation (QBO) of the winds in the
equatorial stratosphere was detected due to the establishment of a global, regu-
larly measuring radiosonde network [2] [75]. For the observational study of
stratospheric QBO (SQBO) and Ozone QBO (OQBO), Radiosonde zonal wind
at 20 hPa and total column ozone from the Ozone Monitoring Instrument
(OMI) from the Aurasatellite over Singapore, the equatorial stations were used
in the present study (2005-2015). The radiosonde measurement of zonal wind
and OMI Aura satellite total column ozone over Singapore can be retrieved from
the following websites.

(http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/gbo/index.html),

zonal wind and ozone

(http://www.temis.nl/protocols/o3field/data/omi/overpass/Singapore_tm3dam_

omi.dat).

3. Results and Discussions

We examined quasi-biennial signals in ozone, temperature and wind from the
chemistry-climate model CHASER (MIROC-ESM) and ECMWF ERA-Interim
Ozone Reanalysis. Monthly zonal mean ozone and other meteorological pa-
rameters such as wind and temperature were also used in this study. The
monthly averages of above parameters are calculated from the six-hourly (0000,
0006, 0012, 0018) intervals of daily data from the model simulations and re-
analyses. In this study, we examined the QBO signals in ozone (positive and
negative anomalies) are due to the vertical transport of ozone molecules in the
stratified stratospheric ozone layer during the passage of SQBO phases. To con-
firm the results, we need further research to quantify the ozone variability due to
SQBO dynamical cycles separately from the seasonal stratospheric photochemi-

cal ozone production and destructions.

3.1. Zonal Mean Stratospheric Wind and Ozone Climatology

Figure 1 represent the zonal mean climatology (monthly composite for the pe-
riod 2000 to 2015) of zonal wind (m/s), vertical velocity (Pa/s) and ozone vol-
ume mixing ratio (ppm) from the chemistry-climate model (hereafter, CHASER)
and ECMWEF-ERA Interim reanalysis (hereafter ERA-Interim) respectively at
5°N for the pressure levels 40 hPa to 20 hPa. From the seasonal climatology of
lower stratospheric zonal wind, there exist a winter westerly and summer east-
erly in the lower stratospheric. The summer easterly (>16 m/s) is stronger than
the winter westerly (>2 m/s) in the stratosphere. The winter westerly maximum
observed (February-March) at the lower stratosphere and summer easterly

maxim observed (June-July) at the upper stratosphere above 20 hPa (Figure 1(a)
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Figure 1. (a)-(f) Monthly composite of zonal means of zonal wind (m/s), vertical velocity
(Pa/s) and ozone (ppm) at 5°N for pressure levels 40 hPa to 20 hPa for the period 2000
-2015. (a)-(c) and (c)-(f) represents the zonal wind, vertical velocity and ozone mixing ra-
tiofrom the CHASER Model and ECMWF ERA Interim reanalysis respectively during
(2000-2015). (a) CHASER-Zonal mean zonal wind (u, m/s) at 5N [40 - 20 hPa]; (b)
CHASER-Zonal mean vertical wind-(w*1e—06, Pa/s) at 5N [40 - 20 hPa]; (c)
CHASER-Zonal mean Ozone (03*1e—06, ppm) at 5N [40 - 20 hPa]; (d) ERA-Zonal mean
zonal wind (u, m/s) at 5N [40 - 20 hPa]; (e) ERA-Zonal mean vertical wind (w*1e-06,
Pa/s) at 5N [40 - 20 hPa]; (f) ERA-Zonal mean Ozone (O3*1e-06, ppm) at 5N [40 - 20
hPa].

& Figure 1(d)). The vertical velocity is negative and the magnitude is very less
for all seasons in the stratosphere, since the stratified layers of the stratosphere
are convectively stable compared to convective unstable troposphere. During
northern summer expect the strength of the downward motion decreases (-0.6

Pa/s) from the upper to the lower stratosphere during May to July and the
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maximum downward motion (—1.6 Pa/s) observed from September to December
(Figure 1(b) & Figure 1(e)). The zonal mean ozone layer shows a low concen-
tration (~3 ppm) at the lower stratosphere and high concentrations (>12 ppm)
at the upper stratosphere throughout the year above 20 hPa. The annual pattern
of stratified stratospheric ozone layer concentration increases from lower to up-
per stratosphere (Figure 1(c) & Figure 1(f)). The model underestimates low
ozone concentration compared to the ERA-Interim reanalysis over the tropical
region for the period (2000-2015). Figure 1 clearly shows the seasonal evolution
of zonal mean zonal wind, vertical velocity and ozone mixing ratio. The verti-
cally propagating planetary waves (MRG & Kelvin waves) interact with the sea-
sonal mean flow of zonal wind producing SQBO, which transport ozone mole-
cules in the stratified stratospheric ozone layer leads to quasi biennial signals in
the ozone (OQBO) anomalies (Figure 1(c) & Figure 1(f)).

3.2. Interannual Variability of Zonal Mean Stratospheric Wind
and Ozone

Figure 2 represents the interannual variability of zonal mean zonal wind (m/s),
vertical velocity (Pa/s) and ozone volume mixing ratio at 5°N (altitude-time
plots) from the CHASER model and ERA-Interim reanalysis for pressure levels
40 hPa to 20 hPa. The zonal wind and vertical velocity are shaded and the zero
isopleth of wind velocities are marked with black contour in Figure 2. The zonal
mean zonal wind clearly shows the quasi-biennial mode of westerly and easterly
phases of QBO with time (Figure 2(a) & Figure 2(d)). The interannual variabil-
ity also seen in the vertical velocities with upward (+1 Pa/s) and downward (-4
Pa/s) speed and QBO signals are very feeble in the vertical velocity (Figure 2(b)
& Figure 2(e)). The quasi-biennial periodicity is not clearly seen in the vertical
velocity (upward /down ward motions) from the zonal average comparing to the
zonal wind velocity. Since the magnitude of vertical velocity is very less in the
atmosphere, especially at the convectively stable stratospheric layers. Figure 2(c)
& Figure 2(f) show the interannual variability of zonal mean ozone volume
mixing ratio at stratospheric pressure levels from the model and ERA Interim
reanalysis. The zonal mean stratospheric ozone layer undergoing interannual
variability (wavy pattern in the ozone layer) with respect to time. Figures
3(a)-(d) show the latitude-time section of the zonal mean zonal wind (m/s)
and zonal mean ozone volume mixing ratio (ppm) from CHASER at 20 hPa
and ERA-Interim reanalysis at 10 hPa levels for the tropical latitude 20°S to
20°N. Figure 3(a) & Figure 3(b) represent the zonal mean zonal wind, the
easterly and westerly zonal wind is separated with zero zonal wind speed iso-
pleths. Figure 3(c) & Figure 3(d) display the zonal mean of ozone volume
mixing ratio from the CHASER Model and ERA Interim reanalysis over the
tropics. We need the ozone anomalies to display and study the OQBO phases,
but SQBO can be obtained from the monthly zonal wind (easterly/westerly)

measurements.
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Figure 2. (a)-(f): Pressure height-time height variation zonal means of zonal wind (m/s),
vertical velocity (Pa/s) and ozone (ppm) at 5°N for pressure levels 40 hPa to 20 hPa dur-
ing the period 2000-2015. Figures 1(a)-(c) and Figures 1(c)-(f) represent the zonal
wind, vertical velocity and ozone mixing ration from the CHASER Model and ECMWF
Reanalysis during (2000-2015). (a) CHASER-Zonal mean zonal wind (u, m/s) at 5N [40 -
20 hPa]; (b) CHASER-Zonal mean vertical wind-(w*1e—06, Pa/s) at 5N [40 - 20 hPa]; (c)
CHASER-Zonal mean Ozone (03*1e—06, ppm) at 5N [40 - 20 hPa]; (d) ERA-Zonal mean
zonal wind (u, m/s) at 5N [40 - 20 hPa]; (¢) ERA-Zonal mean vertical wind (O3*1e-06,
Ps) at 5N [40 - 20 hPa]; (f) ERA-Zonal mean Ozone (O3*1e—06, ppm) at 5N [40 - 20
hPa].

3.3. Total Column Ozone QBO-Model and Reanalysis

Figures 4(a)-(d), represent the total column ozone anomaly (in Dobson Units)
and stratospheric zonal wind (m/s) anomaly at 20 hPa, for the best representa-
tion of SQBO over the equatorial latitude belt (10°S - 10°N) in the lower strato-
sphere using the model simulations (CHASER Model) and ERA-Interim re-
analysis for the period 2000-2015. The negative total column ozone anomaly

(contour interval is —5 DU) and zonal wind anomalies (contour interval is —5 m/s)
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Figure 3. (a)-(d): Latitude-time variation of zonal mean zonal wind (m/s) and ozone
mixing ratio (ppm) from CHASER model and ERA-Interim reanalysis. (a) & (b)
represent the zonal mean zonal wind from CHASER (at 20 hPa) and ERA-Interim Rea-
nalysis (at 10 hPa) and ((c) & (d)) zonal mean ozone from the CHASER (20 hPa) and
ERA -Interim reanalysis (10 hPa). (a) CHR-Zonal mean U (20 hPa); (b) ERA-Zonal mean
U (10 hPa); (c) CHR-Zonal mean O3 (10 hPa); (d) ERA-Zonal mean O3 (10 hPa).

are shaded. Over the tropical stratosphere, the SQBO starts with easterly phase
and end with easterly phase with total seven complete QBO cycles (7 easterly
phases and 7 westerly phases) of varying amplitudes and periodicities during
2000 to 2015 (see Figure 4(b) & Figure 4(c)). The zonal wind QBO (SQBO) and
ozone QBO (OQBO) show variations in magnitude and periodicity and some
point of time there is no phase coherence or lag in the OQBO with SQBO
phases. During the westerly phase (~+20 m/s to +25 m/s, WQBO) of QBO cor-
responds to positive ozone anomaly (~+5 DU to +10 DU, WQBO) and in east-
erly phase QBO (~—-25 m/s to —30 m/s, EQBO) corresponds to negative ozone
anomalies (~—15 DU to —20 DU, EQBO) respectively. It is interesting to note
that the OQBO depends on the SQBO phases and periodicity not the magnitude
(amplitude). The negative and positive anomalies of OQBO are needed to be
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Figure 4. (a)-(d): Total Ozone QBO (in DU) and zonal wind QBO (in m/s) at 20 hPa
from the CHASER model ((a) & (b)) and ECMWEF ERA Interim Reanalysis ((c) & (d))
respectively for the period 2000-2015. (a) CHASER-O3 (DU); (b) CHASER-U (20 hPa);
(c) ERA-U (20 hPa); (d) ERA-O3 (DU).

estimated with SQBO phases to confirm the ozone concentration changes in the
stratosphere. The SQBO, is a lower stratospheric phenomenon and quasi-biennial
signals in total column ozone is because of total column ozone contributed from

the stratosphere (90%) compared to troposphere (10%).

3.4. Characteristics of SQBO and 0QBO

Figure 5 represents the longitudinal variation of zonal wind anomaly (SQBO, in
m/s) and ozone volume mixing ratio anomaly (OQBO, in ppm) at 5°N from
CHASER and ERA-Interim reanalysis. The easterly (EQBO) and westerly
(WQBO) phases of SQBO and negative and positive anomalies of OQBO are
separated with a zero-isopleth black contour. Figure 5(a) & Figure 5(b) repre-

sent the longitudinal structure of stratospheric zonal wind anomaly (m/s) from
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Figure 5. (a)-(d): Global zonal wind anomaly (m/s) from CHASER at 20 hPa and
ERA-Interim Reanalysis at 10 hPa level ((a) & (b)) and ((c) & (d)) represent the ozone
anomaly (ppm) at 10 hPa from CHASER and ERA-Interim Reanalysis at 5N for the pe-
riod 2000-2010. (a) CHR-SQBO-U (5N, 20 hPa); (b) ERA-SQBO-U (5N, 10 hPa); (c)
CHR-OQBO-03 (5N, 10 hPa); (d) ERA-OQBO-03 (5N, 10 hPa).

the CHASER model (Figure 5(a), at 20 hPa) and ERA -Interim reanalysis
(Figure 5(b), at 10 hPa) respectively representing SQBO for the period 2000 to
2010. The amplitude (m/s) and periodicity (time) of EQBO and WQBO phases
of SQBO are not equal but varying with time. The SQBO from the model and
reanalysis shows slight difference in its periodicity and amplitude. The ampli-
tude and periodicity of SQBO are different for stratospheric pressure levels and
also depends on the descending speed of easterly (EQBO) and westerly (WQBO)
phases of SQBO. The amplitude of WQBO is ~30 m/s and EQBO is ~25 m/s for
the period 2000 to 2010. Figure 5(c) & Figure 5(d) represent the longitudinal
pattern of ozone QBO (OQBO, in ppm) from the CHASER model simulations
and ERA Interim reanalysis at 5°N for 10 hPa level. The longitudinal variations
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of OQBO are seen in the ozone volume mixing anomalies (positive/negative)
during the SQBO (westerly/easterly) phases. The amplitude (positive and nega-
tive anomalies) and periodicity (time duration of negative and positive anoma-
lies) of OQBO in the upper stratosphere (10 hPa) over the topical Pacific Ocean
show great variability. The positive and negative ozone anomaly (OQBO) dis-
tribution with time around the globe clearly indicates the dynamical transport
(upward/downward) of ozone during the SQBO phases.

The OQBO periodicity is different for the Eastern and Western hemispheres.
The QBO pattern is interrupted due to other mode of ocean- atmospheric cou-
pled phenomenon such as ENSO events over the tropical Pacific Ocean located
in the Western Hemisphere. The distribution of ozone over tropical pacific is
varying with SQBO-ENSO coupling [76] [77]. The OQBO from the CHASER
model shows greater variations in amplitude and periodicity over the tropical
Pacific Ocean region (see Figure 5(c)). In certain years the aptitude of ozone
QBO (positive/negative anomalies) not perfectly coinciding with the phases of
SQBO. Since SQBO is due to zonal wind variation and is a dynamical phe-
nomenon and ozone QBO (OQBO) observed in the ozone anomaly and we need
more research to quantify the ozone changes due to SQBO. The OQBO show
positive/negative anomalies (~1 ppm) during the westerly/easterly phase of
SQBO during the period of study (Figure 5(c) & Figure 5(d)).

3.5. Altitude and Latitudinal Structure of Quasi-Biennial
Oscillations

Figures 6(a)-(c) represent the altitude-time propagation of zonal mean zonal
wind (m/s), vertical velocity (Pa/s) and ozone mixing ratio (ppm) anomalies
from 40 hPa to 20 hPa from the CHASER model (2000-2015). The negative and
positive anomalies of zonal wind, vertical velocity and ozone mixing ratio (QBO
phases) are separated with zero isoplethblack contour (in Figure 6). The altitude
(in pressure levels) structure of QBO propagation in atmospheric dynamical pa-
rameter such as zonal and vertical wind speed anomalies are clearly seen from
Figure 6(a) and Figure 6(b). Figure 6(b) represents the upward (positive
anomaly) and downward (negative anomaly) propagation of vertical velocity
with QBO of periodicity. During westerly phase (WQBO) the resultant vertical
motion in the lower stratosphere is positive (positive vertical velocity) or “up-
ward transport of ozone and in the easterly phase (EQBO) the resultant vertical
motion is downward (negative vertical velocity)” or “downward transport of
ozone during SQBO”. In Figure 6(c) clearly shows the QBO signals in the ozone
layer, due to the resultant upward transport (positive ozone anomaly) and
downward transport (negative ozone anomaly) during the westerly (WQBO)
and easterly (EQBO) phases of SQBO. The variation of vertical velocity resem-
bles with the variation of ozone volume mixing ratio (see Figure 6(b) and
Figure 6(c)). The vertical residual velocity can be used a good proxy to study
the stratosphere-troposphere exchange of ozone [78]. Figure 6(d) and Figure
6(e) clearly show the latitudinal extend (10°S - 10°N) of QBO signals in the
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Figure 6. (a)-(e): CHASER Model (2000-2015): The vertical variation of zonal mean
anomalies of (a) zonal wind (m/s); (b) vertical velocity (Pa/s) and (c) ozone mixing ratio
(ppm) at 5°N (40 - 20 hPa) respectively; ((d) & (e)) represent the latitudinal variation of
(10°S - 10°N) of zonal mean anomalies of vertical velocity and ozone volume mixing ratio
at 20 hPa. (a) CHASER-Zonal mean zonal wind anomaly (u, m/s) at 5N [40 - 20 hPa]; (b)
CHASER-Zonal mean vertical wind anomaly-(w*1e-06, Pa/s) at 5N [40 - 20 hPa]; (c)
CHASER-Zonal mean Ozone anomaly-(O3*1e-06, ppm) at 5N [40 - 20 hPa]; (d)
CHASER-Zonal mean vertical wind anomaly-(w*1e—06, Pa/s) at 20 hPa; (¢) CHASER-Zonal
mean Ozone anomaly (O3*1e-06, ppm) at 20 hPa.

anomalies of zonal mean vertical velocity and zonal mean ozone mixing ratio at
20 hPa with a positive and negative phase correlation for the period 2000 to
2015. Figures 7(a)-(e) also represent the QBO signals in dynamical parame-
ters such as zonal wind (SQBO), vertical velocity and in the trace constitutes
such as ozone mixing ratio anomalies from the ERA-Interim Reanalysis similar to
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Figure 7. (a)-(e): ERA Interim (2000-2015): The vertical variation of zonal mean anoma-
lies of (a) zonal wind (m/s); (b) vertical velocity (Pa/s) and (c) ozone mixing ratio (ppm)
at 5N (40 - 20 hPa) respectively; ((d) & (e)) represent the latitudinal variation of zonal
mean anomalies vertical velocity and ozone volume mixing ratio at 20 hPa. (a)
ERA-Zonal mean zonal wind anomaly (u, m/s) at 5N [40 - 20 hPa]; (b) ERA-Zonal mean
vertical wind anomaly-(w*1e—04, Pa/s) at 5N [40 - 20 hPa]; (c) ERA-Zonal mean Ozone
anomaly-(03*1e—06, Pa/s) at 5N [40 - 20 hPa]; (d) ERA-Zonal mean vertical wind ano-
maly-(w*1e—04, Pa/s) at 20 hPa; (e) ERA-Zonal mean Ozone anomaly (O3*1e—06, ppm)
at 20 hPa.

Figure 6. It is also seen that ozone QBO (OQBO) phases are disrupted some
years, for examples the negative ozone anomaly having longer periodicity in
certain years (e.g. 2006 to 2008) during SQBO phase (Figure 7(c) & Figure
7(e)). This discrepancy in the ozone anomaly is not evident in the CHASER
model and the vertical structure of OQBO phases are clearer the model simula-
tions than the ERA-Interim Reanalysis for the level 20 to 40 hPa.
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3.5.1. The Observational Evidence of Stratospheric Quasi-Biennial
Oscillations

Figure 8(a) and Figure 8(b), represent the zonal wind (m/s) and total column
ozone anomaly (DU) from the observations, model simulations and ERA-Interim
reanalysis at 20 hPa over the tropical stations Singapore for the period
2005-2015. Figure 8(a) represents the zonal wind from the radiosonde observa-
tions, CHASER model and ECMWF ERA -Interim reanalysis over Singapore.
The equatorial station Singapore (1.3521°N, 103.8198°E) maintain the long-term
record of stratospheric zonal wind measurements using radiosonde since 1953 to
till date and this zonal wind measurement is taken as a SQBO studies

(http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/gbo/index.html). The

easterly and westerly zonal wind shear (SQBO phases) from CHASER model and
ERA-Interim reanalysis produces exact phase correlation compare with the ra-
diosonde observations during 2005 to 2015. The magnitude of EQBO is greater
(~—30 m/s) than the WQBO (~20 m/s) from the model, reanalysis and observa-
tions of zonal wind over Singapore. Figure 8(b), represents the total column
ozone anomalies from the Ozone Monitoring Instrument (OMI), Aura satellite,
CHASER simulations and ERA-Interim reanalysis shows the QBO signals in to-
tal column ozone over Singapore for the period 2005-2015. It is noted that the
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Figure 8. (a) & (b): (a) The Quasi-Biennial Oscillations in Zonal wind (m/s) from Radi-
osonde measurements, chemistry climate model simulation (CHASER) and ERA-interim

03(Du)

Reanalysis and (b) total column ozone anomaly from the OMI Aura Satellite measure-
ments, CHASER Model simulation and ERA-Interim Reanalysis over tropical station
Singapore for the period 2005-2015. (a) Singapore-Zonal wind (SQBO)-20 hPa
(2005-2015); (b) Singapore-Total column ozone anomaly-(OQBO) (2005-2015).
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WQBO correspond to positive total column ozone anomaly (~+20 DU) and
EQBO correspond to the negative total column ozone anomaly (~-20 DU) with
a QBO periodicity. The SQBO is produced by the equatorial planetary wave dy-
namics and OQBO is based on the concentration changes (positive and negative
anomalies) associated with vertical transport during the stratospheric QBO.
Stratospheric QBO is a reality which is observed and measured in the equatorial
lower stratosphere. To understand the OQBO, we need a further study to esti-
mate the concentration changes associated dynamical transport and strato-
spheric ozone photochemistry during the passage of SQBO phases in the ozone
layer. Since, during the SQBO phases ozone varies ~20 DU between positive and
negative phases of OQBO, we need to quantify separately the stratospheric
ozone changes due to the dynamical transport (SQBO phases) and photochemi-

cal changes to understand the driving mechanisms of OQBO.

3.5.2. The Amplitude and Period of SQBO, TQBO, QBO

Figure 9(a)-(f) represent the amplitude and period of zonal wind QBO (zonal
mean zonal wind anomaly, SQBO), Temperature QBO (zonal mean temperature
anomaly, TQBO) and ozone QBO (zonal mean ozone anomaly, OQBO) for the
latitude 5°N, at 30 hPa level from CHASER model and ERA-Interim reanalysis
for the period 2000-2015. The amplitude of easterly and westerly phases of
SQBO oscillate between —30 m/s to 20 m/s (Figure 9(a) & Figure 9(d)), the
negative and positive anomalies of TQBO oscillate between -3.0°C to 3.0°C
(Figure 9(d) & Figure 9(e)) and OQBO oscillate between -1.0 and 1.0 ppm at
5°N for the stratospheric pressure level at 30 hPa for the period 2000 to 2015
(Figure 9(c) & Figure 9(f)). Reed (1984) proposed first the mechanism to ex-
plain the quasi-biennial signals in total column ozone over the tropics and is well
accepted theory of OQBO till this date [18]. This mechanism proposed that the
timing of the maximum westerly vertical wind shear (WQBO) at a particular
level (Figure 9(a) & Figure 9(d)), corresponds to the warmest phase of the
TQBO (positive temperature anomaly) on the equator (Figure 9(b) & Figure
9(e)). The westerly phase (WQBO) is the time for maximum diabatic cooling,
which will induce relative sinking of air parcel through isentropic surface and
this vertical motion occur in a region where the ozone mixing ratio increases
with height and the life time of ozone changing rapidly. Below 28 km, the life
time of ozone is more and above 28 km the life time of ozone is less and hence
the relative descend of air through this region produces increase in total column
ozone, since the level above 28 km ozone is replaced by chemical production on
relatively short timescales. Thus, column ozone occurs maximum when the air
column displaced towards the lower stratosphere and occur at the time when the
westerly wind regime descend to the lower stratosphere and the converse is true
in the easterly phase [5], [18]. This theory is based on photochemistry of strato-
spheric ozone production and distributions during the westerly and easterly
phases of SQBO. Hence previous studies, the positive and negative anomalies of
OQBO attributed to the SQBO, such that ozone increases during the westerly
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Figure 9. (a)-(f): (a)-(c) The QBO signals in zonal wind (u, m/s), temperature (T, °C) and
ozone anomalies (O3, ppm) at 30 hPa level from CHASER model and (d)-(f) from the
ERA-Interim reanalysis for the period 2000 to 2015. (a) CHASER-Zonal mean zonal wind
anomaly (u, m/s) at 5N-30 hPa; (b) CHASER-Zonal mean temperature anomaly (Temp,
°C) at 5N-30 hPa; (c) CHASER-Zonal mean Ozone anomaly (O3*1e—06, ppm) at 5N-30
hPa; (d) ERA-Zonal mean zonal wind anomaly (u, m/s) at 5N-30 hPa; (e) ERA-Zonal
mean temperature anomaly (Temp, °C) at 5N-30 hPa; (f) ERA-Zonal mean Ozone ano-
maly (O3*1e—06, ppm) at 5N-30 hPa.

(positive ozone anomaly) and decreases during the easterly phases (negative ozone
anomaly) of SQBO [5], [18]. Based on this OQBO mechanism, the stratospheric
ozone prediction is much easier, since we know the forecast of SQBO phases

(direction changes of zonal wind) exactly [16].
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Figures 10(a)-(d), show the spatial(grid to grid) correlation map between (a)
monthly zonal wind & vertical wind, (b) monthly zonal wind & ozone volume
mixing ratio, (c) vertical velocity & ozone volume mixing ratio (d) temperature
and ozone volume mixing ration over the tropical region (1.4°S - 1.4°N Latitude
& 0 - 360 Longitude) for the pressure levels 40 to 20 hPa from the CHASER
model for the period 2000-2015 (correlation values displayed from 2003-2008 in
Figure 10). The spatial correlation of zonal wind and vertical velocity shows the
QBO signals indicate the SQBO mechanism based on the equatorial planetary
wave (MRG & Kelvin Waves) dynamics and interactions of vertically propagating
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Figure 10. (a)-(d): Spatial correlation (grid to grid)of monthly (a) zonal wind & vertical
wind (b) zonal wind & ozone mixing ratio and (c) vertical velocity & ozone volume mix-
ing ratio and (d) temperature & ozone mixing ratio from the Chemistry-climate Model
CHASER for the pressure levels 40 to 20 hPa for the period 2000 to 2015 (correlation
values from 2003 to 2008 shown). (a) CHASER-Correlation of U and W-[1.4S - 1.4N & 0
- 360]-40 to 20 hPa; (b) CHASER-Correlation of U and O3-[1.4S - 1.4N & 0 - 360]-40 to
20 hPa; (c) CHASER-Correlation of W and O3-[1.4S - 1.4N & 0 - 360]-40 to 20 hPa; (d)
CHASER-Correlation of T and O3-[1.4S - 1.4N & 0 - 360]-40 to 20 hPa.
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planetary waves (upward vertical velocity) with wind shear zones (easterly/
westerly zonal velocity) during SQBO phases (Figure 10(a)). Figure 10(b) &
Figure 10(c) show the correlation map of ozone volume mixing ratio with zonal
and vertical velocities for the period 2000 to 2015. The correlation of ozone with
zonal and vertical wind velocities clearly suggest that OQBO is more linked to
the dynamical transport (depend on zonal and vertical velocities) rather than the
photochemical changes. The correlation of ozone volume mixing ratio and tem-
perature do not exactly show the quasi-biennial signals indicate that Ozone QBO
(positive/negative ozone anomaly) is more related to dynamical transport than
stratospheric ozone photochemistry during SQBO phases (see Figure 10(d)).
We need further research to evolve the OQBO mechanism based on SQBO dy-

namics.

4. Summary and Conclusion

In the present study, we examined the QBO signals in ozone (OQBO) using the
chemistry-climate model CHASER (MIROC-ESM) and ECMWF ERA-Interim
ozone Reanalysis for the period 2000-2015. The OQBO shows phase coherence
with the SQBO in such way that during WQBO there is positive ozone anomaly
(~+10 DU) and in EQBO, a negative ozone anomaly (~—10 DU) with a
quasi-biennial periodicity from the model simulation, ERA-Interim reanalysis
and observations during the period of study. Reed explained OQBO mechanism
(negative and positive ozone anomaly changes with time), which emphasized on
the ozone concentration changes during SQBO phases [18]. The positive and
negative anomalies of temperature (TQBO) and vertical velocity anomalies
(upward and downward velocity) are in phase with westerly and easterly
phases of stratospheric QBO. The in-phase relation of vertical velocities and
SQBO reveals the vertical transport of ozone molecules in the ozone layer
during the SQBO phases. The correlation patterns of ozone with vertical velocity
and zonal wind show clear pattern quasi-biennial signals compared to that with
temperature correlations, suggesting that OQBO may be more related to the dy-
namical transport during SQBO phases than the photochemical changes in the
stratosphere. We need further research to redefine the OQBO mechanism based
on SQBO mechanism, since easterly and westerly phases, the SQBO, the OQBO
amplitude change almost same (~+/-10 DU) during SQBO phases. To calculate
the interannual variability and trend of tropical stratospheric ozone due to
SQBO modulation, we need to estimate the percentage of variability due to the
vertical transport and photochemical production and destruction of ozone sepa-
rately for the SQBO phases. Hence an integrated study of SQBO phase dynamics
and stratospheric ozone photochemistry is required to understand the OQBO

and associated ozone variability over the tropics.
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