Atmos. Chem. Phys., 17, 6743-6757, 2017
https://doi.org/10.5194/acp-17-6743-2017

© Author(s) 2017. This work is distributed under
the Creative Commons Attribution 3.0 License.

Atmospheric
Chemistry
and Physics

Secondary ozone peaks in the troposphere over the Himalayas

Narendra tha1 , Andrea Pozzer! , Dimitris Akritidis'-2, and Jos Lelieveld -

! Atmospheric Chemistry Department, Max Planck Institute for Chemistry, Mainz, Germany
ZDepartment of Meteorology and Climatology, School of Geology, Aristotle University of Thessaloniki, Thessaloniki, Greece
3Energy, Environment and Water Research Center, The Cyprus Institute, Nicosia, Cyprus

Correspondence to: Narendra Ojha (narendra.ojha@mpic.de)

Received: 10 October 2016 — Discussion started: 2 November 2016
Revised: 25 March 2017 — Accepted: 5 May 2017 — Published: 8 June 2017

Abstract. Layers with strongly enhanced ozone concen-
trations in the middle—upper troposphere, referred to as
secondary ozone peaks (SOPs), have been observed in
different regions of the world. Here we use the global
ECHAMS/MESSy atmospheric chemistry model (EMAC) to
(i) investigate the processes causing SOPs, (ii) explore both
their frequency of occurrence and seasonality, and (iii) as-
sess their effects on the tropospheric ozone budget over the
Himalayas. The vertical profiles of potential vorticity (PV)
and a stratospheric ozone tracer (Ozs) in EMAC simula-
tions, in conjunction with the structure of SOPs, suggest
that SOPs over the Himalayas are formed by stratosphere-
to-troposphere transport (STT) of ozone. The spatial distri-
bution of O3s further shows that such effects are in general
most pronounced in the northern part of India. Model simu-
lated ozone distributions and backward air trajectories show
that ozone rich air masses, associated with STT, originate
as far as northern Africa and the North Atlantic Ocean, the
Middle East, as well as in nearby regions in Afghanistan and
Pakistan, and are rapidly (within 2-3 days) transported to the
Himalayas. Analysis of a 15-year (2000-2014) EMAC simu-
lation shows that the frequency of SOPs is highest during the
pre-monsoon season (e.g. 11 % of the time in May), while no
intense SOP events are found during the July—October pe-
riod. The SOPs are estimated to enhance the tropospheric
column ozone (TCO) over the central Himalayas by up to
21 %.

1 Introduction

Tropospheric ozone is a short-lived climate forcer (Shindell
et al., 2012) and an air pollutant with adverse effects on hu-
man health and crop yields (Monks et al., 2015, and ref-
erences therein). The effects of tropospheric ozone on crop
yields and human health occur near the surface, whereas its
radiative forcing is shown to be strongest in the middle—
upper troposphere (e.g. Lacis et al.,, 1990; Myhre et al.,
2013; Monks et al., 2015). The processes controlling tro-
pospheric ozone in the middle and upper troposphere can
be different from those near the surface. The photochem-
istry, involving non-methane volatile organic compounds
(NMVOCs) and carbon monoxide in the presence of nitro-
gen oxides (NO, ), primarily controls ozone pollution in the
planetary boundary layer. In contrast, dynamics involving
stratosphere—troposphere exchange (STE) play a key role in
the middle—upper troposphere (e. g. Holton and Lelieveld,
1996; Lelieveld and Dentener, 2000; Neu et al., 2014; Ojha
et al., 2014; Monks et al., 2015). Therefore, to quantify the
relative contributions of photochemical and dynamical pro-
cesses to the ozone budget and assess the climatic impacts of
anthropogenic ozone, studies on the vertical distribution of
ozone are essential.

Ozone observations have been conducted globally and lo-
cally using different instruments and platforms as reviewed
recently by Tanimoto et al. (2015). Balloon-borne observa-
tions employing ozone-sondes offer the advantage of mea-
suring ozone across the tropopause. Analyses of ozone-sonde
observations have provided valuable information on the vari-
ability, general features and trends in ozone profiles (e.g.
Logan, 1985, 1994). Secondary maxima in ozone profiles,
called secondary ozone peaks (SOPs), are a unique phe-
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nomenon in which anomalously large ozone concentrations
are observed in confined layers in the middle—upper tropo-
sphere or lower stratosphere.

The occurrences of SOPs, underlying processes and their
global distribution have been discussed in a limited number
of studies (Dobson, 1973; Reid and Vaughan, 1991; Varot-
sos et al., 1994), reviewed by Lemoine (2004). SOPs have
been commonly observed at high latitudes, for example, as
laminated structures of ozone with the highest frequency of
occurrence during the spring season (Dobson, 1973). These
laminated structures are primarily considered to be a winter—
spring phenomenon, with a peak altitude of occurrence near
14 km (Reid and Vaughan, 1991). Varotsos et al. (1994) sug-
gested that the northern and north-western atmospheric cir-
culations in the lower stratosphere play a key role in the for-
mation of SOPs observed over Athens, Greece. Overall, the
occurrence of SOPs is typically considered to be a North-
ern Hemispheric phenomenon, with no SOPs reported in
the tropics and the Southern Hemisphere (Lemoine, 2004).
Trickl et al. (2011) showed the influences of ozone import
from the stratosphere and transport along the subtropical jet
stream over Europe. According to the aforementioned stud-
ies, SOPs are mainly attributed to dynamical processes in-
volving STE, advection and Rossby wave breaking events.

Recent studies (Hwang et al., 2005, 2007; Park et al.,
2012) focusing on the Korean region showed that SOP events
regularly occur over midlatitudes. In contrast to earlier stud-
ies that demonstrated the occurrence of SOPs mostly in the
lower stratosphere, several SOPs were observed in the upper
troposphere over Korea. Hwang et al. (2005) attributed these
SOPs to the downward transport of ozone from the strato-
sphere on a timescale of about 1 day (24 h), typical of cross-
tropopause exchange. Furthermore, the frequency of occur-
rence, estimated from 9 years of ozone-sonde observations,
was found to have strong seasonal variability over Korea with
a broad winter—spring maxima and frequencies of occurrence
up to 50-80 % (Hwang et al., 2005). Moreover, Hwang et al.
(2005) reported an increase in SOP occurrences over Korea,
while the STT effects are anticipated to increase tropospheric
ozone in the future (Banerjee et al., 2016).

The studies pertaining to the influences of STT on the ver-
tical profiles of ozone are relatively sparse over the tropi-
cal Indian region. Mandal et al. (1998) analysed observa-
tions from ozone-sondes and an MST radar, and attributed
the enhanced ozone mixing ratios in the upper troposphere
to STT through the indistinct tropopause over southern In-
dia. Fadnavis et al. (2010) combined satellite-borne mea-
surements (TES and MLS) with simulations performed by
the MOZART model and showed significant influences of
STT over India, in particular during winter and spring/pre-
monsoon. Venkat Ratnam et al. (2016) used satellite obser-
vations to estimate the effect of STE associated with tropical
cyclones over the northern Indian Ocean. Most of the stud-
ies based on in situ measurements have, however, been con-
fined to the southern part of India (e.g. Mandal et al., 1998;
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Sinha et al., 2016) and the adjacent marine regions (Lal et al.,
2013). Ganguly and Tzanis (2011) used ozone-sonde obser-
vations from three Indian stations operated by the Indian Me-
teorological Department (IMD) and suggested that overall
STT only plays a minor role in the budget of tropospheric
ozone over India. However, the influences of STT were found
to increase with latitude/northward over India (Ganguly and
Tzanis, 2011).

Studies investigating the SOP structures and implications
have been few over the tropical Indian region until very
recently (Ojha et al., 2014; Das et al., 2016). The events
over southern India were found to be mainly associated with
stratospheric intrusions during tropical cyclonic storms (Das
et al., 2016). In contrast, the SOP events observed over the
central Himalayas in northern India appear to be similar to
what is typically observed over the middle-high latitudes
as mentioned earlier. Moreover, SOPs were observed to be
more frequent during spring, and were attributed to the com-
bined effects of STE and advection (Ojha et al., 2014). In
the previous work using weekly ozone-sonde measurements
(3—4 profiles per month), covering the period January 2011-
December 2011 (Ojha et al., 2014), only six SOP events were
observed, being insufficient to calculate the frequency and
seasonality of SOP occurrences. Additionally, model sim-
ulations are required to both trace the source regions and
quantify the effect of SOPs on the tropospheric ozone bud-
get. Such investigations are of key importance as the Indo-
Gangetic Plain (IGP) and Himalaya region are global hotspot
regions in terms of anthropogenic pressures that could im-
pose threats to Asia’s water and food security (Ramanathan
et al., 2008). Satellite-based studies corroborate the high pol-
Iution loading over northern India and the nearby IGP in-
cluding the tropospheric column ozone (TCO) over South
Asia (Fishman et al., 2003). The IGP is a regional hotspot
for atmospheric brown clouds (ABCs), consisting of brown
haze formed by submicron size aerosol particles and emit-
ted from a wide range of anthropogenic and natural sources.
It has been shown that ABCs reduce the amount of sunlight
that reaches the Earth’s surface by as much as 10 to 15 %
and enhance atmospheric solar heating by as much as 50 %
(Ramanathan et al., 2007).

In the present study, the global atmospheric chemistry cli-
mate model EMAC (ECHAMS5/MESSy Atmospheric Chem-
istry) has been used to explore the processes causing the
SOPs, investigate the frequency and seasonality of their oc-
currence and finally assess their impact on the tropospheric
ozone budget over the central Himalayas.

2 Methodology
2.1 EMAC

The ECHAMS5/MESSy Atmospheric Chemistry (EMAC) is
a numerical system for the simulation of regional and global
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air quality and climate (Jockel et al., 2010). In this work the
model results from simulation RC1SD-base-10a of the ES-
CiMo project (Jockel et al., 2016) are used. The general cir-
culation model ECHAMS version 5.3.02 (Roeckner et al.,
2006) and the Modular Earth Submodel System (MESSy)
version 2.51 (Jockel et al., 2016) were used at T42L9OMA
resolution, implying a spherical truncation of T42 (corre-
sponding to a quadratic Gaussian grid of approx. 2.8 by
2.8° in latitude and longitude) and 90 vertical hybrid pres-
sure levels up to 0.01 hPa. The dynamics of the general cir-
culation model were weakly nudged by Newtonian relax-
ation towards ERA-Interim reanalysis data (Dee et al., 2011).
Gas-phase and particulate trace species calculated with the
EMAC model have been extensively evaluated in previous
studies (e.g. Pozzer et al., 2007, 2010, 2012). Simulation
RC1SD-base-10a with model output every 10 h, was selected
between the ESCiMo simulations as suggested in Jockel et al.
(2016): “For intercomparison with observations, we recom-
mend to use the results of [...] RC1SD-base-10a.”. Detailed
information on the model set-up and comparison with obser-
vations can be found in Jockel et al. (2016).

A tracer of stratospheric ozone, denoted by O3s in EMAC,
has been used to quantify the effects of STT. Ozs follows
the transport and destruction processes of ozone in the tropo-
sphere but not its chemical formation (Roelofs and Lelieveld,
1997) and it is initialized to O3 in the stratosphere.

2.2 Tropopause height and tropopause folds

The lapse rate tropopause (LRT) height is calculated from
EMAC output using the WMO definition as the altitude at
which lapse rate decreases to a value of 2°C km~! or less,
provided that the average lapse rate between this level and
all higher levels within the adjacent 2km does not exceed
2°Ckm™".

Tropopause folds in EMAC simulations were identified
with an algorithm developed by Sprenger et al. (2003), and
improved by Skerlak et al. (2014) using the three dimen-
sional fields of potential vorticity, potential temperature and
specific humidity. The vertical extent of the folds, as de-
termined by the difference between the upper and mid-
tropopause crossings (see Fig. 1 in Tyrlis et al., 2014) has
been further used to identify shallow, medium and deep folds,
as described and used elsewhere (Tyrlis et al., 2014; Skerlak
et al., 2015; Akritidis et al., 2016).

2.3 Observational data set

The occurrence of SOPs was reported using ozone-sonde ob-
servations from Nainital (79.45° E, 29.37° N, 1958 ma.s.l.),
a high altitude station located in the central Himalayan re-
gion (Fig. 1; Ojha et al., 2014). These data have been used to
evaluate the capability of EMAC to reproduce SOPs over this
region. Some typical events of SOP occurrence over Naini-
tal can be seen in Fig. 2. The ozone mixing ratios in the
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Figure 1. Location of the Nainital site in the central Himalayas
shown on the topography map of the northern Indian region.

mid-troposphere (10—11 km) are clearly observed to be very
high (150250 nmol mol~') forming an SOP. The location
of Nainital station and the geographical topography of the
northern Indian region are also shown in Fig. 1.

Ozone profiles at Nainital were measured using elec-
trochemical concentration cell (ECC) ozone-sondes. The
method utilizes the titration of ozone in potassium iodide so-
lution, which leads to the production of iodine (I). The con-
version of I to I in the cell leads to the flow of two electrons
for each ozone molecule entered. The measured cell current
and flow rate of air along with sensor parameters, e.g. the
background current and pump temperature, are used to de-
rive ozone mixing ratios (Ojha et al., 2014). The precision
and accuracy of ECC ozone-sondes are reported to be £(3—
5) % and (5-10) % respectively, up to 30 km altitude (Smit
et al., 2007).

The year-long observations analysed previously (Ojha
et al., 2014) showed six occurrences of elevated ozone layers
in the 10—12km altitude range, identified as SOPs. For the
analysis of frequency of occurrence and impacts of SOPs,
we classify an ozone profile as SOP if (1) O3 mixing ratios at
10-12 km are higher by at least by 50 % compared to average
ozone in the lower troposphere and (2) O3 mixing ratios are
again lower (at least by 20 %) above the SOP (as shown in
Fig. 2 and described in more detail in the Sect. 3.3).

Further details of the Nainital station and meteorology
(Sarangi et al., 2014; Singh et al., 2016) and balloon-borne
measurements (Smit et al., 2007; Ojha et al., 2014; Naja
et al., 2016) can be found elsewhere.

2.4 Backward trajectories

We used the Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model (http://ready.arl.noaa.
gov/HYSPLIT.php) to investigate the source regions and the
transport patterns causing SOPs over the central Himalayas.
Five-day backward trajectories have been simulated at 10,
11 and 12km above sea level (a.s.l.) (Fig. S4 in the Supple-

Atmos. Chem. Phys., 17, 6743-6757, 2017


http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php

6746

/A———A Ozonesonde
T T \A — T T

20110211

0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
T T

20110310

20110420

=T

Altitude (km asl)

h

20110509 20110607

I I | I It I I I
50100 150 200 250 0
Ozone (nmol mol”)

20111025

2t {
50 100 150 200 250

0 50 100 150 200 250 O

Figure 2. Comparison of EMAC-simulated ozone profiles during
the days of SOP events with ozone-sonde observations over Naini-
tal.

ment), which are the typical altitudes for the six SOP events
shown in Fig. 2. Additional trajectories have been computed
for each model time step in the month of May 2002 (Fig. 6),
during which the model predicts the highest frequency of oc-
currence in the 2000-2014 period. HYSPLIT trajectory sim-
ulations are driven by NCEP reanalysis meteorological fields
and the model vertical velocity option has been used for the
vertical motions. More details of the backward trajectory
simulations using the HYSPLIT model (Draxler and Hess,
1997, 1998; Draxler et al., 2014) and use of various data sets
as meteorological inputs over the Indian region can be found
elsewhere (e.g. Ojha et al., 2012; Kumar et al., 2015).

3 Results and discussion
3.1 Model evaluation

Figure 2 shows the comparison of EMAC-simulated ozone
profiles with ozone-sonde measurements over Nainital dur-
ing six SOP events reported previously (Ojha et al., 2014).
Model ozone fields have been bilinearly interpolated to the
observation site, and model output closer to the time of ob-
servation is weighted higher (Ojha et al., 2016). As the ver-
tical resolution of EMAC simulations is about 500-600 m in
the mid-troposphere (10-12 km), where SOPs are typically
observed, the observational values are also shown at similar
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vertical resolution for comparison. The average ozone mix-
ing ratios along with the corresponding standard deviations
for the six events are compared between the model and obser-
vations in Table 1 for lower-, middle- and upper-tropospheric
altitudes.

The EMAC model is found capable of reproducing the al-
titudinal placement of the SOPs over the central Himalayas
during all six events. For example, on 20 April and 9 May
the model shows the peak ozone mixing ratios at 10.5km
a.s.l., in agreement with the ozone-sonde profiles. On other
days, such as on 11 February, 10 March and 25 October, the
altitude of SOP differs slightly (by 0.5-1km) between the
model and ozone-sonde profiles, except on 7 June (by 2 km).
The aforementioned discrepancies in the altitude of SOPs oc-
currence might be related to the model vertical resolution.

In addition to the altitude of SOPs occurrence, EMAC also
quantitatively captures the ozone enhancements. The model
bias in simulating peak ozone mixing ratios is found to vary
from about —26 % (7 June) to +21 % (9 May). The biases
are found to be within the variability of 1 standard deviation
in 10-12 km altitude (28—59 nmol mol~!) as calculated from
ozone-sonde observations during spring over this site (see
Table 1 and Ojha et al., 2014).

However, the model generally overestimates the ozone
mixing ratios in the lower troposphere by about 11-
24 nmol mol~! (Table 1) and shows some limitation in cap-
turing less pronounced SOPs, typically observed outside the
winter—spring seasons. The bias in the absolute ozone en-
hancement (—45nmolmol~!) as well as in the altitudinal
placement of the SOP (by 2km) is higher on 7 June. Here
EMAC simulations are evaluated for all events identified vi-
sually (Ojha et al., 2014). The SOP events are selected based
on specific criteria in order to calculate the frequency of oc-
currence, as discussed in detail in Sect. 3.3.

Possible biases between the model and observations could
arise from a variety of sources, most importantly, the time
evolution of the SOPs (Supplement, Fig. S1). Therefore, the
limited number of ozone profile measurements could lead
to a temporal difference in the state of SOP evolution be-
ing compared between the model and the observation. We
tried to minimize this effect by applying a weighted-average
algorithm, as mentioned above.

Overall, the model is found to be able of reproducing
the occurrence of SOPs, their altitudinal placements and
the ozone enhancements over the central Himalayas. Ad-
ditionally, EMAC-simulated average ozone distribution ap-
pears to compare well with the ozone-sonde climatology
over Delhi (77.16° E, 28.49° N) in northern India (Fig. S2)
and with aircraft-based measurements from the TAGOS-
CARIBIC programme (Jockel et al., 2016). Hence, we use
the EMAC simulations to investigate the underlying pro-
cesses (Sect. 3.2), the frequency of occurrences (Sect. 3.3)
and the effects on tropospheric ozone budget (Sect. 3.4).
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Table 1. A comparison of average ozone mixing ratios between ozone-sondes and EMAC model for the lower, middle and upper troposphere

during the six SOP events over Nainital.

Date 2-7km \ 7-12km \ 12-17km
dd/mm/yyyy Sonde EMAC | Sonde EMAC | Sonde EMAC
11/02/2011 50.7£4.1 69.5+3.6 85.8£52.1 1123+£523 | 1359+£229 173.7+£42.6
10/03/2011 67.6+8.1 86.8+1.8 | 12054520 134.8439.0 | 13194574 184.7+£76.9
20/04/2011 85.8+£7.7 96.9+7.0 | 147.1£373 136.8+£28.6 | 151.4+£41.6 151.0£36.7
09/05/2011  83.04+13.3 101.6+£53 | 10484347 15484253 | 13294154 140.7+17.7
07/06/2011 83.1£7.6 107.0%+6.1 | 13244+30.2 1102£10.0 | 119.84+21.6 111.9£352
25/10/2011 57.1+£33 723+1.7 84.4£26.8 86.7+17.2 | 123.3£37.6 1304+31.7
16 similar structure (Supplement, Fig. S3), as shown here for
14 the individual events. Average PV values during SOPs are
12 found to be significantly higher (e.g. 3.0+ 1.3 PVU in win-
10 ter, 1.8 £0.5PVU during summer monsoon) compared to
8 time steps without SOP (0.3 +0.2 - 1.5+ 1.3 PVU) (Supple-
% 6 ment, Table S1). Such enhanced PV values during the SOPs
E 4 20110211 20110310 20110420 suggest that the air masses sho?ving very high ozone levels
é 2 (SOPs) are of stratospheric origin.
216 To quantify the amount of ozone transported from the
5 14 stratosphere during the SOPs, we compare the EMAC-
12 simulated vertical profiles of O3 with Oss during six ob-
10 served SOP events (Fig. 4). O3s values are very similar to
8 O3 indicating that nearly all the excess ozone that consti-
6 tutes SOPs is of the stratospheric origin, except on 7 June and
4 20110509 20110607 20111025 25 October. The contribution of tropospheric photochemical
2 sources to the SOPs, as represented by the difference O3-Os3s,

01234501234501234F%5
Potential vorticity (PVU)

Figure 3. Vertical profiles of potential vorticity (PV) from EMAC
simulations during the SOPs over Nainital.

3.2 Origin of SOPs

In this section, we analyse the EMAC-simulated meteoro-
logical and chemical fields in conjunction with backward air
trajectories to investigate the origin of SOPs over the central
Himalayas. Figure 3 shows the vertical profiles of potential
vorticity (PV), a tracer of stratospheric intrusions, during the
SOP events observed over Nainital. PV vertical profiles dur-
ing all SOPs show layers of high values coinciding with the
altitude of SOPs.

The enhanced PV layers are found to be weaker dur-
ing June and October compared to events during late win-
ter and spring. PV values are found to be between 3.1 PVU
(20 April) and 4.7PVU (11 February) at the SOP alti-
tudes for the events occurring in winter—spring. Even dur-
ing the less pronounced events of early summer and au-
tumn, the PV values at SOP altitude are 1.8-2.5 PVU. Fur-
ther, the average vertical profile of PV during SOPs, derived
from a long-term model simulation (2000-2014), shows a

www.atmos-chem-phys.net/17/6743/2017/

is found to be significant on 25 October (15 nmol mol~!) and
is much larger on 7 June (50 nmol mol ™).

The comparison of O3 with Oss is further analysed for
the extended period 2000-2014 and a seasonal climatology
is derived by aggregating all SOP events into four different
seasons (Fig. 5). The average amount of ozone transported
from the stratosphere to the SOPs is found to be the high-
est during spring (162.5 40 nmol mol~!), followed by win-
ter (149.4 +35nmol mol~!). In contrast the contribution of
tropospheric photochemical sources to the SOPs is highest
during the summer monsoon (30 nmol mol~!). The stronger
contribution of tropospheric photochemical O3 up to (and be-
yond) the SOP altitudes during the summer monsoon could
be a combined effect of deep convective mixing towards the
onset of the summer monsoon and weak horizontal winds
(Ojha et al., 2014; Naja et al., 2016) leading to the accumu-
lation of the photochemically processed air masses of tropo-
spheric origin.

Since the LRT over this region is located significantly
higher (Fig. 4, also see Naja et al., 2016) than the altitude
of SOPs, and that the ozone in SOPs is found to be of strato-
spheric origin, we conclude that stratospheric air masses are
sandwiched between tropospheric layers at 10-11km alti-
tude. This result complements previous studies, primarily
showing the altitudinal placement of SOPs at about 14 km

Atmos. Chem. Phys., 17, 6743-6757, 2017
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Figure 4. Vertical profiles of EMAC-simulated ozone and strato-
spheric ozone tracer (O3s) during the SOPs over Nainital. The
height of the lapse rate tropopause (LRT) from EMAC, calculated
using the WMO definition, is also shown.

near the lower stratosphere (UTLS) (e.g. Reid and Vaughan,
1991; Hwang et al., 2007).

In order to investigate the underlying dynamics that trans-
port the stratospheric air masses, leading to SOPs over the
Himalayas, we analysed the backward air trajectories (Sup-
plement, Fig. S4) initialized over Nainital at 10, 11 and
12 km, which are the typical altitudes of the SOPs (Fig. 2).
The air mass trajectories indicate rapid transport from the
west; for example on 11 February, it took only 2 days for
the air masses to be transported across Africa and the Mid-
dle East and reach the Himalayas. Further, the locations of
the tropopause folds occurred during the period of air tra-
jectories are also shown. The tropopause folds are mostly
found in a belt between about 20 and 35° N, in agreement
with previous studies (Skerlak et al., 2015). The air masses
encountered extensive tropopause dynamics along the path
of transport before reaching the Himalayas.

Additionally, air mass trajectories were computed for each
model time step during May 2002 in which the frequency of
SOPs was found to be the highest during the 2000-2014 pe-
riod. Figures 6 shows the EMAC-simulated evolution of O3s
along these trajectories classified into SOPs and non-SOPs
above Nainital. The evolution of O3 and PV along the tra-
jectories are shown in the Supplement (Figs. S7 and S8). Air
masses are enriched/accumulate the ozone of stratospheric
origin during transport to Nainital, causing SOPs. A signifi-
cant fraction of trajectories during non-SOP time steps origi-
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nates over the south-west with lower O3s (< 90 nmol mol ).
The trajectories which do get higher contributions of strato-
spheric ozone are found to be diluted during transport, mak-
ing the enhancements above Nainital too small to be an SOP.

The vertical distribution of EMAC-simulated O3s / O3 ra-
tio along the 5-day backward air trajectories are shown
in Fig. 7. The pressure variations of the air masses and
tropopause along the trajectory are also shown. The O3s / O3
ratio is mostly found to be close to unity (> 0.9) near the alti-
tude (pressure) of air mass trajectory during transport, except
on 7 June and 25 October (0.5-0.8). The intrusions enriching
tropospheric air masses with stratospheric O3 are clearly vis-
ible. More specifically, a significant stratospheric contribu-
tion to tropospheric ozone is found in the upper—-middle tro-
posphere during the 5-day period before the event, with the
associated PV values (< 2 pvu), indicating mixing of strato-
spheric air into the troposphere. Additionally, strong variabil-
ity in the altitude of the LRT along the path of the trans-
port is seen, except for the event of 7 June. The dramatic
variability in the LRT along the trajectory (e.g. from 100
to 200hPa on 11 February) appears to be associated with
the tropopause-folding activity (Figs. S4 and S5). Several
shallow tropopause folds (vertical extent of 50 to 200 hPa)
occur along the transport path, while medium folds (verti-
cal extent of 200-350 hPa) are only found during 11 Febru-
ary and 9 May. Intrusion of a significant amount of O3 due
to tropopause folds over the eastern Mediterranean and the
Middle East was shown by Akritidis et al. (2016). The com-
bination of very strong winds associated with the subtropical
jets (Fig. S4, Ojha et al., 2014; Naja et al., 2016) and this
intense tropopause dynamics, enriching the troposphere with
stratospheric ozone, leads to the formation of SOPs over the
Himalayas.

The transport of ozone-rich air masses from the strato-
sphere towards the Himalayas can be seen more clearly
in the longitude-pressure cross sections at 30°N (Fig. 8),
and latitude-pressure cross sections at 80° E (Fig. 9) for all
the events and the day before. Figure 8 reveals three geo-
graphical regions viz. northern Africa and Atlantic Ocean
(lon <40°E), the Middle East (40-60° E) and northern
South Asia (60—100° E), where the intrusions of stratospheric
air masses can be identified. Blobs of air masses character-
ized by high PV values (> 2PVU) are also seen. Addition-
ally, Fig. 9 shows that stratospheric influences are more pro-
nounced over the northern parts of the Indian subcontinent
compared to southern India. This result based on EMAC sim-
ulations is found to be in agreement with the study by Gan-
guly and Tzanis (2011) based on ozone-sonde observations
at three Indian stations.

To investigate the possible mixing of the transported
stratospheric air with tropospheric air in the vicinity of the
SOPs, the turbulence index (TI) is derived from EMAC
fields, as described in Ellrod and Knapp (1992). To detect
the clear air turbulence (CAT) areas and potential mixing,
an approach similar to that of Traub and Lelieveld (2003)
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Figure 5. Average vertical profiles of EMAC-simulated ozone (O3) and stratospheric ozone tracer (O3s) during the SOPs over Nainital
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Figure 6. EMAC-simulated evolution of O3s along 5-day backward
air trajectories over Nainital during SOPs and non-SOPs with start-
ing altitude of 11 km for the month May 2002. The difference be-
tween symbols on trajectories represent a time period of 3h. The
location of the Nainital site is shown by the star symbol.

has been followed. The pressure-longitude cross sections of
O3s (colour filled) and TT (contour lines) at 29.5° N near the
SOPs pressure height (400-100 hPa) are shown in the Fig. 10
for the time steps of events and a time step before and af-
ter the event. The enhanced TI values during the SOP events
above Nainital indicate higher probability of mixing between
stratospheric and tropospheric air, supporting the irreversible
nature of the associated STT.

www.atmos-chem-phys.net/17/6743/2017/

3.3 Frequency of SOPs

The frequency of SOP occurrences was not estimated over
Nainital from the observations, due to the availability of only
3—4 profiles in each month. However a tendency of higher
frequency during spring was noticed (three events) compared
to other seasons (one event per season) (Ojha et al., 2014).
In this section, we use long-term EMAC simulations, con-
ducted for a period of 15 years (2000-2014), to investigate
the frequency of SOP occurrence and seasonality over the
central Himalayas. Due to the variability in the SOP altitude
as well as the absolute enhancements during the SOPs, gen-
eral/unique criteria cannot be defined. Therefore, we first se-
lect the ozone profiles in which average ozone mixing ratios
(AOMR) at 10-12km, a typical altitude of SOP occurrence,
are significantly higher (at least by 50 %) compared to aver-
age ozone in the lower troposphere. Additionally, to explic-
itly select only the profiles which are SOPs (and not a direct
intrusion over the Himalayas) a criterion was applied that di-
rectly above the SOP the ozone mixing ratios should again be
lower (at least by 20 %) so that selected profiles have a shape
typical of SOPs, as shown in Fig. 2. These two conditions
can be mathematically expressed as

AOMR!-12km> { 5 5 AOMR®-0km
and
AOMR ! 14km < g AOMR!0-12km

Further, the factors 1.5 and 0.8, representing an enhance-
ment by 50 % and reduction by 20 %, were suitably varied,
which confirmed the generality of the result (not shown).
We calculated the frequencies of occurrence in percentage

Atmos. Chem. Phys., 17, 6743-6757, 2017
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Figure 7. The vertical distribution of EMAC-simulated O3s / O3 ratio along the trajectories with starting altitude of 11km over Nainital.
The x axis shows the number of days backward in time and the y axis shows the pressure in hPa. White filled triangles show the pressure
along the back-trajectory and the difference between two consecutive symbols on the line represent a time period of 12 h. The dotted black
line indicates the tropopause (LRT). The solid black line is the 2 PVU contour.
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Figure 8. The longitude-pressure cross section of EMAC-simulated O3s at 29.5° N during all SOP days and a day before the event. White
lines denote the potential temperature (K) and the black line denotes the dynamical tropopause at 2 PVU.

for each month during 2000-2014, and converted these to
an average climatological seasonal cycle (Fig. 11). Standard
deviations in a month represent the variability in the SOP
frequency in different years during the 2000-2014 period.
The highest frequency of SOPs over the central Himalayas
is found during the pre-monsoon season (MAM), followed
by winter (DJF). The frequency of SOP occurrences over
Nainital increases steadily from January (2.7 %) to May
(10.8 %), and abruptly declines in June (1.2 %). The model
does not predict any SOPs during July—October. It should
be noted that here we included only events which show en-

Atmos. Chem. Phys., 17, 6743-6757, 2017

hancements by at least 50 % as SOPs; therefore some events
with smaller enhancements could be present during July—
October. It is suggested that the more frequent stratospheric
intrusions during spring combined with the stronger horizon-
tal advection lead to more frequent SOP events. Seasonal
composites of the spatial locations of folds (Fig. S6) show a
higher frequency of occurrence during SOPs. The effects of
stronger cross-tropopause exchange and influx of the strato-
spheric air masses during spring and winter over the Hi-
malayas and surrounding regions, such as in southern parts
of the Tibetan Plateau, have also been shown by Skerlak et al.

www.atmos-chem-phys.net/17/6743/2017/
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Figure 9. The latitude-pressure cross section of EMAC-simulated O3s at 79.5° E during all SOP days and a day before the event. White lines
denote the potential temperature (K) and the black line denotes the dynamical tropopause at 2 PVU.

(2014, 2015). The frequency of SOP events over this region
is minimum during the summer monsoon season, as the weak
horizontal winds (Ojha et al., 2014; Naja et al., 2016) do
not transport the ozone from STTs over large distances. The
frequency of stratospheric intrusions and tropopause folds
over the Himalayas and surrounding regions are lower dur-
ing the summer monsoon (Cristofanelli et al., 2010; Putero
et al., 2016). Multiple tropopauses that can occur in winter
and spring over the Tibetan Plateau are shown to be absent
during the summer monsoon season (Chen et al., 2011). Ad-
ditionally, stronger vertical mixing due to monsoonal con-
vection prevents high ozone layers from forming and being
sustained. These findings are in agreement with the ground-
based ozone measurements in the southern Himalayas, where
about 78 % of the stratospheric influences were attributed to
the PV structures induced by fluctuations of the zonal flow
and tropopause fold development along the subtropical jet
stream, while monsoon depressions only account for 3 % of
the events (Bracci et al., 2012). Further, the seasonality of
SOP frequency derived from EMAC simulations is consis-
tent with the conclusions based on the limited number of ob-
servational profiles in Ojha et al. (2014). Next we determine
the enhancements in tropospheric ozone columns due to the
presence of SOPs over the central Himalayas.

3.4 Effect of SOPs on tropospheric column ozone

Figure 12 shows the climatological mean seasonal cycle of
the tropospheric column ozone (TCO) in Dobson units (DU)
over Nainital from EMAC simulations over the period 2000—
2014. TCO values are calculated by integrating ozone mixing
ratios up to the LRT, determined using the WMO definition.
To investigate the effect of SOPs on TCO, we compare three
TCO values: first using EMAC-simulated O3z values from
all time steps, second by selecting only the time steps when

www.atmos-chem-phys.net/17/6743/2017/

there is an SOP event as per the criteria discussed in Sect. 3.3,
and third by taking all time steps when SOPs do not occur.

TCO values for the all-time and non-SOP conditions are
found to be very similar, mainly due to the large number of
data counts (more than 1000 data counts in individual month)
compared to those in SOPs (0-120 data counts in an indi-
vidual month). The maxima of TCO during May and June
(54.745.9 and 55.0 £ 4.4 DU respectively) are attributed to
the intense solar radiation and high pollution loading over
northern India. Photochemical production of ozone is less ef-
ficient during the winter (TCO: 33.7 3.6 to 37.6 £ 5.8 DU)
and the summer monsoon (e.g. 44.9 £4.9DU in August).
Overall, the EMAC-simulated TCO seasonality from all data
is found to be consistent with satellite data (Ojha et al., 2012)
over this region.

The occurrences of SOPs are seen to clearly enhance the
TCO values in winter, pre-monsoon and early summer. To es-
timate the enhancement in the tropospheric ozone that would
likely persist in the troposphere (not reversible), an additional
criterion of PV values up to 2 PVU has been applied here.

The maximum enhancement in climatological average
TCO value due to SOPs is found during January, when
TCO values during SOPs (43.5+3.0DU) are higher by as
much as 7.5 DU (21 %) compared to the non-SOP time steps
(36.0£3.6DU). The enhancements in tropospheric ozone
loading over the central Himalayas due to SOPs are esti-
mated to be 3.3-7.5 DU (6-21 %) from January to June. Ad-
ditional calculations, which relax the PV criteria to include
SOP time steps having PV values higher than 2 PVU as well,
lead to slightly higher values of the estimated enhancement
(4-9DU: 7-26 %) on the TCO.
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Figure 10. The longitude-pressure cross section of O3s (colour filled), and turbulence index (TI) (contour lines) (in 1077 s_2) at 29.5° N.
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Figure 11. Annual cycle of SOP occurrence frequency (%) over
Nainital, calculated from the EMAC simulations for the period
2000-2014. The error bars show the standard deviation of SOP fre-
quency during each month among different years 2000-2014 pe-
riod.

4 Conclusions

In this study, we used the EMAC model to investigate the
layers of high ozone mixing ratios (SOPs) in the middle—
upper troposphere, observed over the central Himalayas in
northern India. EMAC successfully reproduces the occur-
rence, altitudinal placement and the relative ozone enhance-
ments during SOP events observed in ozone-sonde profiles.
The vertical profiles calculated by long-term EMAC simu-
lations show layers of high PV (1.8£0.5-3.0+ 1.3PVU)
coinciding with the altitude of SOPs, which suggests influ-
ences from stratospheric intrusions. The analysis of O3s fur-
ther shows that generally all excess ozone at SOP altitudes
over the Himalayas is transported from the stratosphere. Av-
erage Os3s at the SOP altitudes is estimated to be maximum
during the spring (162.5 £ 40 nmol mol~ 1), followed by win-
ter (149.44 35nmol mol~!). Tropospheric photochemical
sources are found to contribute significantly to the SOPs and
above during the summer monsoon (30 nmol mol ™).

Analysis of backward air trajectories in conjunction with
EMAC-simulated O3 distributions and tropopause dynam-
ics revealed that stratospheric air masses are sandwiched
between tropospheric layers at 10-11km altitude due to
tropopause folds which are rapidly transported along the sub-
tropical jet to cause SOP structures over the Himalayas. In
contrast to SOP time steps, a fraction of air mass trajectories
during non SOP time steps are from the south west, which
have significantly lower contributions of stratospheric ozone.
Regions as far as northern Africa and the Atlantic Ocean, the
Middle East and northern South Asia are found to be regions
of stratospheric intrusions that act as sources of high ozone
mixing ratios. The distribution of O3ss showed that STT ef-
fects are more pronounced over the northern Indian subcon-
tinent than those over southern India.

www.atmos-chem-phys.net/17/6743/2017/
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Figure 12. Annual cycle of EMAC-simulated TCO over the cen-
tral Himalayas calculated from (1) all EMAC time steps (all times),
(2) only the time steps having SOPs (SOPs), and (3) only when
SOPs are not present (non-SOPs) over the period 2000-2014. En-
hancements in TCO values (in %) during SOPs compared to non-
SOPs are also indicated. TCO values for SOPs and non-SOPs are
derived only when the average PV value at 10-12km is up to
2 PVU. Error bars represent the standard deviation derived from the
temporal variations over the period of 2000-2014.

We used long-term model simulations (2000-2014) to cal-
culate the frequency of SOP occurrence showing maxima
during spring (about 11 % of the time in May), while no
SOPs were predicted during the July—October months. This
is consistent with results based on ozone soundings over
the region. The high frequency of SOPs during spring is at-
tributed to the occurrence of stratospheric intrusions com-
bined with rapid horizontal transport. The minima in the fre-
quency of SOPs during the summer monsoon are partially
due to much weaker horizontal transport due to the north-
ward displacement of subtropical jet stream and stronger
monsoonal convective mixing. Model simulations were fur-
ther used to investigate the effect of SOPs on the TCO.
The EMAC-simulated TCO seasonality is in agreement with
satellite data. SOP occurrence is found to significantly en-
hance the TCO over the region by 3.3-7.5DU (6-21 %).
Such an enhancement in tropospheric ozone at the SOP alti-
tude could translate to an increase in surface temperature by
0.06 to 0.13 °C, based on the vertical profile of ozone forcing
(Lacis et al., 1990). Additionally, as expected due to their ori-
gin from dynamical processes, the occurrences of SOPs dis-
cern very large interannual variability (see e.g. Supplement,
Fig. S9), which highlights a need for in situ measurements
and numerical simulations on climatic timescales to quan-
tify the role of SOPs in measured ozone trends over Asian
regions, especially in the middle—upper troposphere (Baner-
jee et al., 2016; Tanimoto et al., 2016) and their impacts on
tropospheric chemistry and climate.
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