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Abstract

Abnormal decrease in the ozonesonde sensor signal occurred during air-pollution
study campaigns in November 2011 and March 2012 in Mexico City. Sharp drops
around 5kma.s.l. and above were observed in November 2011, and a broad deficit in
the convective boundary layer in March 2012. Various circumstantial evidence indicates5

that the decrease was due to interference of SO2 gas to Electrochemical Concentration
Cell (ECC) ozone sensors. The sharp drops in November 2011 are considered to be
caused by the SO2 plume from the Popocatépetl volcano to the south-east of Mexico
City. Response experiments of the ECC sensor to representative atmospheric trace
gases showed that only SO2 could generate the observed abrupt drops. The vertical10

structure of the plume reproduced by a Lagrangian particle diffusion simulation also
supported this assumption. The near-ground deficit in March 2012 is considered to be
generated by the SO2 plume from the Tula industrial complex to the north-west of Mex-
ico City. Sporadic large SO2 emission is known to occur from this region, and before
and at the ozonesonde launching time, large intermittent peaks of SO2 concentration15

were recorded at the ground-level monitoring stations. The difference between the O3
concentration obtained by ozonesonde and that by UV-based O3 monitor was consis-
tent with the SO2 concentration measured by a UV-based monitor on the ground. The
plume vertical profiles estimated by the Lagrangian particle diffusion simulation agreed
fairly well with the observed profile. Statistical analysis of the wind field in Mexico City20

revealed that the Popocatépetl effect is most likely to occur from June to October, and
the Tula effect all the year.

1 Introduction

Ozone (O3) concentration in Mexico City frequently exceeds the environmental stan-
dard although the overall level has decreased substantially since around 1992 when25

the city was regarded as one of the most polluted megacities in the world (Mage et al.,
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1996). High levels of O3 concentration occur in urban areas because O3 is produced
by photochemical reactions involving nitrogen oxides and volatile organic compounds
that are emitted mainly by anthropogenic activities (e.g., Seinfeld and Pandis, 2006).
Tropospheric O3 has negative effects on our lives if its concentration is exceedingly
high; it causes health problems such as sore throat, uncomfortable breathing, and in-5

creased asthma attacks, it reduces crop yields and causes forest decline by damaging
the leaves, and further it has a potential to change the global climate with its strong
radiative forcing.

In Mexico City or in Mexico City Metropolitan Area (MCMA) (Fig. 1), many studies
have been conducted to understand the life cycle of O3: its production, transport, chem-10

ical reaction, and destruction. Although more difficult to obtain than the horizontal distri-
bution, vertical profiles of O3 concentration are essential in the understanding because
O3 produced near the ground and that existing at high concentration in the strato-
sphere are transported both horizontally and vertically by atmospheric motions of wide
range of spatial and temporal scales. In past studies, vertical profiles of O3 over MCMA15

were measured using airplanes (Emmons et al., 2010), tethered balloons (Velasco et
al., 2008), and ozonesondes (Thompson et al., 2008). Airplane measurements up to
about 10 km above sea level (hereinafter called a.s.l.) and extending horizontally over
a spatial scale of the Mexico territory were used to validate a global chemical transport
model MOZART-4. Tethered balloon measurements revealed the diurnal cycle of O320

in the lower part (. 800 m above ground level (hereinafter called a.g.l.)) of the plane-
tary boundary layer. Ozonesonde measurements up to about 35kma.s.l. focused on
the long-range transport in the upper troposphere. In our study, ozonesonde was used
mainly to obtain the vertical profiles of O3 in the lower to upper troposphere.

Ozonesonde measurement employing liquid-phase reaction of potassium iodide (KI)25

and O3 is known to be affected by the presence of sulphur dioxide (SO2): one molecule
of SO2 entering the reaction cell eliminates the output electric current that would be
generated by one molecule of O3. Clear effect of SO2 on ozonesonde measurements
in the continental Europe was reported by Flentje et al. (2010) during the major eruption
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of Eyjafjallajökull, Iceland in April 2010. Using tandem ozonesondes one with an SO2
filter and the other without, Morris et al. (2010) determined the vertical profiles of O3
and SO2 simultaneously in Houston USA in the presence of industrial SO2 plumes, and
in Sapporo, Japan in the presence of volcanic SO2 plumes.

Around MCMA, there are two major sources of SO2: the Tula industrial complex and5

the Popocatépetl volcano. The Tula industrial complex has an oil refinery and an elec-
tric power plant. Popocatépetl is an active strato volcano with increased frequency of
major eruptions in recent years. The impact of these SO2 sources on the air-quality
in MCMA was analyzed by de Foy et al. (2009) using ground-based monitoring equip-
ment, wind profilers, satellite remote sensing, and numerical chemical transport mod-10

els. They identified frequent ground-level high SO2 incidents with the emission from the
Tula complex, and less frequent incidents with the Popocatépetl emission. However,
their analysis on the contribution of the Popocatépetl relied heavily on the chemical
transport model and satellite remote sensing, the former having considerable uncer-
tainty in the complex terrain of the Valley of Mexico and the latter lacking sufficiently15

high spatial and temporal resolutions. There have been virtually no observations of the
vertical structure of the SO2 plumes from the two sources comparable to the observa-
tions by Morris et al. (2010). (As described later, Ozonesonde data used in Thompson
et al. (2008) clearly indicate interference by SO2, but no discussion was provided in
their paper.)20

In our research project “Joint Research Project on Formation Mechanism of Ozone,
VOCs, and PM2.5 and Proposal of Countermeasure Scenarios”, ozonesonde measure-
ments (without SO2 filters) were conducted in November 2011 and March 2012 in
MCMA with a principal aim of understanding the O3 life cycle. Incidentally, in some of
the measurements, we found interference to the O3 sensor by SO2 plumes from the25

two major sources around MCMA. This paper describes the observation and analysis
using an atmospheric dispersion model.
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2 Preliminaries

2.1 ECC ozone sensor

In our ozonesonde system, we used the Electrochemical Concentration Cell (ECC)
ozone sensor (EnSci Co.). The ECC sensor consists of anode and cathode cells: the
cathode cell contains buffered 0.5 % KI solution, and the anode cell saturated KI solu-5

tion. The ambient O3 is pumped at a specified volume flow rate into the cathode cell
where O3 reacts with the iodide ion (I−) as

O3 +2H+ +2I− → I2 +H2O+O2 (1)

Through the ion bridge that connects the cathode and anode cells, the iodide ion is10

supplemented from the anode cell, and through the platinum electrodes inserted at
the bottom of the cells, electrons flow to re-establish charge balance. The measured
electric current is therefore proportional to the rate of influx of O3 molecules.

If there is SO2 in the ambient air, the cathode-cell reaction is modified as follows
(Schenkel and Broder, 1982). First, the dissolved SO2 dissociates into HSO−

3 and15

SO2−
3 :

SO2 +H2O � HSO−
3 +H+ (2)

HSO−
3 � SO2−

3 +H+ (3)

At pH = 7, the aqueous concentrations of HSO−
3 and SO2−

3 are approximately the same20

(Seinfeld and Pandis, 2006). Then, the dissolved O3 reacts preferentially with these
S(IV) species rather than with I−.

O3 +HSO−
3 → SO2−

4 +O2 +H+ (4)

O3 +SO2−
3 → SO2−

4 +O2 (5)
25
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Because these reactions do not induce electric current through the electrodes, the
current that would have resulted from the iodide-ozone reaction is lost. In other words,
1 molecule of SO2 is measured as −1 molecule of O3. If there are more SO2 molecules
than O3 molecules, the unreacted HSO−

3 and SO2−
3 remains in the aqueous phase until

all is consumed by the later incoming O3. In the measurement, this means that zero5

signal continues until all the dissolved SO2 is consumed. As explained in Schenkel and
Broder (1982), reaction of O3 with the dissolved forms of NOx is not preferred over that
with I−.

To prevent the SO2 interference, strong oxidizing agent is used to filter out SO2 in
KI-based O3 monitors. Morris et al. (2010) demonstrated application of CrO3-based10

SO2 filter to ECC ozone sensors. Using two ECC sensors in tandem, one with the SO2
filter and the other without, they could measure O3 and SO2 concentrations simulta-
neously. In our observation campaigns, we did not apply the SO2 filter because at the
time of campaign planning we were not aware of the SO2 interference or the filtering
technology.15

A property of ECC sensor that is helpful in interpreting the observed signal is the
response time to a sudden change of input-gas composition. We conducted a labora-
tory experiment where the input gas was switched between ozone-free air and ozone-
containing air (about 160ppb). For eight ECC sensors, the output current could be fitted
approximately to exponential forms20

I = Ib + (I0 − Ib)(1−exp(−t/τr)) (rise response), (6)

I = Ib + (I0 − Ib)exp(−t/τd) (decay response), (7)

where I0 = 5.0µA is the ECC output for the ozone-containing air, Ib = 0.3µA is the back-
ground current for the ozone-free air, and time constants are τr ≈ 22s and τd ≈ 21s.25

Figure 2 shows the response of the sensor output when the input gas was changed
from ozone-containing air (about 160ppb) to ozone-free air, 200ppb SO2-containing
air, 200ppb NO-containing air, or a mixture of 200ppb NO and 150ppb O3 air. The last
gas was used to examine the response to NO2 that results from the reaction between
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NO and O3. Because SO2 dissolves quickly into the solution and prevents residual O3
from reacting with I−, the response to SO2 was much faster than that to other gases.

2.2 SO2 sources

There are two major sources of SO2 around MCMA: the Tula industrial complex and the
Popocatépetl volcano (see Fig. 1). In the Tula industrial complex (20◦03′ N, 99◦17′ W)5

located about 70km to northwest of our observation site at Servicio Meteorologico Na-
cional (SMN), the SO2 emission is mostly from the Miguel Hidalgo oil refinery and Fran-
cisco Pérez Ríos power plant, the former emitting 76 ktyr−1 and the latter 136 ktyr−1

according to the 2008 version of National Inventory of Emissions in Mexico (INEM2008
compiled by SEMARNAT). In contrast, the SO2 emission in the Federal District, the10

core area of MCMA, is 2.8 ktyr−1, of which about 2.0 ktyr−1 is from mobile sources.
Hence, it is only 1.3 % of that from the Tula complex.

The emission from the Tula complex is not steady, and the ambient SO2 measured
at the monitoring stations in the northern part of MCMA show irregular intermittent
peaks often reaching as high as 300ppb. Figure 3 shows histograms of hourly SO215

concentrations at Villa de las Flores (VIF), Pedregal (PED), and Chalco (CHO) moni-
toring stations (see Fig. 1) in the RAMA (Spanish acronym for automatic atmosphere
monitoring network) network for the period from 1 January to 31 December 2011. We
observe that the frequency of high concentration increases as the station becomes
closer to the Tula complex.20

Popocatépetl (5426ma.s.l., 19◦01′20′′ N, 98◦37′40′′ W) is an active strato volcano
located about 70km southeast of SMN. It has been virtually dormant from 1927 to
1994, when an ash emission occurred, but since December 2000, when large eruptions
happened, has been degassing continuously and erupting sporadically. The rate of SO2

emission was estimated at 2.45±1.39 ktday−1 (894±507 ktyr−1) by Grutter et al. (2008)25

based on DOAS measurement in March 2006. Although the estimated emission rate
is considerably larger than that from the anthropogenic sources, the contribution to the
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ground-level concentration is relatively small because the height of emission is above
or approximately equal to the top of the convective boundary layer. de Foy et al. (2009)
estimated, by numerical simulation models, the contribution at 3–18 % in March 2006
when the MILAGRO campaign was conducted.

2.3 Ozonesonde observation5

With the aim of unraveling the life cycle of O3 in MCMA, we conducted ozonesonde
observation in November 2011 and March 2012. The balloon launch site was the
rooftop of the SMN building (2313ma.s.l., 19◦24′13′′N, 99◦11′46′′W, WMO station
index 76 679) where routine atmospheric sounding is conducted twice daily at 00Z
and 12Z (18:00 and 06:00 LST, respectively). The observation dates were 17, 22, 2310

November 2011, and 7, 8, 9, 12, 13, 14 March 2012. On each day, GPS radiosonde
(Meisei Electric, Co. Ltd.) was launched at 08:30 and 17:30, and ozonesonde (GPS ra-
diosonde+ECC O3 sensor (EnSci Co.)) at 11:30 and 14:30, where the time is in LST.
The actual balloon launching times were often later than these nominal times by up
to 30 min. The rate of climb of the observation balloons was set at about 5ms−1, and15

the data were recorded up to about 15km for the GPS radiosonde and 30km for the
ozonesonde until the balloon burst. In this paper, we present results up to 8kma.s.l.
below which SO2 interference to the ECC sensor was observed. Results at higher alti-
tudes and characteristics regarding ozone life cycle will be presented elsewhere.

At the launching site, we installed an O3 monitor based on UV absorption (OA-781,20

Kimoto Electric) for all the observation periods and an SO2 monitor based on UV ab-
sorption (Model 43C, Thermo Scientific) on 12–14 March 2012. They provided the
ground-level ambient concentrations.
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3 SO2 interference events

3.1 Popocatépetl emission

During the campaign of November 2011, sudden drops of the ECC sensor output were
observed frequently at about 5kma.s.l. Figure 4 shows the vertical profiles of the partial
pressure of O3 for conspicuous cases: one or two sharp minima for the launches at5

14:30 17 November, 11:30 22 November, and 11:30 23 November, and about 1.5 km-
thick layer of zero signal for the launch at 14:30 22 November. Outside the minima
region, the signal magnitude and fluctuation appeared normal, and the ground-level
concentration of O3 by the ECC sensor agreed well with that measured by the UV-
based equipment. We remark that the concerned range of the sounding profiles can10

be regarded as the vertical profiles at SMN because the horizontal travel distance of
the observation balloons until they rose to 8kma.s.l. was at most 7km from SMN.

The sudden changes in the ECC sensor signal cannot be explained by sudden
changes in the ambient O3 concentration. The dashed curves in Fig. 4 indicate the
response of the ECC sensors if the ambient O3 partial pressure was assumed to drop15

abruptly to zero from the values at the bottom of the curves. Except for the case 11:30
23 November, the assumed response curves are more gradual than the observed
curves.

A probable cause of the sudden signal drops is SO2 plumes from Popocatépetl. As
shown in Sect. 2.1, presence of SO2 reduces the sensor output at a much faster rate20

than the other tested gases including ozone-free air. The summit crater of Popocatépetl
is at about the same height as the signal drops. During the observation campaign,
Popocatépetl was relatively active with a large eruption on 20 November. Our sound-
ing results show that the wind was generally from the southeast around the height of
Popocatépetl summit so that the emitted SO2 from Popocatépetl could be advected25

toward SMN.
Emission of NOx from airplanes was also a concern because the flights coming to

and leaving from the Mexico City international airport passed over SMN very frequently
301
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(almost every few minutes). However, as demonstrated by Schenkel and Broder (1982)
and by our experiment (Fig. 2), NOx has negligible effect on the ECC ozone sensor.

In the case of 14:30 22 November (Fig. 4c), it can be inferred either that the SO2
plume had thickness of about 1.5km or that the concentration of SO2 was higher than
O3 at a certain height so that zero signal continued until the residual S(IV) ions in the5

reaction cell were consumed. Whether the SO2 plume could have thickness compara-
ble to the affected layer (≈ 1.5km) is examined later by numerical simulation. We note
that the time required for an air parcel to travel from Popocatépetl to SMN was 2–4 h
because the wind speed was in the range of 5–10 ms−1. Because there was no report
of large eruptions on the day, the plume should have been due to passive degassing10

from the crater.
For the cases where the signal did not hit zero, the signal profiles indicate the vertical

structures of the SO2 plumes. They do not necessarily indicate the dominant thickness
of the plumes because the observation balloons could have moved through the fringe
regions of the plumes. For the same reason and also because the emission rate from15

Popocatépetl is unknown, the overall concentration field of the SO2 plumes is difficult
to estimate merely from the observed signals. Despite these limitations, we can at least
say from Fig. 4 that the plume thickness was larger than a few hundred meters.

To evaluate the thickness of the Popocatépetl SO2 plume, numerical simulation was
conducted using WRF v.3.3.1 (Skamarock et al., 2008) and FLEXPART (Stohl et al.,20

2005) that was modified to work with WRF outputs (Fast and Easter, 2006). Salient
conditions of the simulation were as follows. In the WRF simulation, a single domain
was defined around Popocatépetl with 288×186×32 grids of 3km×3km horizontal
size. The thickness of the 32 layers increased from 26m at the bottom to about 600m
near 3kma.g.l. and above up to the domain top at 16kma.s.l. The input meteorological25

data were NCEP final reanalysis (FNL) with 1◦ ×1◦ horizontal resolution and 6 h time
interval. The spatial resolution of the terrain data was 30s. The sub-models employed
were WSM 6-class model for cloud microphysics, MM5 Monin–Obukhov model for the
surface boundary layer, Yonsei University model for the planetary boundary layer, and
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the unified Noah model for the land surface. Because the FNL data did not resolve
the fine structure of the wind field as obtained by our sounding, observation nudging
was applied to the whole domain using our sounding data conducted four times during
daytime. Grid nudging (typical data assimilation technique when additional observation
data are not available) was also applied at the times when the FNL data were available.5

These nudging procedures in effect introduced non-physical forcing to the governing
equations in the whole domain well beyond the valid range of the sounding results, but
for the current purpose of reproducing the approximate SO2 plume, this rather crude
method can be justified. The WRF simulation was run for 48 h from 00:00 (UTC) of 21
November 2011, the first 24 h considered as a spin-up period.10

A Lagrangian stochastic model FLEXPART was employed because the steep terrain
near Popocatépetl would induce substantial numerical diffusion if an Eulerian diffusion
model were used. The basis wind field was the WRF simulation results saved at 1 h in-
tervals. Above the Popocatépetl crater in the a.s.l. height range between 5426 (summit)
and 5926m, a total of one million particles were released randomly for 20 h starting at15

01:00 (UTC) on 22 November 2011.
Figure 5a compares the wind speed and direction of the WRF simulation and the

sounding result for 21:00 UTC (15:00 LST) on 22 November 2011. We observe that the
west to south-west wind around 6kma.s.l. is reproduced fairly well. Note that, without
observation nudging, the wind direction variation from 4 to 8km could not be repro-20

duced and the simulated wind was almost uniformly from the west.
Figure 5b shows the concentration contour at 5500ma.s.l. at 21:00 UTC (15:00 LST)

on 22 November 2011. The blue dot indicates the location of SMN. The plume is trans-
ported primarily toward west but some portion is carried to the north-west where SMN
is located. As shown in Fig. 5a, the observed wind had more south-westerly compo-25

nent, and the real plume should have been bent further toward the north than in Fig. 5b.
Figure 5c shows the vertical profile of the number of particles in the range of hori-

zontal radial distance from 60 to 80km from Popocatépetl. The number of particles is
normalized by the maximum value around 5500ma.s.l. The profile indicates that the
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plume thickness is about 1km. The thickness was almost the same for other times
and under other similar simulation conditions (e.g., different release height) not consid-
erably different from the presented case. Therefore, for the interpretation of the case
shown in Fig. 4c, corresponding to the simulation time of Fig. 5, there still remains two
possibilities, i.e., the sounding balloon either transected a thick portion of the plume,5

or met a thin but dense-SO2 portion of the plume and the ECC sensor was interfered
continuously until all the dissolved SO2 molecules were consumed. In other cases of
Fig. 4, the balloons may have traversed thin portions such as at the fringe of the plume.

3.2 Tula emission

On 14 March 2012, the 11:30 launch of ozonesonde experienced a considerably lower10

reading (≈ 33ppb) of O3 than the UV-based equipment (≈ 53ppb). As shown in Fig. 6,
the vertical profile of O3 concentration had a considerably thicker layer of reduced O3
than those of typical launches for which the near-ground reduction was due to decom-
position on solid surfaces and reaction with NO. The ground-level O3 concentration on
14 March was relatively low with an afternoon maximum of about 65ppb. Otherwise, it15

was a fine day with no abnormal meteorological phenomena.
There are circumstantial evidence that suggests the reduced O3 reading was due to

SO2 plume from the Tula industrial complex. Figure 7 shows the SO2 and O3 concentra-
tions measured by the UV-based equipment at SMN and at a nearby monitoring station
PED (see Fig. 1) on 14 March. From wee hours to shortly after the 11:30 launching,20

the SO2 monitors captured sporadic large peaks of SO2. At the time of balloon release
(note that 11:30 is a nominal time, and the actual release time was 11:54), the SO2
concentration was about 21ppb, approximately the same magnitude as the difference
between the ozonesonde reading and the measurement by the UV-based O3 monitor.
The wind direction was from the north in the morning hours, and the SO2 concentration25

in the north-western part of Mexico City was generally higher than usual and than other
parts. The Vallejo district in the north of SMN is also a large emission source of SO2,
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but all the three air-monitoring stations (ATI, TLI, and VIF) in the north of the Vallejo
district recorded sporadic high SO2 concentration in the same period.

An instantaneous plume was simulated by WRF+FLEXPART employing grid and ob-
servation nudging described previously. The effective stack height of the Tula emissions
was estimated to be in the range from 400 to 1430m by substituting the properties of5

the individual stacks provided in INEM2008 into the CONCAWE relation (Brummage,
1968). Then, in the height range between 100 and 1000 ma.g.l., one million particles
were released randomly for 20 h starting at 01:00 (UTC) on 14 March 2012. Figure 8
shows the concentration contour at 2500 m a.s.l. at 12:00 LST on 14 March. The sim-
ulated plume traveled primarily toward the south although the observed surface SO210

distribution obtained from the RAMA stations indicated plume advancement toward the
south-east (not shown). It should be noted that the plume traveled mainly to the west
if the observation nudging based on our sounding results was not employed. Because
presence of one-molecule SO2 is detected as absence of one-molecule O3 by the ECC
sensor, the output signal CECC of the ECC sensor when the ground-level SO2 concen-15

tration is 21ppb and O3 concentration is 53ppb becomes

CECC = 53−21
CSO2

(z)

CSO2
(0)

. (8)

The vertical profile of SO2 concentration at SMN (average of 11:00 and 12:00 LST
results) was substituted in Eq. (8), and the result is shown by the thick green line in20

Fig. 6. The calculated profile agrees well with the observation except near the ground
where the gradient is a little excessive. We note that a plume simulation using a con-
ventional Gaussian-plume method resulted in a poorer agreement with the observation
(not shown) probably because this method cannot account for the complex evolution of
the boundary layer in the morning hours while the plume traveled from the Tula complex25

to SMN for about 6.5 h.
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4 Assessment of SO2 influence on ozonesonde

4.1 Effect of Popocatépetl plume

We identify the season when ozonesonde observation is most likely to be interfered by
the SO2 plume from Popocatépetl. For this purpose, the wind vectors measured by the
routine soundings at 00Z and 12Z from SMN are averaged vector-wise in the height5

range from the Popocatépetl summit to 1000m above the summit (5426–6426ma.s.l.).
The raw data of the routine soundings (using Vaisala GPS radiosondes) containing
measured values at every two seconds (approximately 9-m interval) were provided by
SMN. The directions of the vertically averaged wind vectors were sorted into bins of 16
compass-point directions, and the frequency distributions were determined for given10

time periods. The compilation period was from 2006 to 2010, and months with similar
distributions were lumped together. Both 00Z and 12Z data were averaged together be-
cause diurnal variation was relatively weak at the concerned altitudes. Figure 9 shows
the result.

The prevailing wind direction is W from November to March; E from June to Septem-15

ber; and intermediate between these groups of months, i.e., in May and October. The
change of wind directions reflects the alternation of the thermal wind. Because Mexico
City is located to the northwest of Popocatépetl, ECC ozonesonde would be frequently
affected by the Popocatépetl SO2 plume from June to October when the frequency of
SE wind is high (≥ 8 %). Our encounter with the Popocatépetl interference in Novem-20

ber is due to meteorological variability; the wind direction in the upper troposphere was
indeed not constant (WSW on 17 November, E on 22 and 23 November), typical of
transition period from the wet to dry season.

If SO2 filters (Morris et al., 2010) are to be employed to avoid Popocatépetl interfer-
ence in the future routine ozonesonde observations, it would be sufficient to use them25

in months from June to October.
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4.2 Effect of Tula plume

As described in Whiteman et al. (2000), solar heating of the ground and the induced
updraft in the Mexico Basin generates relatively weak surface air-flow from the wide
orographic opening to the north (see Fig. 1). Therefore, the prevailing wind is from the
north in most of MCMA except in the southeastern part where strong wind enters in5

the afternoon from the narrow gap of the basin rim in the south-east corner.
Because the surface observation could be influenced by the surrounding buildings,

we analyzed the average wind direction measured by the routine soundings in the
height range from 2343 to 2463ma.s.l., i.e., up to 150ma.g.l. excluding the first 30m.
Figure 10 shows the averaged wind-direction frequency from 2006 to 2010. There were10

variations from year to year (not shown), but the common characteristics is that the pre-
vailing wind direction is N at 00Z and NW-NNW at 12Z. Therefore, the wind is frequently
from the Tula complex to the center of Mexico City. As shown in Fig. 3, high-SO2 plume
is not very frequent, but when it occurs, it almost certainly reaches the SMN site and
affects the ozonesonde observation. In our measurement campaigns, 1 in 18 launches15

was interfered by the Tula plume.
Therefore, some countermeasure should be implemented against SO2 interference.

Probable measures are employing SO2 filters on all the ECC sensors, monitoring SO2
concentration at the launching site to avoid high-SO2 events, or preventing the sporadic
large emissions of SO2 from the Tula complex; the last option is of course beneficial to20

the air quality in MCMA.

5 Conclusions

In the ozonesonde observations during our atmospheric research campaign in Mexico
City, we found abnormal drops in the ECC sensor signal around and above 5km a.s.l.
(17, 22, 23 November 2011) or in the convective boundary layer (14 March 2012).25

Analysis of the sensor response time, the emissions inventory, the weather condition,
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and plume dispersion simulations indicates that the drops in the signal were caused by
SO2 interference by plumes from the Popocatépetl volcano (17, 22, 23 November 2011)
and the Tula industrial complex (14 March 2012). From the analysis of the wind-field
statistics in the Valley of Mexico, we expect that there would be frequent interference
by the Popocatépetl plume from June to October and by the Tula plume whenever large5

emission occurs.
If, in future, regular ozonesonde observations are to be conducted in Mexico City,

SO2 filter will have to be installed at times when interference by SO2 plumes are ex-
pected. Also, the emission of SO2, which is a health hazard by itself and a precursor to
fine particulate matter (another health risk), from the Tula complex should be reduced10

to improve the air quality.
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Fig. 1. Map of the Mexico City Metropolitan Area (MCMA).
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Fig. 2. Response of the ECC ozone sensor when the input gas was changed abruptly from
ozone-containing air (≈ 160ppb) to various gases indicated in the legend where “Zero” repre-
sents air filtered through activated carbon to remove ozone.
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Fig. 3. Histograms (probability density distributions) of hourly SO2 concentrations at VIF (a), PED (b), and

CHO (c) stations (see Figure 1) in the Mexico City air-monitoring network (RAMA) in the period from January

1 to December 31, 2011. The probability density fi is defined such that
∑

i fi∆(log10C)i = 1, where i

indicates each bin of the histogram.

15

Fig. 3. Histograms (probability density distributions) of hourly SO2 concentrations at VIF (a),
PED (b), and CHO (c) stations (see Fig. 1) in the Mexico City air-monitoring network (RAMA)
in the period from 1 January to 31 December 2011. The probability density fi is defined such
that

∑
i fi∆(log10C)i = 1, where i indicates each bin of the histogram.
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Fig. 4. Vertical profiles of the partial pressure of O3 during the campaign in November 2011. The nominal

launch times are LST. The height z is ASL. The dashed curves indicate expected responses of the ECC ozone

sensor if the ozone concentration dropped abruptly to zero at the height corresponding to the bottom of the

curves.

16

Fig. 4. Vertical profiles of the partial pressure of O3 during the campaign in November 2011.
The nominal launch times are LST. The height z is a.s.l. The dashed curves indicate expected
responses of the ECC ozone sensor if the ozone concentration dropped abruptly to zero at the
height corresponding to the bottom of the curves.
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(a) (b)

(c)

Fig. 5. Results of WRF+FLEXPART numerical simulation for 15 LST (21 UTC) on 22 November 2011. The

height z is ASL. (a) Vertical profiles of wind speed (red: WRF, orange: observation) and direction (blue: WRF,

purple: observation). (b) Forward particle release simulation by FLEXPART. One million particles totaling a

unit mass were released from the Popocatépetl summit for 20 h beginning at 1:00 (UTC) on 22 November 2011.

The release height was between 5426 (summit) and 5926 m ASL. The contours represent the concentration

(m−3) in the horizontal section at 5500 m ASL. The coordinate values are longitude (positive in the east) and

latitude (positive in the north) in degrees. The blue and green circles indicate the locations of SMN and the

summit of Popocatépetl, respectively. (c) Vertical profile of the number of particles in the range of horizontal

radial distance between 60 and 80 km from Popocatépetl. The particle number is normalized by the peak value

at 5500 m ASL.
17

Fig. 5. Results of WRF+FLEXPART numerical simulation for 15:00 LST (21:00 UTC) on 22
November 2011. The height z is a.s.l. (a) Vertical profiles of wind speed (red: WRF, orange:
observation) and direction (blue: WRF, purple: observation). (b) Forward particle dispersion
simulation by FLEXPART. One million particles totaling a unit mass were released from the
Popocatépetl summit for 20h beginning at 01:00 (UTC) on 22 November 2011. The release
height was between 5426 (summit) and 5926ma.s.l. The contours represent the concentration
(m−3) in the horizontal section at 5500ma.s.l. The coordinate values are longitude (positive in
the east) and latitude (positive in the north) in degrees. The blue and green circles indicate the
locations of SMN and the summit of Popocatépetl, respectively. (c) Vertical profile of the number
of particles in the range of horizontal radial distance between 60 and 80km from Popocatépetl.
The particle number is normalized by the peak value at 5500ma.s.l.
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Fig. 6. Vertical distribution of O3 concentration of the 11:30 (LST) launch on 14 March 2012.
Black dots: O3 concentration, red dots: equivalent potential temperature, and green curve: O3
concentration influenced by the SO2 plume (average of 11:00 and 12:00 LST results) simulated
by WRF-FLEXPART.
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Fig. 7. Trends of O3 and SO2 concentrations measured by UV-based equipment at SMN and
PED (SO2 only) on 14 March 2012.
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Fig. 8. Result of WRF+FLEXPART numerical simulation for 12 LST (18 UTC) on 14 March 2012. One

million particles totaling a unit mass were released from the Tula industrial complex (green circle) for 20 h

beginning at 1:00 (UTC) on 14 March 2012. The release height was between 100 and 1000 m AGL. The

contours represent the concentration in the horizontal section at 2500 m ASL. The white defected cells indicate

terrain above 2500 m ASL. The coordinate values are longitude (positive in the east) and latitude (positive in

the north) in degrees. The blue circle indicates the location of SMN.
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Fig. 8. Result of WRF+FLEXPART numerical simulation for 12:00 LST (18:00 UTC) on 14
March 2012. One million particles totaling a unit mass were released from the Tula industrial
complex (green circle) for 20h beginning at 01:00 (UTC) on 14 March 2012. The release height
was between 100 and 1000 ma.g.l. The contours represent the concentration in the horizontal
section at 2500ma.s.l. The white defected cells indicate terrain above 2500ma.s.l. The coor-
dinate values are longitude (positive in the east) and latitude (positive in the north) in degrees.
The blue circle indicates the location of SMN.
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Fig. 9. Wind-direction frequency distribution obtained by averaging the sounding data in the height range from

the summit of Popocatépetl to 1000 m above. The data source is the routine sounding at SMN from 2006 to

2010. Months with similar distribution are grouped together: (a) January, February, March, April, November,

and December, (b) June, July, August, and September, (c) May, and (d) October. The numbers at the bottom of

the panels indicate the numbers of samples.

20

Fig. 9. Wind-direction frequency (%) distribution obtained by averaging the sounding data in the
height range from the summit of Popocatépetl to 1000m above. The data source is the routine
sounding at SMN from 2006 to 2010. Months with similar distribution are grouped together:
(a) January, February, March, April, November, and December, (b) June, July, August, and
September, (c) May, and (d) October. The numbers at the bottom of the panels indicate the
numbers of samples.
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(b) 18 LST (00Z)
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Fig. 10. Wind-direction frequency distribution obtained by averaging the sounding data in the height range from

2343 to 2463 m ASL (from 30 to 150 m AGL at SMN). The data source is the routine atmospheric sounding at

SMN from 2006 to 2010. The numbers following commas at the bottom of the panels indicate the numbers of

samples.

21

Fig. 10. Wind-direction frequency (%) distribution obtained by averaging the sounding data in
the height range from 2343 to 2463ma.s.l. (from 30 to 150 ma.g.l. at SMN). The data source is
the routine atmospheric sounding at SMN from 2006 to 2010. The numbers following commas
at the bottom of the panels indicate the numbers of samples.
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