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Abstract. Balloon-borne measurements of ozone in Lhasa
(29.66° N, 91.14° E; 3650 m above sea level) in August 2013
are investigated using backward trajectory calculations per-
formed with the Chemical Lagrangian Model of the Strato-
sphere (CLaMS). Measurements show three time periods
characterized by high ozone mixing ratios (OMRs) in the
troposphere on 8, 11, and 18-20 August 2013 during the
Asian summer monsoon (ASM) season. Here, we verified
two different sources for the enhanced ozone values in the
troposphere. First, transport of polluted air from the bound-
ary layer, and second downward transport from the strato-
sphere by stratospheric intrusions. Air pollution from South
Asia through convective and long-range transport plays a key
role in enhancing middle tropospheric OMRs up to 90 % on
8 August and up to 125 % on 11 August 2013 compared to
monthly mean ozone of August 2013. Stratospheric air in-
truded from the northern high-latitudes to the southeastern
flank of the ASM anticyclone to the troposphere and is iden-
tified as the source of enhanced ozone according to back-
ward trajectory calculation and satellite measurements by the
Ozone Monitoring Instrument (OMI) and the Atmospheric
Infrared Sounder (AIRS). Air parcels with high ozone moved
from the high-latitude lower stratosphere to the middle and
upper troposphere. These air parcels are then transported to
Lhasa over long distances and enhanced upper and middle
tropospheric ozone over Lhasa during 18-20 August 2013.
Our findings demonstrate that the strong variability of ozone

within the ASM anticyclone in the free troposphere is caused
by transport from very different regions of the atmosphere.

1 Introduction

In the troposphere, ozone acts as an important greenhouse
gas, which has a positive radiative forcing (0.4 +0.2 Wm~2)
through the direct or indirect greenhouse effect for the pe-
riod 1750-2011. Although relatively short lived, it is there-
fore very important for the radiation balance of the Earth’s at-
mosphere (Myhre et al., 2013). Enhanced tropospheric ozone
has an impact on the radiative forcing of climate (Steven-
son et al., 2013). Further small changes of ozone in the up-
per troposphere have an impact on surface climate (Riese
et al., 2012). Thus, tropospheric ozone plays a major role
in regional energy balance and in climate change. The vari-
ation of the tropospheric ozone mixing ratio (OMR) is asso-
ciated with (1) downward transport from the stratosphere, or
upward transport from the boundary layer; (2) photochem-
ical production induced by solar radiation and other chem-
ical reactions involving lighting-produced nitrogen oxides
(NOy) or ozone precursors from biomass burning and an-
thropogenic pollution. Stratosphere—troposphere exchange is
affecting atmospheric tracer concentrations in a significant
way via upward transport from the troposphere to the strato-
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sphere and vice versa (Holton et al., 1995; Stohl et al., 2003;
Fadnavis et al., 2010, 2018; Hoor et al., 2010; Gettelman
et al., 2011; Pan et al., 2016). Ozone precursors originat-
ing from biomass burning emissions may cause enhanced
ozone in the free troposphere through photochemical produc-
tion during tropospheric transport (Kita et al., 2002; Ander-
son et al., 2016). Stratospheric intrusions transport ozone-
rich stratospheric air downward into the troposphere (Eisele
etal., 1999; Vogel et al., 2011; Weigel et al., 2012; Langford
et al., 2015; Tao et al., 2018).

The Asian summer monsoon (ASM) anticyclone is the
most intense circulation pattern in the Northern Hemisphere
in the upper troposphere and lower stratosphere (UTLS) dur-
ing boreal summer (Mason and Anderson, 1963), which is
forced by deep convection over South Asia (Hoskins and
Rodwell, 1995). Intense monsoon convection can transport
tropospheric tracers (such as hydrogen cyanide, HCN, pro-
duced by biomass burning; carbon monoxide, CO; NOy; or
aerosols) from the lower troposphere into the UTLS of the
ASM anticyclone or its edge (Chen et al., 2012; Vogel et al.,
2015; Tissier and Legras, 2016; Li et al., 2017; Fan et al.,
2017b; Fadnavis et al., 2018). Because of the strong dynami-
cal confinement of the ASM anticyclone in the UTLS region
in summer (Ploeger et al., 2015; Pan et al., 2016; Vogel et al.,
2016, 2018), tropospheric trace gases show a local maximum
near the tropopause layer within the ASM anticyclone ac-
cording to satellite measurements (e.g. Park et al., 2009; Ran-
del et al., 2010; Vernier et al., 2015; Yan and Bian, 2015; Yu
et al., 2017). Tropospheric tracers within the ASM anticy-
clone are separated from the anticyclone and are then further
transported globally. This will affect the trace gas concentra-
tion in the UTLS resulting in significant changes in radiative
forcing (Garny and Randel, 2016).

The ASM anticyclone is an active region for both
troposphere-to-stratosphere and stratosphere-to-troposphere
transport (e.g. Garny and Randel, 2016; Fan et al., 2017a),
particularly the Tibetan Plateau region (Skerlak et al., 2014).
In situ balloon measurements in August 2015 in Kunming,
China, combined with satellite data and model simulations
show that anthropogenic emissions from Asia enter the
UTLS and play a significant role in the formation of the
tropopause aerosol layer within the ASM anticyclone (Yu
et al., 2017). Vogel et al. (2016) show that the northeastern
flank of the ASM anticyclone is a region where air masses
from the ASM anticyclone are separated from the anticy-
clone and are subsequently transported into the extratropi-
cal lower stratosphere. When air parcels enter into the strato-
sphere, they have the potential to impact the regional climate
in Asia (Vernier et al., 2015; Gu et al., 2016). Ozone con-
centrations in the planetary boundary layer over the Tibetan
Plateau are most likely affected by intense deep stratospheric
intrusion (gkerlak et al., 2014). Balloon measurements over
the central Himalayas have shown that stratospheric intru-
sions enhanced ozone concentrations in the middle and up-
per troposphere (Ojha et al., 2014, 2017). Stratospheric intru-
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sions occur at the northeastern flank of the anticyclone and
transport dry ozone-rich air into the troposphere over north-
ern India. Stratospheric intrusions or tropopause folds have
in addition the potential to influence surface weather includ-
ing monsoon deficit rainfall (Fadnavis and Chattopadhyay,
2017). The upper tropospheric subtropical jet stream occurs
from eastern Asia to the mid-Pacific with high frequency
(Koch et al., 2006). Stratosphere-to-troposphere transport
along the subtropical jet stream occurs over the Pacific
Ocean. This is an important process for increasing ozone in
the middle and upper troposphere in the region of the ASM
(Trickl et al., 2011).

In particular, the Tibetan Plateau is a hotspot region for the
two-way exchange between the stratosphere and troposphere
(§kerlak et al., 2014). However, in situ measurements over
this region of chemical compositions in the UTLS are lim-
ited (e.g. Bian et al., 2012; Li et al., 2017). Because of the
sparse in situ observations over the Tibetan Plateau, there is
a need for further in situ observations in this region (e.g. bal-
loon or super-pressure balloon measurements) to obtain new
insights into transport and exchange processes in this region
and for climatological survey. Balloon-borne measurements
provided highly accurate water vapour and ozone profiles.
Measurements with such balloon payloads have been carried
out in Lhasa and Kunming, China (Bian et al., 2012; Li et al.,
2017); Nainital, India; and Dhulikhel, Nepal (Ojha et al.,
2014, 2017; Brunamonti et al., 2018); as well as in south-
ern India (Vernier et al., 2018). Low ozone values measured
in the upper troposphere in Lhasa were presented by Li et al.
(2017), and rapid vertical transport associated with typhoon
convection led to this phenomenon. The ozone profiles in Li
et al. (2017) also show anomalies of high ozone values in
the middle and upper troposphere over the Tibetan Plateau;
however, they provided only limited explanation of this phe-
nomenon. Here, transport pathways of enhanced ozone val-
ues measured in August 2013 over Lhasa are analysed in
more detail. It is important to investigate the ozone varia-
tion over the Tibetan Plateau, in order to quantify the un-
certainty of the radiative forcing from tropospheric ozone in
climate models. In this study, we combined in situ measure-
ments with satellite data and trajectory calculations using the
Chemical Lagrangian Model of the Stratosphere (CLaMS,
McKenna et al., 2002; Pommrich et al., 2014) to analyse
the origin of high ozone structures found in the middle and
upper troposphere in Lhasa over the Tibetan Plateau in Au-
gust 2013. This paper is organized as follows: Sect. 2 de-
scribes the balloon-borne measurements, satellite data, and
the CLaMS model. In Sect. 3, we present three case studies
with enhanced tropospheric ozone in August 2013. A sum-
mary is given in the final section.
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2 Measurements and trajectory calculations
2.1 Balloon-borne measurements

The SWOP (Sounding Water vapour, Ozone, and Particle)
experiment was conducted in Lhasa (29.66°N, 91.14°E;
3650 m above sea level, a.s.1.) in 2010, 2013, 2016, and 2018
and Kunming (25.01° N, 102.65° E; 1889 ma.s.l.) in 2009,
2011, 2012, 2014, 2015, and 2017 by the Institute of Atmo-
spheric Physics, Chinese Academy of Sciences, during the
summer monsoon period. The campaign was designed to col-
lect the first long-term database of ozone, water vapour, and
particle backscatter over the Tibetan Plateau from the sur-
face to the lower stratosphere with the aim to investigate and
quantify the character of ozone and water vapour transport
within the ASM anticyclone. Vertical profiles of ozone and
water vapour shown in this study are from the SWOP cam-
paign in August 2013. A total of 24 balloons were launched
during nighttime between 22:00 CST (China Standard Time,
UTC + 8) and 23:00CST in Lhasa. The payload consists
of an electrochemical concentration cell (ECC) ozonesonde
(Komhyr et al., 1995) to measure ozone, a cryogenic frost
point hygrometer (CFH) (Vomel et al., 2007, 2016) to mea-
sure the frost (dew) point temperature for the temperature
below (above) —15°C, and a compact optical backscatter
aerosol detector (COBALD, developed at the Swiss Federal
Institute of Technology, Zurich) backscatter sonde to detect
aerosol or ice cloud backscatter (Brabec et al., 2012). An
iMet radiosonde was used to transmit the CFH and COBALD
data as well as to measure the ambient temperature, pres-
sure, relative humidity (RH), and wind speed and direction.
Further details about the different balloon flights during the
SWOP campaign in 2013 are given by Li et al. (2017).

The relative humidity over ice (RH;) from CFH is defined
as

RH; = - x 100%, (1)
€gat
where e is the water vapour pressure calculated from the
frost point or dew point temperature; and ey is the saturated
vapour pressure with respect to liquid water or ice, which is
calculated from the ambient temperature using the Hyland—
Wexler equation (Hyland and Wexler, 1983) for liquid water
and the Goff-Gratch equation (Goff and Gratch, 1946) for
ice water. The RH; uncertainty is 5 % in the tropopause layer
(Vomel et al., 2016).
The colour index (CI) (Rosen and Kjome, 1991) is defined
as
. BSRred — 1
Colour index = ———, )
BSRblue — 1
where BSRblue and BSRred are backscatter ratios at wave-
lengths of 455 and 940 nm, respectively. CI is used to sepa-
rate in-cloud (CI > 7) from clear-sky measurements (CI < 7)
(Vernier et al., 2015; Brunamonti et al., 2018).
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2.2 Satellite data

The Ozone Monitoring Instrument (OMI) is a nadir-
viewing near-ultraviolet—visible charge-coupled spectrome-
ter aboard the National Aeronautics and Space Administra-
tion’s (NASA) Earth observing system Aura satellite (Levelt
et al., 2006). In this study we use the TOMS-like total col-
umn ozone (TCO) level-3 product (OMTO3e) with horizon-
tal resolution 0.25 x 0.25. The TOMS version 8 algorithm is
used to extract the vertical column ozone data using only two
wavelengths (317.5 and 331.2 nm). The strong ozone absorp-
tion at 317.5 nm is used to derive total ozone, and the weaker
absorption at 331.2nm is used to estimate the effective sur-
face reflectivity. The relative uncertainty on the OMI-TOMS
product is less than 5 %.

The Atmospheric Infrared Sounder (AIRS) on NASA’s
Aqua satellite is on a sun-synchronous polar orbit. The in-
strument employs a cross-track scanning hyper-spectral in-
frared spectrometer with 2378 spectral channels (Aumann
et al., 2003). It is designed to provide twice-daily global
data sets for different constituents and temperature. Here we
use the AIRS level-2 ozone and water retrieval product ver-
sion 6.0 (Olsen, 2017).

CloudSat is designed to probe the vertical structure of
clouds and precipitation using a cloud profiling radar (CPR),
as a component of the A-Train (Marchand et al., 2008). The
CloudSat operational 2B geometric profile (2B-GEOPROF)
data product (Version R04) is used with 480 m vertical reso-
lution. The vertical distribution of radar reflectivity is used to
mark the cloud layer. The echo mask values are greater than
20 dBZe, indicating a false detection value below 16 %.

2.3 Model

Fifty-day backward trajectories are started along the ascent
profile of each balloon flight in Lhasa in August 2013. The
diabatic trajectories are calculated using the CLaMS trajec-
tory model (McKenna et al., 2002; Konopka et al., 2004;
Pommirrich et al., 2014). The trajectories of air parcels are cal-
culated using the classical fourth-order Runge—Kutta method
with a 1800 s time step. The CLaMS model employs a hy-
brid pressure—potential-temperature coordinate; detailed in-
formation about the design of the vertical coordinate was
presented by Konopka et al. (2007). The trajectory has been
used to focus on the transport process within or around
the ASM anticyclone (Vogel et al., 2015, 2018; Ploeger
et al., 2015). Dynamic fields from the European Centre for
Medium-Range Weather Forecasts (ECMWF) interim re-
analysis (ERA-Interim) (Dee et al., 2011) are used to drive
the CLaMS model. The input dynamic fields are recorded
every 6h on a 1° x 1° horizontal grid with 60 hybrid verti-
cal levels from the surface to 0.1 hPa. The vertical velocity
on the hybrid level is calculated using the diabatic heating
budget including the cloud radiation, latent heat release, and
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mixing and diffusion (Ploeger et al., 2010). The trajectory
model set-up is the same as in Li et al. (2017).

3 Results

The ozone profiles over Lhasa show a pronounced daily vari-
ation of OMRs between 340 and 420K from 4 to 27 August
2013 (Fig. 1). The lapse-rate tropopause is calculated from
measured temperature profiles using the lapse-rate criteria of
the World Meteorological Organization (WMO) definition
(WMO, 1957). The lapse-rate tropopause in Lhasa ranges
from 365 to 410K in August 2013. Low ozone values were
measured in the upper troposphere on 11, 19, and 24 August
2013 (Fig. 1). Li et al. (2017) have combined balloon-borne
measurements with the CLaMS trajectory model to highlight
the low ozone structures in the upper troposphere over Lhasa.
A major reason why ozone concentrations in the upper tro-
posphere remain low is the impact from tropical cyclones,
which transport marine boundary layer air with low ozone
to the upper troposphere over Lhasa. However, two profiles
with extremely high OMRs, up to 180 ppbv, are found in up-
per troposphere (355-365K) on 8 August and in the tropo-
sphere from 330 to 352K on 11 August 2013 (Fig. 1). Fur-
ther, episodes with high OMRs occurred from the middle
troposphere to the lower stratosphere during 18-20 August
2013. Whereas Li et al. (2017) discuss low ozone values in
August 2013, here we will focus on extremely high ozone
values.

3.1 High ozone and long-range transport on 8 August
2013

Figure 2a shows the vertical profiles of temperature, OMR,
monthly mean ozone, RH, and OMR relative change. The
positive OMR anomalies with a value up to 180 ppbv oc-
cur between 355 and 365K, which is below the lapse-rate
tropopause (378 K) on 8 August 2013 (Fig. 2a left). The
OMR relative change shown in Fig. 2a (right) shows the per-
centage deviation of the ozone profile observed on 8 August
from the monthly mean ozone profile obtained by averaging
24 profiles over Lhasa in August 2013. The data show ozone
anomalies up to 90 % on 8 August compared to monthly
mean ozone. The high ozone value is marked by dark shad-
ing for the OMR relative changes above 30 %; in the follow-
ing, we solely focus on these air masses. Unfortunately, RH;
from CFH is not available above 335 K. Instead, the relative
humidity (RH) from iMet was used, with useful data just be-
low 350K (above —40°C). Below —40°C, RH will not be
used, because of the detection limit of the radiosonde humid-
ity sensor.

The potential vorticity (PV) along the 30-day backward
trajectories of air parcels with high ozone concentrations be-
tween 355 and 362.3 K was shown in Fig. 2b as a function of
time and potential temperature. According to their different
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Figure 1. Daily variations of ozone mixing ratios (OMRs) between
340 and 420K during 4-27 August 2013 from balloon measure-
ments launched in Lhasa. The black dots represent the lapse-rate
tropopause. High tropospheric ozone is shown by the black rectan-
gles.

pathways, backward trajectories of air parcels could be di-
vided into two clusters. Both of them experienced strong up-
lift processes with potential temperature increasing from 330
to 360K on 20 and 29 July. The tracks of 20-day backward
trajectories of air parcels around 355-362.3 K isentropes ini-
tialized on 8 August 2013 are shown colour-coded by date in
Fig. 2c. Air parcels started their ascent near the Himalayas
and were uplifted to the 360 K isentrope from 19 to 21 July
and then moved horizontally to East Asia following the ASM
anticyclone. Finally, the air parcels moved westerly around
the anticyclone circulation before they arrived in Lhasa on
8 August 2013. The transport time for the air parcels from the
lower troposphere of the Himalayas to the upper troposphere
over Lhasa is less than 20 days for the whole pathway.

Figure 2d gives the boundary layer geolocation of air
parcels (the same as in Fig. 2b and c), where they experi-
ence strong uplift through convection. The uplift rate of the
air parcel is defined as (6;4+5; — 6;)/8t. When the uplift rate
is greater than 9 Kday~! (an empirical value), the strong up-
lift process of air parcels will be recognized. The point that
air parcels start ascent is marked as the geolocation. We find
that most of the air parcels were from the Himalayas, where
strong uplift occurred frequently. South Asia, the area adja-
cent to the Himalayas is usually a strong source region of air
pollution, which is caused by natural (e.g. biomass burning)
and anthropogenic processes (Cong et al., 2015). In addition,
ozone is photochemically enhanced by reactions involving
ozone precursors from biomass burning. After reaching the
upper troposphere, the polluted air masses that were trans-
ported over long distances made the best possible contribu-
tion to high tropospheric ozone over Lhasa at nighttime on
8 August 2013.

www.atmos-chem-phys.net/18/17979/2018/
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Figure 2. (a) Vertical profiles of ozone (black), monthly mean ozone (grey), and temperature (degree in red), OMR relative change (black),
and relative humidity (blue) in Lhasa on 8 August 2013, 14:00 UTC. The horizontal line marks the lapse-rate tropopause. (b) Potential
vorticity (1PVU = 106 K m? kg_1 s~1; PVU stands for the unit of potential vorticity) along the 30-day backward trajectories of air parcels
within the high ozone layer (355-362.3 K) as a function of time and potential temperature. (¢) The 20-day backward trajectories of air parcels
between 355 and 362.3 K at the Lhasa site on 8 August 2013 are shown colour-coded by date. (d) Geolocation of air parcels experienced
strong uplift in the positive ozone mixing ratio anomalies. The red asterisk marks the location of Lhasa.

3.2 High ozone and high water vapour on 11 August
2013

The vertical variability of OMR, monthly mean ozone, tem-
perature, the OMR relative change, RH;, and CI on 11 Au-
gust 2013 are shown in Fig. 3a. Positive ozone anomalies
(Fig. 3a left) and the OMR positive variance with a value up
to 125 % (Fig. 3a right) appeared from the surface to the mid-
troposphere (330-353 K) on 11 August 2013. The RH; shows
a high value (> 70 %) between 336 and 350 K. CI from the
COBALD shows that a thick cirrus cloud layer occurred be-
low 349 K. The finding of high ozone concentration accom-
panied by high water vapour values within a thick cloud layer
is unusual over the Tibetan Plateau in our measurement.

PV values along the 50-day backward trajectories of air
parcels with high ozone concentrations between 340 and
354 K are shown in Fig. 3b. The results show that the PV val-

www.atmos-chem-phys.net/18/17979/2018/

ues are less than 1.5 PVU in the troposphere. Air parcels were
uplifted to the upper troposphere through convection, then
they are transported over a long distance, and descended be-
fore they arrived in Lhasa. Three-dimensional backward tra-
jectories of air parcels within the high ozone structure were
shown in Fig. 3c. Particles were first uplifted to the upper tro-
posphere and these were moved around the ASM anticyclone
within 4-5 weeks. Air pollution from the South Asia bound-
ary layer has the potential to impact the ozone structure over
Lhasa via transportation around the ASM anticyclone within
4-5 weeks.

Figure 3d gives the boundary layer geolocation, where
parcels experienced strong uplift. Most of the air parcels are
transported from South and Southeast Asia, a region with
high air pollution, to Lhasa. Few of the air parcels origi-
nated from South China and the Tibetan Plateau. Obviously,
the RH; is controlled by local microphysical cloud processes

Atmos. Chem. Phys., 18, 17979-17994, 2018
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Figure 3. The same as Fig. 2 except for panel (c¢) but on 11 August 2013. (a) Colour index (CI) minus 7 (CI —7 > 0 marks the cirrus cloud
layer, green line). (¢) Three-dimensional backward trajectories colour-coded by days.

according to the CI (CI > 7, in-cloud measurements). The
horizontal scale of the cloud is less than 1 x 1° according
to the MODIS satellite (figure not shown). Air pollutants
from South Asia or Lhasa may contribute to the positive
ozone anomalies over Lhasa through photochemical produc-
tion; however, due to the detection limit for chemical con-
stituents that produces ozone over the Tibetan Plateau during
this period, it is not clear what the reasons for high ozone
within cirrus clouds are.

3.3 Stratospheric intrusion on 18-20 August 2013

Figure 4a shows the total column ozone from the OMI satel-
lite along with the geopotential height, PV at 150 hPa, and
the sea-level pressure of Typhoon Utor on 16 August 2013.
The PV clearly displays a filament structure extending from
northeastern Asia to the southeastern edge of the ASM anti-
cyclone on 16 August 2013. TCO displays the same structure

Atmos. Chem. Phys., 18, 17979-17994, 2018

as the PV over northeastern Asia, where stratospheric intru-
sions occur frequently (Li and Bian, 2015; Song et al., 2016).
The enhanced TCO values are first of all indicative of an ex-
tratropical intrusion. Since the stratosphere contributes most
to the column, it is also indicative of an intrusion of strato-
spheric air. This is further supported by the good correlation
of TCO with PV values at 150 hPa. The PV on the 370K
isentropic surface shows the same structure as the PV at the
150 hPa pressure level (Fig. 4b). The stratospheric intrusion
with high OMRs is also reflected in low water vapour values
observed by AIRS at 83.666 hPa during its ascending track
on 16 August 2013 (Fig. 4c and d). The filament structure is
subsequently separated from the stratosphere. The remnant
of the stratospheric intrusion (Rossby wave breaking fila-
ment) moves westward along the easterly wind flow at the
southern flank of the ASM anticyclone. During the next few
days, this broken filament structure moves westward about
3000 km. It arrives in Lhasa and is captured by the ozoneson-

www.atmos-chem-phys.net/18/17979/2018/
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Figure 4. Total column ozone (DU) as measured by OMI with the geopotential height (purple line) and PV (black line, in PVU) at 150 hPa,
and the sea-level pressure (white line) of tropical cyclone on (a) 16, (e) 18, and (f) 19 August 2013 using ERA-Interim data. (b) The PV
(shade, PVU) on the 370 K surface on 16 August 2013. (¢) Ozone and (d) water vapour mixing ratios for 83.666 hPa from AIRS on 16 August
2013 with PV at 150 hPa from ERA-Interim. The asterisk marks the location of Lhasa.

des launched on 18 and 19 August 2013 (Fig. 4e—f) and on
20 August 2013 (figure not shown), contributing to the posi-
tive ozone value measured in the UTLS region over Lhasa.

Figure 5a shows the vertical variability of ozone, monthly
mean ozone, temperature, RH;, CI, and the OMR relative
change for 18 August 2013. The positive OMR relative
change appears in the troposphere around 350 and 363-
373K, as well as in the lower stratosphere (Fig. 5a right).
Two characteristic minima of OMR relative change occur
between 352-357 and 375-390K on 18 August. RH; is
negatively correlated with OMR anomalies on these isen-
tropic surfaces. RH; near the tropopause (384 K) is greater
than 100 %. Indeed, an ice cloud layer was observed near
the tropopause layer according to the CI (CI>7) from
COBALD backscatter measurements. Supersaturation is ob-
served within the ice cloud.

www.atmos-chem-phys.net/18/17979/2018/

In order to investigate in detail the variance of ozone pro-
files measured on 18 August 2013, the PV along the 50-day
backward trajectories from the CLaMS model is displayed in
Fig. 5b. Parcels in the upper troposphere (363-373 K) origi-
nate from the dry stratospheric intrusion layer. There is evi-
dence for mixing processes that occurred between air parcels
with high PV from the stratosphere and a low PV value from
the troposphere, while air parcels in the middle troposphere
(around 350 K) with high ozone and low water vapour orig-
inate from the thin intrusion layer. Air parcels around 350 K
experienced a weak uplift during 13—14 August 2013. Fig-
ure 5c shows the tracks of backward trajectories of air parcels
on 350-352 and 363-373 K on 18 August, respectively. Only
20-day backward trajectories of air parcels are shown colour-
coded by potential temperature here. This is long enough to
show the intrusion pathway. The thin intrusion layer with
low potential temperature (338 K) moved toward the north

Atmos. Chem. Phys., 18, 17979-17994, 2018
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Figure 5. Panels (a, b) are the same as Fig. 3a—b but on 18 August 2013. (¢) The 20-day backward trajectories of air parcels within the high

ozone layer are shown colour-coded by potential temperature.

around the anticyclone and then showed a strong equator-
ward movement from 60 to 30° N around 60° E. The intru-
sion layer in the upper troposphere experienced a mixing pro-
cess according to the PV along the trajectories. Air parcels
with high PV values from the Northern Hemisphere were
mixed with air parcels with low PV from the region at ap-
proximately 35° N, 60° W over the North Atlantic. Although
ozone-rich air mixed with ozone-poor air from the equatorial
region, the positive ozone anomalies still appeared in the up-
per troposphere on 18 August 2013. As Riese et al. (2012)
show, ozone concentrations are sensitive to mixing strength
in the lower stratosphere.

Positive ozone anomalies were also captured on 19 and
20 August 2013. The variability of ozone vertical structure
is significant in the middle troposphere on 19 August. Ozone
and water vapour show strong anti-correlation below 355 K.
The OMR relative change shows a large increase in the
tropopause region (368—408 K), up to 90 % (Fig. 6a). The
50-day backward trajectories of air parcels in Fig. 6b indi-
cate a diabatic decent transport process, especially the air
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cluster in the middle troposphere (between 347 and 355 K).
The PV along the trajectories of air parcels between 368
and 380 K displays high PV with values greater than 6 PVU.
Figure 6¢ shows the tracks of backward trajectories of air
parcels within high ozone in the middle and upper tropo-
sphere on 19 August. The stratospheric intrusion in the mid-
dle troposphere has the same transport pathway as on 18 Au-
gust and also experienced an uplift process around 14 Au-
gust. Air parcels near the tropopause layer (368—-380 K) orig-
inated from the Northern Hemisphere with high ozone and
high PV. The equatorial regions contribute little to air parcels
on 19 August compared to the case on 18 August. That is
why the OMR relative change near the tropopause layer on
19 August is higher than the OMR relative change on 18 Au-
gust.

The ozone vertical structure and RH; also show an anti-
correlation in the middle troposphere on 20 August. In the
troposphere, the OMR relative change near 355 K is higher
than 30 %. The OMR relative change on 20 August shows
minor increases in the tropopause region (Fig. 7a) and is

www.atmos-chem-phys.net/18/17979/2018/
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also weaker than on 19 August. The height of lapse-rate
tropopause on 20 August is lower than on 18 and 19 August.
Fig. 7b shows the PV along the backward trajectories of air
parcels in the middle troposphere (355 K) on 20 August. The
intrusion in the middle troposphere has the same transport
pathway as the one on 18 August and also experienced an
uplift process around 14 August (Fig. 7c).

In order to explore the intrusion structure in the middle
troposphere, the OMR from the AIRS satellite at 346 hPa is
shown on 13 August 2013, 08:30 UTC, with PV at 350 hPa
from ERA-Interim on 13 August 2013, 06:00 UTC (Fig-
ure 8a). Both ozone and PV show that a filament structure
extends from the south of Afghanistan via Tian Shan to Rus-
sia in the northern extratropics. Meanwhile, the latitude—
pressure cross section of the AIRS ozone along 70°E dis-
plays a tropopause fold. The intense stratospheric intrusion
transported air with high ozone from the tropopause layer
downward to the surface of the mountain at 40° N (Fig. 8b).
The structure of the tropopause fold from PV and ozone is a
little shifted, because of the time difference between AIRS
ascending time (around 08:30 UTC) and ERA-Interim re-
analysis data (06:00 UTC).

www.atmos-chem-phys.net/18/17979/2018/

362 370 378
Potential temperature (K)

Figure 9a—c show the cross section of the square of the
Brunt—Viisili frequency (N2) along the average longitude of
the bottom air cluster in Fig. 5b on 10 August, 06:00 UTC;
on 12 August, 18:00UTC; and on 13 August, 12:00 UTC,
with potential temperature, PV, zonal wind, and the lapse-
rate tropopause calculated from the ERA-Interim reanaly-
sis. The radar reflectivities (dBZe) measured by the Cloud-
Sat’s CPR are shown in Fig. 9d. Air parcels are located in
the extratropical lowermost stratosphere (350-380 K) above
the lapse-rate tropopause (near 330K) on 10 August 2013,
06:00 UTC (Fig. 9a). These parcels moved equatorward and
arrived at the poleward edge of the westerly wind jet 2 days
later, where a tropopause fold occurred (Fig. 9b). Parcels
continue to move along the isentropic surfaces and cross the
tropopause region from the polar lowermost stratosphere to
the upper troposphere in the mid-latitude on 13 August 2013,
12:00 UTC (Fig. 9c). Overall, it takes 2—-3 days for air parcels
to cross the tropopause. Both the pathway and timescale of
transport are consistent with the analysis of other deep strato-
spheric intrusions that occurred over North America (Lang-
ford et al., 1996; Vogel et al., 2011; Kuang et al., 2012; Lin
et al., 2015) or Europe (Stohl and Trickl, 1999; Trickl et al.,
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2010, 2014) associated with the polar jet stream. It is interest-
ing that, in our case, air parcels are affected by strong con-
vection in the troposphere, after they are transported from
the stratosphere downward into the upper troposphere. The
strong convection lifted air parcels to high altitude, which

Atmos. Chem. Phys., 18, 17979-17994, 2018

can be seen from the CloudSat radar reflectivity (Fig. 9d).
This uplift process can be seen clearly on 14 August 2013
in Fig. 5b. The extratropical tropopause is located between
the upper troposphere and lower stratosphere and intersects
the isentropic surface, which acts as a dynamic barrier for
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D. Li et al.: High tropospheric ozone within Asian summer monsoon anticyclone 2013

(a) 2013081006 UTC
0

64.5°E

70

100

150

200

250
300

Pressure (hPa)

400
500 ==

700

850 F
1000 ©

30°N 40°N 50°N 60°N

[1] [TTTTTTTET
2 10 18 26 34 42 50 58
N? (10°%s?)
(c) 2013081312 UTC 63°E
50

70
100

150 |

200

250
300

Pressure (hPa)
Height (km)
Pressure (hPa)

400
500

700

850
1000

40°N

30°N

50°N

2 10 18 26 34

N2 (10°%s)

42 50 58

Height (km)
Pressure (hPa)

17989

58.5°E

(b) 2013081218 UTC
0

20
70

100

150 F=

200

250
300

Height (km)

400
500

700 |

850 -
1000 B2

40°N

50°N
[T] [TTTTTTTT]

30°N 60°N

2 10 18 26 34

N? (10°%s3)

42 50 58

(d) 2013081400 UTC
70

100

150
~

200
250 —
300 =
400
500

700

850
1000 M

-10 0

10
dBZe

20 30

Figure 9. Latitude—pressure cross section of the square of the Brunt—Viisiléd frequency (N 2 along the average longitude of the bottom
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from CloudSat.

tracer transport (Gettelman et al., 2011). Ozone in the ex-
tratropics exhibits large gradients in the UTLS. There is a
net downward transport of ozone from the stratosphere to the
troposphere along the isentrope at the poleward edge of the
jets (Yang et al., 2016). The tropopause fold transports air
parcels quasi-isentropically from the lowermost stratosphere
with high ozone mixing ratio to the troposphere within the
ASM anticyclone, contributing to high tropospheric ozone
over the Tibetan Plateau on 18, 19, and 20 August 2013.

www.atmos-chem-phys.net/18/17979/2018/

4 Discussion and conclusions

Balloon-borne measurements of ozone and water vapour
mixing ratios over Lhasa in August 2013 are investigated us-
ing the OMI and AIRS satellite data and backward trajectory
calculations using the CLaMS model. We focus on enhanced
OMRs observed in the middle and upper troposphere over
Lhasa on 8, 11, and 18-20 August 2013.

For 8 and 11 August, trajectory calculations show that the
enhanced ozone concentrations may result from air pollution
originating from South Asia, which reached the measure-
ment location through convective uplift and quasi-horizontal
long-range transport within 20 days. Here we mainly fo-
cused on 20-day backward trajectories. To study transport

Atmos. Chem. Phys., 18, 17979-17994, 2018
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processes in the region of the Asian monsoon, a trajectory
length between a few days to a few months is found in the
literature (e.g. Chen et al., 2012; Bergman et al., 2013; Vogel
et al., 2014; Vernier et al., 2015; Garny and Randel, 2016;
Li et al., 2017). To study the convective events, a trajec-
tory length of a few days to 20 days is sufficient. Garny
and Randel (2016), using isentropic trajectory calculations,
also show that air parcels originating at 360 K within the
anticyclone were confined within the ASM anticyclone for
10-20 days. Li et al. (2017), using the Lhasa’s balloon data
in 2013 and the CLaMS trajectory model, have shown that
air parcels with low ozone from the marine boundary layer
over the western Pacific are the dominant source of low
ozone in the tropopause layer in Lhasa resulting from very
strong uplift (1-4 days) by typhoons and subsequent horizon-
tal long-range transport (4—10 days) within the ASM anticy-
clone. Thus, 20-day backward trajectories from the CLaMS
model for the middle and upper troposphere within the ASM
anticyclone are generally appropriate. However, to analyse
aged air masses transported in the region of the ASM anti-
cyclone or originating in the stratosphere, trajectories longer
than 20 days are necessary (e.g. Chen et al., 2012; Bergman
etal., 2013; Vogel et al., 2014; Garny and Randel, 2016). The
longer the trajectories run, the larger are the uncertainties due
to trajectory dispersion and the lack of mixing processes in
the simulations (McKenna et al., 2002). For trajectories from
the stratosphere we calculated a set of trajectories close to
the location of the measurement (not shown here) and found
that all these trajectories show a very similar transport pattern
over the last 20 days.

During the ASM period, deep convective clouds occurred
over the South Asian subcontinent, the southern Himalayan
region, and the Tibetan Plateau that caused lightning activ-
ity (Qie et al., 2014). NO, produced by lighting has the po-
tential to impact upper tropospheric ozone via photochem-
ical reactions (Kita et al., 2002; Schumann and Huntrieser,
2007; Fadnavis et al., 2015; Gottschaldt et al., 2018). Up-
lifted ozone precursors and NO, produced by lighting con-
tribute to photochemical ozone production in the upper tro-
posphere in the ASM anticyclone. An ozone increase by
30 % is found over the monsoon convection region due to
NO, enhanced by lightning according to sensitivity simu-
lations with and without lightning (Fadnavis et al., 2015).
In our case studies, ozone is increased by 90 %, compared
to monthly mean ozone; this value is still higher than the
ozone increase due to lightning reported by Fadnavis et al.
(2015). Lightning is an additional source of tropospheric
ozone, which is not included in the trajectory calculations
neglecting chemistry employed here. However, in addition to
lightning-produced NO,, ozone precursors likely uplifted by
convection are necessary. Therefore, convective uplift is the
basic transport mechanism for enhanced ozone in the mid-
dle and upper troposphere. Enhanced ozone measured over
Lhasa is caused by uplift of ozone-rich air from the lower
troposphere or produced by lightning; it is likely caused by a
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combination of both with a transport time from the planetary
boundary layer to Lhasa of 20-30 days.

The ozone enhancement observed during the period 18—
20 August 2013 resulted from a tropopause fold and a strato-
spheric intrusion. The northern side of the Tibetan Plateau is
a hotspot region for transport processes from the stratosphere
to the troposphere, which are most likely due to tropopause
fold events (Sprenger et al., 2003; Skerlak et al., 2014).
These findings are corroborated by our case studies. Our
results show that the stratospheric air masses characterized
by high ozone, which are transported downward, are sub-
sequently transported quasi-horizontally over large spatial
scales in the ASM anticyclone. The stratospheric intrusion
occurred over the southeastern edge of the ASM anticyclone
and transported air equatorward with high ozone and low wa-
ter vapour. Stratospheric intrusions contribute to high ozone
and low water vapour values in the upper troposphere over
Lhasa within the ASM anticyclone, thereby highlighting the
important role of large-scale atmospheric dynamic transport
for the trace gas budget in this region.

Satellite data and the trajectory calculations from the
CLaMS model indicate that both the stratospheric intrusions
and convective transport of air pollution play a major role in
enhancing middle and upper tropospheric ozone over Lhasa,
China. The PV values along the backward trajectories for the
convective transport and the stratospheric intrusion are differ-
ent and therefore a good indicator for the transport pathway
of air masses. The PV values along the trajectories are less
than 2 PVU for the convective transport case and greater than
6 PVU for the stratospheric intrusion when air parcels orig-
inated in the extratropical lower stratosphere. The PV val-
ues decrease when air parcels cross the lapse-rate tropopause
from the lower stratosphere to the troposphere. Tropical cy-
clones, which can transport marine boundary layer air with
low ozone to the upper troposphere, lead to low ozone values
in the upper troposphere in Lhasa (Li et al., 2017). The ozone
variability in the middle and upper troposphere over Lhasa in
2013 is the result of different advective and convective trans-
port processes transporting air parcels from different regions
to Lhasa.

Our studies indicate that ozone variations in the UTLS
over Lhasa are associated with a combination of processes,
namely the intrusion of ozone-rich stratospheric air, the up-
ward transport of low ozone concentrations in the marine
boundary layer by tropical cyclones, and the uplift of pol-
luted air rich in ozone in South Asia. Case studies are a first
step to investigate and understand ozone variations within the
ASM anticyclone; future work will focus on quantifying the
long-term ozone and water variation in the UTLS within the
ASM anticyclone, according to the 10-year balloon data from
the SWOP campaign. Moreover, the SWOP campaigns will
continue to be conducted for the next few years to extend
the data set, thus allowing climatological studies to be con-
ducted.

www.atmos-chem-phys.net/18/17979/2018/
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