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[1] Seasonal and subseasonal variations in the ozone mixing ratio (OMR) are
investigated by using continuous 7 year ozonesonde data from Hanoi (21°N, 106°E),
Vietnam. The mean seasonal variations for the 7 years show large amplitude at the upper
troposphere and lower stratosphere (UTLS) region (10—18 km) and at the lower
troposphere (around 3 km) with standard deviations normalized by the annual mean value
of about 30% for both regions. In the UTLS region, the seasonal variation in the OMR
shows a minimum in winter and a maximum in spring to summer. The variation seems to
be caused by the seasonal change in horizontal transport. Low OMR air masses are
transported from the equatorial troposphere in winter by the anticyclonic flow associated
with the equatorial convections, and high OMR air masses are transported from the
midlatitude stratosphere in summer possibly due to Rossby wave breakings in the UT
region and anticyclonic circulation associated with the Tibetan High in the LS region. In
the lower troposphere, a spring maximum is found at 3 km height. Biomass burning and
tropopause foldings are suggested as possible causes of this maximum. Subseasonal
variations in the OMR show large amplitude in the UTLS region (at around 15 km) and in
the boundary layer (below 1 km) with the standard deviations normalized by the annual
mean larger than 40%. The OMR variations in the winter UTLS region have a negative
correlation with the meridional wind. This relation indicates that the low OMRs observed

at Hanoi has been transported from the equatorial region.
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1. Introduction

[2] Atmospheric ozone is a gas that has activity in both
infrared and ultraviolet-visible regions. In the stratosphere,
heating due to ultraviolet absorption by the ozone has an
essential role in determining the basic atmospheric struc-
ture. In the troposphere, ozone controls the air quality by
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producing OH radical and works as a greenhouse gas [e.g.,
Brasseur et al., 2003]. Recently, it was shown that the tropo-
spheric ozone is increasing (positive radiative forcing) and
contributes to the global warming [Solomon et al., 2007].
However, the observations show that the ozone variation has
strong dependence on location. In recent decades, increasing
ozone mixing ratios were observed in high latitudes [e.g.,
Tarasick et al., 2005], whereas a decrease was observed
over Europe and North America [Logan et al., 2012]. In the
stratosphere, it is reported that the ozone amount had a nega-
tive trend until the 1990s and is slightly increasing in recent
years [WMO, 2011]. The stratospheric ozone decrease gives
both positive radiative effect due to an increase in solar radi-
ation reaching the troposphere and negative one due to a
decrease in thermal infrared emission, and the consequent
radiative balance is sensitive to the vertical distribution of
ozone depletion [Shine and de Forster, 1999]. It is impor-
tant to describe the three-dimensional distribution and its
temporal variation of ozone on a global basis in order to
understand the atmospheric variability and climate change
[WMO, 2011].

[3] Satellite observations of ozone have provided abun-
dant information, especially about the global distribution
of column ozone [e.g., Stolarski and Frith, 2006]. Vertical
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profiles are observed with the nadia [e.g., Hoogen et al.,
1999; Kroon et al., 2011] and limb [e.g., Shiotani and
Hasebe, 1994; Mieruch et al., 2012] measurement tech-
niques which have depicted the three-dimensional ozone
distributions and their variabilities mainly in the middle
atmosphere. Although tropospheric ozone profiles are now
available by nadir sounding [e.g., Worden et al., 2007], they
still have limitations in the vertical resolution and cover-
age. Therefore, balloon-borne ozonesondes remain a neces-
sary tool for ozone observation. These ozonesondes have
advantages in vertical resolution and wide vertical coverage
through the troposphere and the lower stratosphere (surface
to ~30 km), even though an individual ozonesonde obser-
vation does not provide information about the horizontal
variation.

[4] Ozonesonde observations operationally conducted by
the meteorological agencies have a long time and global
coverage. Most of the operational ozonesonde data are
archived at World Ozone and Ultraviolet Radiation Data
Centre (WOUDC) (http://www.woudc.org/). Since the oper-
ational ozonesonde stations tend to be located over the
northern midlatitudes, the Southern Hemisphere Additional
Ozonesondes (SHADOZ) recently established equatorial
and southern hemispheric ozonesonde stations [Thompson
et al., 2003a, 2003b, 2007, 2012]. However, there was no
ozonesonde station before September 2004 that provided
continuous data over the Indochina Peninsula, which is
located at the southeastern edge of the Eurasian Continent.

[s] Since September 2004, we have conducted once or
twice monthly regular ozonesonde observations in Hanoi
(21.02°N, 105.80°E) at the base of the Indochina Penin-
sula. In addition, we have conducted campaign observations
with ozonesondes and two types of water vapor sondes,
Snow White [Fujiwara et al., 2003a] and Cryogenic Frost
point Hygrometer (CFH) [Vomel et al., 2007], seven times
during every northern winter from 2004/2005 to 2010/2011
[e.g., Fujiwara et al., 2010]. In each campaign observation,
ozone and water vapor sondes were launched at intervals
of a few days during a 24 week period. Such continu-
ous ozonesonde observation in this latitude region is rare
on a global basis except for the operational observation at
Hong Kong (22.31°N, 114.17°E) near Hanoi since 2000,
where the obtained data are archived at the WOUDC. In this
paper, the data at Hong Kong are also used as a reference.
Hanoi has been one of the SHADOZ stations since 2010
[Thompson et al., 2012].

[6] Hanoi is located near the boundary between the trop-
ical troposphere and extratropical stratosphere in the upper
troposphere and lower stratosphere (UTLS) region, which is
one of the important regions for the stratosphere-troposphere
exchange (STE) [Holton et al., 1995]. Hanoi is also located
at the southeastern edge of the Asian monsoon circulation.
The Asian monsoon is one of the most important circu-
lations for the mass and energy exchanges between the
tropics and the extratropics in the UTLS region [Dunkerton,
1995]. In the meaning mentioned above, the physical and
chemical observations at Hanoi are expected to provide valu-
able information on the STE and the tropical-extratropical
exchange. The purpose of this paper is to describe the basic
variations in ozone and related meteorological parameters
obtained at Hanoi, the newly established ozonesonde station.
From the viewpoint of zonal mean atmospheric structure,

it is expected that the seasonal variation in ozone in the
subtropical UTLS region shows larger (smaller) values in
winter (summer) because the boundary between the midlat-
itude LS and the tropical UT moves southward (northward)
in winter (summer) and the air mass with high (low) ozone
concentration in the midlatitude LS (the tropical UT) tends
to be observed. However, it will be shown that the seasonal
ozone variation at Hanoi is opposite to the one expected from
the zonal mean viewpoint and is strongly affected by the
zonally asymmetric atmospheric structure due to the Asian
monsoon.

[7] Inthis paper, we describe the seasonal and subseasonal
variations in the ozone mixing ratio (OMR) revealed by the
ozonesonde observations at Hanoi. In section 2, we describe
the details of ozonesonde observations conducted at Hanoi,
the other data used for comparison, and the analysis method.
The characteristics of seasonal variations and subseasonal
variations in ozone are shown in section 3. The source of
the variations is discussed by comparing with the meteoro-
logical fields and the global ozone distributions. Section 4
summarizes the results of the description and the discussion.

2. Observation and Data

2.1.

[8] We started regular ozonesonde observations in
September 2004 at the Aero-Meteorological Observatory in
Hanoi (21.02°N, 105.80°E; WMO station number: 48820),
Vietnam. We have conducted once-monthly ozonesonde
observations since then. The launch frequency was increased
to twice monthly during the period from February 2006 to
October 2010.

[9] Seven intensive campaign observations with ozone
and water vapor sondes have been conducted in every north-
ern winter (December 2004/January 2005, January 2006,
January 2007, January 2008, January 2009, January 2010,
and January 2011) under the Soundings of Ozone and Water
in the Equatorial Region (SOWER) project [e.g., Fujiwara
et al., 2010]. During each campaign period (2—4 weeks),
we launched ozone and water vapor sondes every few days.
The number of intensive ozonesonde launches for each cam-
paign is as follows: 8 in the first campaign (December 2004
to January 2005), 16 in the second (January 2006), 6 in the
third (January 2007), 5 in the fourth (January 2008), 4 in
the fifth (January 2009), 5 in the sixth (January 2010), and
3 in the seventh (January 2011). We use these campaign data
to describe the subseasonal and day-to-day variabilities in
ozone during the wintertime.

[10] The monthly observations were conducted by using
a set of an ozonesonde and a radiosonde to obtain the
ozone concentration, pressure, temperature, and humidity
data from the surface up to about 30 km. Three types of
ozonesonde-radiosonde combinations were used. Depending
on the combinations, different types of sensor solutions were
used. During the period from September 2004 to April 2009,
a combination of an Ensci 1Z ECC ozonesonde and a Vaisala
RS80 radiosonde without a wind finding module were
used with a 2%-KI unbuffered solution (combination 1).
A Science Pump Corporation ECC-6A ozonesonde and a
Vaisala RS92-SGP radiosonde with a 1%-KI buffered solu-
tion (combination 2) were used during the period from May
2009 to June 2010. An Ensci Model-Z ECC ozonesonde and

Ozonesonde Observation at Hanoi
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Figure 1. (left) Mean seasonal variation of OMR obtained by calculating monthly mean values at each
height and at each month from September 2004 to November 2011. (center) Same as the left panels but
showing the OMR anomalies from the annual mean at each height. (right) Vertical profiles of annual
mean OMR (thick dashed line), standard deviation of OMR mean seasonal variation (thin solid line),
and standard deviation normalized by the annual mean OMR at each height (thick solid line). Plus marks
in left and center panels indicate cold point tropopauses determined by the long-term monthly mean
temperature profiles. The upper panels show the height range of 0-30 km, while the lower panels focus
on the variations in the UTLS and the tropospheric regions from 0 to 20 km.

a Vaisala RS92-SGP radiosonde with a 0.5%-KI buffered
solution (combination 3) have been used since July 2010.
The wind data have been available since May 2009 for the
observations launched with the RS92-SGP radiosonde.

[11] In laboratory intercomparisons, differences in ozone
values measured by ECC ozonesondes with different instru-
ment and solution types were shown by Smit et al. [2007].
According to their result, combinations 1, 2, and 3 used at
Hanoi have biases relative to the reference measurement
by the UV-photometer of at most —5%, +5%, and +5%,
respectively. This means that the comparison between the
ozonesonde data before and after the switch from combina-
tion 1 to combination 2 in May 2009 may have a relative
bias of at most 10%. However, the present study does not
contain such a comparison. In section 3.1, we investigate
the 7 year mean seasonal variations. The biases do not affect
the qualitative investigation of the mean seasonal variations,
because the usage of instrument-solution combinations does
not have any seasonal dependence. It is also noted that,
since the data taken by the three types of combinations
are mixed when we estimate the monthly mean values, the
biases tend to be canceled out. The exception is the data of
the winter campaigns in every January. Only combination
1, an Ensci 1Z ECC ozonesonde and a 2%-KI unbuffered
solution, has been used for the campaign observations.
Therefore, the monthly mean data in January may have a
negative bias relative to other months. However, this bias is
considered to be negligible in this paper, because we will
examine the seasonal variability larger than 20-30%. This

point will be mentioned again in section 3.1. In section 3.2,
we investigate the subseasonal and day-to-day variabili-
ties by using non-averaged data, in which the precision of
the measurements with the fixed instrument and solution
should be taken into account. According to the result by
Smit et al. [2007], the precision for each sensor type and
solution is less than 5%. That is much smaller than the
variabilities discussed in section 3.2. Note that recently it
is planned to homogenize the ozonesonde data sets from
different types of solutions and sensors in an activity,
“Ozone Sonde Data Quality Assessment (O3S-DQA),” as
a part of SPARC-IGACO-IOC Initiative on “Past Changes
in the Vertical Distribution of Ozone” (Smit et al., 2012,
Guide Lines for Homogenization of Ozone Sonde Data,
http:// www - das.uwyo.edu/~deshler/ NDACC _O3Sondes/
03s_DQA/O3S-DQA-Guidelines%20Homogenization-V2-
19 November2012.doc).

[12] In this paper, we discuss the time variations of the
OMR at various time scales at various height regions from
the surface to the stratosphere. Because the OMR varies
rapidly with height, it is reasonable to evaluate the ampli-
tude of variation by quantities relative to the mean. Here,
the amplitude is evaluated by the “relative standard devia-
tion” (RSD). A RSD is defined as a standard deviation (SD)
divided by a mean; the RSD is also called the “coefficient of
variation” in general.

[13] Inthis paper, we also use the weekly ozonesonde data
obtained at Hong Kong (22.31°N, 114.17°E) during 2000—
2011 provided by WOUDC. The data were processed by the
same methods as the Hanoi data and used as a reference.
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Figure 2. The same as Figure 1 except for the results obtained from the ozonesonde data at Hong Kong

from 2000 to 2010.

2.2. Global Meteorological and Ozone Data

[14] To interpret the ozone variations observed at Hanoi,
we also analyzed the global reanalysis and satellite ozone
data. We used the National Centers for Environmental Pre-
diction (NCEP) Reanalysis-II data [Kanamitsu et al., 2002]
with temporal interval of 6 h, horizontal resolution of
2.5%2.5°, and pressure levels of 1000, 925, 850, 700, 600,
500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa
during 2004-2010 for analyzing the meteorological fields
related to the ozone variations observed at Hanoi and to
calculate isentropic backward trajectories.

[15] We also used the ozone profiles retrieved by the
Aura/Microwave Limb Sounder (MLS) retrieval scheme
version 2.2 Level 2 [Livesey et al., 2006; Jiang et al., 2007]
to investigate the horizontal distributions of ozone. The
Aura/MLS data were chosen because these resolve the ver-
tical distribution, and the data period (from August 2004
to the present) just covers the ozonesonde observations at
Hanoi. We exclude from our analysis the data below 215 hPa
that is the lowest level of Aura/MLS ozone measurements.
We removed the MLS data with erroneous values from our
analysis in accordance with the recommendations in the
data description document by the Jet Propulsion Labora-
tory [Livesey et al., 2007]. The pressure levels used are
215.443 (the lowest level of the Aura/MLS ozone mea-
surements), 146.780, 100.000, 68.1292, 46.4159, 31.6228,
21.5443, 14.6780, 10.0000, 6.81292, and 4.64159 hPa (very
few ozonesonde data are available above this level). The cli-
matological monthly means for the 8 years were obtained
from the monthly mean data gridded on to 5° x 5° bins.

[16] In addition, we used the monthly mean outgo-
ing long-wave radiation (OLR) provided by the National
Oceanic and Atmospheric Administration (NOAA)
[Liebmann and Smith, 1996] with a horizontal resolution of

2.5° longitude x 2.5° latitude from 2004 to 2010 to compare
the ozone variations with the convective activities.

3. Results and Discussion

3.1.

[17] Figure 1 shows the mean seasonal variations of OMR
at Hanoi (left panels). The long-term monthly mean val-
ues since September 2004 are used for this plot. The OMR
anomaly from the annual mean is also shown in the cen-
ter panels. The means, the SDs, and the RSDs (the SDs
normalized by the annual mean) are plotted in the right pan-
els of Figure 1. The similar plots obtained by the data at
Hong Kong are shown in Figure 2. The results showed quite
similar seasonal variations at both stations, suggesting that
the data are reliable and the obtained variations are robust.
The characteristics of the mean seasonal variation seen at
both stations are described below.

[18] In the lower and middle stratosphere (above about
20 km height, shown in the upper panels of Figure 1), a
clear seasonal variation is found with larger values in spring
and summer and with smaller values in winter. The mean
value and the SD rapidly increase with height, while the
RSD ranges by 5%—10% through this height range. Since
the normal SD tends to increase for the variable with large
mean value, the RSD is more appropriate for the evalu-
ation of variables of which mean value rapidly changes.
The seasonal variation with the spring-summer maximum
is consistent with the well-known features of seasonal vari-
ation in the ozone shown by Shiotani and Hasebe [1994]
using satellite ozone data. This reflects the seasonality of
both the Brewer-Dobson circulation and the photochem-
ical production. This aspect of seasonality will not be
discussed further.

Seasonal Variations
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Figure 3. Upper panels show 5 day backward trajectories starting at every 06:00 UT (13:00 LT in
Vietnam) the Aura/MLS OMR (color shades) and the NCEP Reanalysis pressure (broken contours) in
(left) January, (center) May, and (right) July at 400 K surface (at about 18 km over Hanoi). Lower panels
show climatological monthly mean geopotential height (color shade), horizontal wind (arrow), and OLR
(contour and gray shade) in (left) January, (center) May, and (right) July at 100 hPa (about 400 K near
Hanoi). Contour levels for OLR are 180, 200, 220, and 240 W/m?. The areas below 180 and 200 W/m?
are shaded by dark and light gray colors, respectively. Note that OLR contours in the area north of 30°N
are not displayed, because they are possibly contaminated by the cold land surface.

[19] A clear seasonal cycle with a winter minimum is
also found in the upper troposphere and lower stratosphere
(UTLS) region (1020 km shown in the lower panels of
Figure 1) with the RSD of 20-30%. In more detail, the RSD
has double peaks in height at about 14 km and about 18 km.
The seasonal variability appears to be different above and
below the cold point tropopause (indicated by the plus marks
in Figure 1) at around 17 km height. Below the tropopause
level (upper troposphere near 14 km), the OMR peaks in

r [6: 356.0 K] JAN

100

100

100

r [6: 356.0 K] MAY
,V o

late spring (May), while above it (lower stratosphere near
18 km) the OMR peaks in summer (July to August). It
is possible that the processes resulting in these variations
are different. This point is discussed below in terms of the
air mass transport. It should be noted that the winter mini-
mum in January should be considered carefully because the
data in January may have a negative bias as mentioned in
section 2. It is confirmed that the data at the Hong Kong
station in Figure 2 show the similar minimum in January.

r [6: 356.0 K] JUL
T Voo

z [m: 07 ][p 150.0 hPo]

TN w m
Sy
S S 14.40
7% Sl 13.12
e : il 12.96
150 200 50 100 150 200

Figure 4. The same as Figure 3 but (upper) at 356 K surface (at about 14 km over Hanoi) and (lower)

at 150 hPa (about 356 K near Hanoi).
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Black contours show the NCEP Reanalysis isentropes, and gray contours show the NCEP Reanalysis

zonal wind.

Therefore, it is said that the minimum in January may not
be caused only by the expected negative bias but reflects
the nature.

[20] The upper panels of Figure 3 show 5 day backward
trajectories starting from Hanoi at every 06:00 UT (13:00 LT
in Vietnam) in winter (January), late spring (May), and
summer (July) for all years at the 400 K isentropic surface
(about 18 km height over Hanoi) and at the 356 K surface
(about 14 km height over Hanoi). The backward trajectories
were calculated every 30 min on isentropic surfaces by using
the linearly interpolated NCEP reanalysis data and by the
second-order Runge-Kutta method for time integration, as
done previously by Fujiwara et al. [2003b] and Hasebe et al.
[2007]. The monthly mean background OMRs obtained by
Aura/MLS during 2004-2010 are also plotted in the upper
panels of Figure 3. Corresponding meteorological fields, the
geopotential height, horizontal winds, and OLR are shown
in the lower panels of Figure 3, and the same plots for upper
troposphere (around 14 km height near Hanoi) are shown in
Figure 4. Note that the white color region over and around
the Tibetan Plateau (30°E-100°E, 20°N-50°N) in the panel
for July at 356 K indicates that the Aura/MLS OMR data
are not available because the level is below the lower limit
(215 hPa) of the Aura/MLS ozone observation [Livesey
et al., 2007], which is due to the Tibetan High development
over the region as seen in the lower right panel of Figure 4.
In the following, the overall features of trajectories in each
month are compared with the climatological mean of the
Aura/MLS OMR and the meteorological fields.

[21] In winter, air masses are transported from the equa-
torial and subtropical upper troposphere over the Maritime
Continent, the Indian Ocean, South Asia, and West Africa
where the mean OMRs are smaller than those in the

midlatitude and high-latitude regions. This feature is com-
monly seen through the UTLS region in winter. The anti-
cyclonic circulation formed over the northern part of the
western Pacific in winter (lower left panels of Figures 3
and 4) is considered to be a Rossby response to the convec-
tive heating over the Maritime Continent and the equatorial
western Pacific region [Highwood and Hoskins, 1998;
Hatsushika and Yamazaki, 2003]. It is assumed that this type
of horizontal transport is the cause of the OMR minimum in
winter UTLS region over Hanoi.

[22] In late spring (May), convective center moves north-
westward, and the associated monsoon high and anticyclonic
circulation begin to develop in the UTLS region over and
around the Bay of Bengal as seen in the lower middle
panels of Figures 3 and 4. As seen in Figure 1, the upper
tropospheric OMR over Hanoi increases in May at the
height range from 10 to 16 km. This increase is consis-
tent with the cross-tropopause, isentropic air mass transport
from the midlatitude stratosphere possibly due to the Rossby
wave breaking, which is known to occur frequently in
late spring at around the 350 K surface [e.g., Appenzelle
et al., 1996; Seo and Bowman, 2001]. We emphasize that
the location of Hanoi is appropriate for the observation
of the cross-tropopause mass exchange in this season. In
summer (July), the region of high ozone concentration at
the 356 K surface moves to the Pacific region, as seen in
the lower right panel of Figure 4, and the OMR around
Hanoi decreases. This move is consistent with the results by
Postel and Hitchman [1999], who showed that the Rossby
wave breaking occurs most actively in the Pacific region in
the northern summer.

[23] At the 400 K surface, a similar anticyclonic flow
seems to transport the midlatitude air to the tropics (lower
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Figure 6. Time height sections of (left) OMR, (center) OMR anomaly from the mean seasonal variation,
and (right) vertical profiles of the RSD (the SD of the OMR anomaly from the mean seasonal variation
normalized by the annual mean of each year) from (top) 2004 to (bottom) 2011.

right panel of Figure 3). However, the OMR distribution
(upper right panel of Figure 3) formed by the anticyclonic
circulation is somewhat different from that in the upper
troposphere. As seen in the upper center and right panels
of Figure 4, the horizontal OMR distribution in the lower
stratosphere has a coherent tongue-shaped structure extend-
ing from the central Pacific to the Indian Ocean with a
horizontal scale of ~1000 km or larger. It should also be
noted that this tongue-shaped structure is vertically sepa-
rated from the upper tropospheric ozone increase, as shown
in Figure 5. In Figure 5, a high OMR intrusion is seen from
the midlatitude stratosphere at a latitude of 20°N—30°N near
the 360K surface, while apart from the intrusion, an OMR
increase is seen near 10°N at around the 380 K surface,
which is due to the tongue-shaped OMR transport from the

midlatitude stratosphere. The lower stratospheric increase
seems to be caused directly by the anticyclonic circulation
associated with the Tibetan High, which is different from
the upper tropospheric increase possibly due to the Rossby
wave breakings. This feature is consistent with the results
of chemical transport model and the data analyses shown
by Konopka et al. [2010]. The anticyclonic circulation in
the lower stratosphere appears in late spring and develops
until midsummer as a thermodynamical response of Asian
monsoon convective activity [Randel and Park, 2006;
Park et al., 2007]. In July—August, a well-developed
tongue-shaped structure with high OMR air masses
moves over Hanoi. As a result, the maximum OMR is
considered to appear at around 18 km height in summer
over Hanoi.
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Figure 7. Temporal variations of the OMR averaged at
(bottom) 2—4 km, (center) 13—15 km, and (top) 17-19 km
bins in each year from 2004 to 2011. The climatological
seasonal variation is also plotted with black line.

[24] Hanoi is located at the northwestern edge and
at the southeastern edge of the anticyclonic circulation
due to the Rossby response in winter and in sum-
mer, respectively. Therefore, it is concluded that the sea-
sonal variation in the UTLS ozone observed at Hanoi
is caused by the seasonal change in the source of the
air mass associated with the large-scale, monsoon-related
circulation change, although the detailed behaviors are
different between the height ranges above and below
the tropopause.

[25] In the middle troposphere (5—10 km), the seasonal
variability of OMR is small with the relative standard
deviation of 10%-20% as seen in Figure 1. The weak
maxima are seen in late spring (May), summer (August), and
autumn (October).

[26] In the lower troposphere, the OMR has a clear maxi-
mum in March to April at about 3 km height. It is known that
surface ozone enhancement occurs in this season in the East
and Southeast Asian regions [e.g., Pochanart et al., 2001;
Tanimoto et al., 2005]. Pochanart et al. [2001] indicated that
the spring maximum of the surface ozone over Thailand was
caused by the ozone production due to biomass burning in
Southeast Asia. Indeed, it is clearly seen that the near-surface
ozone increases during the same months. It is possible that
the ozone increase at about 3 km height is related with
the surface ozone enhancement due to the biomass burn-
ing through vertical diffusion or transport. It is known
that strong temperature inversions frequently develop over
the Indochina Peninsula in spring [ Nodzu et al., 2006; Ogino
etal.,2010; Nodzu et al., 2011]. Nodzu et al. [2006] showed
that the temperature inversions typically appear at two lev-
els, about 1.5 km and about 4 km in March to April over
Hanoi. It is interesting that the OMR maximum observed
with the ozonesondes appears between the heights of these
double inversions. This relationship implies that the dou-
ble layered structure of atmospheric stability plays a role in
determining the vertical transport or accumulation process
of high OMR air masses over the Indochina Peninsula.

[27] Deep intrusions of the stratospheric air into the tro-
posphere associated with tropopause foldings [e.g., Elbern
et al., 1997; Stohl et al., 2003] are another candidate for
producing the spring ozone maximum at 3 km. This ozone
maximum also seems to have a source from the upper tropo-
spheric ozone increase in May discussed above. The warm
air intrusion from the stratosphere due to the tropopause
folding must produce a steep temperature change within
the troposphere, which is consistent with the coexistence of
temperature inversions and ozone maximum.

[28] The results and discussions above suggest that the
consideration of three-dimensional transport is important for
understanding the spring increase in ozone at 3 km. Further
studies, such as three-dimensional trajectory analysis and
numerical experiments using a chemical transport model, are
expected to clarify the generation mechanism of the ozone
maximum in spring.

[29] An ozone enhancement near the surface in October is
also clearly seen in Figure 1, as also seen in Figure 3 of the
paper by Thompson et al. [2012]. The same feature is found
in the result at Hong Kong (Figure 2). Biomass burning is
not active in October over the southeast Asian region [e.g.,
Duncan et al., 2003], which is different from the spring case
mentioned above. Therefore, we should consider the cause
of this enhancement other than the pollution due to biomass
burning. Further studies would be expected to clarify it.

3.2. Subseasonal Variations

[30] Next, we investigate the subseasonal variations in
OMR observed by the ozonesondes at Hanoi. Figure 6
shows the OMR variations for every year from 2004 to
2011. The left panels show the OMR measured values. The
center panels show the OMR anomalies from the 8 year
mean seasonal variation, i.e., deseasonalized OMR varia-
tions. The right panels show vertical profiles of the RSD of
the deseasonalized OMR variations. Both the data from the
monthly and the intensive campaign observations were used
for these figures. From the left and center panels, we find the
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Figure 8. Time height sections of (left) OMR and (center) meridional wind, and (right) vertical profiles
of statistical values of OMR: (thick dashed line) campaign-mean OMR, (thin solid line) standard devi-
ation, and (thick solid line) relative standard deviation for (top) the first (December 2004 and January
2005), (middle) the second (January 2006), and (bottom) the third (January 2007) campaign observations.
Vertical white lines in the time height sections denote the launch time of the ozonesonde.

subseasonal variations have a significant magnitude in addi-
tion to the mean seasonal variability.

[31] These features are more clearly seen from the line
plots at selected heights shown in Figure 7. We can rec-
ognize the characteristics of the mean seasonal variation
of the OMR with the lower tropospheric (2—4 km) early
spring (March—April) maximum, the upper tropospheric
(13—15 km) late spring (May—June) maximum, and the lower
stratospheric (17-19 km) summer (July—August) maximum
in almost all years. In addition to such a clear seasonal
cycle, the subseasonal variation of the OMR is also dominant
through the year.

[32] The RSD for each year is shown in the right panel
of Figure 6. It is seen that the RSDs have larger values in
the UTLS region near 15 km height as a common feature
for every year except for years 2010 and 2011. Their val-
ues are around 40%, which is comparable to that of the
mean seasonal variation at the same height region. Note that
the exception for years 2010 and 2011 is considered partly
because of the gap in the data. The RSDs in the boundary
layer (below 1 km height) are also large.

[33] The monthly ozonesonde observations at Hanoi have
been conducted once or twice per month, and their sampling
interval is not constant. Therefore, it is difficult to investigate
the dominant phenomena only from this data set. However,

we have conducted campaign ozonesonde observations at
intervals of a few days during every winter. Here, we exam-
ine the campaign observation data to investigate the ozone
variations at a time scale of a few to several days.

[34] Examples of OMR variations during the first, second,
and third campaigns are shown in Figure 8. The layered
OMR minima with a vertical scale of 2-3 km in the UTLS
region near the 15 km height are clearly seen for all the three
campaign observations. For example, in the first campaign

20
/E\ 15
N
— 10
<
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Figure 9. Vertical profile of mean OMR relative standard
deviation for the results of all campaign observations.
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Figure 10. Scatter plots of OMR versus meridional wind averaged at height ranges of (left) 14—15 km
and (right) 0—1 km for (top) the first (December 2004 and January 2005), (middle) the second (January
2006), and (bottom) the third (January 2007) campaign observations.

period, an OMR minimum appears near the 14 km height
during 4-8 January. Similar OMR minima are found dur-
ing 17-29 January 2006 at around 14 km and during 10-14
January 2007 at around 13 km. Vertical profiles of OMR
RSDs are shown in the right panels in Figure 8. In this figure,
the large variability of ozone in the UTLS is found with the
RSD of 40%—60% near the 14 km height. The similar fea-
ture (maximum RSD of about 30% in the UTLS region) is
found in the mean RSD profile for all the results from the
seven campaigns in every winter (Figure 9). It is also seen
that the near-surface variations have large amplitudes with
the RSD of 40%—70%.

[35] The variation in the UTLS region seems to have
a close relation with the background meridional wind as
shown in the center panels of Figure 8. This relation is
examined in more detail below, since it supports the result
of the backward trajectory analyses shown in section 3.1
that the OMR value observed at Hanoi has a dependency
on the air mass origin. The strong northward wind in the
UTLS region coincides with the OMR minima described
above. The scatter plots show a negative correlation between
the OMR and the meridional wind variations averaged over
14-15 km height range as shown in the left panels in
Figure 10. The correlation coefficient is estimated as approx-
imately —0.6 as the mean value of the three campaign data.
It is also found that the OMR has a positive correlation

with the zonal wind with the correlation coefficient of
approximately +0.8 (not shown). These results indicate that
the eastward-oriented (weak northward and strong east-
ward) wind tends to transport low OMR air masses and the
northward-oriented (strong northward and weak eastward)
wind tends to transport high OMR air masses to Hanoi. In
the boundary layer, a positive correlation between the OMR
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Figure 11. Vertical profiles of correlation coefficient
between the OMR and the meridional wind (left panel) and
between the OMR and the zonal wind (right panel) at every
1 km bin from the surface up to 20 km. The correlation coef-
ficient is the averaged value for the results of all campaign
observations.
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and the meridional wind is found with a correlation coeffi-
cient of approximately 0.4 as the mean value of the three
campaign data.

[36] Figure 11 shows vertical profiles of the correlation
coefficient between the OMR and the meridional wind (left
panel) and between the OMR and the zonal wind (right
panel) at every 1 km bin from the surface to 20 km. The
correlation coefficient is the average of all results from the
seven wintertime campaign observations. It is found that
the negative (positive) correlation between the OMR and
the meridional (zonal) wind in the UTLS region is a promi-
nent feature. The student’s ¢ test for the null correlation
between OMR and meridional wind in UTLS in January
2006, when we conducted 14 soundings that were the largest
number among the all winter campaigns, showed that the
negative correlation is statistically significant at the 95%
level. Based on these facts, we consider that the correlations
between OMR and the horizontal winds are the signifi-
cant feature in the UTLS region at Hanoi. In the boundary
layer, on the other hand, the positive correlation between the
OMR and the meridional wind does not seem to be robust,
although the large amplitude and the positive correlation are
seen in the first three campaign observations.

[37] In the left panels of Figure 12, backward trajectories
on the 356 K surface starting at Hanoi at the launch time of
the first, second, and third campaign ozonesonde observa-
tions are plotted with colors indicating the observed OMR
values. These trajectories show that the lower (higher) OMR
values tend to be traced back to the Maritime Continents
and the western Pacific (to the Indian Ocean and African
region). This result is consistent with the negative correla-
tion between the OMR and the meridional wind in the UTLS
region over Hanoi and supports the interpretation that the
OMR winter minimum in the UTLS is caused by the low
OMR air mass transport from the equatorial region where
the mean ozone concentration is low.

4. Summary

[38] We have conducted continuous monthly ozonesonde
observations and intensive campaign observations with
intervals of a few days for every winter at Hanoi (21.02°N,
105.80°E), Vietnam since September 2004. By using the
obtained data, seasonal and subseasonal variations in the
ozone mixing ratio (OMR) are investigated, and the causes

of the variations are discussed. The relative standard
deviation (RSD), which is defined as the standard deviation
normalized by the mean value, is employed to evaluate the
amplitude of variation to eliminate the rapid increase of the
mean OMR with height.

[39] In the lower and middle stratosphere (above about
20 km height), a clear seasonal variation is found with larger
values in spring and summer and with smaller values in win-
ter. This result is consistent with the well-known features of
seasonal variation shown in previous studies [Shiotani and
Hasebe, 1994].

[40] A seasonal cycle with a winter minimum and a
spring-summer maximum is also found in the UTLS region
(10-20 km) with larger RSD of 20%—30%. A backward tra-
jectory analysis shows that the winter minimum is due to the
low OMR air mass transport from the tropical troposphere.
This feature is commonly seen through the UTLS region
in winter. In contrast, the variation from spring to summer
seems to be different above and below the tropopause level
at around 17 km. Below the tropopause level (upper tropo-
sphere near 14 km), the OMR peaks in late spring (May).
This peak is consistent with the air mass transport from the
midlatitude stratosphere to the troposphere possibly due to
Rossby wave breakings. Above the tropopause level (lower
stratosphere near 18 km), the OMR peaks in summer (July to
August). This peak seems to be caused directly by the anti-
cyclonic circulation associated with the Tibetan High, which
is different from the upper tropospheric increase. In midsum-
mer, the well-developed tongue-shaped structure with high
OMR air masses moves over Hanoi. As a result, the maxi-
mum OMR is considered to appear at around 18 km height
in summer over Hanoi.

[41] In the lower troposphere, the OMR has a clear maxi-
mum in March to April at about 3 km height. The maximum
seems to propagate downward from 3 km height to the sur-
face ozone maximum in May. The relation with surface
ozone enhancement due to biomass burning is suggested.
Tropopause folding is another candidate for producing the
spring ozone maximum at 3 km.

[42] Subseasonal variations in the OMR show large
amplitudes in the UTLS region (around 15 km) and in the
boundary layer (below 1 km) with the RSD larger than 40%,
which is comparable to those of mean seasonal variation
of the OMR. It is shown that the OMR variation in the
UTLS region during every winter campaign has a negative
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correlation with the meridional wind. This relation
indicates that the low OMR air masses observed at Hanoi
have been transported from the equatorial region, which
is confirmed by the backward trajectory analyses. These
results support the interpretation that the OMR winter min-
imum in the UTLS is caused by the low OMR air mass
transport from the equatorial region, where the mean ozone
concentration is low.
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