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Abstract. Layers with strongly enhanced ozone concentrations in the middle-upper troposphere,1

referred to as Secondary Ozone Peaks (SOPs), have been observed in different regions of the world.2

Here we use the global ECHAM5/MESSy atmospheric chemistry model (EMAC) to (i) investigate3

the processes causing SOPs, (ii) explore both their frequency of occurrence and seasonality, and (iii)4

assess their effects on the tropospheric ozone budget over the Himalayas. The vertical profiles of5

potential vorticity (PV) and a stratospheric ozone tracer (O3s) in EMAC simulations, in conjunction6

with the structure of SOPs, suggest that SOPs over the Himalayas are formed by Stratosphere-to-7

Troposphere Transport (STT) of ozone. The spatial distribution of O3s further shows that such effects8

are in general most pronounced in the northern part of India. Model simulated ozone distributions9

and backward air trajectories show that ozone rich air masses, associated with STT, originate as10

far as northern Africa and the North Atlantic Ocean, the Middle-East, as well as nearby regions in11

Afghanistan and Pakistan, and are rapidly (within 2–3 days) transported to the Himalayas. Analysis12

of a 15-year (2000-2014) EMAC simulation shows that the frequency of SOPs is highest during the13

pre-monsoon season (e.g. 11% of the time in May), while no intense SOP events are found during14

the July-October period. The SOPs are estimated to enhance the Tropospheric Column Ozone (TCO)15

over the central Himalayas by up to 21%.16

1 Introduction17

Tropospheric ozone is a short-lived climate forcer (Shindell et al., 2012) and an air pollutant with18

adverse effects on human health and crop yields (Monks et al., 2015, and references therein). The19

effects of tropospheric ozone on crop yields and human health occur near the surface, whereas its20

radiative forcing is shown to be strongest in the middle-upper troposphere (e.g. Lacis et al., 1990;21
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Myhre et al., 2013; Monks et al., 2015). The processes controlling tropospheric ozone in the middle22

and upper troposphere can be different from those near the surface. The photochemistry involving23

non-methane volatile organic compounds (NMVOCs) and carbon monoxide, in the presence of ni-24

trogen oxides (NOx) primarily controls ozone pollution in the planetary boundary layer. In contrast,25

dynamics involving Stratosphere-Troposphere Exchange (STE) play a key role in the middle-upper26

troposphere (e. g. Holton and Lelieveld, 1996; Lelieveld and Dentener, 2000; Neu et al., 2014; Ojha27

et al., 2014; Monks et al., 2015). Therefore, to quantify the relative contributions of photochemi-28

cal and dynamical processes to the ozone budget and assess the climatic impacts of anthropogenic29

ozone, studies of the vertical distribution of ozone are essential.30

Ozone observations have been conducted globally and locally using different instruments and31

platforms as reviewed recently by Tanimoto et al. (2015). Balloon-borne observations employing32

ozonesondes offer the advantage of measuring ozone across the tropopause. Analyses of ozonesonde33

observations have provided valuable information on the variability, general features and trends in34

ozone profiles (e.g. Logan, 1985, 1994). Secondary maxima in ozone profiles, called Secondary35

Ozone Peaks (SOPs), are a unique phenomenon in which anomalously large ozone concentrations36

are observed in confined layers in the middle-upper troposphere or lower stratosphere.37

The occurrences of SOPs, underlying processes and their global distribution have been discussed38

in a limited number of studies (Dobson, 1973; Reid and Vaughan, 1991; Varotsos et al., 1994), re-39

viewed by Lemoine (2004). SOPs have been commonly observed in high latitudes, for example,40

as laminated structures of ozone with the highest frequency of occurrence during the spring season41

(Dobson, 1973). These laminated structures are primarily considered to be a winter-spring phe-42

nomenon, with a peak altitude of occurrence near 14 km (Reid and Vaughan, 1991). Varotsos et al.43

(1994) suggested that the north and northwest atmospheric circulations in the lower stratosphere play44

a key role in the formation of SOPs observed over Athens, Greece. Overall, the occurrence of SOPs45

is typically considered to be a northern hemispheric phenomenon, with no SOPs reported in the46

tropics and the southern hemisphere (Lemoine, 2004). Trickl et al. (2011) showed the influences of47

ozone import from the stratosphere and transport along the subtropical jet stream over Europe. Ac-48

cording to the aforementioned studies, SOPs are mainly attributed to dynamical processes involving49

STE, advection and Rossby wave breaking events.50

Recent studies (Hwang et al., 2005, 2007; Park et al., 2012) focusing on the Korean region showed51

that SOP events regularly occur over mid-latitudes. In contrast to earlier studies that demonstrated52

the occurrence of SOPs mostly in the lower stratosphere, several SOPs were observed in the up-53

per troposphere over Korea. Hwang et al. (2005) attributed these SOPs to the downward transport54

of ozone from the stratosphere on a timescale of about one day (24 h), typical of cross-tropopause55

exchange. Furthermore, the frequency of occurrence, estimated from 9 years of ozonesonde obser-56

vations, was found to have strong seasonal variability over Korea with a broad winter-spring maxima57

and frequencies of occurrence up to 50–80% (Hwang et al., 2005). Moreover, Hwang et al. (2005)58
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reported an increase in SOP occurrences over Korea, while the STT effects are anticipated to increase59

tropospheric ozone in the future (Banerjee et al., 2016).60

The studies pertaining to the influences of STT on the vertical profiles of ozone are relatively61

sparse over the tropical Indian region. Mandal et al. (1998) analyzed observations from ozonesondes62

and an MST Radar, and attributed the enhanced ozone mixing ratios in the upper troposphere to STT63

through the indistinct tropopause over southern India. Fadnavis et al. (2010) combined satellite-borne64

measurements (TES and MLS) with simulations performed by the MOZART model and showed sig-65

nificant influences of STT over India in particular during winter and spring /pre-monsoon seasons.66

Venkat Ratnam et al. (2016) used satellite observations to estimate the effect of STE associated67

with tropical cyclones over the north Indian Ocean. Most of the studies based on in situ measure-68

ments have however been confined over the southern part of India (e.g. Mandal et al., 1998; Sinha69

et al., 2016) and the adjacent marine regions (Lal et al., 2013). Ganguly and Tzanis (2011) used70

ozonesonde observations from three Indian stations operated by the Indian Meteorological Depart-71

ment (IMD) and suggested that overall STT only plays a minor role into the budget of tropospheric72

ozone over India. However, the influences of STT were found to increase with latitude /northward73

over India (Ganguly and Tzanis, 2011).74

Studies investigating the SOP structures and implications have been few over the tropical Indian75

region, until very recently (Ojha et al., 2014; Das et al., 2016). The events over southern India were76

found to be mainly associated with stratospheric intrusions during tropical cyclonic storms (Das77

et al., 2016). In contrast, the SOP events observed over the central Himalayas in northern India78

appear similar to what is typically observed over the mid-high latitudes as mentioned earlier. More-79

over, SOPs were observed to be more frequent during spring, and were attributed to the combined80

effects of STE and advection (Ojha et al., 2014). In the previous work using weekly ozonesonde81

measurements (3–4 profiles per month), covering the period January 2011–December 2011 (Ojha82

et al., 2014), only 6 SOP events were observed, being insufficient to calculate the frequency and sea-83

sonality of SOP occurrences. Additionally, model simulations are required to both trace the source84

regions and quantify the effect of SOPs on the tropospheric ozone budget. Such investigations are85

of key importance as the Indo-Gangetic Plain (IGP) and Himalaya region are global hotspot regions86

in terms of anthropogenic pressures that could impose threats to Asia’s water and food security87

(Ramanathan et al., 2008). Satellite-based studies corroborate the high pollution loading over north-88

ern India and the nearby IGP including the Tropospheric Column Ozone (TCO) over South Asia89

(Fishman et al., 2003). The IGP is a regional hotspot of the so called "Atmospheric Brown Clouds90

(ABC)", consisting of brown haze formed by sub-micron size aerosol particles, emitted from a wide91

range of anthropogenic and natural sources. It has been shown that ABC reduce the amount of sun-92

light reaching the Earth’s surface by as much as 10 to 15%, and enhance atmospheric solar heating93

by as much as 50% (Ramanathan et al., 2007).94
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In the present study, the global atmospheric chemistry climate model EMAC (ECHAM5/MESSy95

Atmospheric Chemistry) has been used to explore the processes causing the SOPs, investigate the96

frequency and seasonality of their occurrence and finally assess their impact on the tropospheric97

ozone budget over the central Himalayas.98

2 Methodology99

2.1 EMAC100

The ECHAM5/MESSy Atmospheric Chemistry (EMAC) is a numerical system for the simulation101

of regional and global air quality and climate (Jöckel et al., 2010). In this work the model results102

from simulation RC1SD-base-10a of the ESCiMo project (Jöckel et al., 2016) are used. The general103

circulation model ECHAM5 version 5.3.02 (Roeckner et al., 2006) and the Modular Earth Submodel104

System (MESSy) version 2.51 (Jöckel et al., 2016) were used at T42L90MA-resolution, implying a105

spherical truncation of T42 (corresponding to a quadratic Gaussian grid of approx. 2.8 by 2.8 degrees106

in latitude and longitude) and 90 vertical hybrid pressure levels up to 0.01 hPa. The dynamics of107

the general circulation model were weakly nudged by Newtonian relaxation towards ERA-Interim108

reanalysis data (Dee et al., 2011). Gas-phase and particulate trace species calculated with the EMAC109

model have been extensively evaluated in previous studies (e.g. Pozzer et al., 2007, 2010, 2012).110

Simulation RC1SD-base-10a with model output every 10h, was selected between the ESCiMo sim-111

ulations as suggested in Jöckel et al. (2016) (“For intercomparison with observations, we recommend112

to use the results of [...] RC1SD-base-10a.”). Detailed information on the model set-up and compar-113

ison with observations can be found in Jöckel et al. (2016).114

A tracer of stratospheric ozone, denoted as O3s in EMAC, has been used to quantify the effects115

of STT. O3s follows the transport and destruction processes of ozone in the troposphere but not its116

chemical formation (Roelofs and Lelieveld, 1997) and it is initialized to O3 in the stratosphere.117

2.2 Tropopause height and tropopause folds118

The Lapse Rate Tropopause (LRT) height is calculated from EMAC output using the WMO defi-119

nition as the altitude at which lapse rate decreases to a value of 2 oC/km or less, provided that the120

average lapse rate between this level and all higher levels within the adjacent 2 km do not exceed 2121
oC/km.122

Tropopause folds in EMAC simulations were identified with an algorithm developed by Sprenger123

et al. (2003), and improved by Ŝkerlak et al. (2014), using the three dimensional fields of potential124

vorticity, potential temperature and specific humidity. The vertical extent of the folds, as determined125

by the difference between the upper and middle tropopause crossings (see Fig. 1 in Tyrlis et al.126

(2014)) has been further used to identify shallow, medium and deep folds, as described and used127

elsewhere (Tyrlis et al., 2014; Ŝkerlak et al., 2015; Akritidis et al., 2016).128
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2.3 Observational dataset129

The occurrence of SOPs was reported using ozonesonde observations from Nainital (79.45◦ E,130

29.37◦ N, 1958 m asl), a high altitude station located in the central Himalayan region (Fig. 1;(Ojha131

et al., 2014)). These data have been used to evaluate the capability of EMAC to reproduce SOPs over132

this region. Some typical events of SOP occurrence over Nainital can be seen in Fig. 2. The ozone133

mixing ratios in the middle-troposphere (10–11 km) are clearly observed to be very high (150–250134

nmol mol-1) forming an SOP. The location of Nainital station and the geographical topography of135

the northern Indian region are also shown in Fig. 1.136

Ozone profiles at Nainital were measured using Electrochemical Concentration Cell (ECC) ozoneson-137

des. The method utilizes the titration of ozone in potassium iodide solution, which leads to produc-138

tion of Iodine (I2). The conversion of I2 to I– in the cell leads to the flow of two electrons for each139

ozone molecule entered. The measured cell current, flow rate of air along with sensor parameters,140

e.g. the background current and pump temperature, are used to derive ozone mixing ratios (Ojha141

et al., 2014). The precision and accuracy of ECC-ozonesondes are reported to be ±(3–5)% and142

±(5–10)% respectively, up to 30 km altitude (Smit et al., 2007).143

The yearlong observations analyzed previously (Ojha et al., 2014) showed six occurrences of ele-144

vated ozone layers in the 10–12 km altitude range, identified as SOPs. For the analysis of frequency145

of occurrence and impacts of SOPs, we classify an ozone profile as SOP, if 1) O3 mixing ratios at146

10–12 km, are higher by at least by 50% compared to average ozone in the lower troposphere and 2)147

O3 mixing ratios are again lower (at least by 20%) above the SOP (as shown in Fig. 2 and described148

in more detail in the section 3.3).149

Further details of the Nainital station and meteorology (Sarangi et al., 2014; Singh et al., 2016)150

and balloon-borne measurements (Smit et al., 2007; Ojha et al., 2014; Naja et al., 2016) can be found151

elsewhere.152

2.4 Backward trajectories153

We used the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (http://154

ready.arl.noaa.gov/HYSPLIT.php) to investigate the source regions and the transport patterns caus-155

ing SOPs over the central Himalayas. 5-day backward trajectories have been simulated at 10, 11 and156

12 km above sea level (asl) (Fig. S4 in the supplement), which are the typical altitudes for the 6 SOP157

events shown in Fig. 2. Additional trajectories have been computed for each model timestep in the158

month of May 2002 (Fig. 6), during which the model predicts the highest frequency of occurrence in159

the 2000–2014 period. HYSPLIT trajectory simulations are driven by NCEP reanalysis meteorolog-160

ical fields and the model vertical velocity option has been used for the vertical motions. More details161

of the backward trajectory simulations using the HYSPLIT model (Draxler and Hess, 1997, 1998;162
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Draxler et al., 2014) and use of various datasets as meteorological inputs over the Indian region can163

be found elsewhere (e.g. Ojha et al., 2012; Kumar et al., 2015).164

3 Results and Discussion165

3.1 Model Evaluation166

Fig. 2 shows the comparison of EMAC simulated ozone profiles with ozonesonde measurements167

over Nainital during six SOP events reported previously (Ojha et al., 2014). Model ozone fields have168

been bilinearly interpolated to the observation site and model output closer to the time of observation169

is weighted higher (Ojha et al., 2016). As the vertical resolution of EMAC simulations is about 500–170

600 m in the middle troposphere (10–12 km), where SOPs are typically observed, the observational171

values are also shown at similar vertical resolution for comparison. The average ozone mixing ratios172

along with the corresponding standard deviations for the six events are compared between model173

and observations in Table 1 for lower, middle and upper tropospheric altitudes.174

The EMAC model is found capable of reproducing the altitudinal placement of the SOPs over the175

central Himalayas during all six events. For example, on 20th Apr and 9th May the model shows the176

peak ozone mixing ratios at 10.5 km asl, in agreement with the ozonesonde profiles. On other events,177

such as on 11th Feb, 10th Mar and 25th Oct, the altitude of SOP differs slightly (by 0.5-1 km) between178

model and ozonesonde profiles, except on 7th Jun (by 2 km). The aforementioned discrepancies in179

the altitude of SOPs occurrence might be related to the model vertical resolution.180

In addition to the altitude of SOPs occurrence, EMAC also quantitatively captures the ozone en-181

hancements. The model bias in simulating peak ozone mixing ratios is found to be varying from182

about -26% (7th Jun) to +21% (9th May). The biases are found to be within the variability of 1 stan-183

dard deviation in 10–12 km altitude (28–59 nmol mol-1) as calculated from ozonesonde observations184

during spring over this site (See Table 1 and Ojha et al. (2014)).185

However, the model generally overestimates the ozone mixing ratios in the lower troposphere by186

about 11–24 nmol mol-1 (Table 1) and shows some limitation in capturing less pronounced SOPs,187

typically observed outside the winter-spring seasons. The bias in the absolute ozone enhancement188

(-45 nmol mol-1) as well as in the altitudinal placement of the SOP (by 2 km) are higher on 7th Jun.189

Here EMAC simulations are evaluated for all events identified visually (Ojha et al., 2014). The SOP190

events are selected based on specific criteria in order to calculate the frequency of occurrence, as191

discussed in detail in Sect. 3.3.192

Possible biases between model and observations could arise from a variety of sources, most impor-193

tantly, the time-evolution of the SOPs (Supplementary material - Figure S1). Therefore, the limited194

number of ozone profile measurements could lead to a temporal difference in the state of SOP evo-195

lution being compared between model and observation. We tried to minimize this effect by applying196

a weighted average algorithm, as mentioned above.197
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Overall, the model is found to be able of reproducing the occurrence of SOPs, their altitudinal198

placements and the ozone enhancements over the central Himalayas. Additionally, EMAC simulated199

average ozone distribution appears to compare well with the ozonesonde climatology over Delhi200

(77.16oE, 28.49oN) in north India (Fig. S2) and with aircraft-based measurements from the IAGOS-201

CARIBIC program (Jöckel et al., 2016). Hence, we use the EMAC simulations to investigate the202

underlying processes (Section 3.2), the frequency of occurrences (Section 3.3) and the effects on203

tropospheric ozone budget (Section 3.4).204

3.2 Origin of SOPs205

In this section, we analyze the EMAC simulated meteorological and chemical fields in conjunction206

with backward air trajectories to investigate the origin of SOPs over the central Himalayas. Fig. 3207

shows the vertical profiles of potential vorticity (PV), a tracer of stratospheric intrusions, during the208

SOP events observed over Nainital. PV vertical profiles during all SOPs show layers of high values209

coinciding with the altitude of SOPs.210

The enhanced PV layers are found to be weaker during June and October compared to events dur-211

ing late winter and spring. PV values are found to be between 3.1 PVU (20th Apr) to 4.7 PVU (11th212

Feb) at the SOP altitudes for the events occurring in winter-spring. Even during the less pronounced213

events of early-summer and autumn, the PV values at SOP altitude are 1.8–2.5 PVU. Further, the av-214

erage vertical profile of PV during SOPs, derived from a long-term model simulation (2000–2014),215

shows similar structure (Supplementary material- Fig. S3), as shown here for the individual events.216

Average PV values during SOPs are found to be significantly higher (e. g. 3.0±1.3 PVU in winter,217

1.8±0.5 PVU during summer monsoon) compared to timesteps without SOP (0.3±0.2 – 1.5±1.3218

PVU) (Supplementary material- Table S1). Such enhanced PV values during the SOPs suggest that219

the air masses showing very high ozone levels (SOPs) are of stratospheric origin.220

To quantify the amount of ozone transported from the stratosphere during the SOPs, we compare221

the EMAC simulated vertical profiles of O3 with O3s during observed 6 SOP events (Fig. 4). O3s222

values are very similar to O3 indicating that nearly all the excess ozone that constitutes SOPs is of the223

stratospheric origin, except on 7th Jun and 25th Oct. The contribution of tropospheric photochemical224

sources to the SOPs, as represented by the difference O3-O3s, is found to be significant on 25th Oct225

(15 nmol mol-1) and much larger on 7th Jun (50 nmol mol-1).226

The comparison of O3 with O3s is further analyzed for the extended period 2000–2014 and a227

seasonal climatology is derived by aggregating all SOP events into four different seasons (Fig. 5).228

The average amount of ozone transported from the stratosphere to the SOPs is found to be the high-229

est during spring (162.5±40 nmol mol-1), followed by winter (149.4±35 nmol mol-1). In contrast230

the contribution of tropospheric photochemical sources to the SOPs is highest during the summer231

monsoon (30 nmol mol-1). The stronger anthropogenic contribution up to (and beyond) the SOP al-232

titudes during the summer monsoon could be a combined effect of deep convective mixing towards233
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the onset of the summer monsoon and weak horizontal winds (Ojha et al., 2014; Naja et al., 2016)234

leading to the accumulation of the photochemically processed air masses of tropospheric origin.235

Since the LRT over this region is located significantly higher (Fig. 4, also see Naja et al. (2016))236

than the altitude of SOPs, and that the ozone in SOPs is found to be of stratospheric origin, we237

conclude that stratospheric air masses are sandwiched between tropospheric layers at 10–11 km238

altitude. This result complements previous studies primarily showing the altitudinal placement of239

SOPs at about 14 km near the Lower Stratosphere (UTLS) (e.g. Reid and Vaughan, 1991; Hwang240

et al., 2007).241

In order to investigate the underlying dynamics that transport the stratospheric air masses, leading242

to the SOPs over the Himalayas, we analyzed the backward air trajectories (Supplementary material-243

Fig. S4), initialized over Nainital at 10, 11 and 12 km, which are the typical altitudes of the SOPs244

(Fig. 2). The air mass trajectories indicate rapid transport from the west, for example on 11th Feb,245

taking only two days for the air masses to be transported across Africa and Middle-East and reach246

the Himalayas. Further, the locations of the tropopause folds occurred during the period of air trajec-247

tories are also shown. The tropopause folds are mostly found in a belt between about 20 and 35oN,248

in agreement with previous studies (Ŝkerlak et al., 2015). The air masses have been encountering249

extensive tropopause dynamics along the path of transport, before reaching the Himalayas.250

Additionally, air mass trajectories were computed for each model timestep during May 2002 in251

which the frequency of SOPs was found to be the highest during the 2000–2014 period. Fig. 6 shows252

the EMAC simulated evolution of O3s along these trajectories classified into SOPs and No SOPs253

above Nainital. The evolution of O3 and PV along the trajectories are shown in the supplementary254

material (Fig. S7 and S8). Air masses are enriched / accumulate the ozone of stratospheric origin255

during transport to Nainital causing SOPs. A significant fraction of trajectories during non SOP256

timesteps originates over the south west having lower O3s (< 90 nmol mol-1). The trajectories which257

do get higher contributions of stratospheric ozone are found to be diluted during transport, making258

the enhancements above Nainital too small to be an SOP.259

The vertical distribution of EMAC simulated O3s/O3 ratio along the 5-day backward air trajecto-260

ries are shown in Fig. 7. The pressure variations of the air masses and tropopause along the trajectory261

are also shown. The O3s/O3 ratio is mostly found to be close to unity (≥0.9) near the altitude (pres-262

sure) of air mass trajectory during transport, except on 7th Jun and 25th Oct (0.5–0.8). The intrusions263

enriching tropospheric air masses with stratospheric O3 are clearly visible. More specifically, a sig-264

nificant stratospheric contribution to tropospheric ozone is found in the upper/middle troposphere265

during the 5-day period before the event, with the associated PV values (< 2 pvu) indicating mixing266

of stratospheric air into the troposphere. Additionally, strong variability in the altitude of the LRT267

along the path of the transport is seen, except for the event of 7th Jun. The dramatic variability in268

the LRT along the trajectory (e.g. from 100 to 200 hPa on 11th Feb) appears to be associated with269

the tropopause folding activity (Fig. S4 and S5). Several shallow tropopause folds (vertical extent270
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of 50 to 200 hPa) occur along the transport path, while medium folds (vertical extent of 200–350271

hPa) are only found during 11th Feb and 9th May. Intrusion of a significant amount of O3 due to272

tropopause folds over the Eastern Mediterranean and the Middle-East was shown by Akritidis et al.273

(2016). The combination of very strong winds associated with the subtropical jets (Fig. S4, (Ojha274

et al., 2014; Naja et al., 2016)) and this intense tropopause dynamics, enriching the troposphere with275

stratospheric ozone, leads to the formation of SOPs over the Himalayas.276

The transport of ozone rich air masses from the stratosphere towards the Himalayas can be seen277

more clearly in the longitude-pressure cross sections at 30oN (Fig. 8), and latitude-pressure cross278

sections at 80oE (Fig. 9) for all the events and the day before. Fig. 8 reveals three geographical re-279

gions viz. Northern Africa and Atlantic Ocean (lon < 40oE), Middle-East (40oE–60oE) and northern280

South Asia (60oE–100oE), where the intrusions of stratospheric air masses can be identified. Blobs281

of air masses characterized by high PV values ( > 2 PVU) are also seen. Additionally, Fig. 9 shows282

that stratospheric influences are more pronounced over the northern parts of the Indian subcontinent283

compared to Southern India. This result based on EMAC simulations is found to be in agreement284

with the study by Ganguly and Tzanis (2011) based on ozonesonde observations at three Indian285

stations.286

To investigate the possible mixing of the transported stratospheric air with tropospheric air in287

the vicinity of the SOPs, the Turbulence-Index (TI) is derived from EMAC fields, as described in288

Ellrod and Knapp (1992). To detect the Clear Air Turbulence (CAT) areas and potential mixing,289

the approach similar to Traub and Lelieveld (2003) has been followed. The pressure-longitude cross290

sections of O3s (color filled) and TI (contour lines) at 29.5oN near the SOPs pressure height (400-100291

hPa) are shown in the Fig. 10 for the timesteps of events and a timestep before and after the event.292

The enhanced TI values during the SOP events above Nainital indicate higher probability of mixing293

between stratospheric and tropospheric air, supporting the irreversible nature of the associated STT.294

3.3 Frequency of SOPs295

The frequency of SOP occurrences was not estimated over Nainital from observations, due to the296

availability of only 3-4 profiles in each month, however a tendency of higher frequency during spring297

was noticed (3 events), as compared to other seasons (1 event per season) (Ojha et al., 2014). In this298

section, we use long-term EMAC simulations, conducted for a period of 15 years (2000–2014), to299

investigate the frequency of SOP occurrence and seasonality over the central Himalayas. Due to the300

variability in the SOP altitude as well as the absolute enhancements during the SOPs, general / unique301

criteria can not be defined. Therefore, we first select the ozone profiles in which Average Ozone302

Mixing Ratios (AOMR) at 10–12 km, a typical altitude of SOP occurrence, are significantly higher303

(at least by 50%) compared to average ozone in the lower troposphere. Additionally, to explicitly304

select only the profiles which are SOPs (and not a direct intrusion over the Himalayas) the additional305

criterion was applied that directly above the SOP the ozone mixing ratios are again lower (at least by306
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20%), so that selected profiles have a shape typical of SOPs, as shown in Fig. 2. These two conditions307

can be mathematically expressed as308

AOMR10–12km > 1.5 x AOMR0–6km309

and310

AOMR12–14km 6 0.8 x AOMR10–12km311

Further, the factors 1.5 and 0.8 representing an enhancement by 50% and reduction by 20% were312

suitably varied, which confirmed the generality of the result (not shown). We calculated the fre-313

quencies of occurrence in percentage for each month during 2000–2014, and converted these to314

an average climatological seasonal cycle (Fig. 11). Standard deviations in a month represents the315

variability in the SOP frequency among different years during 2000-2014 period.316

The highest frequency of SOPs over the central Himalayas is found during the pre-monsoon sea-317

son (MAM), followed by winter (DJF). The frequency of SOP occurrences over Nainital increases318

steadily from January (2.7%) to May (10.8%), and abruptly declines in June (1.2%). The model does319

not predict any SOPs during July–October. It should be noted that here we included only those events320

as SOPs, which show enhancements by at least 50%, therefore some events with smaller enhance-321

ments could be present during July–October. It is suggested that the more frequent stratospheric in-322

trusions during spring, combined with the stronger horizontal advection, lead to more frequent SOP323

events. Seasonal composites of the spatial locations of folds (Fig. S6) shows higher frequency of324

occurrence during SOPs. The effects of stronger cross-tropopause exchange and influx of the strato-325

spheric air masses during spring and winter over the Himalayas and surrounding regions, such as326

southern parts of the Tibetan Plateau, have also been shown by Ŝkerlak et al. (2014, 2015). The fre-327

quency of SOP events over this region is minimum during the summer monsoon season, as the weak328

horizontal winds (Ojha et al., 2014; Naja et al., 2016) do not transport the ozone from STTs over329

large distances. The frequency of stratospheric intrusions and tropopause folds over the Himalayas330

and surrounding regions are lower during the summer monsoon (Cristofanelli et al., 2010; Putero331

et al., 2016). Multiple tropopauses that can occur in winter and spring over the Tibetan Plateau are332

shown to be absent during the summer monsoon season (Chen et al., 2011). Additionally, stronger333

vertical mixing due to monsoonal convection inhibits high ozone layers to form and sustain. These334

findings are in agreement with the ground-based ozone measurements in the southern Himalaya,335

where about 78% of the stratospheric influences were attributed to the PV structures induced by336

fluctuations of the zonal flow and tropopause fold development along the the subtropical jet-stream,337

while monsoon depressions only account for 3% of the events (Bracci et al., 2012). Further, the338

seasonality of SOP frequency derived from EMAC simulations is consistent with the conclusions339

based on the limited number of observational profiles in Ojha et al. (2014). Next we determine the340

enhancements in tropospheric ozone columns due to presence of SOPs over the central Himalayas.341
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3.4 Effect of SOPs on Tropospheric Column Ozone342

Fig. 12 shows the climatological mean seasonal cycle of the Tropospheric Column Ozone (TCO)343

in Dobson Units (DU) over Nainital from EMAC simulations over the period 2000–2014. TCO344

values are calculated by integrating ozone mixing ratios up to the LRT, determined using the WMO345

definition. To investigate the effect of SOPs on TCO, we compare three TCO values: First using346

EMAC simulated O3 values from all time steps, second by selecting only the time steps when there347

is an SOP event as per the criteria discussed in Sec. 3.3, and third by taking all time steps when SOPs348

do not occur.349

TCO values for All-times and No-SOPs are found to be very similar, mainly due to the large350

number of data counts (more than 1000 data counts in individual month), as compared to those in351

SOPs (0-120 data counts in individual month). The maxima of TCO during May and June (54.7±5.9352

and 55.0±4.4 DU respectively) are attributed to the intense solar radiation and high pollution loading353

over northern India. While photochemical production of ozone is less efficient during the winter354

(TCO: 33.7±3.6 to 37.6±5.8 DU) and the summer monsoon (e.g. 44.9±4.9 DU in August). Overall,355

the EMAC simulated TCO seasonality from all data is found to be consistent with satellite data (Ojha356

et al., 2012) over this region.357

The occurrences of SOPs are seen to clearly enhance the TCO values during the winter, pre-358

monsoon and early summer. To estimate the enhancement in the tropospheric ozone that would359

likely persist in the troposphere (not reversible), here an additional criterion of PV values upto 2360

PVU has been applied.361

The maximum enhancement in climatological average TCO value due to SOPs is found during362

January, when TCO values during SOPs (43.5±3.0 DU) are higher by as much as 7.5 DU (21%)363

compared to the non-SOP time steps (36.0±3.6 DU). The enhancements in tropospheric ozone load-364

ing over the central Himalayas due to SOPs are estimated to be 3.3–7.5 DU (6–21%) during January365

to June. Additional calculations, relaxing the PV criteria to include SOP timesteps having PV values366

higher than 2PVU as well, shows slightly higher values of the estimated enhancement (4–9 DU:367

7–26%) on the TCO.368

4 Conclusions369

In this study, we used the EMAC model to investigate the layers of high ozone mixing ratios (SOPs)370

in the middle-upper troposphere, observed over the central Himalayas in northern India. EMAC371

successfully reproduces the occurrence, altitudinal placement and the relative ozone enhancements372

during SOP events observed in ozonesonde profiles. The vertical profiles calculated by long-term373

EMAC simulations show layers of high PV (1.8±0.5 – 3.0±1.3 PVU) coinciding with the altitude of374

SOPs suggesting the influences from stratospheric intrusions. The analysis of O3s further shows that375

generally all excess ozone at SOP altitudes over the Himalayas is transported from the stratosphere.376
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Average O3s at the SOP altitudes is estimated to be maximum during the spring (162.5±40 nmol377

mol-1), followed by winter (149.4±35 nmol mol-1). Tropospheric photochemical sources are found378

to contribute significantly to the SOPs and above during the summer monsoon (30 nmol mol-1).379

Analysis of backward air trajectories in conjunction with EMAC simulated O3 distributions and380

tropopause dynamics revealed that stratospheric air masses are sandwiched between tropospheric381

layers at 10–11 km altitude due to tropopause folds which are rapidly transported along the sub-382

tropical jet to cause SOP structures over the Himalayas. In contrast to SOP timesteps, a fraction of383

air mass trajectories during non SOP timesteps are from the south west, which have significantly384

lower contributions of stratospheric ozone. Regions as far as northern Africa and the Atlantic Ocean,385

the Middle-East and northern South Asia are found to be regions of stratospheric intrusions that act386

as sources of high-ozone mixing ratios. The distribution of O3s showed that STT effects are more387

pronounced over the northern Indian subcontinent than those over southern India.388

We used long-term model simulations (2000–2014) to calculate the frequency of SOP occurrence389

showing maxima during spring (about 11% of the time in May), while no SOPs were predicted390

during the July–October months. This is consistent with results based on ozone soundings over the391

region. The high frequency of SOPs during spring is attributed to the occurrence of stratospheric392

intrusions combined with rapid horizontal transport. The minima in the frequency of SOPs during393

the summer monsoon are partially due to much weaker horizontal transport due to the northward394

displacement of subtropical jet stream and stronger monsoonal convective mixing. Model simula-395

tions were further used to investigate the effect of SOPs on the TCO. The EMAC simulated TCO396

seasonality is in agreement with satellite data. SOP occurrence is found to significantly enhance the397

TCO over the region by 3.3–7.5 DU (6–21%). Such an enhancement in tropospheric ozone at the398

SOP altitude could translate to an increase in surface temperature by 0.06 to 0.13 degree, based on399

the vertical profile of ozone forcing (Lacis et al., 1990). Additionally, as expected due to their origin400

from dynamical processes, the occurrences of SOPs discern very large interannual variability (see e.401

g. Supplementary material-Fig. S9), which highlights a need of in situ measurements and numerical402

simulations on climatic timescales to quantify the role of SOPs in measured ozone trends over Asian403

regions especially in the middle-upper troposphere (Banerjee et al., 2016; Tanimoto et al., 2016),404

and their impacts on tropospheric chemistry and climate.405
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Table 1. A comparison of average ozone mixing ratios between ozonesondes and EMAC model for the lower,

middle and upper troposphere during the six SOP events over Nainital

Date 2–7 km 7–12 km 12–17 km

Sonde EMAC Sonde EMAC Sonde EMAC

20110211 50.7±4.1 69.5±3.6 85.8±52.1 112.3±52.3 135.9±22.9 173.7±42.6

20110310 67.6±8.1 86.8±1.8 120.5±52.0 134.8±39.0 131.9±57.4 184.7±76.9

20110420 85.8±7.7 96.9±7.0 147.1±37.3 136.8±28.6 151.4±41.6 151.0±36.7

20110509 83.0±13.3 101.6±5.3 104.8±34.7 154.8±25.3 132.9±15.4 140.7±17.7

20110607 83.1±7.6 107.0±6.1 132.4±30.2 110.2±10.0 119.8±21.6 111.9±35.2

20111025 57.1±3.3 72.3±1.7 84.4±26.8 86.7±17.2 123.3±37.6 130.4±31.7
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Figure 1. Location of Nainital site in the central Himalayas shown in the topography map of the northern

Indian region.
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Figure 2. Comparison of EMAC simulated ozone profiles during the days of SOP events with ozonesonde

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

Figure 4. Vertical profiles of EMAC simulated ozone and stratospheric 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.
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Figure 5. Average vertical profiles of EMAC simulated ozone (O3) and stratospheric ozone tracer (O3s) during

the SOPs over Nainital aggregated into four seasons: DJF (Winter), MAM (Spring/ pre-monsoon), JJA (summer

monsoon), and SON (autumn) for the period 2000–2014.

Figure 6. EMAC simulated evolution of O3s along 5-day backward air trajectories over Nainital during SOPs

and No SOPs with starting altitude of 11 km for the month May 2002. The difference between symbols on

trajectories represent a time period of 3h. The location of the Nainital site is shown by the star symbol.
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Figure 7. The vertical distribution of EMAC simulated O3/O3s 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 pres-

sure 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 2PVU contour.
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Figure 8. The longitude-pressure cross section of EMAC simulated O3s at 29.5oN 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.
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Figure 9. The latitude-pressure cross section of EMAC simulated O3s at 79.5oE 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.
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Figure 10. The longitude-pressure cross section of O3s (color filled), and Turbulence Index (TI) (contour lines)

(in 10-7s-2) at 29.5oN.
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Figure 11. Annual cycle of SOP occurrence frequency (%) over Nainital, calculated from the EMAC simu-

lations for the period 2000–2014. The error bars show the standard deviation of SOP frequency during each

month among different years 2000-2014 period.

Figure 12. Annual cycle of EMAC simulated TCO over the central 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 (No

SOPs) over the period 2000–2014. Enhancements in TCO values (in %) during SOPs as compared to No SOPs

are also indicated. TCO values for SOPs and No SOPs are derived only when the average PV value at 10–12

km is up to 2PVU. Error bars represent the standard deviation derived from the temporal variations over the

period of 2000-2014.
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