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Abstract Deep convection associated with tropical cyclones leads to stratosphere-troposphere exchange
(STE), which affects the upper-tropospheric ozone concentrations in the vicinity of the cyclones. This study
estimates the ozone enhancements over India due to the North Indian Ocean (NIO) cyclones-driven STE.
Indicators such as stratospheric fraction and potential vorticity calculated using the reanalysis data sets suggest
that roughly 70% of the cyclones show anomalously high stratospheric intrusions. Aircraft observations over
different locations across India also show elevated ozone concentrations in the mid-to-upper troposphere on
cyclone days. Further, ozone and stratospheric ozone tracer concentrations from Goddard Earth Observing
System-Chemistry simulations and the Copernicus Atmosphere Monitoring Service reanalysis data sets

show up to 40 ppb of excess upper tropospheric ozone over India, of which stratospheric ozone accounts for
roughly 60%. Stratospheric intrusion due to the Bay of Bengal and the Arabian Sea cyclones affected the upper
tropospheric ozone amounts over North and South India, respectively. The stratospheric ozone was observed to
propagate downwards into the troposphere, often reaching ~600 hPa and, in some cases, even the surface.

Plain Language Summary This study estimates the increase in the amount of ozone in the upper
half of the lower atmosphere (“upper troposphere”) during the North Indian Ocean (NIO) cyclones. Ozone in
the upper atmosphere (“stratosphere”) protects the Earth from harmful ultraviolet radiation but affects human
and ecosystem health when present in the lower atmosphere (“troposphere”). Generally, the ozone in the lower
atmosphere occurs due to chemical reactions of gases and sometimes due to the transport from the ozone-rich
upper atmosphere. However, there is a barrier between the upper and the lower atmospheres, also known as
the tropopause. Using observations and atmospheric models, we study the penetration of ozone from the upper
atmosphere to the lower atmosphere, during the NIO cyclones which disturb the separation barrier. We studied
20 cyclones and found that they disturb the barrier between the upper and the lower atmosphere significantly
over India and a large amount of ozone moves between them, so much so that it almost doubles the ozone
concentration in the upper half of the lower atmosphere. A warmer world in the future could lead to more
cyclones which could increase ozone in the lower atmosphere.

1. Introduction

Ozone abundance near the tropopause is controlled by photochemistry, large-scale transport processes
such as the Brewer-Dobson circulation, and meteorological transport phenomenon typically referred to as
stratosphere-troposphere exchange (STE). While the Brewer-Dobson circulation is a global large-scale mass
circulation, STE is a synoptic-scale bi-directional exchange of air between the stratosphere and the troposphere
across the tropopause. More commonly, STE is referred to as a unidirectional exchange from the stratosphere to
the troposphere (Stohl, 2001; Wernli & Bourqui, 2002), and is associated with episodic events (Appenzeller &
Davies, 1992). It has been chiefly observed during events such as Rossby wave breaking (RWB) in the vicinity
of sub-tropical westerly jets, breaking of gravity waves, and episodes of monsoon breaks (Lamarque et al., 1996;
Samanta et al., 2016; Sprenger et al., 2003; Zachariasse et al., 2001). Tropical cyclones lead to large amounts of
stratospheric air displacement across the tropopause into the troposphere (Baray et al., 1999; Das, 2009; Zhan &
Wang, 2012) and are another driver of STE. They are the focus of this paper.
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The intrusion of stratospheric air has several consequences. It can enhance the ozone concentration near the trop-
opause, which may alter the global radiative budget and affect climate change (Roy et al., 2017, 2020). It is impor-
tant for determining the tropospheric ozone budget (Voulgarakis et al., 2010; Wild, 2007), and can also impact the
abundance of surface ozone for air quality (Langford et al., 2018; Lin et al., 2012; Roelofs & Lelieveld, 1997; L.
Zhang et al., 2020). Therefore understanding the exchange processes that occur in the vicinity of the tropopause
and quantifying this exchange is of broad interest.

Tropical cyclones are synoptic-scale deep convective systems with a horizontal extent of hundreds of kilometers
and lifespans of days to weeks. They provide favorable pathways for the convective transport of water-vapor-rich
and ozone-poor tropospheric air into the upper troposphere and lower stratosphere (UTLS) (Leclair De Bellevue
et al., 2007; Ray & Rosenlof, 2007; Romps & Kuang, 2009). High sea surface temperature (SST; greater than
26°C), high mid-tropospheric humidity, and low wind shear are important factors responsible for the genesis of
tropical cyclones (Gray, 1968). Tropical cyclones draw their energy primarily from evaporation at the warm ocean
surface (Riehl, 1950), and their intensity and lifetime are dominated mainly by the ocean temperature distribu-
tion (Kaplan & DeMaria, 2003). Rapid episodes of overshooting convection associated with tropical cyclones
weaken the tropopause stability and lead to the exchange of airmass between troposphere and stratosphere (Baray
et al., 1999; Das, 2009; Das et al., 2011; Jiang et al., 2015; Merrill, 1988; Venkat Ratnam et al., 2016; Zhan &
Wang, 2012). Other factors, such as the gravity waves breaking and wind shear generated turbulence during trop-
ical cyclones, also influence STE (Langford et al., 1996; Shapiro, 1976).

Several authors have highlighted the role of cyclones formed over different ocean basins in inducing STE and
their subsequent influence on the upper tropospheric ozone and water vapor contents. For instance, 50% of the
total STE events have been observed to occur in the vicinity of the North Atlantic cyclones, whose intensity
were primarily determined by the cyclones' strength. Further, it is understood that STE peaks on the day when
a cyclone attains its maximum intensity (Reutter et al., 2015). Upper tropospheric moistening in the vicinity
of the Atlantic or the Pacific cyclones has been observed from satellites (Ray & Rosenlof, 2007; Romps &
Kuang, 2009). The upper tropospheric water vapor concentrations near these cyclones have also been reported
to increase by 50% above their monthly average concentration (Ray & Rosenlof, 2007). Ozone mole fractions as
high as 300 ppb at 300 hPa have been reported during cyclone Marlene, which formed near Reunion Island and
Mauritius (Baray et al., 1999). The dynamical mechanism of enhancing upper tropospheric ozone during cyclone
Marlene has also been studied (Leclair De Bellevue et al., 2007). High mid-to-upper-tropospheric ozone and
potential vorticity (PV) during tropical cyclones have been observed near Taipei, Taiwan, by In-service Aircraft
for a Global Observing System (IAGOS; Roux et al., 2020).

India's long coastline includes the two North Indian Ocean (NIO) basins—the Arabian Sea (AS) to the west and
the Bay of Bengal (BoB) to the east—with warm SSTs (28°C-30°C). They are breeding grounds for tropical
cyclones during the pre-monsoon (May—June) and the post-monsoon (October—November) seasons (Deshpande
et al., 2021; Mohapatra et al., 2014; Shaji et al., 2014). Several authors have highlighted the NIO cyclones'
role in inducing cross-tropopause exchange of ozone and water vapor. Enhanced upper and lower tropospheric
ozone concentrations (20-50 ppbv and 1015 ppbyv, respectively) over India have been observed during two NIO
cyclones (Das et al., 2016a). Radar observations of stratospheric intrusion during a 2001 BoB cyclone have been
reported (Das, 2009). Cross-tropopause mass fluxes during the NIO cyclones have been studied using satellite
observations and Global Positioning System radio occultation (GPS-RO) measurements. The study also elabo-
rated on the role of cyclones in determining the tropopause structure and concentrations of ozone and water vapor
in the UTLS within a radius of 1,000 km of the cyclone center (Venkat Ratnam et al., 2016). Enhanced upper
tropospheric ozone during two BoB cyclones has also been observed from Microwave Limb Sounder (MLS;
Pathakoti et al., 2016). Further, cyclones' impacts on the tropical tropopause parameters have been assessed from
Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) GPS-RO temperature
profiles (Ravindra Babu et al., 2015).

Cyclone-driven stratospheric intrusions have a short timescale of a few days. Therefore, studying them would
require data sets with very high temporal, spatial, and vertical resolution. However, most previous work on the
NIO cyclones-driven stratospheric intrusion relied either on in situ observations which have less spatial cover-
age, or on satellite observations which have low vertical resolution. In this study, we examine the spatial and
vertical distributions of the indicators of stratospheric intrusion (such as ozone abundance and PV) during the
NIO cyclones. We estimate the excess upper tropospheric ozone from cyclones using aircraft observations, daily
gridded reanalysis data sets, and chemistry transport model simulations. Stratospheric fraction (SF), a newly

ROY ET AL.

2 of 21

8518017 SUOUIWIOD 3A 81D 8|qeotjdde ayy Aq pausenob afe ssppiie YO ‘8sn JO SaINJ 10} Aelq 1 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLBYWI0D A8 |IMAReiq | Ul |UO//S1y) SUORIPUOD pue swie | 8y} 88s *[7202/TT/0g] uo ArelqiTaulluo A8 11M ‘NSNISINOA!E [Bwod A 6TSE0ArZ202/620T 0T/I0p/woo A 1m Ariq1jeuluosgndnBe;/sdny wouy papeojumoq ‘€ ‘€202 ‘96686912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD037519

developed proxy for stratospheric intrusion derived from ozone and water vapor concentrations, and stratospheric
ozone tracer are used to substantiate the presence of stratospheric air in the upper troposphere. The paper is
organized as follows: Section 2 describes data and methods; Sections 3 and 4 present results and discussion; and
Section 5 lists our conclusions.

2. Data and Methods
2.1. Observational Data Sets

Ozone variability from the surface to the upper atmosphere can be ideally studied from data sets having very
high vertical, temporal, and spatial resolution. Although in situ observations, such as ozonesondes and aircraft
measurements, have a very high vertical resolution, their temporal resolution and spatial coverage remain poor.
Since launching ozonesondes to measure vertical ozone profiles both in and near a cyclone is difficult, available
data is minimal. Also, IAGOS aircraft observations depend on the specific aircraft at a particular sector and,
thus, are highly sporadic. On the other hand, satellite observations provide more spatial coverage, but the vertical
resolution is limited. Satellite measurements are obtained only a few times a day. Also, they have a daytime bias
since many satellites measure back-scattered sunlight. In this study, we used the ascending and descending ozone
profiles from IAGOS aircraft measurements at or near a few Indian airports when there was a NIO cyclone.
We have only used satellite-derived cloud top temperatures (CTT) to understand the extent and intensity of the
cyclones.

2.1.1. In Situ Observation From IAGOS Aircraft Data

TAGOS provides in situ ozone profiles from the surface up to 9-12 km near many airports across the globe. The
instrument which measures ozone has a detection limit of 2 ppbv and a precision of 2% (Nédélec et al., 2015;
Petzold et al., 2015). The IAGOS ozone profiles are almost unbiased to weather conditions (except for the specific
aircraft operations due to weather). However, ozone profiles are not expected in the proximity of the cyclones.
Therefore we use the profiles available at different airports across the Indian subcontinent (Delhi, Hyderabad,
and Chennai) between 2007 and 2017, where we expect to see the impacts of stratospheric ozone intrusion due to
the NIO cyclones. These observations do not occur precisely when the cyclone is over land but close enough in
time and space to provide some information (IAGOS, 2013). In a similar study, Roux et al. (2020) used IAGOS
profiles over Taipei to assess the impacts of cyclones (typhoons) formed over the Pacific on trace gases in the
troposphere.

2.1.2. MODIS Satellite Data

The MODIS instruments are on-aboard the Terra and Aqua satellites (Boeke et al., 2016; Platnick et al., 2003),
which orbit over a region in the morning (10:30 a.m. local) and the afternoon (01:30 p.m. local), respectively. The
cloud top pressure is converted to cloud temperature through the National Center for Environmental Prediction
Global Forecast System (Derber et al., 1991). We use the daily level-3 MODIS cloud top temperature derived
from level-2 aerosols, water vapor, cloud, and atmospheric profile. MODIS Daily Global data product files
containing data collected from the Terra and Aqua platforms are MODO08_D3 and MYDO08_D3, respectively
(Platnick et al., 2015).

2.2. Measures of Stratospheric Intrusion

We calculate the relative percentages of stratospheric and tropospheric air at different vertical levels based on
ozone and water vapor concentrations from Modern-Era Retrospective Analysis for Research and Applica-
tions, Version 2 (MERRA-2) reanalysis. We also analyze PV on isentropic levels from European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim (ERA-Interim) reanalysis data, and ozone and strato-
spheric ozone tracer concentrations from Copernicus Atmosphere Monitoring Service (CAMS) reanalysis data.
The reanalysis products combine observations with short-range forecasts using data assimilation and, therefore,
provide a complete picture of weather and climate. These data sets have a high temporal, spatial as well as vertical
resolution.

2.2.1. Stratospheric Fraction (SF)

The standard tropopause is commonly defined by the change in temperature lapse rate (dT/dZ < 2°C km™!). Other
definitions of stratosphere-troposphere separations near the tropopause are based on either ozone concentration
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changes, called the ozoneopause (the vertical point where there is a large increase of ozone concentration), or
water vapor concentration changes, called the hygropause (the altitude where water vapor levels sharply decrease
with altitude). Since stratospheric air is typically characterized by high concentrations of ozone (>200 ppb) and
low concentrations of water vapor (<100 ppm), the tropopause can also be thought of as the layer where there is
a drastic change in tracer concentrations.

The ozone and water vapor tracer-tracer relationship can be used to examine the transition from the troposphere
to the stratosphere semi-quantitatively. This relationship can also provide another definition of the “tropo-
pause.” This relationship is used to estimate the influence of the stratosphere on air found in the troposphere and
vice-versa. The “SF” diagnostic is calculated using ozone concentrations and specific humidity from MERRA-2
assimilated observations. The region where ozone mixing ratios are above 1,000 ppb is considered to have 100%
stratospheric air. In contrast, the region where water vapor mixing ratios were above 200 ppm is considered to
have 0% stratospheric air. The SF is the fraction of the angle of the line in a plot of log,,0, versus log,,H,O drawn
from an “origin” (set to be O, = 1,000 ppb and H,O = 200 ppm or log,,0,/log,,;H,0 = 2.3) to an angle of 90°.
We express the SF as a percentage. This algorithm is however fairly insensitive to large changes of the “origin”
point or for observation errors because it is estimated in log-log space. The use of the 1,000 ppb and 200 ppm
values as 100% stratospheric and 100% tropospheric air, respectively, are conservative estimates for the strato-
sphere and troposphere, and are easily seen in a climatology of these atmospheric layers. An example of ozone
versus water vapor plot from MERRA-2 (thinned arrays) for 15 March 2018 is shown in Figure S1 in Supporting
Information S1. For a nominal value of 180 ppb of ozone and 20 ppm of water vapor, SF is 61% for our algorithm.
Changing the algorithm “origin” values for ozone and water vapor creates an absolute value SF change, but the
relative values remain unchanged, that is, the vertical and horizontal structural patterns of SF remain the same.
Figure S1 in Supporting Information S1 also shows how a 25% error in the ozone and water assimilation values
lead to only a small change in the SF value (black oval line).

2.2.2. MERRA-2 Reanalysis Data

MERRA-2 (Gelaro et al., 2017) is NASA's atmospheric reanalysis, produced using information from the modern
satellites (Molod et al., 2015). This reanalysis product also assimilates Aura's Ozone Monitoring Instrument
(OMI) total column ozone data and MLS ozone profiles since October 2004 (Wargan et al., 2017). MERRA-2 data
sets are continuous and gridded (0.5° X 0.625° resolution, with 72 vertical levels from the surface to 0.01 hPa). In
this study, we use ozone, specific humidity, and various other meteorological fields (GMAO, 2015).

2.2.3. ECMWF Reanalysis Data

The ECMWEF reanalysis system combines observations with the forecast model data using a four-dimensional
variational (4D-Var) data assimilation technique to produce output every 6 hr, reflecting the atmospheric
state's evolution. ECMWF interim reanalysis data is archived on pressure and isentropic levels (ERA-Interim,
0.75° x 0.75° grid resolution, with 60 vertical levels from the surface to 0.1 hPa) (Dee et al., 2011; Uppala
et al., 2005). Here, we use PV on isentropic levels, which is available (ERA-Interim, 2011).

2.2.4. CAMS Reanalysis Data

The CAMS reanalysis is a global data set of atmospheric composition, including chemical species, aerosols,
and greenhouse gases. The data is produced by assimilating satellite retrievals of ozone, carbon monoxide (CO),
nitrogen dioxide (NO,), and aerosol optical depth into ECMWF's Integrated Forecast System using the 4DVar
data assimilation technique. This assimilation is a continuous global gridded data set (0.75° X 0.75° resolution,
with 60 hybrid sigma-pressure levels extending from surface to 1 hPa; Flemming et al., 2017, 2015). We use
ozone and stratospheric ozone tracer data sets available between 2007 and 2017 (Inness et al., 2019).

2.3. Model Details and Simulation Setup

We use a global 3-D chemical transport model, Goddard Earth Observing System-Chemistry (GEOS-Chem)
version 13.0.0 (2° X 2.5° resolution, with 47 eta vertical levels from the surface up to ~80 km). The meteorology
is from MERRA-2 reanalysis data. The model is configured using the Harvard NASA Emissions Component
module (Keller et al., 2014). The anthropogenic NO, CO, SO,, and nonbiogenic VOC emissions are from the
Community Emissions Data System inventory (Hoesly et al., 2018). The biomass burning emissions are from
the Global Fire Emissions Database version 4 (Giglio et al., 2013). The biogenic VOC emissions are from
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Table 1
List of the North Indian Ocean Cyclones During 2007-2017
Serial number Cyclone name Cyclone intensity Duration Most intense day (Day 0) Basin
1 Gonu SuCS 1-7 June 2007 4 June 2007 AS
2 Sidr ESCS 11-16 November 2007 15 November 2007 BoB
3 Nargis ESCS 27 April to 3 May 2008 29 April 2008 BoB
4 Aila SCS 23-26 May 2009 25 May 2009 BoB
5 Laila SCS 17-21 May 2010 19 May 2010 BoB
6 Phet VSCS 30 May to 7 June 2010 2 June 2010 AS
7 Giri ESCS 20-23 October 2010 22 October 2010 BoB
8 Jal SCS 1-8 November 2010 6 November 2010 BoB
9 Thane VSCS 25-31 December 2011 28 December 2011 BoB
10 Phailin ESCS 6—14 October 2013 11 October 2013 BoB
11 Helen SCS 19-23 November 2013 20 November 2013 BoB
12 Leher VSCS 23-28 November 2013 26 November 2013 BoB
13 Madi VSCS 6-13 December 2013 8 December 2013 BoB
14 Hudhud ESCS 7-14 October 2014 12 October 2014 BoB
15 Nilofar ESCS 25-31 October 2014 28 October 2014 AS
16 Chapala ESCS 28 October to 4 November 2015 30 October 2015 AS
17 Megh ESCS 5-10 November 2015 8 November 2015 AS
18 Vardah VSCS 6-13 December 2016 9 December 2016 BoB
19 Mora SCS 28-31 May 2017 28 May 2017 BoB
20 Ockhi VSCS 29 November to 6 December 2017 1 December 2017 AS

Note. SuCS, Super cyclonic storm; ESCS, Extremely severe cyclonic storm; VSCS, Very severe cyclonic storm; SCS, Severe cyclonic storm.

the Model of Emissions of Gases and Aerosols from Nature version 2.1 (Guenther et al., 2012). The Univer-
sal tropospheric-stratospheric Chemistry eXtension (UCX) mechanism is used for the STE of O, (Eastham
et al., 2014).

Due to computational limitations, we only perform full chemistry simulations for 2007, 2009, 2013, and 2015.
Each simulation is initialized with a 1 year spin-up. GEOS-Chem has been previously evaluated for ozone over
the Indian subcontinent using long-term observations from satellite, ozonesonde, and aircraft (David et al., 2019).
The tagged simulations are performed as in David and Ravishankara (2019), where ozone produced in the strat-
osphere is marked and subjected to the same chemical and dry deposition losses as those for the total ozone. The
ozone production and loss rates are provided from the full chemistry simulations. The total daily ozone calculated
from all the regions in the tagged ozone simulations equals the total ozone from the full chemistry simulation.

2.4. Overview of the NIO Cyclones

Tropical cyclones that originate over the NIO (between 45° and 100°E) are monitored by the India Meteorolog-
ical Department (IMD), which uses a criterion of 3 min sustained wind speeds to determine the strength of a
cyclonic storm, in contrast to the Saffir-Simpson Hurricane Scale, which uses a criterion of 1 min sustained wind
speed to classify hurricanes. Classification of cyclonic systems over the NIO based on IMD's criteria is described
in Table S1 in Supporting Information S1.

We study stratospheric intrusions during all the intense NIO cyclones (category 2 and above) between 2007
and 2017 (listed in Table 1). During this period, six cyclones formed over the AS, while 14 cyclones formed
over the BoB. These cyclones were predominantly observed during pre-monsoon (May—June) and post-monsoon
(October—November) seasons over the BoB and the AS. Since maximum STE has been previously observed
during the mature phase, when a cyclone attained its maximum intensity (Reutter et al., 2015), STE was studied
for the day a cyclone reached its peak intensity, which is termed as Day 0. The ozone or SF anomalies were
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calculated from the difference between ozone or SF on Day 0 and the mean ozone or SF of the preceding week
(Day -1 to Day -7) when we assume STE to be small. The choice of Day -1 to Day -7 for the “background” state
to examine the changes due to cyclone is a compromise. First, the position of the cyclone changes significantly
during these dates. Second, there could be some perturbations on Day -1, Day -2, etc., because the cyclone,
though may not be as strong, still perturbs the dynamics. Third, going much further back than Day -7 may also
be influenced other processes and not necessarily a good indicator of the “background” for the change during
the cyclone. Further, we also observe that the ozone anomalies obtained from using either Day -8 to Day -14 or
Day -1 to Day -7 as “background” do not show a qualitatively different picture (Figure S2 in Supporting Informa-
tion S1). One could also use monthly averages during the past years when there were no cyclones for comparison.
However, such a choice also has possible biases since there could be other processes contributing to the ozone
changes as already mentioned. As we noted, there is no perfect “background” to use. Therefore, we have settled
on the use of the week before the cyclone for this study.

3. Results
3.1. Location and Extent of the Cyclones

Intensities of tropical cyclones and hurricanes have been previously studied using CTT values (Dvorak, 1975; Luo
et al., 2008; Velden et al., 2006; Vergados et al., 2014; Wong & Emanuel, 2007). The location and geographical
extent of a hurricane or a cyclone can also be determined from the CTT. Figure 1 shows the CTT of four cyclones
of different intensities formed over the NIO. The CTT for other cyclones included in this study are shown in
Figure S3 in Supporting Information S1. On Day 0, the CTT values were below 200 K over the cyclonic regions,
and the cyclones extended to ~10° (latitude) xX10° (longitude). For reference, CTT during a tropical cyclone
Nilofar has been previously reported to reach 180 K on the day of its maximum intensity (Bhutto et al., 2017).
The cold point tropopause temperature over the tropics ranged between 180 and 200 K (Gettelman et al., 2010).

The knowledge of CTT provides an estimate of troposphere-stratosphere transport (Danielsen, 1993; Folkins
& Martin, 2005). All the cyclones discussed in this study have a sufficiently low CTT on Day 0 to disturb the

b) Vardah

208 222 236 250 264 278 292 306 320
Cloud Top Temperature (K)

Figure 1. MODIS cloud top temperatures (K) on Day O for cyclones (a) Aila, (b) Vardah, (c) Phailin, and (d) Gonu. The red
markers show cyclone locations.
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tropopause and lead to cross-tropopause exchange. The tropical tropopause layer (TTL) is the region in the tropics
which determines STE (Brewer, 1949; Gettelman & de F Forster, 2002). Tropical cyclones play a critical role in
crossing the TTL and humidifying the stratosphere (Romps & Kuang, 2009). Upper tropospheric water vapor on
Day 0 followed a similar distribution as CTT. On average, 1,000 ppm and 150 ppm water vapor were observed
at 300 and 200 hPa, respectively, collocated over the regions of the cyclones (Figures S4-S5 in Supporting
Information S1).

3.2. SF in the Upper Troposphere

SF in the upper troposphere can identify the exchange of material between the stratosphere and the troposphere
and give a semi-quantitative estimate of the stratospheric air that comes into the troposphere during the NIO
cyclones. We observe that on the days when there were no cyclones over the NIO, the 200 hPa SF was less than
10% over the Indian region (~5°-28°N), whereas it was more than 20% over the extra-tropical region (Figure S6
in Supporting Information S1). But on days when there was a cyclone over the NIO, the 200 hPa SF indicated a
prominent meridional gradient over the Indian region, with high SF (greater than 50%) over central to northern
India (above 15°N) and low SF (~10%-30%) over southern India (between 5° and 15°N; Figure S7 in Supporting
Information S1). The 200 hPa SF anomalies on Day 0O of four cyclones can be seen in Figure 2. The SF anoma-
lies of other cyclones included in this study are shown in Figure S8 in Supporting Information S1. Almost 75%
of the cyclonic systems formed over the NIO show high SF anomalies (~10%-30%), especially over northern
India (15°-28°N). SF anomalies over southern India remained below 10%. The north-eastern edge of the cyclone
center shows negative SF anomalies (—10%) for more than half of the cyclones. This may be the region of maxi-
mum tropospheric outflow and divergence. We also notice a spatial variability in SF across the different cyclones.
Such variability may be due to the location and strength of the cyclone, upper tropospheric tropical-extra-tropical
interactions, or the interplay with various orographic features across India.

The dynamical tropopause, indicated by a solid white line corresponding to 2 PVU (1 PVU =10 m?s~! K kg™")
(Holton et al., 1995; Hoskins et al., 1985; Thouret et al., 2006), is located at a higher altitude over the tropics
compared to the extra-tropics (Figure S9 in Supporting Information S1). The lower tropopause height in the

a) Aila b) Vardah
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Figure 2. The distribution of the 200 hPa stratospheric fraction (SF) anomalies (%) on Day 0 for cyclones (a) Aila, (b)
Vardah, (c) Phailin, and (d) Gonu. The purple markers show cyclone locations.
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extra-tropics (north of the subtropical jet) results in the observed meridional gradient in SF in Figure S7 in
Supporting Information S1. Nearly 40%—70% SF is present in the UTLS in both the latitudinal and longitu-
dinal cross-sections of SF (Figures S9 and S10 in Supporting Information S1). Figure 3 shows the latitudinal
cross-sections of SF anomaly for four cyclones. Other cyclones included in this study are shown in Figure S11 in
Supporting Information S1. We observe a downward intrusion of excess SF (>15%) upto ~300 hPa over northern
India (15°-28°N) during ~70% of the NIO cyclones. The meridional distribution of STE can be studied from the
isentropic diagnostics (Appenzeller et al., 1996; Yang et al., 2016). We observe that the cross-tropopause trans-
port of SF takes place along the 320-360 K isentropes. Maximum STE occurs along the boundary separating the
tropics and the extra-tropics (~30°N), where the core of the tropospheric jet stream was located (as seen from
the wind contours in Figure 3 and Figure S11 in Supporting Information S1).

Longitudinal cross-sections of SF anomalies (averaged over 20°-35°N) show tropopause folding for 80% of the
NIO cyclones (Figure 4 and Figure S12 in Supporting Information S1). Stratospheric intrusion over India via
tropopause folding occurs through one or both sides of the cyclone center and reaches up to ~500 hPa. Previous
studies have noted that deep convective systems often disturb the tropopause structure, which leads to a strong
downdraft in the vicinity of the tropopause (K. K. Kumar, 2006). The disturbance near the tropopause leads to
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Figure 3. Latitudinal cross-section of stratospheric fraction (SF) anomalies (%) averaged over 70°-85°E, on Day 0 for
cyclones (a) Aila, (b) Vardah, (c) Phailin, and (d) Gonu. The dotted black vertical line shows the cyclone location. The solid
black line is the dynamical tropopause (defined using the 2 PVU potential vorticity contour). The dashed gray and solid green
contours show potential temperature (K) and wind speed (ms~"), respectively.
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Figure 4. Longitudinal cross-section of stratospheric fraction (SF) anomalies (%) averaged over 20°-35°N on Day 0 for
cyclones (a) Aila, (b) Vardah, (c) Phailin, and (d) Gonu. The dotted black vertical line shows the cyclone location. The solid
black line is the dynamical tropopause (defined using the 2 PVU potential vorticity contour). The dashed gray contours show
potential temperature (K).

mass exchanges across the tropopause (Hirschberg & Fritsch, 1993). An upward tropopause fold indicates the
influence of deep convection associated with the NIO cyclones, whereas a downward tropopause fold (reaching
200 hPa along with positive SF) indicates the influence of stratospheric intrusion. Elevated upper tropospheric
SF over India suggests that these regions may have higher-than-usual ozone concentrations.

We compare the vertical profiles of SF anomalies with the vertical profiles of ozone anomalies obtained from
TAGOS aircraft measurements over different locations in India. The anomalies were calculated from the differ-
ence between the value at each level and the mean value for all the levels up to 200 hPa. Figure 5 shows the
vertical profiles of ozone and SF anomalies during different cyclones. High ozone anomalies (10-50 ppb) in the
mid-to-upper troposphere (600-300 hPa) near different airports roughly collocated with high SF anomalies at
similar altitudes (~10%—40%). This data shows that stratospheric intrusion during the NIO cyclones contributes
to upper tropospheric ozone enhancement. High ozone and low relative humidity associated with mid-latitudinal
cyclone-driven tropopause fold have been previously reported from IAGOS observations (Brioude et al., 2006).
TAGOS observations near typhoons near Taiwan have also been reported to have high PV, high ozone, and low CO
(Roux et al., 2020). It should be mentioned here that different studies based on observations have also highlighted
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Figure 5. Vertical profiles (ascending and descending) of In-service Aircraft for a Global Observing System (IAGOS) ozone anomaly (ppb; Blue) and stratospheric
fraction (SF) anomaly (%; Red) near different airports in India on or close to Day 0. SFs only for the days that coincided with the date of observations were calculated.

the role of vertically propagating waves or disturbances during tropical cyclones in causing STE (Das, 2009; Das
et al., 2016b; Hocking et al., 2007; Niranjan Kumar & Ramkumar, 2008; Pathakoti et al., 2016). Waves triggered
by orography, like the Himalayas, can also lead to oscillations in the wind flow and reach the upper atmosphere
(Kaifler et al., 2015; Lyapustin et al., 2014; Niranjan Kumar et al., 2012). Such orography-induced waves can lead
to STE and ozone enhancement over the Himalayas (K. N. Kumar et al., 2020; Phanikumar et al., 2017). Upper
tropospheric ozone enhancement over India during tropical cyclones via stratospheric intrusions has been studied
earlier (Das et al., 2011; Das et al., 2016a; Das et al., 2016b).

3.3. Dynamical Signatures of Stratospheric Intrusion

Dynamical exchange of airmass across the tropopause can enhance the upper tropospheric ozone concentration;
downward transport of this ozone can also lead to the chemical production of additional ozone. Tropopause folds,
or RWB, are dynamical phenomena that can lead to an exchange of air between the stratosphere and the tropo-
sphere (Baray et al., 1998; Folkins & Appenzeller, 1996; Gouget et al., 1996; Postel & Hitchman, 1999). They
lead to the intrusions of the lower stratospheric dry, ozone-rich, and high PV air masses into the tropical upper
troposphere (Konopka et al., 2010; Ploeger et al., 2012; Waugh, 2005). PV is relatively conserved under an adia-
batic flow and hence is considered an ideal diagnostic for understanding the dynamical exchange of atmospheric
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Figure 6. The distribution of 350 K PV (PVU) on Day 0 for cyclones (a) Aila, (b) Vardah, (c) Phailin, and (d) Gonu. The red
markers show cyclone locations.

air parcels (Homeyer & Bowman, 2013). High PV values (>0.5 PVU) indicate stratospheric air (Roux et al., 2020;
Roy et al., 2020) with a typical PV and ozone correlation near the tropopause (Browell et al., 1987). We use PV to
characterize the presence of stratospheric air. Figure 6 illustrates the ERA-Interim PV at 350 K isentropic level on
Day 0 for four cyclones. Use of the more recent, higher resolution, ERAS or MERRAZ2 reanalysis does not change
the PV location and magnitude as shown in Figure S13 in Supporting Information S1. The ERA-Interim PV at
350 K for other cyclones included in this study are shown in Figure S14 in Supporting Information S1. A strong
PV gradient, similar to SF, is observed with relatively high values (>0.7 PVU) over northern India (above 15°N).

3.4. Chemical Signatures of Stratospheric Intrusion

GEOS-Chem simulated 200 hPa ozone illustrates a meridional gradient over India for four NIO cyclones (Figure
S15 in Supporting Information S1) during which ozone levels were modeled. Overall, ozone was higher over
northern India than in southern India. This meridional gradient in ozone is similar to that observed in the SF
distribution shown in Figure S7 in Supporting Information S1. The 200 hPa MERRA?2 ozone used to compute
SF are also well captured by the GEOS-Chem during the cyclones, although the ozone values are slightly under-
estimated in GEOS-Chem (Figure S16 in Supporting Information S1). The GEOS-Chem simulated 200 hPa
ozone also agrees well with the CAMS 200 hPa ozone for the NIO cyclones (Figures S15 and S17 in Supporting
Information S1). Therefore we use the CAMS reanalysis data set to study the chemical signatures of stratospheric
intrusion (ozone and stratospheric ozone tracer). CAMS data sets are available for all the NIO cyclones between
2007 and 2017.

Figure 7 shows the spatial distribution of CAMS 200 hPa ozone anomalies for four NIO cyclones noted in the
figure. The ozone anomalies for other cyclones included in this study are shown in Figure S18 in Supporting
Information S1. The ozone anomalies follow a similar distribution as SF anomalies. Regions having high ozone
anomalies (~20-60 ppb) were coherent with regions having high SF anomalies (as would be expected).

Over 90 ppb of ozone is observed near the tropopause and beyond 400 hPa (Figures S19 and S20 in Supporting
Information S1). Further, the ozone abundances decreased as we reached the surface. Extra-tropical exchange
of ozone anomalies across the tropopause is apparent in the latitudinal cross-section of ozone anomalies.
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Figure 7. The distribution of 200 hPa ozone anomalies (ppb) on Day 0 for cyclones (a) Aila, (b) Vardah, (c) Phailin, and (d)
Gonu. The purple markers show cyclone locations.

Figure 8 shows the latitudinal cross-section of ozone anomalies for four cyclones noted in the figure. Latitudinal
cross-section of ozone anomalies for rest of the cyclones are shown in Figure S21 in Supporting Information S1.
High ozone anomalies (~10-30 ppb) are observed across the tropopause, with some extensions downward to
~400 hPa. Meridional cross-tropopause ozone flux exchange has been reported to show a strong connection with
the jet stream (Yang et al., 2016). We also observe the cross-tropopause exchange of high ozone anomalies in the
jet stream's vicinity. Further, in many cases, this exchange allows the stratospheric ozone to intersect the ground
along the low isentropic surfaces.

The longitudinal cross-sections of ozone anomalies indicate distinct tropopause folding primarily over ~70°E,
highlighting the pathway of stratospheric ozone into the troposphere (Figure 9 and Figure S22 in Supporting
Information S1). High SF has already been observed to intrude along the same path (Figure 4). Mid-to-upper
tropospheric ozone anomalies reach ~30-50 ppb. High amounts of ozone in many cases make their way into the
boundary layer, thereby elevating the surface ozone concentration by ~16 ppb. However, other processes like
advection or photochemical production could also contribute to this boundary layer ozone anomalies.

Another way to look for stratospheric air other than water vapor is via examining modeled artificial tracers.
We use a stratospheric ozone tracer to understand the stratospheric contribution to upper tropospheric ozone
amplification. A tagging method (David & Ravishankara, 2019; Y. Zhang et al., 2012), where the tracer repre-
sents stratospheric ozone, is employed in GEOS-Chem. During four cyclone cases, the average GEOS-Chem
simulated 200 hPa stratospheric ozone tracer concentrations over India were ~50 ppb (Figure S23 in Supporting
Information S1). The values agree well with the CAMS stratospheric ozone tracer values (Figure S24 in Support-
ing Information S1). The CAMS 200 hPa stratospheric ozone tracer anomalies were high (~20-30 ppb) over
northern India during ~80% of the NIO cyclones (Figure 10 and Figure S25 in Supporting Information S1).

3.5. Cyclone-Centric Composites of Measures of Stratospheric Intrusion

Figures 11a—11c show cyclone-centric composites of 200 hPa SF, 350 K PV, and 200 hPa ozone, on Day 0, for
all the NIO cyclones listed in Table 1. The cyclone-centric composites were obtained in the following way. The
location of each cyclone on Day 0 was first identified based on the MSLP. The variables were then extracted on
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Figure 8. Latitudinal cross-section of ozone anomalies (ppb) averaged over 70°-85°E on Day 0 for cyclones (a) Aila, (b)
Vardah, (c) Phailin, and (d) Gonu. The dotted black vertical line shows the cyclone location. The solid black line is the
dynamical tropopause (defined using the 2 PVU potential vorticity contour). The dashed gray and solid green contours show
potential temperature (K) and wind speed (ms™"), respectively.

a 40° (latitude) x 40° (longitude) grid centered on the cyclone locations and then averaged together. Relatively
low SF (<15%) and ozone (<70 ppb) are generally found at the cyclone center, indicating tropospheric influence
(Figures 11a and 11c). Relatively high SF (>20%) and ozone (>80 ppb) observed at ~10° east and west of the
cyclone center indicate the stratospheric influence that resulted from isentropic transport or tropopause folding up
to ~200-300 hPa during >90% cyclones (seen in Figures 3, 4, 8, and 9). Simultaneously, high PV (>0.3 PVU) at
the cyclone center is associated with the strong cyclonic flow of the cyclone (Figure 11b). Previous case studies
have also associated convection during tropical cyclones with stratospheric intrusion (Baray et al., 1999; Loring
et al., 1996), resulting in an upper tropospheric ozone enhancement near the cyclone center (Cairo et al., 2008;
Leclair De Bellevue et al., 2006; Loring et al., 1996).

Cyclone-centric composites of 200 hPa ozone anomalies and their statistical significance (estimated from the
Student's ¢ test) for the AS and the BoB cyclones were computed to evaluate the individual influence of each basin
on STE-driven ozone in the upper troposphere (Figure 12). The influence of the AS cyclones (western side of
India) over the Indian landmass can be observed in the northeast (NE) and southeast (SE) quadrants. In contrast,
the influence of the BoB cyclones (eastern side of India) on the Indian landmass can be observed in the northwest
(NW) and southwest (SW) quadrants. The AS cyclones show high ozone anomalies primarily in the SE and SW
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Figure 9. Longitudinal cross-section of ozone anomalies (ppb) averaged over 20°-35°N on Day 0 for cyclones (a) Aila, (b)
Vardah, (c) Phailin, and (d) Gonu. The dotted black line shows the cyclone location. The solid black line is the dynamical
tropopause (defined using the 2 PVU potential vorticity contour). The dashed gray contours show potential temperature (K).

quadrants, of which the SE quadrant (central-to-southern Indian region) shows statistically significant values at
a 95% level (estimated from student's ¢ test; Figure 12a). On the other hand, the BoB cyclones show high ozone
anomalies in the SE, SW, and NW quadrants. Of these, the NW (northern-to-central Indian region) and the SE
(the oceanic region near South-East Asia) quadrants show statistically significant values at 95% level, and the
SW (central-to-southern India region) quadrant show statistically significant values at 85% level (Figure 12b).
The negative ozone anomaly (statistically significant at 85% level), primarily in the NE quadrant, indicates the
cyclone's maximum tropospheric updraft and outflow region. We observe that the AS cyclones-driven STE has
more impact on central-to-southern India, whereas the BoB cyclones-driven STE has more impact on northern
India. Also, stronger ozone anomalies are observed during cyclones over the AS than over the BoB. These differ-
ences may be due to various factors like the cyclones' strength and location, and the number of cyclones formed
over each of these basins during our study period. In addition to these factors, it should also be noted that the
six cyclones formed over the AS were all above category 3. On the other hand, of the 14 cyclones formed over
the BoB, one-third of cyclones were of category 2, which could lower the mean ozone anomaly. The values of
the ozone anomalies show ~50% reduction as we move from 200 to 600 hPa (Figures S26a—S26b in Supporting
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Figure 10. The distribution of 200 hPa stratospheric ozone tracer anomalies (ppb) on Day 0 for cyclones (a) Aila, (b) Vardah,
(c) Phailin, and (d) Gonu. The purple markers show cyclone locations.
Information S1). Near the surface (800 hPa), the ozone anomalies are primarily influenced by photochemical
production and loss of ozone (Figures S26¢c—S26d in Supporting Information S1).
4. Discussion
We investigate the upper-tropospheric STE induced by the NIO cyclones. The two warm NIO basins of the BoB
and AS are in the tropics. Earlier studies have reported that the impacts of cyclone-driven STE are seen in the
vicinity of the cyclone center (Ray & Rosenlof, 2007; Reutter et al., 2015; Venkat Ratnam et al., 2016). The NIO
cyclones follow a north-westerly track and curve either southwest or northeast. Along its path, the associated deep
convection disturbs the tropopause resulting in STE over India.
Observations and model simulations show the structure of cyclone-driven STE. The lack of sufficient vertical
profile soundings of ozone in the vicinity of the NIO cyclones limits the use of in situ profiles to study ozone
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Figure 11. Cyclone-centric composites of (a) 200 hPa stratospheric fraction (SF) (%), (b) 350 K PV (PVU), and (c) 200 hPa ozone (ppb) on Day 0. The intersection of
the white dashed lines indicates the average cyclone location. The four quadrants—northeast (NE), northwest (NW), southwest (SW), and southeast (SE) are marked.
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Figure 12. Cyclone-centric composites of 200 hPa ozone anomalies (ppb) on Day 0 for the (a) AS cyclones and (b) BoB cyclones. The intersection of the white dashed
lines indicates the average cyclone location. The black dots and the black hatches indicate significance at 95% and 85%, respectively, calculated using Student's ¢ test.
The four quadrants—northeast (NE), northwest (NW), southwest (SW), and southeast (SE) are marked.

enhancements due to STE. We used (a) SF, derived from MERRA-2 ozone mixing ratios and specific humidity,
(b) PV, obtained from ECMWEF-Interim reanalysis, (c) ozone mixing ratios, and (d) stratospheric ozone tracer,
both obtained from CAMS reanalysis and GEOS-Chem simulations to study cyclone-driven STE. While SF and
ozone mixing ratios were the chemical indicators of the stratospheric air mass, PV was a dynamical indicator.
The stratospheric indicators were enhanced over the Indian region, indicating stratospheric intrusion induced by
the NIO cyclones.

PV and SF, obtained from reanalysis data, can be considered semi-quantitative measures of stratospheric intru-
sion. Over 40% SF was observed in the mid-to-upper troposphere (~200—400 hPa) over northern India, whereas
less than 20% SF was observed over southern India. Relatively high PV was observed over north India, indicating
the presence of stratospheric air in the upper troposphere. Since PV and ozone are correlated near the tropopause,
one may quantify the contribution of ozone also from the dynamical tracers.

The vertical ozone profiles obtained from aircraft observations (IAGOS) for a few NIO cyclones showed high
ozone anomalies between ~300 and 100 hPa. The aircraft profiles were sporadic and not always coincident in
space and time with the NIO cyclones. However, analysis of the ozone profiles available at different Indian
airports roughly capture the ozone enhancements during the NIO cyclones. The ozone enhancements were collo-
cated with the SF enhancements obtained from reanalyses. Regions with more than 30 ppb ozone anomalies also
showed more than 20% SF anomalies. CAMS and GEOS-Chem simulated 200 hPa ozone anomalies of more
than 30 ppb over northern India while less than 20 ppb over southern India. The high 200 hPa stratospheric
ozone model tracer anomalies (~20-30 ppb) indicated that the stratosphere contributed ~60%—70% of the upper
tropospheric ozone. Although stratospheric intrusion was considered the primary factor for the increased upper
tropospheric ozone, other processes like advection and photochemical production could have also contributed.
However, the influence of stratospheric intrusion decreased with altitude.

The contribution of the AS cyclones (west of India) and the BoB cyclones (east of India) on ozone enhancement
was more pronounced over central-southern India and northern India, respectively. This difference could be
due to various factors such as the cyclone location, cyclone strength, and the number of cyclones formed over
each basin (Reutter et al., 2015; Venkat Ratnam et al., 2016). The BoB cyclone activity has been reported to be
four-fold higher than that of the AS (Alam et al., 2003). Stronger ocean-atmosphere coupling (high SST and
moisture content) over the BoB makes it more conducive for the genesis of cyclones (Dube et al., 2009; Sahoo
& Bhaskaran, 2016; Singh et al., 2001). Cyclones formed over the AS and the BoB also experience a difference
in orography. The cyclones above 15°N experience a higher orography, whereas those below 15°N experience
a lower orography. Tropospheric ozone enhancement from tropopause folding due to orography-induced waves
generated from wind flow over the Himalayan region has also been reported earlier (Niranjan Kumar et al., 2012;
Phanikumar et al., 2017). The cumulative effect of the Himalayas in northern India (25°-40°N and 70°-100°E)
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and an NIO cyclone can lead to more intense stratospheric intrusion; such an analysis is beyond the scope of this
study. Thus, both land and oceanic processes can influence STE during the NIO cyclones.

During 2007-2017, the most intense NIO cyclones developed during post-monsoon (October—November) or
pre-monsoon (March—June) seasons. Downward propagation of ozone due to STE over India has been primarily
observed during winter (December—February) and pre-monsoon (May—June). It has also been reported that dynam-
ical processes, like RWB, during the Asian Summer monsoon also affect STE (Fadnavis & Chattopadhyay, 2017,
Roy et al., 2020; Samanta et al., 2016). In this study, we primarily focus on the pre- and post-monsoon seasons,
when other processes do not lead to significant STE. Therefore, the cyclones-driven STE is a dominant source of
upper tropospheric ozone enhancement when we usually do not expect the classic STE via tropopause folds along
the jet stream. Exchange of airmass along the isentropic surfaces results in deep intrusion of stratospheric ozone.
We note that there were indications of ozone intrusions into the planetary boundary layer (up to 16 ppb), which
can alter the surface ozone levels. Such excursions influence air quality.

5. Conclusion

Our study shows that the NIO cyclones significantly induce STE over India. We observe that deep convection
associated with the NIO cyclones has sufficiently low CTTs, which disturbs the tropopause and leads to STE
via tropopause folding and isentropic transport. As a result, enhanced values of various indicators of strato-
spheric intrusion like SF, PV, ozone mixing ratios, and stratospheric ozone tracer were evident in the UTLS. We
also observe that the BoB cyclones have a greater influence on the ozone amplification over northern India. In
comparison, the AS cyclones have a greater influence over southern India. Further, it was seen that stratospheric
ozone intrusion during the NIO cyclones often reached the surface, which can have implications on air quality.

With more and stronger NIO cyclones in a warming world (Deshpande et al., 2021; Singh et al., 2001), strato-
spheric ozone in the troposphere could increase in the future. The high spatio-temporal resolution required to
study the impacts of stratospheric intrusion during the NIO cyclones on tropospheric ozone and the limitations in
corresponding in situ and satellite observations, elucidates the need for more ozonesondes launches and aircraft
campaigns across various Indian locations.

Data Availability Statement

MODIS data used for the study is publicly available at: https://giovanni.gsfc.nasa.gov/giovanni/ (last accessed on
15 November 2022). The IAGOS, MERRA2, CAMS and ERA-Interim data sets used in this study are publicly
available at: https://iagos.aeris-data.fr/, https://disc.gsfc.nasa.gov/datasets/M2I3NPASM_5.12.4/summary ?key-
words=merra2, https://ads.atmosphere.copernicus.eu/#/home, and https://apps.ecmwf.int/datasets/data/interim-
full-daily/levtype=sfc/ (all last accessed on 15 November 2022). GEOS-Chem simulations output is available at
Zenodo (https://doi.org/10.5281/zenodo.7267890).
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