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Abstract: The aim of this work was to study the variation in the total ozone column amount (TOC)
during the life cycle of the tropical cyclone (TC) that occurred over the northwest Indian Ocean from
14 to 25 October 2008. This goal was achieved through examining the behavior of the tropical cyclone
tilt under vertically varying background flows in association with the cyclone development. Thus, the
vertical wind shear (VWS) was estimated as one of the most important dynamical parameters related
to TC formation and intensity changes. Moreover, we estimated the variations in the daily values of
TOC during the period of cyclone activity. We found that the magnitude of VWS increased during the
growth period, and VWS weakened during the decay period. Anomalies of daily TOC were found
to reduce steadily before and during the cyclone formation, followed by an increasing trend after
the dissipation of cyclone. It was also found that during the development of the tropical cyclone, an
outflow developed in the upper levels, having high velocities that extended beyond the tropopause
up to the lower stratosphere. As a result, the lowest value of TOC during the tropical cyclone was
due to a large amount of injected water vapor from the troposphere into the stratosphere through
the convection processes. This was mostly photo-dissociated into OH and atomic O by deep solar
radiation in the upper and lower stratosphere, leading to a severe reduction in stratospheric ozone.

Keywords: total ozone column; tropical cyclone; tilt; vertical wind shear; cyclogenesis;
stratosphere-troposphere exchange; ozone mixing ratio

1. Introduction

Tropical cyclones play an important role in the stratosphere–troposphere exchange
(upward and downward transport) through their associated deep convection [1,2]. Strato-
spheric intrusions carry the ozone-rich air from the stratosphere into the troposphere [3–5],
whereas the boundary layer ozone-poor air rises to the upper troposphere and lower
stratosphere (UTLS) regions [6–10]. Many studies have examined the relationship between
tropical cyclones (TCs) and TOC; for example, Baray et al. [1] detailed the stratosphere–
troposphere exchange (STE) during Cyclone Marlene and noted a maximum change in
ozone at the 300 hPa level. In a study of the perturbation in the TOC due to four severe
TCs occurring over the Arabian Sea and the Bay of Bengal, Singh and Nair [11] found
that, at the maximum strength of cyclones, the negative anomalies (>20 Dobson) occurred
in the daily TOC. Midya et al. [12] also identified a steady reduction in TOC before and
during the cyclone development, whereas after the decay of the cyclone, an approximately
cumulative trend was noticed. Tropical cyclones often develop with considerable shifts
between the centers of the circulation at the surface and the upper level. The direction of
these shifts in the centers of circulation (slope or tilt) is in the direction of the convective
cloud mass, which in the first stage of formation moves from the surface centers, whereas
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this slope decreases to become aligned vertically when the cyclone intensifies. The TC’s
structure and strength are significantly affected by the vertical wind shear (VWS). In the
inner core the moderate-to-strong shear tends to create convective asymmetries, with the
prevailing maximum convection in the downward and shear-left direction of the wind
shear vector [13–19]. The balanced response of the vortex tilt, which causes the upward
airflow to tilt downward, is used to account and explain for the existence of such an asym-
metry. The general objective of the current work was to study the variation in TOC during
the activity period of the tropical cyclone that appeared above the Indian Ocean during the
period from 14 to 25 October 2008. The study was planned as follows: first, we chose the
example of the tropical cyclone and studied its synoptic condition; second, we examined its
development through the slope of the line connecting the center of the cyclone at different
levels (vertical axis tilt) by estimating the wind shear between the levels 1000 and 100 hPa
during the cyclone’s life cycle. In the third step, we examined the variation in TOC during
the activity of the tropical cyclone.

2. Data and Statistical Procedures
Data Acquisition

The meteorological data used to achieve the purposes of this study were obtained
from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim
reanalysis dataset [20] with spatial resolution 1◦ × 1◦ every 6 h (00Z, 06Z, 12Z and 18Z)
during the tropical cyclone from 14 to 25 October 2008. The total column ozone (TCO, DU),
mean sea level pressure (P, hPa) and near surface temperature (T, ◦C) were downloaded
from https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/ (accessed
on 22 November 2021). The extracted meteorological parameters at 37 isobaric levels
(1–1000 hPa) were temperature (T, ◦C), zonal and meridional wind components (u and v,
m/s), relative humidity (RH, %), geopotential height (H, gpm), vertical motion (ω, Pa/s)
and ozone mass mixing ratio (OMR, PPM), which were downloaded from https://apps.
ecmwf.int/datasets/data/interim-full-daily/levtype=pl (accessed on 22 November 2021).
The extracted domain of study extended from 10◦ S to 40◦ N and 30◦ E to 95◦ E (Figure 1).

In the present study, two domains were used: the first mother domain was used for the
synoptic and spatial distribution of TOC, VWS, and RH analysis and extended latitudinally
from 0 to 30◦ N and longitudinally from 25◦ E to 85◦ E, whereas the inner domain was
used for calculation of the TOC, OMR, RH, and ω variations and its position changes with
time to represent our cyclone throughout its life cycle (Figure 2). For each day, average
TOC was estimated by calculating the average gridded ozone values inside the domain of
calculations (Figure 2). This domain encloses the cyclone cell throughout the study, and so,
our calculations of TOC average and meteorological parameters were made only over our
domain to enable a better view and investigation of the total amount of ozone variation
with meteorological parameters. The vertical wind shear (VWS) between the different two
pressure levels is calculated as follows:

VWS L1-L2 = |V L1 − V L2|

where V is the value of the area average of horizontal wind specified either within the
mother domain or over the inner domain of calculation (Figure 2), and L1 and L2 represent
distinct two pressure levels. We initially investigated the sensitivity to the bottom pressure
level by changing lev2 from 1000 to 500 hPa and discovered that the bottom pressure
level at 1000 hPa has the strongest correlation between TC intensity change and VWS. Our
calculations show that the VWS between 100 and 1000 hPa is more representative of the
attenuating deep-layer shear effect than the commonly used VWS measure between 200
and 850 hPa.

https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=pl
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=pl
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Figure 1. Height contours of 1000 hPa in 10 gpm intervals (blue solid lines) and temperature (red dashed lines) in 2 ◦C
increments at 12Z for 14–25 October 2008 (A–L).
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Figure 2. Height contours of 700 hPa in 10 m intervals (blue solid lines) and temperature (red dashed lines) in 2 ◦C
increments at 12Z for 14–25 October 2008 (A–L).

3. Results and Discussions
3.1. Synoptic Discussion

A tropical cyclone occurred above the Indian Ocean during the period from 14 to
25 October 2008. Figures 1 and 2 show the horizontal distribution of the geopotential
height with 10 gpm contour intervals and temperature isotherms every 2 ◦C on 1000 and
700 hPa at 12Z during the period from 14 to 25 October. The synoptic pattern of the
depression was followed to determine its track, in addition to the value of pressure and
temperature at its center for each day from 14 to 25 October. Figure 3a shows the track
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of the tropical depression during the period from 14 to 25 October 2008, and Figure 3b
illustrates the temperature and pressure values at the center of the TC through the period
of study. According to the variations in pressure and temperature in the cyclone center at
the surface (Figure 3a,b), and the development and movement of the cyclone on 1000 and
700 hPa (Figures 1 and 2), we can divide the life cycle of the cyclone into three periods:
the first period is the pre-storm period, which extended from 14 to 16 October; the second
period (growth period) is from 17 to 21 October; and the third period (decay period) is
from 22 to 25 October.

Figure 3. (a) The track of the tropical cyclone during the period from 14 to 25 October 2008. (b) The values of pressure and
temperature at the center of the tropical cyclone during the period from 14 to 25 October 2008.

Our case study (tropical cyclone) appeared over the south of India on 14 and 15 October
at 1000 hPa level as an extension of an equatorial trough (Figure 2A,B), and on 16 October it
appeared as a low-pressure system over the southwest of India (Figure 1C). At the 700 hPa
level, the upper trough associated with the surface low-pressure system became well-
defined southwest of India by 16 October, where its associated center (vortex) appeared at
(6◦ N, 65◦ E) over the Indian Ocean (Figure 2C).

On 17 October the upper trough moved westward and its associated surface cyclonic
storm underwent significant strengthening. On 18 October, at the beginning of the increase
in strength of the cyclone, the closed 700 hPa contours occurred and moved westward.
The higher development in the surface cyclonic storm appeared on 19 October, where its
central pressure decreased to 999 hPa (Figure 3). Moreover, a pronounced decrease in the
geopotential height at 1000 and 700 hPa levels occurred in association with the deepening
surface cyclone. By 20 October, the cyclonic storm moved slowly northwestward and its
central geopotential height decreased to less than 20 and 3080 gpm at 1000 and 700 hPa
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(Figures 1G and 2G). During the next 24 h, the cyclonic storm also shifted northwestward
to reach the coast of south Yemen.

On 21 October the ridge of subtropical high that covers the Arabian Peninsula moved
northward, which permitted the cyclone to extend horizontally and move slowly westward.
The cyclone moved westward on 22 October and reached the Gulf of Aden, Yemen, and
the north of Somalia, which it connected with the developing trough that occurred over
the north Red Sea, thus increasing the cyclogenesis over this area. On 23 October the
area of the cyclone at the surface decreased and moved slowly eastward to reach the
southeast of the Arabian Peninsula and the Arabian sea (Figure 1I,J). While the cyclone at
the surface weakened gradually on 22 and 23 October, continuous rainfall occurred over
Yemen and southwest of Saudi Arabia due to the interaction between its upper trough with
the entrance of the Mediterranean upper trough (Figure 2I,J). The weakening of the cyclone
continued on the surface and in the upper air layers, with less instability continuing on 24
and 25 October over southwestern Saudi Arabia and the west of Yemen (Figure 2K,L).

3.2. Vertical Tilt of Tropical Cyclone

It is known that the development of middle-latitude frontal depressions is usually
observed with considerable displacements between the circulation centers of the surface
and the upper level, and, as the depression strengthens, its centers on the surface and the
upper level become vertically tilted. Thus, the displacement in the center of the upper-level
vortex from the surface center is defined as the vertical tilt. One of the most important
factors controlling both the intensity of TC and tropical cyclogenesis is the environmental
vertical wind shear [21–30]. VWS may impede the formation and strengthening of TCs by
the entrance of the dry and low entropy air into the initial disturbance of the vortex, and
prevent it from deepening by disrupting the formation of a moist column and removing
the condensation heat from it [21,31–33].

In this work, we used two techniques to explain the vertical tilt behavior due to the
growth in the TC. In the first technique, the cyclone centers were traced on each day at each
level and the longitude of the minimum geopotential height (H) values was determined
within each center. Figure 4 illustrates the longitudinal displacement of the depression
centers with the different vertical pressure levels at 12Z of each day in the period of study
(14 to 25 October 2008). It illustrates that during the first day (14 October) a considerable
vertical trough (cyclone center) tilt to the west from 1000 to 400 hPa was detected. On the
second day (15 October) the tilt of the trough was increased slightly to the west through
the levels from 1000 to 500 hPa, but became eastward above 500 hPa. On 17 October, the
initial day of the growth period, the vertical westward trough tilt decreased. On 19 and
20 October, the period of the highest cyclone growth, a weak westward trough tilt was
detected below 400 hPa, and a further decrease in the westward trough tilt appeared during
the last day of the growth period (21 October). On the first day of the decay stage of this
cyclone (22 October), the tilt of the trough axis from 1000 to 400 hPa was nearly zero, but in
the last two days (24–25 October) the cyclone started filling and the central pressure of the
cyclone increased steadily and the tilt became slightly eastward. Generally, the vertical tilt
was strongly correlated and affected by the TC intensity changes where, during the growth
period, the vertical tilt magnitude increased rapidly, while the TC intensity weakened
obviously during the decay period. Moreover, it is clear that the direction of tilt of the TC
depends on the intensity of the TC.

When the direction of the tilt was to the west (Figure 4), this led to the strengthening
of the cyclone and the increase in circulation, which caused the water vapor to be drawn to
a higher level. This contributed to the decrease in total ozone (this is illustrated in Figure 7,
particularly on days 19–21 October).
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Figure 4. The tilt of geopotential height of the tropical cyclone center from 1000 to 400 hPa at 12Z during the period from 14
to 25 October 2008.

The second technique depends on the value of VWS within two pressure levels from
1000 up to 100 hPa. It was found that the layer between 100 and 1000 hPa has a better
representative deep-layer shear effect than the other layers. Moreover, it was found that
the layer between 850 (or 700) and 1000 hPa involves the low-layer shear effect and has
a higher negative correlation with TC intensity changes than any deep-layer shear through
the period of cyclone activity. Figure 5 illustrates the horizontal distribution of the VWS
(≥8 m/s) from 1000 to 100 hPa for the period of interest. On 12–14 October, it is clear
that the higher values of VWS that appear over the south of India coincided with the
surface circulation of our cyclone; its maximum value at the center is more than 16 m/s.
With the movement of the cyclone westward, the values of VWS increased and extended
horizontally to occupy a large area (55◦–90 ◦E, 10◦ S–10◦ N) with a maximum value greater
than 24 m/s at (72.5◦ E, 2.5◦ N) on 12–15 October. On 12–16 October, the position of
higher values at the center of vertical wind shear did not change, while the maximum
value increased to become more than 28 m/s. With the beginning of the growth period
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(12–17 October), the center of higher values of VWS moved northeastward accompanied
by the lower circulation of the cyclone; the maximum value (≥20 m/s) occurred at (67.5◦ E,
5◦ N). On 18 and 19 October, the center of the higher values of VWS moved northwestward
associated with the movement in the tropical cyclone. In general, the values of VWS
decreased during these two days. Another considerable increase in the values of VWS
occurred on 20 and 21 October, where the maximum values reached 28 and 24 m/s during
the two days, respectively. With the beginning of the decay period (22–25 October), the
values of VWS experienced a significant decrease; that is, with the exception of 22 October,
the values of VWS were less than 8 m/s during the last three days.

Figure 5. Vertical wind shear values between 1000 and 100 hPa of the tropical cyclone at 12Z during the period from
14–25 October 2008 (A–L).
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3.3. The Horizontal Distribution of TOC

To highlight the relation between TOC and the development of TC, we present here
the horizontal distribution of TOC during the period of study. Figure 6 illustrates the
horizontal distribution of the evolution of TOC less than 264 DU during the period from 14
to 25 October 2008. Figure 6A displays the values of TCO (≤264 DU) on 12–14 October. It
is clear that the lower values of TCO are located over the south of India and the Arabian
sea. According to Figure 6B, within 24 h (12–15 October) the low values of TOC propa-
gated slightly eastward associated with the movement in the upper air trough at 700 hPa
(Figure 3b) and its magnitude decreased to less than 260 DU. After 24 h (Figure 6D), the
values of TOC decreased (≤260 DU) and the area of lower values of TOC extended to
cover the northeast of the Pacific in association with the formation of the cut-off low at
700 hPa (Figure 3b). On 12–18 October, the center of the cyclone at 700 hPa was located
at (62.5◦ E, 6◦ N) where the lowest values of TOC appeared over, and north-northeast of,
the area containing the cyclone circulation (Figure 6E). This situation was continued until
12–21 October, where the main core of lower values of TOC was associated and located
over, and north-northeast of, the area of the 700 hPa low-pressure center (Figure 6F,H).
By 12–22 October (Figure 6I), it is interesting to note that the area of lowest values of
TOC decreased where the cyclone began to weaken and moved slowly eastward. On
24 and 25 October, the cyclone was located over the south Red Sea, and it can be noted
that the values of TOC increased (Figure 6K,L). Finally, we can conclude there is a positive
correlation between the development (deepening) of a tropical cyclone with the decrease
in TOC, where the lower values of TCO occurred during the growth period of our cyclone.

3.4. TOC Variation during Tropical Cyclone

In this section, we examine the variation in TOC over the inner domain containing the
TC through October 2008. This domain changed with time to contain our cyclone during
its life cycle (Figure 2), and so the average of the TOC and the selected meteorological
parameters were calculated only across this domain to provide a better view and inves-
tigation of the total amount of ozone variation with meteorological parameters. Figure 7
illustrates the daily values of TOC at the points (7◦ N, 62◦ E), (5◦ N, 60◦ E), (9◦ N, 60◦ E),
and (12◦ N, 55◦ E) during October 2008. These four points represent the position of the
cyclone center on the days 18, 19, 20, and 21 October, respectively. It is clear that the values
of TOC on each of these four days are less than the corresponding monthly average at this
point. It was found that the value of total ozone on 18 October (261.2 DU) was less than
the monthly average by 8 DU, whereas on 19 October the value of TOC was less than the
monthly average by 7 DU. On 20 October, the average monthly value of TOC at the center
cyclone point (9◦ N, 60◦ E) was 268.5 DU, which is greater than the daily values by 12 DU.
Moreover, the values of TOC at the center of the cyclone on 21 October were less than the
average (267.6 DU) by 8 DU.

Before the development of the TC, there was a greater increase in the trend of TOC,
whereas during and after the development of the TC, the TOC was mostly reduced, as
illustrated in Figure 7. The sudden drop in the concentration of TOC was detected at the
maximum intensity of the TC occurrence, which appeared on 20 October. These results are
consistent with Nerushev [34] and Singh and Nair [11] for severe and very severe TCs.

Figure 8 shows the anomalies (the difference between the daily and the monthly
values) of TOC at the tropical cyclone’s center during the period of study. It is clear that all
the anomalies were negative during the period of cyclone development with a maximum
negative value on 20 October (−10 DU). The ozone anomalies (Figure 8) vary according
to the cyclonic system, and the strength of the TC affects their amount. Therefore the
relationship between the strength of the TC and the greatest decrease in TOC is anticipated
at a specific region.
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Figure 6. The horizontal distribution of the vertically integrated values of total ozone (≤264 DU) at 12Z during the period
from 14 to 25 October 2008 (A–L).
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Figure 7. Daily total column ozone at the points (7◦ N, 62◦ E), (5◦ N, 60◦ E), (9◦ N, 60◦ E), and (12◦ N,
55◦ E) during the month October 2008.

Figure 8. The anomalies (the difference between the daily and the monthly values) of TOC at the
tropical cyclone center during the period of study.

Percentage variations between the daily mean (O3D) and monthly mean (O3M) TOC
in the inner domain around the TC center at its development were studied computed as
((O3D − O3M) × 100/O3D), where O3M is the average of TOC during the period from 1
to 31 October 2008. Percentage daily variation of TOC (closest to the cyclone center) was
calculated during the period from 14 to 25 October 2008 (Figure 9). Generally, it is clear
that the values of the percentage daily variation of TOC were negative for all of the days
of our study. In addition, it was found that the percentage daily variation in TOC varied
from day to day according to the intensity of the tropical cyclone, where its maximum
value, of −4.1%, occurred on 20 October, whereas the minimum value (−1.5%) occurred
on 17 October.
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Figure 9. Percentage variation in the daily total column ozone from the monthly mean at each point on the tropical cyclone
track from 14 to 25 October 2008.

3.5. Time Height Variations of Ozone Mass Mixing Ratio

Figure 10 illustrates the time height variations of OMR during the period of study,
where Figure 10a presents the values of OMR at the cyclone center between the levels
of 100 to 1 hPa during the period of study, and Figure 10b shows the values of OMR
at the center of the cyclone from level 1000 to 125 hPa during the period of study. It is
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clear that the higher values of OMR appear between 20 and 3 hPa with maximum values
(>1600 ppm) between 10 and 7 hPa. The values of OMR decreased gradually above and
below this layer (11–6 hPa); its values reached about 500 ppm at 1 hPa and also at 45 hPa.
The maximum gradient of OMR appeared between 500 and 12 hPa and between 5 and
1 hPa. The gradient of OMR decreased between 100 and 50 hPa. Below 100 hPa, the
values of OMR are considered very small compared to the upper values (those above
100 hPa). It is clear that the effect of tropical cyclones appears below 100 hPa (around the
tropopause). Figure 10b shows the time height variations in OMR at the center from the
1000 to 125 hPa level. On 14 October, the values of OMR increased gradually from the
surface up to 150 hPa. A pronounced increase (>9 ppm) in OMR occurred from 900 to
550 hPa during the period 15 to 19 October and also from 21 to 25 October. On 21 October,
the values of OMR increased from the surface to 550 hPa. A noticeable decline in OMR
appeared between 550 and 200 hPa during most days.

Figure 10. Vertical profile of ozone mass mixing ratio (ppm) at 37 levels (a) from 100 to 1 hPa and
(b) from 1000 to 100 hPa during tropical cyclone event days from 14 to 25 October 2008.

Figure 11 illustrates the horizontal distribution of relative humidity (≥40%) at 700 hPa
throughout the period of study, and Figure 12 shows the time height variation of the
average relative humidity (1000–70 hPa) in the domain enclosing the tropical cyclone
during the period of study. Figure 13 illustrates the time height variation of vertical motion
(ω) at the levels from 1000 to 1 hPa in the domain enclosing the tropical cyclone during the
same period. Generally, it is clear that a huge amount of water vapor amount advected
vertically to the upper levels due to the strong upward motion during the pre-storm and
growth periods (14 to 21 October). The maximum values of upward motion (−ω) occurred
during the period from 15 and 18 October (especially between the 650–150 hPa levels) and
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worked to lift large amounts of water vapor to the upper atmosphere, where we found that
the values of relative humidity of 100% reached to and above 100 hPa during the period
from 14 to 21 October. Above 900 hPa during the decay period, the downward motion (+ω)
dominates at most levels, in association with a large decrease in the relative humidity at
all levels.

Figure 11. The horizontal distribution of relative humidity (≥40%) at 12Z during the period from 14 to 25 October 2008 (A–L).
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Figure 12. Vertical profile of relative humidity (1000–70 hPa) during tropical cyclone event days from
14 to 25 October 2008.

Figure 13. Vertical profile of upward motion (W) at the levels of 1000–1 hPa during the period
of study.

The lowest value of TOC throughout our TC, as shown in Figures 6 and 8, occurred
because of the oversized amount of water vapor injected from the troposphere into the
stratosphere during the deep convection process (Figure 12). This injected water vapor
is photo dissociated into hydroxide (OH) and oxygen atomic (O) by the highest solar
radiation received within the stratosphere layer resulting in more stratospheric ozone
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depletion. Moreover, the percentage of the tropospheric ozone formation is reduced under
the cloud level, whereas the ozone decay rate above the cloud level is enhanced due
to the cloud backscattering. Furthermore, the upward transport of ozone-poor air from
the troposphere gradually changes the ozone-rich air in the stratosphere previously and
through the TC. Continuous decrease in TOC over the locations of the cyclone tracks shown
in Figures 6 and 8 was observed because of the increase in the stratospheric outflow of
ozone-rich air and the inflow of ozone poor-air due to the increase in surface wind speed
and the decrease in pressures.

TCs may play a serious role in the amount of water vapor injected into the stratosphere,
as shown in Figure 12. Therefore, the TCs can play a crucial role in determining the mixed
ratio of water vapor in the stratosphere. The tropopause is cooler than both the troposphere
and stratosphere, and represents a barrier to water vapor lifting into the stratosphere. As
a result, once the air enters the tropopause it becomes extremely cold, causing almost all
of the water vapor to freeze and then fall. Moreover, the current of the very deep cloud
associated with the TCs can penetrate the tropopause, and the ice drops into the warmer
stratosphere, where it eventually evaporates. Singh and Singh [35] pointed out that the
transportation of water vapor into the stratosphere from the troposphere can occur through
shifting air currents. Bates and Nicolet [36] stated that the water vapor in the stratosphere
becomes photo-dissociated to radical OH as follows:

H2 O + h υ→ OH + H

OH + hυ→ O + H

O + O + M→ O2 + M

where the third body (M) saves the energy of reaction and momentum. The OH radical is
also produced by photodissociation of nitrous and nitric acid in the troposphere and lower
stratosphere as follows:

HONO + hυ→ OH + NO

HNO3 + hυ→ OH + NO2

Ozone can be depleted by the OH radical and atomic O with the catalytic cycle
as follows:

OH + O3 → HO2 + O2

HO2 + O→ OH + O2

The formed NO will join with available oxygen and produce NO2; hence, it may be
removed in the form of acid rain from the atmosphere during the TC. TCs that start in the
Indian Ocean bring a large amount of water vapor from the Indian and Arabian Oceans
and take away most of the pollutants from the troposphere through various precipitation
processes, which lead to the formation of tropospheric ozone. The huge presence of clouds
allows a smaller amount of solar radiation to enter the troposphere, and makes a small
contribution to the formation of tropospheric ozone, which resulted in a sharp drop in
tropospheric ozone density during the studied TC.

4. Conclusions

This paper aimed to study the variation in TOC over the northwest Indian Ocean
during the life cycle of the tropical cyclone that occurred throughout the period 14 to
25 October 2008. The characteristics of tropical cyclone tilts, with vertically varying back-
ground flows, were also inspected preliminarily in the current study. The vertical wind
shear was estimated to be one of the most important dynamical parameters of the large-
scale environment related to TC formation, structure, and intensity changes. It was found
that the magnitude of the VWS increased during the growth period, whereas VWS weak-
ened during the decay period. Anomalies of daily TOC were found to steadily reduce
before and during the cyclone formation, followed by an increasing trend after the dissi-
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pation of the cyclone. A sharp drop in TOC exceeded 11 DU as shown at the maximum
intensity of the TC, which was characterized by the highest wind speed in the regions
where the TC was intensifying. In the growth period of the TC, the outflow occurred and
developed in the upper levels accompanied by the maximum vertical velocities, and was
extended beyond the tropopause and into the lower stratosphere. As a result of the removal
of ozone due to the developed outflow, the TOC decreased. The observed variation in
TOC follows the present dynamical and chemical concepts for the ozone depletion process.
The lowest value of TOC throughout the studied TC occurred due to the huge amount of
injected water vapor from the troposphere into the stratosphere through the convection
processes. This injected water vapor is mostly photo dissociated into radical OH and
atomic oxygen by the highest solar radiation in the lower and upper stratosphere, which
leads to a significant decline in ozone in the stratosphere. Additionally, under the cloud
level, the rate of tropospheric ozone formation decreases, whereas above that level, the
cloud increases the rate of ozone depletion due to backscattering. In addition, the upward
transport of ozone-poor air from the troposphere is gradually replaced by the ozone-rich
air in the stratosphere before and during the TC.
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