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In this study, we investigate the causative processes responsible for the observed enhancement in the tropo-
spheric and surface ozone during December 09–11, 2008 orography induced gravitywave event over Himalayan
region. The analysis is done using surface ozonemeasurements and satellite datasets from Atmospheric Infrared
Sounder/Advanced Microwave Sounding Unit-A (AIRS/AMSU-A), COSMIC, TES and Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation (CALIPSO). Observations depict a two fold increase in surface and tropo-
spheric ozone during the event as compared to normal days in both AIRS and TES ozonemeasurements. COSMIC
temperature perturbations show generation of shorter vertical wavelengths efficient for the sub-tropical tropo-
pause folding due to orography induced gravitywaves.Moreover, the intense tropopause folding as evidenced by
upward-downward vertical velocities couplet could trigger the intrusion of stratospheric ozone rich air into
upper tropospheric ozone poor air as also confirmed by high values of potential vorticity during the observational
period. Hence, present study reemphasizes the importance of wave induced atmospheric dynamics on atmo-
spheric constituents' especially tropospheric ozone over Himalayan region.
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1. Introduction

Ozone is one of the most important atmospheric trace gas in both
stratosphere and troposphere affecting the Earth-atmosphere radiative
balance and hence the climate (Cracknell and Varotsos, 2011). The
stratospheric ozone constituting about 90% of total ozone concentration
in the atmosphere, although very small amounts as compared to other
gases, protects life on earth by blocking harmful UV radiation reaching
surface (Cracknell and Varotsos, 1994, 1995; Varotsos and Cracknell,
1994). On the other hand, tropospheric ozone, constituting to only
~10% of total ozone in the atmosphere, found to be having adverse ef-
fects on vegetation as well as on human health (Zeng et al., 2008;
Kumar et al., 2010; Lelieveld et al., 2015). Although, very less in concen-
tration but tropospheric ozone happens to be third most powerful
greenhouse gas (after carbon-dioxide andmethane)with radiative forc-
ing of 0.40±0.20Wm−2 (IPCC, 2013). Thus, increase (decrease) in tro-
pospheric (stratospheric) ozone is of recent interest to the scientific
community because of enormous impact on the society, especially, on
human health related issues like irritation in respiratory system,
reduction in the efficiency of the lung function, aggravations in asthma
etc. Tropospheric and surface ozone showed increasing trend over most
of the locations in Indian region (Naja and Lal, 1996; David and Nair,
2013). Moreover, a recent report showed tropospheric ozone causes
roughly 22,000 premature deaths per year in 25 countries in European
Union (WHO, 2012). It is imperative that if the percentage of contribu-
tion of tropospheric ozone increase could result in fourfold increment in
the death figures in Indo Gangetic plain region because of heavy popu-
lation density (Lelieveld et al., 2015). Ghude et al. (2016) has also esti-
mated the mortality rate by chronic obstructive pulmonary disease
(COPD) due to O3 exposure is about 12,000 people on a national scale.
Hence, it is crucial to understand different processes responsible for
the enhancement of tropospheric ozone over local, region and global
scales.

The photochemistry involving different trace gases largely emitted
from various anthropogenic sources (e.g. motor vehicle exhaust, indus-
trial emissions, etc.), controls the ozone budget (e.g. Kumar et al., 2013).
It has been shown that the transport of ozone rich air from polluted re-
gions to pristine high altitude or marine regions (Chand et al., 2001;
Naja et al., 2004; Lal et al., 2013; Girach et al., 2017) could influence
ozone budget in those regions. Further, greater uncertainties exits in
the downward transport of ozone and dry deposition process
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(Stevenson et al., 2006). Downward transport of ozone has been sug-
gested to have contribution in higher levels of ozone during winter/
spring at a number of sites across the globe and about 0.1% of total
stratospheric ozone (about 5 × 1013 molecules cm−2 s−1) is suggested
to transported to the troposphere (e.g. Logan, 1985; Crutzen, 1995; Ojha
et al., 2014, Sarangi et al., 2014). Stratospheric-ozone intrusions into the
troposphere during events of cyclones also been observed over Indian
regions (Das et al., 2016a, 2016b).

Past studies showed that ozone enters into troposphere from strato-
sphere by means of large scale phenomena as a part of Brewer Dobson
Circulation triggered by a variety of processes (Levy et al., 1985;
Holton et al., 1995; Hocking et al., 2007; Chen et al., 2011; Nath et al.,
2016). Moreover, this large-scale circulation is one of the most impor-
tant contributors for the enhancement in the tropospheric ozone in
extra-tropical latitudes (Holton et al., 1995; Nath et al., 2016). Recent
study showed that an increasing trend and westward shift of number
of intrusions contributing to the increased tropospheric ozone over
the central pacific (Nath et al., 2016). The episodes of downward intru-
sion of stratospheric air (dry air causing low humidity) are, in general,
associated with the behaviour of subtropical jet stream and these are
strongest in winter over the Himalayan region and hence the intrusion
of air masses from the stratosphere may contribute to higher upper tro-
pospheric ozone in winter than in summer leading to an additional ra-
diative impact over Tibetan Plateau (Chen et al., 2011; Naja et al.,
2016; Niranjan Kumar et al., 2016). It is also worth mentioning here
that previous reports showed that the frequent laminated vertical
ozone structures over sub-tropical latitudes are related to atmospheric
circulation phenomena (Varotsos et al., 1994). Additionally, Tobo et al.
(2008) showed that high ozone stratospheric intrusion into tropo-
sphere is closely associated with the tropopause folds and the frequen-
cies of these folds directly linked with stratospheric intrusions and
vertical distribution of ozone over Himalayan region. In this context, it
has become mandatory to quantify various factors contributing to the
tropospheric ozone and once such dynamical episodic event outlined
in the present report.

Furthermore, satellite observations showed that “ozone mini-hole”
events are transporting ozone from troposphere (ozone poor) into
stratosphere (ozone rich) through tropopause during summer season
over the Himalayan region (Zhou and Zhang, 2005; Tobo et al., 2008;
Bian, 2009). However, during winter and early spring, stratospheric
(ozone rich) intrusions into troposphere (ozone poor) are more fre-
quent thereby injecting the ozone into upper and lower troposphere.
In this perspective, it is essential to understand and quantify the plausi-
ble reasons for intrusion of stratospheric ozone into troposphere which
has immense impact on atmospheric radiation budget over Himalayan
region.

Very few studies in the recent past highlighted the importance of
vertically propagating disturbances/gravity waves propagating to tro-
popause especially during tropical cyclone events could result in
stratosphere-troposphere exchange (STE) process. These studies em-
phasized the potential of wind profiler radars by providing observation-
al evidence of stratospheric ozone intrusions into troposphere as a part
of campaign mode and also during tropical cyclone events (Hocking
et al., 2007; Das, 2009; Niranjan Kumar and Ramkumar, 2008;
Niranjan Kumar et al., 2011; Das et al., 2016a, 2016b; Pathakoti et al.,
2016). On the other hand, mountain waves are not so frequent but
will have high amplitudes when these waves are triggered over the Hi-
malayan region where some of the highest mountains on earth are lo-
cated causing hindrance to the horizontal wind flow thereby setting
up of oscillations. These waves have the potential to show signatures
not only to upper troposphere but also to stratosphere andmesosphere.
However, it is based on the strength of the initial disturbance, and under
suitable meteorological conditions, these waves are capable for vertical
propagation (Niranjan Kumar et al., 2012, Lyapustin et al., 2014; Kim
et al., 2016; Kaifler et al., 2015). Hence, recent studies around the
globe have opened up a new window not only illustrating the
importance of vertical forcing in quantifying the tropospheric ozone
but also gave a strong message that vertically propagating distur-
bances/gravity waves cannot be neglected keeping in mind the impor-
tance of STE processes on day-to-day basis.

In view of the above scenario, present study for the first time at-
tempts to understand the enhancement of tropospheric and surface
ozone by means of STE process triggered by orography induced atmo-
spheric gravity waves over Himalayan region. This study utilizes differ-
ent satellite datasets such as Microwave Limb Sounder (MLS),
Atmospheric Infrared Sounder/Advanced Microwave Sounding Unit-A
(AIRS/AMSU-A), COSMIC temperature perturbations, Tropospheric
Emission Spectrometer (TES) on board Aqua satellite, and Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
to understand the impact of mountain waves on the unusual enhance-
ment in the tropospheric ozone during December 2008 over the Hima-
layan region. In the following sections, we have identified themountain
waves through AIRS observations and established the link between
mountain waves and ozone transport. Finally, we have discussed the
plausible mechanism responsible for the stratospheric ozone intrusion
into upper troposphere causing unusual enhancement in tropospheric
and surface ozone over the Himalayan region.

2. Data used

The present study utilizes the data from AMSU-A and AIRS sounders
on board the National Aeronautics and Space Administration (NASA)
Aqua satellite. Tropospheric and stratospheric temperature sounding
is done using twelve channels covering 50 to 60 GHz oxygen band. In
this study, we have used the raw radiance measurements, from
53.6 GHz channelwithweighting function peaks at ~600hPa, to identify
the gravity wave perturbations in the troposphere (Aumann et al.,
2003). The methodology used for the retrieving the radiance perturba-
tions are closely followed from Niranjan Kumar et al. (2012). In this
study, we make use of the AIRS (level-2 and level-3) version-6 ozone,
temperature, and humidity information at different pressure levels.
More technical details and retrieval of surface and atmospheric param-
eters of the AIRS/AMSU system can be found elsewhere (Aumann et al.,
2003; Susskind et al., 2003). As a supplement to the utilization of AIRS/
AMSUmeasurements, the along track tropopause height from CALIPSO
data provided by the Global Modeling and Assimilation Office (GMAO)
data assimilation system is also utilized.

The dynamical analysis, in support of AIRS/AMSU observations, is
done using the European Centre for Medium Range Weather Forecasts
(ECMWF) interim Re-Analysis (ERA) data (Dee et al., 2011). ERA-
interimproducts are available on the ECMWFdata server at various spa-
tial (latitude, longitude) resolutions at 37 pressure levels from 1000 to
1 hPa. In the present analysis, we have used the vertical (pressure) ve-
locities and potential vorticity fields at 1.5 × 1.5 degree spatial intervals.

We have utilized Constellation Observing System for Meteorology,
Ionosphere and Climate (COSMIC) temperature profiles during Decem-
ber 07–11, 2008 to estimate the vertical wavelengths generated due to
orographic generated gravitywaves overHimalayan region. COSMIC is a
Taiwan-US joint mission with a constellation of six microsatellites
equipped with GPS receivers and provides ~2500 occultations per day
over the globe. COSMIC satellites were launched in early 2006 and pro-
viding continuous data from April 2006, however, coverage is low over
equatorial region. Further details about COSMICmission can be found in
earlier papers (Kursinski et al., 1997; Anthes et al., 2008). In the present
study, COSMIC level 2 temperature profiles are chosen nearest to the
latitude (longitude) belt of 35–45°N (65–75°E) which is the region of
intense mountain wave activity. Data points flagged with bad quality
are not considered for the analysis.

Tropospheric Emission Spectrometer (TES) ozone is on the Aura sat-
ellitewhichhas a ~705 km sun-synchronouspolar orbitwith an equator
crossing time of ~13:45 and a 16-day repeat cyclewas designed tomea-
sure the global vertical distribution of tropospheric ozone, as well as
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temperature andother important tropospheric species including carbon
monoxide, methane andwater vapor (Beer et al., 2001; Beer, 2006). TES
ozone is retrieved from the 9.6 μm ozone absorption band using the
995–1070 cm−1 spectral range. The retrievals and error estimation are
explained in detail in earlier papers (Rodgers, 2000; Worden et al.,
2004; Bowman et al., 2006; Kulawik et al., 2006).

2.1. Surface ozone

Observations of surface ozone were carried out during December
2008 at Nainital (NTL) and Trivandrum (TVM) using UV photometric
ozone analysers of Environment S.A. (model O341M), France and Ther-
mo Electron Corporation (model 49C), USA respectively. These
analysers measure the ozone mixing ratio based on the principle of ab-
sorption of ultraviolet radiation (wavelength ~ 254 nm) by the ozone
molecules utilizing Beer–Lambert's law. Air sample is drawn through a
teflon tube and passed through a teflon filter to remove aerosol particles
before entering the instrument. The analysers have lower detection
limit of 1 ppbv. The accuracy of these instruments is reported to be
about 5% (Kleinman et al., 1994). A detailed instrumental description
of the analyser is given in Kumar et al. (2010) and David and Nair
(2011).

3. Results

Fig. 1 shows the map of Indian sub-continent highlighting the two
observational sites Manora Peak, Nainital (29.4°N, 79.5°E,
1958 m amsl) and equatorial location Thumba, Trivandrum (8.5°N,
76.9°E, 3 m amsl), respectively. The plains of the Ganges Valley lie ap-
proximately 50 km to the south, and higher altitude mountains
(4 km amsl) of the Himalayan Ranges lie to the north. The site is located
well away from large/small scale industrial and population centers, and
considered to be cleaner site in terms of air pollution as compared to
other major cities. The mega city of Delhi, capital of India, is located
about 225 km to the southwest. A detailed description of the topogra-
phy and general meteorology of the observational site is discussed in
previous papers (for e.g. Shukla et al., 2014). On the other hand, the
measurement site Thumba is situated ~500 m away from the Arabian
Sea coast in the city of Trivandrum. It has sandy terrain and surrounded
by less populated area. The sea-breeze/land breeze activity, which con-
trols diurnal variation of ozone, prevails over the site throughout the
year.

Fig. 2a–b shows radiance perturbations (53.6 GHz) at 600 hPa (cho-
sen to visualize the wave perturbations in the tropospheric heights) on
December 09, 2008 at 07:59:25 UT and 21:41:25 UT for both ascending
Fig. 1. Latitude-longitude elevation map of Indian region showing both Nainital (29.4°N,
79.5E, 1958 m amsl) in Central Himalayan region and Trivandrum (8.5°N, 76.9°E,
3 m amsl) and the locations are represented by star and circle, respectively.
and descending passes, respectively as obtained from AMSU-A. It is
clearly evident from the figure that wave perturbations are prominent
in the troposphere (at 600 hPa) in both the passes over Himalayan re-
gion (30–40°N; 60–90°E). The observed phase lines of the waves are
aligned in northwest and southwest directions in both ascending and
descending passes. It is also noteworthy that these wave perturbations
are observedwith similar amplitudes in both ascending and descending
passes indicate that these waves would have persisted for more than a
day or two and also confirming that themodulations originate from to-
pographic wind-flow associated with strong flow across the mountain
terrain region usually termed as mountain waves (Durran, 1986). Our
earlier study (Niranjan Kumar et al., 2012) estimated the horizontal
(zonal; meridional) and vertical wavelengths which turned out be
(276 km; 289 km) and 25 km, respectively. A comprehensive picture
of the stratospheric effect of this mountain wave event is explained
and discussed in detail by Niranjan Kumar et al. (2012). A further anal-
ysis on the same event is carried out in the present study to expose the
effect of these wave perturbations not only on lower stratospheric and
upper tropospheric but also on surface ozone concentration over Hima-
layan region as this event is very special in terms of intense and persis-
tent mountain wave perturbations.

Fig. 2c–d shows the pressure-longitude cross section of vertical ve-
locities during December 09, 2008 at 06 and 18 UT, respectively at
~32.5°N latitude. Positive (negative) velocities corresponds to down-
ward (upward) velocities. It is interesting to note that strong updrafts
(N1m s−1) could be potential indicators of dynamical processes associ-
ated with gravity waves due to topographic wind flow followed by
strong downdrafts over 60–80°E longitude belt at tropopause altitudes
indicating the possible intrusion of lower stratospheric air into upper
troposphere air. In general perspective, the vertical velocities will be
more in lower troposphere during convective conditions. Nevertheless,
during the mountain wave event, these waves propagated vertically to
higher heights which is evident with the observed strong updrafts
(due to exponential decrease in the density).

Since, we are dealing with ozone transport and temperature gradi-
ents in the lower stratosphere and upper tropospheric heights at sub-
tropical latitudes, we utilize the tropopause pressure and height data
from AIRS and CALIPSO, respectively during the mountain wave event.
Fig. 3a–d shows the latitude-longitude map of tropopause pressure de-
rived from AIRS during (a) December 08, 2008 at 08:59:25 UT,
(b) December 09, 2008 at 21:41:25 UT, (c) December 10, 2008 at
20:47:25UT, (d) December 11, 2008 at 21:29:25 UT and latitudinal var-
iation of tropopause pressure/height derived from CALIPSO data are
plotted for December 09 & 11, 2008 to understand the effect of moun-
tain waves on the tropopause height/pressure (Fig. 3e). Interestingly,
on December 09, 2008 tropopause height (pressure) has drastically de-
creased (increased) from ~16 km (100 hPa) to ~10 km (250 hPa) lead-
ing to an intense tropopause folding within the box region at a short
span of 2–3 degree latitude triggered by the mountain wave event as
compared to other non-event days. In this context, it is worth mention-
ing here that the intense tropopause folds are generally associated with
stratosphere-troposphere exchange process and also the ozone intru-
sion into upper troposphere may be prominent depending upon differ-
ent levels of excursion (Hocking et al., 2007).

In order to confirm the plausible reasons for the tropopause folding
and its significance, power spectrum (Fourier transform and wavelet)
temperature perturbations of COSMIC GPS RO during December 07–
11, 2008 profiles are used shown in Fig. 4. The shading plots in thefigure
represent the normalized wavelet power spectrum as a function of
height. The x-axis represents the height and y-axis represents the verti-
cal wavelength. The significance powers at 99% confidence for vertical
wavelengths are encompassedwith the contours. The COSMIC Radio oc-
cultations are chosen nearest to the region of intense mountain wave
activity between 30–40°N and 65–75°E. It is clearly evident from thefig-
ure that shorter vertical wavelength gravity waves (below 6 km) are
prominent during December 09, 2008 mountain wave event as



Fig. 2. (a–b)Radiance perturbations of AMSU-Achannel onboardNOAApolar satellite at 53.6GHz peaking at 600hPa (chosen to visualize thewaveperturbations in the lower tropospheric
heights) on December 09, 2008 at 07:59:25 UT and 21:41:25 UT for both ascending and descending passes. (c–d) Pressure-longitude variation of vertical velocities derived from ECMWF
re-analysis datasets during December 09, 2008 at 06 and 18 UT, respectively at 32.5°N latitude. Positive (negative) velocities corresponds to downward (upward) velocities.
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compared to other days indicating the efficiency of thesewave breaking
at the tropopause level can lead to tropopause folding which also re-
flects from the estimates of CALIPSO tropopause pressure/height (Fig.
3). Interestingly, wavelet power spectrum depicts similar picture show-
ing the dominance of shorter vertical wavelength gravity waves at the
tropopause level reconfirming the tropopause folding by the mode of
wave breaking at those levels. However, these shorterwavelength grav-
ity waves are not so efficient in the stratosphere as they deposit their
energy within troposphere due to damping mechanism (Dhaka et al.,
2006). It is also worth mentioning here that the wave breaking can
occur through convective instability and more likely in orography gen-
erated gravity waves as evidenced in earlier reports (Fritts and Rastogi,
1985; Lamarque et al., 1996). To support this argument further,
Efstathiou and Varotsos (2010) showed that the temperature fluctua-
tions are increasing with increase in altitude in the lower troposphere
and these perturbations will have maximum amplitude at tropopause
altitudes.

Fig. 5a–d illustrates the latitude–longitude map of ozone mixing ra-
tios during December 08–11, 2008 at respective timings for two pres-
sure levels 250 and 300 hPa, respectively obtained from AIRS. The
reason for choosing these two pressure levels is to understand the
ozone distribution in upper tropospheric levels based on rise in tropo-
pause pressure (~250 hPa) during themountainwave event. It is clearly
evident from the figure that almost two fold enhancement in upper tro-
pospheric ozone during the mountain wave event (December 09 and
10) as compared to normal days (December 08 and 11), where increase
in tropospheric ozone is not observed.

Tropospheric ozone averaged between 100 and 300 hPa during De-
cember 09, 2008 (mountain wave event) is around 0.15 ± 0.01 ppmv
(150 ± 10 ppbv) as compared to December 11, 2008 (normal day)
which is around 0.05 ± 0.002 ppmv (50 ± 2 ppbv) traversing further
down to upper and mid-troposphere during subsequent days. Longitu-
dinal cross section also depicting similar variation but the transport is
observed from 60°E to 100°E longitudes. Interesting to note that the
ozone amplitudes are intense over latitudes (longitudes) covering
30°N–40°N (60°E–80°E) which are exactly coinciding with the region
of intensemountainwave activity during that period (see Fig. 2). OnDe-
cember 11, 2008, decay in amplitudes is observed and reached to almost
normal situation, however, still small percentages of upper tropospheric
ozone are seen keeping in mind the ozone photochemistry and other
production/transport contributions but overall it is much less as com-
pared during the mountain wave activity days.

To see the spatial extent of enhanced ozone mixing ratio at various
pressure levels, latitude-longitude maps of ozone for different pressure
(70–300 hPa) onDecember 09, 2008 at 21.41.25UT as shown in Fig. 6a–
f. The higher ozone mixing ratios (N1.5 ppm) in the stratosphere at
70 hPa are clearly observed. For upper and mid troposphere ozone
values are ~150 ppbv (at 300 hPa). The intrusion of ozone from lower
stratosphere to upper troposphere is clearly visible from 70 to 300 hPa
pressure levels contributing to the unusual enhancement in the tropo-
spheric ozone although small as compared to stratospheric ozone con-
centration but significant while considering the adverse effects within
the increase of tropospheric ozone. It is also worth mentioning here
that despite different passes on different days depict the intense intru-
sion of stratospheric ozone into mid-troposphere around 30–40°N lati-
tude and 60–80°E longitude belts signifying the spatial extent of these
mountain waves over the Himalayan region.

Further, to reconfirm the intrusion of stratospheric ozone rich air
into tropospheric ozone poor air, pressure time cross section of poten-
tial vorticity (PV) (good indicator for stratosphere-troposphere intru-
sions) and relative humidity during December 08–12, 2008 at a
specific location (35°N, 72°E) are plotted in Fig. 7a–b. The high PV values
in general are associated with strong static stability and within the tro-
posphere PV values are usually less (PV b 1 PVU (potential vorticity
unit); 1 PVU=10−6 km2 kg−1 s−1) because ofweak stability, however,
stratospheric PV values could go as high as 4 PVU. Hence, intrusions can
be easily identified if high values of PV are observed (mostly PV N 1 PVU)
in the troposphere which are associated with lower stratospheric air
(larger static stability) descending down to upper troposphere
(Hoskins et al., 1985). It is interesting to note that high PV values



Fig. 3. Latitude-longitude map of AIRS tropopause pressure for (a) December 08, 2008 at 08:59:25 UT, (b) December 09, 2008 at 21:41:25 UT, (c) December 10, 2008 at 20:47:25 UT,
(d) December 11, 2008 at 21:29:25 UT; (e) latitudinal variations of tropopause pressure/height derived from CALIPSO/CALIOP data are plotted during December 09 & 11, 2008
centering on 70° ± 5° longitude belt.
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(PVU N 1.2) are extended downwards during the mountain wave event
to even 600–700 hPa indicating strong intrusions of dry air from lower
stratosphere to mid troposphere. However, there are no such PV values
Fig. 4. Wavelet power spectrum in units of % normalized variance of COSMIC temperature pe
represents 99% significance level.
observed on other days during our observational window indicating
that the intrusions might be associated with the mountain wave activi-
ty. Moreover, relative humidity values also showing low values during
rturbations during December 07–11, 2008 mountain wave event. Horizontal dotted line



Fig. 5. a–d: Latitude-longitude map of AIRS mean ozonemixing ratio (ppmv) for December 08, 2008 at 08:59:25 UT; December 09, 2008 at 21:41:25 UT; December 10, 2008 at 20:47:25
UT; December 11, 2008 at 21:29:25 UT for 250 and 300 hPa pressure levels, respectively.
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the event day in the mid- and upper troposphere reconfirming that dry
stratospheric ozone rich air entering into humid troposphere enhancing
the tropospheric ozone concentration.

Finally, in order to visualize the downward propagation of ozone
concentration, surface ozone over NTL and TVM; AIRS ozone concentra-
tion at 300 hPa; and tropopause temperature are plottedwith time dur-
ing December 01–21, 2008 as depicted in Fig. 8 It is clearly evident from
the figure that surface ozone is showing almost two fold enhancement
whereas such variation is not observed over Trivandrum although far
but plain site (free from mountain terrain). As per the average surface
Fig. 6. a-d: Latitude-longitude map of AIRS mean ozone mixing ratio (ppmv) for different pres
(lower panel) on December 09, 2008 at 21:41:25 UT.
ozone values in Decembermonth is around 30 ppbv or below consider-
ing the high altitude location like Nainital, considered to be free from
local pollution and having good air quality conditions (Kumar et al.,
2011). In comparison to the surface ozone, AIRS ozone at 300 hPa aver-
aged over Nainital region (29–30°N and 79–80°E) showing enhance-
ment during the same event. It is also interesting to note that both
surface and ozone at 300 hPa are showing significant increase during
the mountain wave event indicating the influence of these waves on
the ozone downward transport. Absence of enhancement over Trivan-
drum points that this event has affected the surface ozone on regional
sure levels (a) 300 hPa, (b) 250 hPa, (c) 200 hPa, (d) 150 hPa, (e), 100 hPa and (f) 70 hPa



Fig. 7. a–b: Pressure-time cross section of potential vorticity (PV) and relative humidity during December 08–12, 2008 at a specific location where the intrusions were maximum (35°N,
72°E).
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scale but not the larger region. It can further be inferred that tropo-
spheric ozone budget is highly region dependent.

In the present study, surface ozone valueswere ~58ppb for two con-
secutive days. This points out that the air quality (considering ozone
alone) can be poor occasionally over high altitude locations under
such events of stratospheric intrusion of ozone into the lower tropo-
sphere. Considering tropopause height of ~10 km on December 09,
Fig. 8. Temporal evolution of AIRS ozone at 300 hPa (blue) averaged over Nainital region,
daily surface ozone at Nainital (black), daytime surface ozone at Trivandrum (magenta)
and tropopause temperature (red) over Nainital region during December 01–21, 2008.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
2008, and say ozone-rich air mass takes ~2 days to reach at Nainital al-
titude (~2 km) and enhancement in surface ozonewas observed on De-
cember 11, 2008. Based on this, we estimatemean descent rate of ozone
to be ~4 km/day in the troposphere. The stronger intrusion had oc-
curred at higher latitudes (35°–45°N) compared to the Nainital latitude
(29°N) on December 09, 2008 and hence descent of ozone is not verti-
cally straight but it has horizontal component which would lead to
even faster descent rate than what is reported here. However, the de-
scent rate is approximately 4 times higher what is reported by Das
et al. (2016a, 2016b) during cyclone events. Interestingly, similar intru-
sion is clearly observed in TES ozone data on December 09, 2008 at
higher latitudes indicating that the event may have triggered due to
orography induced gravitywaves (see Fig. S1). Now, considering the in-
trusion on December 09, 2008 might have reached Nainital on Decem-
ber 11, 2008 showing the enhancement in the surface ozone values in
Nainital (located in central Himalayan region).

4. Discussion

Although few studies focused on the stratosphere-troposphere ex-
change process and their plausible mechanisms, large uncertainties
still exist about the stratospheric ozone intrusion into troposphere.
These intrusions may be more prominent and frequent especially over
sub-tropical latitudes such as Himalayan region and adjacent Tibetan
plateau (Pan et al., 2014; Nath et al., 2016). The present study for the
first time highlighted the importance of short period gravity waves gen-
erated by changes inwindflowovermountain topography and its effect
on tropospheric and surface ozone concentration.

Strong upward vertical velocities during December 09, 2008 reveals
the same picture that the mountain waves propagated vertically up to
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the tropopause levels followed by downward velocities (upward-
downward couplet) indicating that the gravity waves (wave breaking)
are involved in the process of contributing to the tropopause folding
(tropopause altitude dropped to ~10 km) favoring stratosphere-
troposphere exchange processes. Moreover, our observations also
show generation of shorter vertical wavelengths due to orography in-
duced gravity waves which is a vital component in intense tropopause
folding by the mode of wave breaking (Lamarque et al., 1996; Dhaka
et al., 2006; Hocking et al., 2007). On the other hand, our observations
also showed weakening or strong influence of the sub-tropical jet
streams during the event as compared to other days which is not only
another potential indicator for the intense tropopause folding but also
associated with strong stratosphere-troposphere intrusions over sub-
tropical latitudes (figure not shown here).

Ozone distribution maps depict clear indication of stratospheric in-
trusions into the troposphere with significant intensity. Also, upper tro-
pospheric ozone showed an increment of 0.15 ± 0.03 ppmv which is
almost double the usual background ozone concentration (~0.06 ±
0.002 ppmv) due to mountain wave activity. The enhanced upper-
tropospheric ozone is descending further down to mid- and lower- tro-
pospheric altitudes which could lead to environmental and radiative
impacts over Himalayan region. The tropopause height (pressure)
sharp decrease (increase) confirms that the conditions are very much
conducive for stratosphere-troposphere exchange process responsible
for the intrusion of lower stratospheric ozone rich air into upper- and
mid-tropospheric ozone poor air thereby showing an l enhancement
in ozone over Himalayan region. Moreover, our observations also re-
vealed that sudden increase in tropospheric and surface ozone followed
by increase in overall tropopause temperature reiterating that the
tropospheric ozone is a potential greenhouse gas. The temporal evo-
lution of relative humidity during December 2008 also confirms the
sharp decrease of relative humidity at tropopause altitudes during
the event day indicating strong mixing of lower stratospheric
ozone rich dry air to upper tropospheric humid air. However, in-
crease of relative humidity before the event could be associated
with the convection triggered moisture transport from lower tropo-
sphere to higher altitudes through mountain waves (Das, 2009; Kim
et al., 2016). Our observations revealed that mountain waves may
have modulated the tropopause triggering the STE process leading
to the ozone transport not only to upper troposphere but further
transport down to surface from stratosphere.

5. Summary

Stratosphere-troposphere ozone intrusion due to orography in-
duced gravity wave is investigated over Himalayan region based on
the satellite data and in-situ measurements for the first time. We sum-
marize our findings as following.

1. Presence of mountain wave during December 08–11, 2008 over Hi-
malayan region confirmed from radiance and temperature perturba-
tions suggesting that the shorter vertical wavelength gravity waves
propagated to upper tropospheric altitudes reaching tropopause
region.

2. Wave breaking phenomena at the tropopause could lead to intense
tropopause folding during themountainwave eventwhich is also as-
sociatedwith strong updrafts followed by downdrafts forming a cou-
plet triggering stratosphere-troposphere exchange process over the
Himalayan region.

3. Intrusion of ozone from lower stratosphere to upper troposphere is
evident whichwas also reflected from in-situ observations of surface
ozone.

4. Two-fold enhancement in surface ozone estimating the descent rate
of ~4 km/day or higher reaching Nainital site on December 11al-
though the intrusion was observed on December 09 early hours.
The present study emphasized the importance of wave induced at-
mospheric dynamics causing STE process whose signature was also ob-
served at the surface. A this juncture, it is essential to have more
coordinated balloon-borne measurements of meteorological parame-
ters along with vertical profiles of ozone along with modeling efforts
to understand the plausible mechanisms responsible for decrease (in-
crease) in stratospheric (tropospheric) ozone over tropical, mid and
also in high-latitudes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.rse.2017.07.011.
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